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Microthrix parvicella (M. parvicella) is a filamentous bacterium that induces bulking in activated sludge. Here,
we used the affinity of long-chain fatty acids (LCFA) for M. parvicella to create a novel fluorescent probe of
carbazole modified by LCFA. The structure was characterized by 'H NMR spectroscopy and mass
spectrometry. The spectral properties, photostability, and hydrophobic properties of the probe were also
characterized. Fluorescent-labeling results showed that it can label M. parvicella in situ and could be
biodegraded via metabolism. The stable docking mode of carbazole probes with different fatty acid
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1. Introduction

Activated sludge-bulking occurs in wastewater treatment plants
(WWTPs) with a wide range and frequency. This causes great
damage and is difficult to treat. The literature shows that
excessive proliferation of Microthrix parvicella (M. parvicella) is
responsible for 90% of sludge-bulking."”* Therefore, if M. par-
vicella can be targeted, then methods for early identification
and treatment could prevent or solve the issue of sludge-
bulking.®

Traditional sludge volume index (SVI) and morphological
recognition”® have been used with fluorescence in situ hybrid-
ization (FISH) to identify M. parvicella,”* but this has many
disadvantages, including complex pretreatment, low cell
permeability, destructiveness, weak fluorescence signal, long
turnaround times, complicated processing, narrow application
scope, and high expense. We recently reported some fluorescent
probes with long-chain alkanes for labeling M. parvicella in
sludge samples.”***

Nielsen™ reported that the lipases on M. parvicella can
catalyze the hydrolyzation of oils and lipid compounds into
long-chain fatty acids (LCFAs) and transport them into cells as
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chains and lipases was also docked by the density functional tight-binding (DFTB) method.

normal lipids. That is, M. parvicella has affinity for LCFAs via
lipases. Oleic acid and hexadecanoic acid are of two typical
LCFAs.""

Carbazole derivatives are highly conjugated and rigid struc-
tures which are easily functionalized and have excellent bio-
logical activity. They serve as a functional framework for the
fabrication of medicines, materials, and probes. Carbazole
derivatives in particular are excellent electron-donating chro-
mophores for creating fluorescent probes with large Stokes
shifts, excellent stability, and high quantum yields."**®

Here, we created and characterized a carbazole fluorescent
probe (FP1, Fig. 1) modified by LCFAs (hexadecanoic acid).
Ultraviolet-visible (UV-vis) absorption and fluorescence spec-
troscopy studies characterized the photostability and thermo-
stability. M. parvicella from activated sludge was labeled in situ
without broken or lysozyme pretreatment. Two other probes
FP2 (ref. 13) and FP3 (ref. 19) were also used to study the impact
of side-chain length on the labeling efficiency, identification,
and metabolism of M. parvicella (Fig. 1).

2. Experimental procedure
2.1 Chemicals and equipment

All reagents and solvents were from commercial sources and
were used without further purification. 16-Hydroxyhex-
adecanoic acid (=98%) and 9-ethyl-9H-carbazole-3-
carbaldehyde (=98%) were from Macklin. The FISH reagents
were from Takara. Other commonly used reagents were
purchased locally.

The "H-NMR spectra were obtained in CDCI; using a Bruker
AVANCE III 400 MHz spectrometer. The HPLC was used to
analyze the chemical purity on a Lab alliance PC4006A (USA).
The mobile phase was a solution of 95% CH;OH and 5% H,O
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Fig. 1 Structure of FP1, FP2 and FP3.

using a reversed-phase column C18 ODS (4.6 mm x 250 mm, 5
pm). Mass analysis was obtained on an electrospray ionization
(ESI) mass spectrometer. UV-vis and fluorescence spectra were
carried out on a Perkin Elmer LAMBDA 35 UV-vis spectrometer
and HITACHIF-7000 fluorescence spectrophotometer, respec-
tively. (The excitation and emission slits were both at 5 nm; PTM
voltage at 400 V.) Activated sludge sample and labeling images
were collected with a fluorescence inverted microscope from
OLYMPUS-IX71 (10x objective).

