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ARTICLE INFO ABSTRACT

Editor: Yang Liu Sulfate-reducing bacteria (SRBs) induced biofilm formation is a global industrial concern due to its role in the
development of microbial-induced corrosion (MIC). Herein, we have developed a biodegradable chitosan/
lignosulfonate nanocomposite (CS@LS) as an efficient green biocide for the inhibition of SRBs biofilms. We
investigated in detail the inhibition mechanism of SRBs by CS@LS in seawater media. Stable CS@LS-1:1 with
150-200 nm average size, and zeta potential of + 34.25 mV was synthesized. The biocidal performance of
CS@LS was evaluated by sulfate reduction profiles coupled with analysis of extracted extracellular polymeric
substances (EPS) and lactate dehydrogenase (LDH) release assays. As the nanocomposite concentration was
increased from 50 to 500 ug/mL, the specific sulfate reduction rate (SSRR) decreased from 0.278 to 0.036 g-
sulfate/g-VSS*day showing a relative sulfate reduction inhibition of 86.64% as compared to that of control.
Similarly, the specific organic uptake rate (SOUR) decreased from 0.082 to 0.039 0.036 g-TOC/g-VSS*day giving
a relative co-substrate oxidation inhibition of 52.19% as compared to that of control. The SRBs spiked with 500
pg/mL CS@LS showed a reduction in cell viability to 1.5 x 10® MPN/mL. To assess the biosafety of the nano-
composite on the marine biota, the 72-hours acute toxicity assays using zebrafish embryo model revealed that the
LCso for the CS@LS was 103.3 ug/mL. Thus, CS@LS can be classified as environment friendly. The nano-
composite showed long-term stability and excellent antibacterial properties against SRBs growth and is thus
potentially useful for combating the problems of biofilm growth in harsh marine and aquatic environments.
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1. Introduction stimulate metal sulfide precipitation and result in intergranular corro-
sion. Seawater, commonly used to enhance the oil recovery as injecting
water, has high sulfate concentrations where anaerobic conditions will

eventually prevail and SRBs can metabolize hydrocarbons and thereby

Biofilm causing microbiologically influenced corrosion (MIC) is a
major problem in many industries including oil and gas. Corrosive

biofilms which consist of microbial constituents embedded in a highly
hydrated, extracellular polymeric matrix on metal surfaces are formed
by different anaerobic microorganisms [1]. Apart from abiotic corro-
sion, biocorrosion which is estimated at ~20% of total global corrosion
affects the lifetime of various industrial materials and equipment [2].
Among the anaerobic microorganisms, sulfate-reducing bacteria (SRBs)
are the most abundant bacteria commonly associated with microbial
corrosion on metal surfaces [3]. The presence of SRBs in the anaerobic
marine environment can significantly accelerate the biocorrosion of
metal and its alloys including copper, carbon steel, and stainless steel
[4]. The formation of SRBs biofilm can deteriorate metal surfaces, which
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intensify the biocorrosion of metal structures under anaerobic condi-
tions [5-7]. A traditional strategy to control MIC is the application of
biocides to inhibit the microorganisms in the aqueous environment.
However, majority of these traditional biocides are not environmentally
friendly and sometimes less effective when microorganisms are imbed-
ded into biofilm matrix, preventing biocides from penetrating into the
biofilm [8-10]. A lot of effort has been made toward the sustainable
production of alternative sustainable, environment friendly bactericidal
agents to address concerns over conventional biocides.

Several nanomaterials (NMs) composed of metal, metal oxides (e.g.
Ag, Cu, ZnO, Ti, Ni), natural polymers, and carbon-based materials have
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been recognized as effective biocide against a variety of microorganisms
[3,11-16]. However, there is a concern that after releasing into the
environment, these NMs can cause toxicity to living systems [17]. So,
there is a need to develop NMs which are stable, have excellent anti-
bacterial activity, and are sustainable and environmentally benign.
Much work in today’s studies of engineered nanoparticles is focused on
green NMs derived from natural biopolymers.

Biopolymers are attractive candidates to create high-performance
and environmentally friendly functional reactive compounds. Chitosan
(CS) is inexpensive, non-toxic, biocompatible, and biodegradable natu-
ral polymer obtained from biomass and possesses antibacterial proper-
ties and hydrophilic nature [18,19]. CS contains free amino groups,
which impart a net positive charge favoring ionic interaction with many
negatively charged surfaces, or polymers, which have made it of great
interest for applications as antibacterial agents [20,21]. Lignosulfonic
acid (LS) is one of the lignin derivatives, which is produced in large
quantities as waste from paper pulping industry. It has several industrial
applications including good antibacterial activity [22].

In our recent work, we reported an innovative one-step process for
the synthesis of chitosan/lignosulfonate nanocomposite (CS@LS), as a
“green” biocide, under solvent-free conditions [23]. We have employed
a versatile method to form the stable cross-linked chitosan-lignosulfo-
nate (CS/LS) nanospheres. The optimum composite structure of
CS@LS-1:1 form 150-200 nm nanospheres with high mechanical,
thermal, and bactericidal properties against aerobic and anaerobic
bacteria. Particularly, a 100 mg/L CS@LS-1:1 was able to inhibit SRBs
growth, as demonstrated by 48.8% lower sulfate reduction.[23] More-
over, a 500 ug-mL~! of the CS@LS nanospheres were highly effective for
the inhibition of mixed sulfate-reducing bacteria (SRBs) culture, thereby
controlling the microbiologically influenced corrosion (MIC) on carbon
steel up to a maximum of 85% indicated by a two-fold increase of charge
transfer resistance (R.y) on the carbon steel coupons.[24] However, the
antibacterial mode of action of CS nanocomposites against complex
bacterial consortia has not been fully investigated or understood. It is
expected that CS-based organic biocides could efficiently inhibit biofilm
growth as they would adsorb onto metal surfaces through heterocyclic
elements (such as nitrogen, oxygen, sulfur, and phosphorus), multiple
bonds, or aromatic rings and block the active sites, thus working as an
inhibitor for the biofilm growth [25,26].