2.2 General procedure

2.2.1 Synthesis (E)-1-(15-carboxypentadecyl)-4-(2-(9-ethyl-
9H-carbazol-3-yl)vinyl)pyridine-1-ium bromide (FP1). 16-
Hydroxyhexadecanoic acid was substituted by HBr to obtain 16-
bromohexadecanoic acid,* which substituted 4-methylpyridine
to give 1-(15-carboxypentadecyl)-4-methylpyridin-1-ium
bromide.** FP1 was synthesized via a condensation reaction of
4-methylpyridin derivative and 3-formyl carbazole derivative*
(Scheme 1).

1-(15-Carboxypentadecyl)-4-methylpyridin-1-ium  bromide
(0.477 g, 1.0 mmoL), 9-ethyl-9H-carbazole-3-carbaldehyde
(0.245 g, 1.1 mmoL), ethanol (10.0 mL) and piperidine (0.1
mL) were mixed together and refluxed for 8 h. The mixture was
concentrated and eluted over silica gel to give the product (FP1).
(0.379 g, 60%). Purity: 98.8% (HPLC). Mp 92-93 °C. '"H NMR
(400 MHz, DMSO-d;) 6: 1.23-1.28 (m, 18H, CH,), 1.33-1.39 (m,
7H, ] = 6.80 Hz, CH,), 1.42-1.47 (m, 2H, CH,), 1.86-1.92 (m, 2H,
CH,), 2.16-1.18 (m, 2H, CH,), 4.46-4.51 (m, 4H, CH,), 7.28-7.31
(¢,] = 7.4 Hz, 1H, Ar), 7.54-7.57 (m, 2H), 7.69 (d, 1H, ] = 8.4 Hz,
Ar), 7.75 (d, 1H, J = 8.8 Hz, Ar), 7.91 (d, J = 8.8 Hz, 1H, Ar), 8.20-
8.26 (m, 4H, Ar), 8.60 (s, 1H, Ar), 8.91 (d, 2H, J = 6.80 Hz, Ar),
11.97 (br, 1H, COOH). HRMS (ESI-TOF) m/z: caled for 553.3789
[M — Br]'; found: 553.3799 [M — Br]".
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Scheme 1 Synthesis of FP1.

2.2.2 Preparation of stock solutions. For absorption or
fluorescence measurements, FP1, FP2, and FP3 were dissolved
into DMSO in the dark and then stored at room temperature to
obtain the stock solution (1 x 10~% mol L *). These were diluted
with solutions to the desired concentration (6 x 10°° mol L™).

2.2.3 Fluorescence quantum yields. Fluorescence quantum
yields (@) were calculated according to the following eqn (1)
using Rhodamine B in EtOH (® = 0.89):>***

F, A ()’

o=ez 2 (%) W
here, @, and @, represent the @ of the sample and reference,
respectively. Terms Fy and F; are the integrated fluorescence
spectra for the sample and reference, respectively. Terms A, and
A are the absorbance for the sample and reference at the
excitation wavelength, respectively, and n, and ng are the
refractive indexes of the sample and reference, respectively.

2.2.4 Photostability and thermostability. The photo-
stability of FP1 was performed in EtOH at room temperature in
the dark. We used an iodine-tungsten lamp (500 W) as the light
source and 50.0 g L~ ! NaNO, aqueous solution as the cold trap
to decrease the effects of heat from illumination and of UV-light
shorter than 400 nm. The absorbance was measured after illu-
minating for different times. We also measured the thermo-
stability of FP1 (6 pmol L™ in DMSO) at 80 °C in oil bath. The
absorption intensities of the compound were measured over
time.

2.2.5 Probe labeling of M. parvicella. Appropriate doses of
FP1, FP2 and FP3 solution (500 pmol L™ " in EtOH) was added to
1 mL of the sludge samples (1 g SS per L) as the carbon source
(other wastewater units are in normal operation) and stirred at
15-20 °C. The sludge samples were then examined with a fluo-
rescence inverted microscope (OLYMPUS-IX71) to investigate
the labeling and metabolism in M. parvicella. To avoid biasing,
15-20 images were taken randomly rather than according to the
photo quality or labeling effect during the imaging.*® The image
analysis used Image Pro Plus 6 (IPP 6) software.