In the present work, we evaluate in more detail the biological activity
of CS@LS at different stoichiometric ratios against SRBs biofilm in
seawater media. The antibacterial effect of CS@LS on the sulfate
reduction process of anaerobic SRBs biofilm were investigated at various
concentrations and compared to that of CS and LS by the analysis of
extracellular polymeric substances (EPS) of biofilms coupled with
lactate dehydrogenase (LDH) release assay and scanning electron mi-
croscopy (SEM). The safe use of these nanoparticles in the aquatic
environment was tested using the zebrafish acute toxicity assays, a
cheap and reliable aquatic model that is increasingly used for drug and
nanoparticle toxicity testing [27].

2. Materials and methods
2.1. Materials

CS (low molecular weight, deacetylation degree of 85%), sodium
lignosulfonate (LS), diethylamino benzaldehyde (DEAB), N-Phenyl-
thiourea (PTU), CH»0, and E3 media ingredient including KCI, NaCl,
CaCly-2H0, and MgSO4-7H,0 were obtained from Sigma Aldrich. SRBs
culture was enriched from biofilm sludge obtained from local industry in
Qatar. All the other chemicals and reagents were of analytical grade and
used without additional treatment.

2.2. Preparation and characterization of CS@LS nanocomposite

The procedure for the preparation of CS@LS nanocomposite (NC)
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was reported earlier [23,24]. Briefly, CS (10 mg/mL) was dissolved in DI
water (1% w/w) with acetic acid and overnight stirring at 25 °C using a
magnetic stirrer. The resulting solution was filtered using a 0.45 pm
filter (Millipore, USA) to remove any residues followed by adjustment of
the pH to 5.0 using 10 N NaOH. An aqueous solution of LS (10 mg/mL)
was made by dissolving LS in DI water. A cross-linking agent was pre-
pared by adding 0.54 g, 1.5 g, and 1.25 mL of formaldehyde, Na;SO4,
and HySOy, respectively, in 4.7 mL of DI water. CS@LS nanospheres
were synthesized by adding the above prepared CS and LS solution at
different stoichiometric ratios of 1:1, 1:2, and 2:1, respectively, at room
temperature (25 °C) under magnetic stirring. Cross-linking agent (450
uL) was added proportionally using a syringe and continued to stir for
another 30 min. Finally, the resulting solution was centrifuged at 10,
000 rpm and resuspended in DI water. The centrifugation process was
repeated five times to remove any unused cross-linker to get the CS@LS
hybrid. The obtained CS@LS hybrids are named as CS@LS-1:1,
CS@LS-1:2, and CS@LS-2:1. Synthesized NC was characterized using
wide-angle XRD (Bruker AXS, Germany) FT-IR spectrum (Nicolet™ iS50
FTIR Spectrometer), scanning electron microscopy (FEI Quanta 650 FEG
SEM), and transmission electronic microscopy FEI Talos F200X TEM
microscope as discussed earlier [28].

2.3. Aggregation and stability studies of CS@LS nanospheres

The stability of CS@LS was evaluated using LUMiCheck®Germany
which works on the back-scattering principle. The CS@LS NC suspen-
sions were prepared by adding CS@LS-2:1, CS@LS-1:1, and CS@LS-1:2
in simulated Postgate media to reach 100 ug/mL mass concentrations of
the hybrid composites. One mL of suspension was transferred to quartz
colorimetric cuvette and the sedimentation behavior was followed for
24 hrs. In a second assay, the effect of NC concentration on the aggre-
gation and settlement of NC was evaluated by adding 20, 50, 100, 300,
and 500 ug/mL of optimized CS@LS. Over time, the change in back-
scattering signal was used to indirectly characterize the aggregation of
CS@LS. The backscattering (B) was determined after different time in-
tervals and the aggregation of NC was calculated using Eq. (1).

By — B,

0

% Aggregation(A,) = x 100 (€D)]

Where Bj and B; are the backscattering at an initial time and at any time
interval t, respectively.

2.4. Enrichment of sulfate-reducing bacteria (SRBs) biofilm and biofilm
inhibition studies

The SRBs sludge culture used in this study was developed from
biofilm samples collected from the local industry as described earlier
[29]. Antibacterial activity of synthesized NC against SRBs culture was
investigated in batch assays. The glass bioreactors containing 150 mL of
simulated inject water and SRBs biofilm (200 mg.VSS/L) were exposed
with 100 pg/mL of LS, CS, CS@LS-1:1, CS@LS-2:1, and CS@LS-1:2 each
and incubated at 35 °C and 150 rpm shaking speed in an anaerobic
environment. A batch reactor without any (NMs) was used as a control.
An aliquot was taken at specific time intervals and was centrifuged at 10,
000 rpm for 10 min. The supernatant obtained was used to determine
co-substrate oxidation and sulfate reduction. The material which
showed the highest inhibition of SRBs activity was considered as the
optimal one for further studies. Effect of concentrations of NC on SRBs
biofilm activity was investigated by adding 10, 20, 50, 100, and
250 pg/mL of CS@LS while keeping sulfate and total organic carbon
(TOC) concentrations constant at 1000 and 650 mg/L, respectively, for
each assay. All assays were conducted in triplicate and average values
were reported.
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2.5. Cell staining and flow cytometer analysis

Cell suspensions after reaction were collected and stained with SYTO
9 and propidium iodide (PI) simultaneously using LIVE/DEAD ® Bac-
Light™ Kit. 1 mL of SRBs biomass after reaction with NC was centri-
fuged at 10,000g for 3 min. The supernatant obtained was discarded and
pellet was collected and resuspended in PBS buffer and washed thrice
using the same protocol. A staining mixture was obtained by adding PBS
buffer (987 uL), SYTO 9 (1.5 uL of 3.34 mM) and propidium iodide
(1.5 pL of 30 mM) in a flow cytometry tube. SRBs biomass was stained
by adding10 uL of washed suspension into the staining solution, mixed
and incubated in the dark at 25 °C for 20 min. Analysis of stained cells
was performed using a flow cytometer (BD Accuri™ C6 BD Biosciences,
CA).