3. Results and discussion
3.1 The spectral properties of FP1 in different solvents

Fluorescent compounds often show different spectra in
different solvents. Fig. 2 shows the spectral results of FP1, and
Table 1 shows the spectral data.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The (a) UV-vis spectra and (b) fluorescent spectra of FP1 in
different solvents (6 umol L™ (lex = 450 nm).

Fig. 2a shows that the absorption wavelength (A,ps) of FP1 in
all solvents were located at about 450 nm and shifted blue with
increasing dipole moment and solvent polarity. This showed
a negative solvent effect. The dipole moment of the ground state
is larger than that of the excited state. When intramolecular
charge transfer (ITC) occurs, the ground state changed to an
excited state with a lower dipole moment. Solvents with a larger
polarity can decrease the energy of the ground state and
increase that of the excited state. This increases the energy
difference between them and results in an absorption blue shift.

The fluorescence spectra were recorded with a A, of 450 nm
and a Ay, of 570 nm in all solvents (Fig. 2b). The Stokes shift
and @ increased with increasing solvent polarity except water.
This might be because of FP1 aggregation in water increased the
nonradiative decay process and caused quenching.

3.2 The spectral properties of FP1 at different pHs

The pH is an important factor that affects the spectra of fluo-
rescent compounds. Here, FP1(6 pmol L") in 10 mmol L™" of
Na,HPO,—citric acid buffer with pH of 2.2 to 8.0 were prepared,
and the spectra were measured with a UV-vis and fluorescence
spectrophotometer, respectively (Fig. 3).

It shows slight changes in Apmayx, Aem and the spectra shapes
with pH. The absorption and fluorescent intensities changed
little as pH increased from 2.2 to 6.0. The chemical structure
dissolved badly and was stable across this regime, which is
typical in medical, bioorganic and environment fields. However,

View Article Online

RSC Advances

400 SéYY d)() 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fig. 3 The (a) UV-vis spectra and (b) fluorescence spectra of FP1 at
different pH values.
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Fig. 4 The photostability curve of FP1 (light source intensity: 7000 lm,
wavelength: 400-2500 nm).

3.3 Photostability

The photostability of fluorescent probes plays a big role in their
quality and applications as fluorescent labels.*® Excellent pho-
tostability is required, but organic probes can be easily
decomposed under illumination resulting in instability or error
when labeling. The absorption intensities of FP1 were measured
after exposure to illumination with different times. The curve
between the intensity and time was shown in Fig. 4. There is no
apparent change after exposure, even after irradiation for 8 h,
there was only 3.3% signal loss indicating excellent stability—
this makes it a promising probe for applications in medicine,
biology, chemistry, environmental studies and other fields.

To measure the photostability, the rate of photooxidation

when the pH increased to 7-8, the fluorescent intensities was described and referred to as the photooxidation
increased, which may be because the carboxy group dissociate mechanism:*”

into the anion form (carboxylate) in alkaline conditions, and

then the dissolvability of dye improved at this condition. d[Dye]/dr = K;[Dye][O-]. (2)
Table 1 The solvent properties and UV-vis characteristics of the probe

Solvent H,O DMF DMSO CH;CN MeOH EtOH DCM
nD** 1.333 1.431 1.478 1.344 1.328 1.361 1.424
,ub 1.85 3.82 3.96 3.92 1.7 1.69 0.51
& 80.0 36.7 48.9 37.5 33.0 24.3 8.9
Amax/TIM 405 432 433 434 437 442 469
Aem/nM 572 566 566 567 565 564 570
Stokes shift 167 134 133 133 128 122 101
@41073 0.834 8.70 13.85 6.44 6.59 6.28 74.45

“ Refractive index. ” Dipole moment. ¢ Dielectric constant. ¢ Fluorescence quantum yield.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The lightfastness of FP1.