2.6. SEM imaging, LDH release assay, and biofilm analysis

The effect of CS@LS on SRBs biomass structure was investigated by
SEM analysis using the method as discussed earlier [30]. Briefly, sludge
samples were fixed with 2% glutaraldehyde solution for 2 h followed by
dehydration with a series of ethanol concentrations. Finally, samples
were washed with water and stored under dry nitrogen before analysis.
The samples were gold sputter coated and analyses were carried out
with FEI Quanta 650 FEG (Hillsboro, OR, USA) SEM. The cell membrane
integrity of SRBs biofilm exposed to CS@LS in the seawater was inves-
tigated using LDH release assay. Standard procedure was carried out as
per the manufacturer’s guidelines using 1 mL of SRBs biomass suspen-
sion treated with 250 ug/mL of CS@LS. The constituents of EPS were
studied before and after the exposure to CS@LS NC. SRBs biomass sus-
pension was collected from all the batch assays and EPS was extracted as
discussed in our earlier study [31]. Extracted EPS samples were stored at
—20 °C until further characterization was performed. Concentrations of
important constituents of the biofilm EPS were evaluated as described
earlier [31].

The performance of the NC for SRBs growth inhibition was moni-
tored by studying TOC, volatile suspended solids (VSS), sulfide, sulfate,
and sulfite. The aqueous suspension (2 mL) was collected at different
time intervals and centrifuged at 10,000 rpm for 15 min. The superna-
tant was collected and used for further measurements. TOC was
measured by a TOC analyzer (Shimadzu). Sulfate and sulfite were
analyzed by ion chromatography (DX ICS-5000 Dionex, USA). VSS was
measured following the standard methods (APHA, 1998). Dissolved
sulfide was analyzed immediately after sample collection by titrimetric
method (APHA, 1998).

2.7. Zebrafish culture and acute toxicity assay

10X stock solutions of PBS, Egg water, PTU, and methylene blue were
prepared as described earlier [29,32]. To avoid the aggregation and to
reach the maximum dispersion, a stock solution 1.0 g/L for the CS@LS
or CS, LS were prepared by adding 0.01 of each compound to 10 mL 1X
PTU-E3 media and probe sonicated for 5 min for 2 cycles. The stock
solutions were then more diluted to 25, 50, 100, 150, 200, 250 ug/mL at
the time of the study. Wild-type zebrafish embryos (AB strain) were used
in this study. Detailed information about our zebrafish aquatic system
(Aquaneering, USA), the original source of the zebrafish, zebrafish cul-
ture, mating protocol, and animal protocol guidelines, can be obtained
elsewhere [29,32-35].

For the acute toxicity assay, at 24-hours post-fertilization (hpf),
embryos were dechorionated as described in [34]. Briefly, E3 media
were removed and 0.5 mg/mL of pronase enzyme (Sigma, Germany) in
10 mL PTU-E3 media was added and incubated for 10 min at 28 °C until
the chorion becomes soft. Then, embryos were washed 2-3 times with
PTU-E3 medium until the embryos were released and free from the
chorion. The healthy dechorionated embryos were selected for the acute
nanoparticle exposure experiment. Embryos were placed in
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12-multiwell plate, each well contains 3 mL of fresh PTU-E3 media
containing (i) six different concentrations of CS@LS (25, 50, 100, 150,
200, and 250 pg/mL) (ii) positive control (PC) DEAB (0.1, 10, 100 pM),
and (iii) PTU-E3 media alone as a negative control (NC), and incubated
for additional 48 (until embryos reached 72-hpf). The mortality rate and
teratogenicity (morphological deformities) were observed and recorded
at 2-time point intervals (48 and 72-hpf) using a standard stereo mi-
croscope (Zeiss, Germany). The teratogenic effects of CS@LS were
determined based on the normal embryo morphology of the negative
control, and abnormal morphology defects in body size, heart and yolk
edema, scoliosis, pigmentation, and movement problem of the positive
control. Teratogenicity was scored at 72-hpf by calculating the number
of dead and deformed embryos over the total number of normal embryos
used in each concentration (50 embryos). The embryos were scored as
dead if they showed coagulation of unfertilized eggs, no somite forma-
tion, lack of detachment of tail-bud from the yolk sac, and no heartbeat
[34]. The median lethal dose (LCsp) was calculated using the Graph Pad
Prism software as detailed in the earlier study [32]. Furthermore, the no
observed effect concentration (NOEC) value was designated as the
highest tested concentration with no statistically significant teratogenic
score (<20% deformity and mortality), within the exposure period
(24-72 hpf, total 48 h) when compared with the negative control.

3. Results and discussions
3.1. Preparation and characterization of CS@LS nanocomposites

The CS@LS NC were prepared by one-step synthesis of chemically
cross-linked CS and LS according to our earlier reported method [23,24].
Fig. 1 depicts the SEM images of the synthesized CS@LS NC at different
stoichiometric ratios. The CS@LS-2:1 and CS@LS-1:2 showed aggre-
gated irregular-shaped nanoparticles, whereas, CS@LS-1:1 showed a
very uniform spherical shape with an average diameter in the range of
150-200 nm (Fig. 1(A-C)). TEM images of CS@LS hybrids showed
consistent results with SEM and confirmed the spherical morphology
(Fig. 1(D-F)). Based, on our experimental results reported earlier,
CS@LS-1:1 with ratio 1:1 (CS:LS) has been considered as the optimum
ratio for preparing the NC [23] therefore it was selected as a model for
further analysis. Fig. 1 (G) describes the XRD patterns of CS, LS, and
CS@LS-1:1. It was observed that the XRD pattern of CS consisted of two
major peaks at ca. ~10.0° and ~20.0°, which are typical fingerprints of
crystal CS [28,29]. LS has a broad (002) graphite-peak centered near 20
~ 22° [30]. The CS@LS-1:1 NC showed a broad peak at 22.7°, which
may be due to the formation of a new binary framework that could
disrupt the original structure of both CS and LS [23,36]. In the com-
posite, the peak at 10.0° disappeared, while the peak intensity at around
20.0° decreased indicated a more amorphous phase of the composite.
The FTIR spectra of CS, LS, and CS@LS-1:1 are given in Fig. 1 (H). The
characteristic absorption bands at 1654, 1381, and 1069 cm™! are
assigned to the C=0 stretching (amide I), CH; symmetrical deforma-
tion, and the C-O stretching vibrations (C-O-C) of CS, respectively [37].
The FTIR spectrum of LS shows characteristics absorption bands at 1609,
1209, and 1044 cm ™! corresponding to the C=C stretch of phenyl, C-O
stretch of -OCHs, and S=O stretch of —-SO3Na, respectively [38]. The
FT-ATR spectrum of CS@LS-1:1 showed an absorption band at ~1158
(sym. SOy stretch), and at ~1634 (-NH; bending vibration) and
confirmed the presence of sulphonic acid groups and amine groups. The
cross-linked structure of the CS@LS-1:1 composite was also confirmed
by diether (-C-O-C-) absorption band at 1031 em~1[39]. Furthermore,
a strong absorption band at ~1101 cm ™! attributed to the C-O stretch of
CS and —~OCH3s groups.

Nanoparticle stability plays an important role in their bactericidal
properties [40]. During the application of nanoparticles in aqueous
suspensions, maintaining their colloidal stability is an important factor
to avoid aggregation, as the formation of bigger aggregates results in loss
of their bactericidal properties [41,42]. Nanoparticles can transform due



K. Rasool et al.

Journal of Environmental Chemical Engineering 9 (2021) 106624

Ccs

LS
cs@Ls-1:1

Intensity (a.u.)

10 20

30 40 50
2 Theta (degree)

80

(H) cs@Ls-1:1
1519
g 1634
[}
Q
[
©
£
2 1044 1209
S
-
/ 1654
1155
1069
500 1000 1500 2000

Wavelength (cm-)

Fig. 1. SEM images (A) CS@LS-2:1 (B) CS@LS-1:1 and (C) CS@LS-1:2; TEM images (D)CS@LS-2:1 (E) CS@LS-1:1 and (F) CS@LS-1:2; (G) XRD pattern of CS, LS, and

CS@LS-1:1 composite; and (H) FTIR spectra of CS, LS, and CS@LS-1:1 composite.

to several factors, such as aggregation, redox, surface moieties, and
culture media reactions. These active changes sequentially affect the
transport, and bactericidal characteristics of nanoparticles. So, it is
critical to comprehend and characterize the stability of NC in the rele-
vant reaction media. The trends of CS@LS aggregation were
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investigated in seawater matrix at different initial CS@LS stoichiometric
ratios. The data showed that the rate of sedimentation was related to the
ratio of CS and LS, which is shown by the relatively stable suspension of
CS@LS-1:1 in growth media as compared to that of CS@LS-1:2 and
CS@LS-2:1 NC (Fig. 2 (A). These results are in line with the SEM analysis
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Fig. 2. Sedimentation plots for CS@LS over the time plotted at (A) CS@LS different ratios at a constant concentration of 100 ug/mL and (B) different initial con-

centrations of CS@LS-1:1 nanocomposite suspensions.
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which shows that CS@LS-1:1 are well dispersed and uniform spheres
whereas CS@LS-2:1 and CS@LS-1:2 showed aggregated irregular sha-
ped nanoparticles. Fig. 2 (B) shows the sedimentation rates for the
suspensions at different CS@LS-1:1concentrations. The B/By ratio
(where By and B show the initial and at any time t backscattering,
respectively) showed that the suspensions with lower concentrations of
CS@LS were relatively more stable because the faster B/Bychanges, the
less stable will be the suspension. The precipitation rate gradually
increased with the time for initial 5 h with increasing CS@LS concen-
tration to 500 pg/mL. After 5 hr of interaction time, there was no further
sedimentation and the suspensions became stable.

3.2. Influence of synthesized nanocomposites on SRBs activity

The SRBs inhibitory activity in the anaerobic aqueous media was
initially studied by exposing the bacteria to LS, CS, CS@LS-1:1, CS@LS-
2:1, and CS@LS-1:2. To investigate the impact of different compositions
and concentrations on the activity of SRBs consortia, sulfate reduction
and organics oxidation were studied by residual sulfate and TOC anal-
ysis as shown in Fig. 3. In a control assay, the sulfate concentration was
reduced from the initial 1000 mg/L to 35 mg/L after 85 h reaction time
with more than 96% of sulfate reduction efficiency. The concentration of
TOC decreased from 700.0 mg/L to 180.5 mg/L with an organic
oxidation efficiency of 73.6%. The sulfate reduction efficiency was
82.0%, 88.78%, 53.8%, 65.26% and 76.81% in presence of 100 pg/mL
of CS, LS, CS@LS-1:1, CS@LS-1:2 and CS@LS-2:1, respectively. It was
observed that CS@LS-1:1 showed the highest decrease in sulfate utili-
zation among all other composites (Figure3). Similarly, TOC removal
efficiency profiles also showed similar trends and CS@LS-1:1 demon-
strated the highest residual organics concentration with a co-substrate
utilization efficiency of 54.26%. The biological sulfate reduction re-
quires eight reducing equivalents, i.e., a minimum COD/sulfate ratio of
0.67 is needed theoretically for achieving a possible removal of sulfate
[43]. That means, for each 0.96 g of sulfate present in bioreactor, 0.64 g
of COD are consumed. However, the dominating microbial group in
sulfidogenic environment is the fermentative acidogenic bacteria (FAB),
during the acidogenic phase of metabolism. The FAB play a key role in
degrading substrate to smaller organic compounds like ethanol,
hydrogen, and volatile fatty acids, which are then utilized by SRB to
reduce sulfate [44]. Lactate, which is a co-substrate in this study, is a
preferred substrate for both SRB and FAB microbes. Hence, organic
carbon is utilized for both sulfate reduction and FAB resulting in TOC
removal higher than the quantity of organics required as per the stoi-
chiometric ratio of sulfate reduction. So considering different metabolic
pathways, a COD/sulfate mass ratio of about 2.0 is considered optimum

100 [l Sulfate reduction (%)
Il TOC removal (%)

80

60

40

Substrate utilization (%)