Here, [O,] is a constant of 3 x 10~* mol L™, so the above
equation can be changed to

—~d[Dyelo/ds = K[Dye] 3)
and
In[Dye]o/[Dye], = Kt. (4)

[Dye], and [Dye], are the original concentration of dye and
that being illuminated for ¢ hours, respectively. The Lambert-
Beer law states that there is a linear relationship between the
concentration of the dye and the maximum absorbance at low
concentrations. Thus, eqn (4) can be written as

In(A4y/A,) = kt. (5)

In the equation, A, and A, are the maximum absorbances of
the dye and that after illumination, respectively. While & is the
photooxidation rate constant obtained from the slope (Fig. 5).
In this paper, the photooxidation rate constant of FP1 is 7.062 x
10~° mol min~*, which is the same order of magnitude with
some other carbazole dyes*® and much smaller than some
cyanines reported."***° The lower photoreduction rate constant
might be attributed to a stable trans structure.>

3.4 Thermostability

Thermostability is another important property of dyes. The
absorbance of FP1 (6 pmol L™ in DMSO) was measured after
storing it at 80 °C in a water bath for different times (Fig. 6).

The results showed that the absorption intensity reduced
only 8.2% even after heating for 8 h at 80 °C. This suggests that
the dye has excellent thermostability.

3.5 Analysis of activated sludge samples

The distinct morphotype of filamentous bacteria species and M.
parvicella in activated sludge were studied with Gram staining
and FISH probes (Fig. 7). Fig. 7a shows filamentous bacteria
identified by Gram-positive staining. They have unbranched
long and curly filaments with diameters that are approximately
of 0.7-0.9 um and a length of 200-400 um. This agrees with the
distinct morphotype of M. parvicella.*"**

FISH analysis could identify and classify filamentous
bacteria and provide more detailed information.*® The total

35858 | RSC Adv., 2018, 8, 35855-35862

View Article Online

Paper

0.154

-~ 0.10

)

0.05

Absorption (a.u.

Oh th  2h 3h  4h  5h
Time (h)

Fig. 6 The thermostability of FP1.

Fig. 7 Images of sludge samples with Gram staining ((a) x400) and
FISH staining ((b and c) 10 x 100).

bacteria were detected by recommended fluorescent probe
EUBp,ix probe mixed by 1:1:1 of EUB338 (Cys-
GCTGCCTCCCGTAGGAGT, targeting for most bacteria),
EUB338-1I (Cy;-GCAGCCACCCGTAGGTGT, targeting for Planc-
tomycetales), and EUB338-III (cy;-GCTGCCACCCGTAGGTGT,
targeting for Verruco microbiales). M. parvicella were targeted by
fluorescent probes MPA,;x mixed by 1:1:1 of MPA223 (Cys-
GCCGCGAGACCCTCCTAG, targeting or most M. parvicella),
MPA60 (Cy;-GGATGGCCGCGTTCGACT, targeting for most M.
pamvicella), and MPA645 (Cy;-CCGGACTCTAGTCAGAGC, tar-
geting for most M. parvicella).”***

The FISH results showed that the fragmented images with
green fluorescence (EUB,y;y, Fig. 7b) were the entire bacteria and
red fluorescence (MPA,,, Fig. 7c) were M. parvicella. Both
results of distinct morphotype and oligonucleotide probes
confirmed M. parvicella in the activated sludge samples.

3.6 Labeling of M. parvicella by novel probes

Here, 10 umol L' of FP1, FP2, and FP3 were used to label M.
parvicella at different times respectively, and the images were
quantitated with Image Pro Plus 6.0 after different treatment
times (Fig. 8). The mean fluorescent intensities of M. parvicella
as a function of time were shown in Fig. 9.

FP1 and FP2 can both distinguish between M. parvicella and
zooglea to label M. parvicella, but FP3 could not. M. parvicella
had bright green fluorescence with a distinct morphotype when
FP1 and FP2 were added to the activated sludge samples. At
longer times the mean fluorescence intensities of both M. par-
vicella and zooglea labeled by FP1 were gradually diminished.
After 8 h, M. parvicella could not be clearly distinguished from

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Images of activated sludge samples labeled by FP1, FP2, and
FP3 (10 pmol L™Y) at different duration times (10 x 40).
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Fig. 9 The mean fluorescent intensities of M. parvicella as a function
of time.

the zooglea. The signal became especially dim after 12 h in both
M. parvicella and zooglea. Metabolism in FP1-labeled M. parvi-
cella (hydrolases) might underlie this signal change.

When FP2 was used to label, M. parvicella quickly had
a bright green fluorescence and a distinct morphotype. The
mean fluorescence intensities of both M. parvicella and zooglea
labeled by FP2 were still strong even at 36 h, and M. parvicella
could still be clearly distinguished from zooglea. The FP2 on M.
parvicella remained stable without any digestion of the dye. The
FP3 samples show that the zooglea had bright fluorescence, but
M. parvicella could not be seen clearly. This suggests that M.
parvicella could not be labeled or distinguished from zooglea.

FP1, FP2, and FP3 have the same parent structure (carbazole-
stilbazolium salts), while they had different labeling properties
on M. parvicella because of their different side chain polarities.
When labeled by FP1, the extracellular lipase on the cell surface
of M. parvicella might be absorbed by the hydrophobic LCFA.
This would then be slowly ingested by endocytosis resulting in
a reduced concentration of FP1 and a decrease or even disap-
pearance of fluorescence. When labeled by FP2, the lipase on
the cell surface of M. parvicella adsorbed the hydrophobic long-
chain alkanes but there was no endocytosis or metabolism—
this stabilized the probe, fluorescence, and labeling. FP3 had no
hydrophobic long-chain groups and this resulted in weak
affinity to M. parvicella and thus poor labeling.

These results agree with the affinity of hydrophobic long-
chain fatty acids to M. parvicella. These offer the theoretical
basis for further studies on M. parvicella and bulking or foam-
ing in activated sludge.

This journal is © The Royal Society of Chemistry 2018
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3.7 The relationship between mean fluorescent intensity
and SVI

The sludge volume index (SVI) is a metric of active sludge
settling in wastewater treatment. A SVI of 50-120 suggests that
the active sludge is suitable for processing. Lower values imply
low sludge activity, and higher values imply sludge bulking.
When the sludge of filamentous bacteria bulks, loose sludge
structures have increased to increase volumes, leading to
floating, and the difficult separation of solids and liquids leads
to sludge flocs in the effluent water, which affects effluent
quality. Early warning and control measures could assure that
the wastewater treatment process would operate normally. We
established an abundance model targeting M. parvicella in
activated sludge system.

Sludge samples with different SVI values were labeled with 10
pmol L™" of FP1 (Fig. 10). The mean fluorescence intensities (IOD/
Area) of each image were calculated and more than 10 images were
averaged. An early-warning model of targeting M. parvicella in
activated sludge system was established based on the relationship
between the mean fluorescence intensity and SVI (Fig. 11).

As SVI increases, the abundance of M. parvicella labeled by FP1
increased, and the fluorescence intensities and the mean fluores-
cence intensities also enhanced with linear positive correlation (y
= 0.904x+7.2474, R*> = 0.9827). Thus, the mean fluorescence
intensities reflect the abundance of M. parvicella when labeled.

Fig.10 Image of M. parvicella labeled by FP1 under different SVI values
(10 x 40).
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Fig. 11 Relationship between the fluorescence intensity of M. parvi-
cella labeled by FP1 and SVI.
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The SVI value of normal activated sludge is 50-150, and it is
considered to be bulked when over 200. Traditional SVI methods
or Gram staining can only judge sludge bulking when the SVI is
over 150 with M. parvicella proliferation and sticking out of
zooglea. When the SVI is lower than 60, Gram staining could not
label M. parvicella but the fluorescent probe could. The correla-
tion between SVI and the mean fluorescence intensity shows that
the probe can label M. parvicella even when there is only a trace of
M. parvicella. This makes the early diagnosis of M. parvicella easy
and offers a shorter warning period.

3.8 Interaction mechanism calculation

To further understand the different labeling results between the
three probes, we calculated the interactions between these three
probes and lipase via computational simulation. The structures
of the three probes were first optimized by the density func-
tional tight-binding (DFTB) method,**** and the frontier
orbitals including the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
were further calculated. A molecular docking study between the
probes and lipase used Autodock program.** The crystal struc-
ture of the extracellular lipase is unknown, so the crystal
structure of triacylglycerol lipase (PDB ID: 10IL)* of Pseudo-
monas cepacia was docked in this study. In the molecular
docking simulation, a rapid grid-based energy evaluation and
torsional degree of freedom search method was used. The grid
size was 126 x 126 x 126, and the grid spacing was 0.375 A. The
docking was done by the Lamarckian genetic algorithm with
1000 conformations.