20

Control cs LS

CS@LS1:1 CS@Ls1:2 Cs@Ls2:1

Fig. 3. Sulfidogenic sludge biomass activity exposed to CS, LS and CS@LS
(100 ug/mL). Substrate utilization presented as sulfate reduction and TOC
removal profiles.
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for the bacterial growth and sulfate reduction in batch conditions [45].
The activity of SRBs is assessed by sulfate reduction and co-substrate
oxidation since sulfate reduction is considerd an oxidation-reduction
reaction, in which sulfate act as an electron acceptor. Accordingly, a
suitable and sufficient electron donor is required for the SRBs activities.
CS and LS showed a small inhibitory effect on the SRBs activity in terms
of sulfate reduction (15.5% and 8.46%, respectively) and TOC utiliza-
tion (14.3% and 6.3%, respectively). The inhibitory effects of all three
NC were higher than the inhibition caused by CS and LS. Further, it was
found that the NC CS@LS-1:1showed the highest inhibition of 44.53%
and 32.34% for sulfate reduction and co-substrate oxidation, respec-
tively. Thus, different inhibitory effects could be due to the different
characteristics of the three NC related to their size, shape, and stability.
As reported in the earlier section, CS@LS-1:1 has the smallest hydro-
dynamic diameter in the aqueous suspension as compared to the other
two NC. Moreover, the NC shape is regular, uniform and stable in
presence of high salt concentration. So, CS@LS-1:1 showed the highest
inhibition of SRBs activity as compared to CS, LS, CS@LS-2:1 and
CS@LS-1:2 and was considered as the optimal one for further studies.

3.3. Effect of CS@LS concentrations on SRBs inhibition

As the concentration of 100 pg/mL of CS@LS-1:1 was inhibitory to
both anaerobic organics oxidation and sulfate reduction, it was
considered important to investigate whether lower and higher concen-
trations of CS@LS-1:1 have any effect on microbial metabolism. Batch
assays were performed to investigate the effects of CS@LS-1:1 concen-
tration between 0 and 500 ug/mL as shown in Fig. 4(A). The residual
sulfate concentration in absence of any inhibitor has decreased from
200 mg/L to 4.52 mg/L with a sulfate reduction efficiency of about 98%.
Residual sulfate concentration in presence of 20 ng/mL CS@LS-1:1 was
pretty stable and similar to those in the absence of CS@LS-1:1 in the
control assay. These results indicated that a lower concentration of
20 pg/mL of CS@LS-1:1 had no significant inhibitory effects on SRBs
activity. Nevertheless, when SRBs consortia were exposed to a higher
concentration of 50-500 ug/mL CS@LS-1:1, the residual sulfate con-
centrations significantly increased from 4.52mg/L in control to
approximately 174.0 mg/L with increasing CS@LS-1:1 concentration to
500 pg/mL. The sulfate reduction efficiency of assays exposed to
150 pg/mL CS@LS-1:1 was about 36.0% and in presence of 300 pg/mL
was about 14%, which was remarkably lower than that in the control
(97.4%). Though, further increase in CS@LS-1:1 concentration to
500 pg/mL showed almost the same sulfate reduction profile as that in
the presence of 300 pg/mL suggesting that it was the optimal concen-
tration for SRBs inhibition in our experimental setup. Fig. 4(B) shows the
specific sulfate reduction rates (SSRR) at different CS@LS-1:1 concen-
tration. As the NC concentration was increased from 50 to 500 pg/mL,
the SSRR decreased from 0.278 to 0.036 g-sulfate/g-VSS*day showing a
relative sulfate reduction inhibition of 86.64% as compared to that of
control.

The sulfate transport takes place because of the concentration
gradient of sodium ions and/or protons, and electrical potential across
the cell membrane [27]. Dissimilatory sulfate reduction by anaerobic
SRBs occurs in three steps. Firstly, intracellular sulfate is activated to
adenosine phosphosulfate (APS) by the enzyme ATP sulfurylase. The
APS-sulfite redox couple has a favorable redox potential (E0’) of
— 60 mV, which allows APS to reduce to sulfite with the enzyme APS
reductase. Finally, sulfite is reduced to sulfide with the enzyme
dissimilatory sulfite reductase (DSR) [28]. The influences of CS@LS-1:1
on the bio-transformations of sulfate to sulfide under the anaerobic
sulfidogenic environment were further investigated by analyzing inter-
mediate sulfite and biogenic sulfide production in presence of different
inhibitors concentrations. The results obtained at the end of batch assays
are presented in Fig. S1. Sulfite was detected as the intermediates of
sulfate reduction. The concentration of sulfite was 1.2 mg/L in the
control assay, whereas, sulfite concentration gradually increased with
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Fig. 4. Activity of anaerobic sulfidogenic mixed consortia (200 mg.VSS/L) exposed to different concentrations of CS@LS-1:1 (0-500 ug/mL) in the inject seawater at
35 °C. (A) Sulfate reduction (B) relative sulfate reduction inhibition as %age of control at different concentrations of CS@LS-1:1 NC. Batch reactor without CS@LS-

1:1 NC was used as control.

increasing the inhibitor concentrations and was 10.41 mg/L in presence
of the highest CS@LS-1:1 concentration of 500 ug/mL. The accumula-
tion of sulfite in presence of higher CS@LS concentrations might be
attributed to sulfidogenic oxidation inhibition. In this study, an increase
in sulfite accumulation which is an intermediate product in sulfate
reduction indicated that CS@LS-1:1 could significantly inhibit sulfite
reduction to sulfide. Moreover, it was observed that sulfide production
was significantly different from that of control assays where no nano-
particles were presented (Fig. S2). The concentrations of dissolved sul-
fide also decreased in the presence of CS@LS and showed a
concentration-dependent behavior. Total dissolved sulfide concentra-
tion was 28.48 mg/L in absence of any CS@LS and decreased to
8.12mg/ L in the presence of 500 pg/mL of CS@LS causing a strong
inhibition to biogenic sulfide production at higher concentrations of the
inhibitor.