As shown in Fig. 12a and b, the active group was localized at
the ring of carbazole and pyridine. This plays an important role
when it interacts with other molecules. When docked with
lipase, the carbazole ring was outside the lipase pocket. Mean-
while, the long-chain was folded and the tail carboxyl group was
inset into the pocket because of the large size of the pocket. The
binding energy between FP1 and the lipase was
—8.35 kcal mol . Fig. 12e and f show that the largest binding
energy distribution was about 25 modes with a binding energy
of about —8.3 kcal mol ™! among the 1000 conformations.

The HOMO and LUMO of FP2 were similar to those of FP1,
and the active groups were localized at the ring of carbazole and
pyridine. The most stable binding energy was —8.8 kcal mol
when docked with the lipase (Fig. 13). The binding mode was
different from that of FP1. The structure of FP2 was inset into
the pocket, and all functional groups of FP2 interacted with the
lipase residues. This might explain the largest bonding
strength. Of the 1000 docked conformations, there were about 7
conformations that had the strongest binding energy of about
—8.8 kecal mol™?, and there were about 70 conformations with
a binding energy of about —8.6 kcal mol™". This means that the
docked structural distribution is very dense.

The HOMO and LUMO orbitals were localized throughout
the molecule including the side chain of FP3 (Fig. 14)—these
were different from those of FP1 and FP2.

When docked with lipase, the binding energy was about
—8.07 keal mol ™ *. The docked mode was very different from FP1

35860 | RSC Adv., 2018, 8, 35855-35862
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Fig. 12 The HOMO (a) and LUMO (b) of FP1. The most stable docking
mode of FP1 and lipase (c) and (d) the binding energy distribution (e),
and binding modes (f) of FP1 and lipase.

Fig. 13 The HOMO (a) and LUMO (b) of FP2. The most stable
configuration of FP2 and lipase (c) and (d), and the binding energy
distribution (e), and docked binding modes (f) of FP2 and lipase.

and FP2, and the carbazole and long chain were localized at two
small cavities. Of the 1000 docked conformations, there were
about 10 conformations that had the strongest binding energy
of about —8.0 keal mol ™. There were about 140 conformations
with a binding energy of about —7.6 kcal mol . This indicated
that the docking structural distribution is very dense as well.

The docked binding mode of FP3 was quite different from
those of FP1 and FP2. FP1 and PF2 were located at the large
concave cavity of lipase while FP3 was located at the side cavity
of lipase (Fig. 15).

This journal is © The Royal Society of Chemistry 2018
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Fig. 14 The HOMO (a) and LUMO (b) of FP3. The most stable
configuration of FP3 and lipase (c) and (d), the binding energy distri-
bution (e), and binding modes (f) of FP3 and lipase.

Fig. 15 Docked binding modes of FP1, FP2 and FP3 with fatty
hydrolase (the green model represents FP1, purple is FP2, and pink is
FP3).

The binding strength order for the three probes and lipase
was FP2 > FP1 > FP3, while the dipole moment order (Table 2)
of the probes were FP2 < FP1 < FP3. This indicated that the
binding strength increased as the dipole moment decreased.
The theoretical results were consistent with the experimental
results: FP2 has the strongest interaction strength with
lipase, which was adsorbed on the surface of M. parvicella.
The fluorescence intensity remained constant over time. FP1
has a weaker interaction with lipase than with FP2, but the
long chain fatty acid can metabolize the lipase of M.
parvicella.

Table 2 The dipole moments of FP1, FP2 and FP3 (unit: debye)

X Y 4 Total
FP1 —13.46 —4.15 5.76 15.22
FP2 —10.33 —6.18 2.80 12.36
FP3 —11.72 —11.75 1.06 16.63

This journal is © The Royal Society of Chemistry 2018
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4. Conclusions

The novel fluorescent probe FP1 was designed and synthesized.
The spectra in different solvents and pH values were studied.
The stability results showed that it has excellent thermostability
and photostability. Labeling of M. parvicella was best with FP2.
The theoretical calculation results showed that the binding
energy of FP2 with lipases was the strongest, and this results in
stable fluorescence, even for 36 h. The FP1 signal decreased via
lipase metabolism on the surface of M. parvicella. This corre-
sponds to the affinity of LCFAs for M. parvicella.
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