Fig. S3 shows the effect of different concentrations of CS@LS-1:1
(0-500 ug/mL) on the sulfur mass balances in terms of sulfur species
fractions (residual sulfate-sulfur, sulfite-sulfur and sulfide-sulfur)
monitored in this study. Residual sulfate-sulfur started to accumulate
at 50 pg/mL of CS@LS-1:1. The residual sulfate-sulfur concentrations
significantly increased from 1.50 mg/L in control to 56.85 mg/L in
presence of 300 ug/mL of inhibitor and remain almost same at higher
concentration of biocide. Meanwhile there was no significant effect of
nanocomposite concentration up to 50 ug/mL on sulfite-sulfur compo-
nent. A concentration of 100 pg/mL of CS@LS-1:1 showed buildup of
Sulfite-sulfur, which increased to 8.12 mg/L at 500 pg/mL of biocide.
Then, the increase of the residual sulfate resulted in decrease in sulfide-
sulfur accumulation in the bioreactor. Sulfur component of dissolved
sulfide was 28.48 mg/L in control assay and decreased with increasing
concentration of sulfate-sulfur and lowest concentration of 7.4 mg/L
was found at 300 ug/mL of NC.

Fig. S4 depicts the effects of CS@LS concentration on the pH of the
batch assays. The initial pH of the assays was adjusted to 7.5 before
spiking CS@LS-1:1 into the SRBs matrix. The pH of the control assay was
8.16 as expected for the biological sulfate-reduction reaction due to the
production of alkalinity. However, the pH decreased to 7.41 in presence
of 500 pg/mL CS@LS-1:1. The decrease in the pH values and dissolved
sulfide concentrations in presence of NC indicated the inhibition of
sulfate-reduction, which eventually resulted in lower alkalinity pro-
duction. A decrease in sulfide production could be attributed to the
accumulation of sulfite during the sulfate reduction process. Neverthe-
less, it is imperative to indicate that no data on the application of CS/LS-
based (NMs) for SRBs inhibition have been found in the literature to
compare with our results obtained in this study.

The presence of appropriate and adequate co-substrate (electron
donor) is required for the effective reduction of sulfate to sulfide. In this
study, lactate was used as co-substrate and the influence of different
CS@LS-1:1 concentration on lactate oxidation was assessed by analyzing
TOC, Fig. 5(A). The initial average TOC concentration of 150 mg/L was
reduced to 18.41 mg/L after 192 h of reaction time in the absence of an
inhibitor as the control assay. The average residual TOC concentrations
increased from 23.5 to 87.25 mg/L with increasing CS@LS-1:1 con-
centration from 20 to 500 pg/mL. Therefore, a decrease of co-substrate
oxidation was obtained from 87.72% to 41.83% with increasing CS@LS-
1:1 concentration from 0 to 500 pug/mL. Moreover, Fig. 5(B) shows the
specific organics utilization rate (SOUR) of SRBs in presence of different
concentrations of CS@LS-1:1. When the NC concentration was increased
from 20 to 500 pg/mL, the SOUR decreased from 0.082 to 0.039
0.036 g-TOC/g-VSS*day giving a relative co-substrate oxidation inhi-
bition of 52.19% as compared to that of control.

It is well-known that anaerobic oxidation of organic compounds with
mixed microbial consortia can be achieved by a sequence of biochemical
reactions. Lactate could be oxidized to intermediate propionic acid,
ethanol, acetic acid, and finally to CO;. However, accumulation of
propionic acid in the biological sulfate reduction process was reported
earlier in presence of ZnO-NPs [46], and profiles of co-substrate and its
intermediate products showed that ZnO-NPs could significantly affect
co-substrate utilization. Inhibition of intermediate propionic acid was
attributed to sulfidogenic oxidation inhibition [46]. So, inhibition of
co-substrate utilization in this study could be assigned to the accumu-
lation of intermediate organics compound formed after lactate oxida-
tion. The CS@LS are in suspension and are not expected to contribute to
the biochemical reaction. Based on the above finding, it was assumed
that the CS@LS-1:1 may have inhibited the bacteria through physical
interaction and/or due to oxidative stress caused by the production of
reactive oxygen species. The CS@LS could act as an obstruction that
could stop the interaction of the electron donor-acceptor couple to the
active bacterial site and/or can inhibit the enzyme activities causing the
sulfate reduction [47].

3.4. Influence of CS@LS on SRBs viability and general physiology

To further evaluate the inhibitory mechanism of CS@LS-1:1 on SRBs
biomass, multiple probable number (MPN) tests were carried out after
190 h of reaction time for the assays in the absence and presence of
CS@LS-1:1 to determine the count of viable bacterial cells in the batch
assays. The MPN experiments showed that the estimated SRBs counts in
the control assay (in absence of NC) were 2.1 x 10% per mL. Despite
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Fig. 5. Activity of anaerobic SRBs mixed consortia (200 mg.VSS/L) treated with different concentrations of CS@LS (0-500 pg/mL) in the inject seawater at 35 °C.
(A) Organics oxidation as TOC (B) specific organics utilization rate (SOUR) profiles during 190 h reaction time.

differences in co-substrate oxidation and sulfate reduction rates, the
batch assays exposed to 20, 50, 100 and 150 pg/mL CS@LS-1:1 had
almost similar bacterial growth counts as compared to that of control.
However, the assays spiked with a higher concentration of 300 and
500 ug/mL CS@LS showed a reduction in cell viability, in which, SRBs
counts decreased to 1.8 x 107 and 1.5 x 10° per mL. This can confirm
that the SRBs exposed up to 150 ug/mL of NC may not dead but simply
deactivated and lost the ability to reduce sulfate. Yet, higher concen-
trations of NC could result in a significant viability loss of SRBs con-
sortia. The SRBs— CS@LS contact in the well-mixed reactors could be
responsible for the deactivation of SRBs bacteria as discussed earlier.

The results found in this study were indicated that the metal sulfides and
iron nanoparticles showed similar behavior against SRBs at lower con-
centrations, which is in good agreement with previously reported data
[48,49]. Cell viability measurement using cultivation-based methods is
not an adequate approach as most of the bacteria could be
viable-but-not-culturable and therefore a bimolecular method is ad-
vantageous for the better understanding of microorganism’s cell
viability [50]. The direct estimate of SRBs culture viability was further
investigated utilizing flow cytometry measurements (FCM). Because the
mixed culture of SRBs used in this study is very diverse and heteroge-
neous, the use of flow cytometry offers a promising technique for the
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Fig. 6. Red and green fluorescence and forward light scattering distributions of SRBs culture before and after exposure to CS@LS-1:1. (A) Dot plots of green versus
red fluorescence of bacterial culture exposed to (i) 0 ug/mL (ii) 300 pg/mL and (iii) 500 ug/mL of CS@LS-1:1. (B) Green fluorescence histograms of viable and dead
cells of bacterial culture exposed to (i) 0 ug/mL (ii) 300 pg/mL and (iii) 500 pug/mL of CS@LS-1:1.
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analysis of cell viability after exposure to antibacterial materials [51]. In
FCM, the term cell viability indicates the cells with intact membranes,
which are detected using nucleic acids staining dyes retention or
exclusion such as propidium iodide (PI) and SYTO 9. The SYTO 9 is a dye
capable of staining all cells, whether living or dead, whereas, the PI is
capable of staining only dead or damaged/compromised cells. Fig. 6
shows the cytograms of flow cytometric analysis, in which each cell is
represented as a function of green fluorescence and red fluorescence on
the horizontal and vertical axis, respectively. Due to the activation of
energy transfer phenomenon in presence of SYTO 9 and PI in dead cells,
the PI fluorescent emission spectrum absorbs the spectrum of SYTO 9
and thus only PI spectrum is visible. Consequently, viable cells with
green fluorescence can be clearly distinguished from dead ones with red
fluorescence (Fig. 7(a)). In the compromised cells, both green and red
fluorescence is emitted and a third region can be distinguished in the
flow cytometry plots (labeled as black color). In the analysis of the
experimental data, both cells in red and compromised regions were
considered inactive and inhibited cells, which were not able to grow
after exposure to synthesized NC. Fig. 6(a & b (i)) shows the dot plots
and histogram of control SRBs culture which shows the initial culture
was composed of about 92% of viable cells and 3% of dead cells,
whereas 4% of the cells were compromised. For the assay exposed to the
highest concentration of 500 pug/mL CS@LS-1:1, cell viability decreased
to 24%. This decrease in viability did not correspond to an equivalent
increase in dead cells, which reached only 12.7%. The decrease in cell
viability was balanced by the increase in the compromised and/or
damaged cells to 62%. These results indicated that most of the cells were
not dead but severely damaged and have lost their ability to reduce
sulfate and utilize organic substrate as discussed above.

SEM analysis was performed to study the influence of CS@LS-1:1 on
cell biomass surface structure after exposure to CS@LS-1:1. Cells were in
good shape, and smooth in absence of CS@LS-1:1 (control assay, Fig. 7
(A)), whereas, in presence of NC large numbers of cells were agglom-
erated and showed significant surface damage (Fig. 7(B)).

To confirm the SEM observations, an LDH release assay was per-
formed (which is an indicator of cell membrane damage) to determine

Fig. 7. SEM images of SRBs sludge at lower and higher magnifications (A)
control and (B) exposed to 500 ug/mL CS@LS-1:1.
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the SRBs cell’s surface integrity. LDH assay exhibited that no measurable
cytoplasmic leakage happened after exposure to CS@LS-1:1 concentra-
tion up to 100 pg/mL (Fig. 8) confirming that the surface of SRBs was
intact. Nonetheless, higher CS@LS-1:1 concentration resulted in signif-
icant cytoplasmic leakage and the results are in line with the SRBs
viability studies by MPN method. The toxicity of several nanoparticles
has been assigned to ROS-dependent or independent oxidative stress
induced by NPs [52]. Another possible explanation of the NC toxicity in
addition to oxidative stress is cell membrane damage. In this study, the
exposure of SRBs consortia to 500 pg/mL CS@LS-1:1 considerably
increased the extracellular LDH to 265.5% as compared to that of con-
trol, which indicates a substantial cytoplasmic leakage outside the cells.

The formation of biofilm by SRBs may act as a survival strategy in a
toxic and nutritionally deficit environment. EPS has an important role in
keeping microorganisms together in biofilm complex structure. In this
study, we investigated the impact of CS@LS-1:1 -NC on the different
constituents of EPS secreted by SRBs consortia, and results are given in
Table 1. The protein contents of the SRBs consortia after exposure to
500 pg/mL CS@LS-1:1 was decreased from 3.37 to 1.93 mg/g-VSS,
whereas the number of carbohydrates after exposure to CS@LS-1:1 did
not show significant differences as compared to that of control. Exposure
of the NC also affected the concentrations of humic substances and
lipids, which were 2.12 mg/g-VSS and 0.256 mg/g-VSS, respectively, in
absence of NC. However, in presence of 500 ug/mL CS@LS-1:1, the
contents of both constituents decreased to 1.12 mg/g-VSS and
0.189 mg/g-VSS, respectively. In biofilm formation, proteins are carbon
and energy source, whereas, polysaccharides are capable of both adhe-
sion and cohesion interactions. The impact of several nanoparticles on
constituents of EPS of diverse bacterial communities has been investi-
gated [53-56]. According to the above investigations, CS@LS caused the
significant inhibition to biological sulfate reduction, and organics
oxidation and inhibitory effects were dependent on the concentration of
the NC. The inhibition of SRBs activity occurred due to the accumulation
of sulfite during sulfate reduction and serious inhibition of co-substrate
utilization. The SRBs inhibitory effect was due to the decrease in cell
viability, serious cytoplasmic leakage, and loss of cell integrity and EPS
contents.

Nevertheless, to date, only a few studies have provided actual in-
formation on the impact of nanoparticles on SRBs biofilm formation,
EPS production, and cell growth inhibition. Additionally, there is
limited work available on the use of CS/LS NC as a biocide to inhibit
SRBs activity and the impact of NC on EPS contents. Higher inhibitory
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Fig. 8. Lactate dehydrogenase release from sulfidogenic biofilm treated with
different concentrations of CS@LS-1:1 NC.
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Table 1
Analysis of EPS extracted from sulfidogenic biomass exposed to different con-
centrations of CS@LS (0-500 ug/mL) at 35 °C.

CS@LS Carbohydrates Proteins Humic Lipids
(ug/mL) (mg/g) (mg/g) substances (mg/ (mg/g)
g)

0 53.8 3.37 212 0.256
20 53.21 3.36 2.12 0.251
50 50.26 3.25 1.95 0.234
100 47.37 2.62 1.54 0.218
150 45.94 2.21 1.378 0.207
300 44.38 1.94 1.12 0.197
500 43.32 1.93 1.07 0.189

effects of CS@LS can be attributed to the synergy between nano-size
effect and the presence of large number of amino groups which make
the NC hydrophilic and bio-adhesive binding readily to negatively
charged bacterial cell surfaces leading to membrane disruption and cell
death [57].

3.5. Acute toxicity and impact of CS@LS on zebrafish embryos

NMs, depending on their particle size and morphology, have the
potential to easily enter the bodies of living organisms including human
beings, and can reach the most sensitive organs such as lungs, liver,
heart, spleen, and brain. This interaction may result in interference of
the cell’s normal biochemical environments [58]. Therefore, testing of
CS@LS-1:1 for the potentially harmful effects on living organisms is
important before using the NC for waster disinfection applications. We
investigated the acute toxicology of the cross-linked CS@LS-1:1 and the
CS/LS blend according to the acute toxicity assay adapted from the
Organization for Economic Co-operation and Development (OECD)
guideline for testing chemical toxicity (N° 203 and 236). The tested
concentrations (0, 25, 50, 100, 150, 200, 250 pg/mL) that we selected in
this study have significant environmental relevance. These concentra-
tions were chosen to be parallel and within the testing scale of the Fish
and Wildlife Service Acute Toxicity Rating Scale [29,32]. It classifies
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compound’s toxicity according to LCsg as follow: highly toxic from
0.1 — 1.0 pg/mL, 1.0-10 ung/mL moderately toxic, 10-100 pg/mL
slightly toxic, 100-1000 pg/mL practically nontoxic, and > 1000 pug/mL
is relatively harmless. In our study, the LCsg, was calculated by fitting
sigmoidal curve to mortality results using the following equation,
y =Bot + (Top-Bot) / [1 4+ 10 " {k * (X0 -Log(C))]. Bot, minimum
mortality; Top, maximum mortality; k, curve slope; X0 and LCsy were
estimated from the mortality curve (Fig. 9D). The LCs for the positive
control DEAB was 2.5 uM, and for the CS@LS was 103.3 ug/mL. How-
ever, for non-cross-linked CS/LS, the LCsy was much higher than the
CS@LS (584.8 pg/mL). Thus, according to the Fish and Wildlife Service
Acute Toxicity Rating Scale [29,32], both nanoparticles can be classified
as “practically not toxic”. At 72-hpf, the NOEC (the concentration where
>80% of the embryos survived and did not show deformities) for the
CS@LS-1:1 was between 50 and 100 pg/mL (Fig. 9 C). At 50 ug/mL
CS@LS-1:1, no significant sign of body deformities was recorded
(similar to the negative control, Fig. 9B)]. However,100 pg/mL con-
centration of CS@LS, 24% were dead and 19% of the embryos started to
show deformities, such as yolk and heart edema found in the DEAB
positive control (Fig. 9B). On the other hand, for blended CS and LS
suspension, the NOEC was higher than CS@LS-1:1 NC, between
150 — 200 pg/mL. It is noteworthy that at high concentrations of both
CS@LS (>150 pg/mL) and CS, LS (>250 pug/mL), around 10% of the
embryos become hyperactive, a teratogenic phenotype associated with
CS nanoparticles that we had observed in the previous study [33]. The
lower NOEC and LCsy demonstrated by the CS, LS over the CS@LS-1:1
could be due to many reasons. For example, the dechorionated em-
bryo can uptake up to nanoparticles with size 50 nm or less by the skin
and up to 700 nm by only oral digestion[59]. Thus at 72-hpf, the only
way that nanoparticles to enter the body of the dechorionated embryos
is by their permeable skin, because their oral cavities did not open until
96-hpf [59]. The CS@LS-1:1 may have formed a compact that is smaller
and able to disperse in aqueous media better than the blended CS/LS
suspensions. Therefore, CS@LS were able to penetrate the skin of the
embryos and causing more toxicity than CS/LS. We have shown previ-
ously that CS and other CS derivatives such as ZnO/CS are eco-friendly
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Fig. 9. Representative pictures (72-hpf) of acute toxicity experiments of embryos exposed to (A) 100 uDEAB as positive control, and (B) negative control PTU-E3
media alone. Note the normal embryo in the negative control versus the deformed embryos in the positive control (small size, yolk, cardiac edema, and scoliosis.
(C) Acute toxicity and survival rate of embryos exposed at different concentrations of DEAB, CS@LS, and blended CS/LS. (D) Mortality response curve where 50

embryos were used in each concentration (n = 50).
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nanoparticles [33,35]. However, at high concentrations, these nano-
particles have potential organ-specific toxicity. Similarly, it would be
pivotal to study the potential organ and cellular toxicity mechanisms of
CS@LS-1:1 excreted after long time exposure and at higher concentra-
tions. To sum up, practically studied lower concentrations of CS@LS can
be practically classified as not toxic with long-term stability and excel-
lent antibacterial properties against SRBs biofilm. Accordingly, CS@LS
NC is potentially useful for controlling the problems of biofilm growth in
harsh marine, aquatic environments and inhibition of MIC.

4. Conclusion

We have investigated the inhibitory mode of action of the eco-
friendly and biodegradable chitosan/lignosulfonate (CS@LS) based
nanocomposite (NC) for the growth inhibition of the SRBs in seawater
media. The NC with an average size of 150-200 nm exhibited excellent
antibacterial characteristics against SRBs growth and is thus potentially
useful for controlling the biofilm growth in highly saline marine and
aquatic environments. CS@LS NC depicted concentration-dependent
biofilm inhibition and 500 ug/mL of NC showed a relative sulfate
reduction inhibition of 86.64% and co-substrate oxidation inhibition of
52.19% as compared to that of control. SRBs growth inhibition and
inactivation was further confirmed by multiple probable number counts,
SEM, and extracted LDH analysis. Acute toxicity assays using zebrafish
embryo model revealed that CS@LS could be classified as environment
friendly as per the Fish and Wildlife Service Acute Toxicity Rating Scale.
The demonstrated biofilm growth inhibition of CS@LS against SRBs and
the practical nontoxicity promotes their potential application as a green
biocide in water/wastewater treatment processes and other environ-
mental remediation applications.
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