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HIGHLIGHTS

» Laccase-loading spider-type reactor
(LSTR) is got by emulsion electro-
spinning.

» LSTR consists of beads-in-string
fibers with more laccase and higher
activity.

» LSTR can achieve the rapid and effi-
cient removal of PAHs from water.

» Aquatic environmental factors have
little influence on the PAH removal
by LSTR.

» A synergetic mechanism includes
adsorption, directional migration
and degradation.
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ABSTRACT

The remediation of polycyclic aromatic hydrocarbons (PAHs) polluted waters has become a concern as a
result of the widespread use of PAHs and their adverse impacts on water ecosystems and human health. To
remove PAHs rapidly and efficiently in situ, an active fibrous membrane, laccase-loading spider-type reac-
tor (LSTR) was fabricated by electrospinning a poly(D,L-lactide-co-glycolide) (PDLGA)/laccase emulsion.
The LSTR is composed of beads-in-string structural core-shell fibers, with active laccase encapsulated
inside the beads and nanoscale pores on the surface of the beads. This structure can load more laccase
and retains higher activity than do linear structural core-shell fibers. The LSTR achieves the efficient
removal/degradation of PAHs in water, which is attributed to not only the protection of the laccase activ-
ity by the core-shell structure but also the pre-concentration (adsorption) of PAHs on the surface of the
LSTR and the concentration of laccase in the beads. Moreover, the effects of pH, temperature and dis-
solved organic matter (DOM) concentration on the removal of PAHs by the LSTR, in comparison with that
by free laccase, have been taken into account. A synergetic mechanism including adsorption, directional
migration and degradation for PAH removal is proposed.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread
environmental contaminants in aquatic environments, which
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mainly originate from fossil fuel combustion and the release of
petroleum and petroleum products [1-3]. Some PAHs with four
or more benzene rings, such as benzo[a]anthracene, chrysene and
benzo[a]pyrene, can generate covalent DNA adducts and oxidative
DNA lesions, resulting in mutagenic and carcinogenic effects [4,5].
Moreover, PAHs are persistent in the environment and can cause
long-term adverse effects [6,7]. Thus, 16 PAHs have been listed as
priority pollutants by the U.S. Environmental Protection Agency (US
EPA). However, PAH emissions in many countries have continu-
ously increased owing to the rapid growth in energy consumption
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and development of traffic and shipping [8-10]. Recently, accidents
have released millions of barrels of oil containing massive amounts
of PAHs into bodies of water, e.g., in the Gulf of Mexico [11] and
the Port of Dalian in China [12], causing perceptible damage to
marine and freshwater ecosystems. This has inspired environmen-
tal researchers to seek and develop effective technology for the
removal of PAHs from contaminated water.

Efforts have been made to reduce PAHs in the water envi-
ronment. However, ex situ treatments are usually laborious and
time-consuming for aquatic environments. Traditional ex situ
techniques, including biodegradation [13], ozone oxidation [14],
electro-oxidation [15], and photocatalysis [ 16] are incapable of the
in situ removal of massive amounts of PAHs at low concentrations
in polluted waters. Sorption treatment might be a feasible method
for the in situ removal of PAHs in open waters [17,18]. However,
the recycling of sorbents and the subsequent treatment of PAHs
are difficult, and this can present a risk of secondary pollution.
Therefore, more simple, rapid, and efficient in situ techniques for
PAH removal are urgently needed. Moreover, to minimize distur-
bances to the environment, an ideal remediation system should be
environmentally friendly, practical and recoverable.

Electrospinning is a suitable technique for the preparation
of environmentally friendly and recoverable fibrous membranes
[19,20]. Electrospun fibrous membrane (EFM) possesses many
extraordinary properties, including high specific area, porous struc-
tures, and resultant superior mechanical properties [21]. Thus EFM
has attracted considerable attentions and has been used in envi-
ronmental remediation and sample pretreatment, which indicated
that it possessed excellent sorption property and exhibited signif-
icant potential for the enrichment of organic pollutants in water
[22,23]. Moreover, EFMs are also excellent carriers for enzyme
immobilization [24,25]. The encapsulation of enzymes in electro-
spun fibers can be achieved by emulsion electrospinning, an in situ
enzyme immobilization technology that was developed in recent
years; and the encapsulated enzymes usually retain high activities
[25,26]. In our previous study, we developed a highly efficient sys-
tem for laccase-carrying electrospun fibrous membrane (LCEFM)
preparation by emulsion electrospinning for the removal of PAHs
in shoal soil [27]. The LCEFM is composed of core-shell struc-
tural fibers with active laccase in the core part of the fibers. It has
been proposed that the degradation efficiency of PAHs by LCEFM
is obviously enhanced by the sorption of PAHs on the membrane.
However, the structural properties of LCEFM have not been well
described, and the environmental effects on the applied potential
of this technique are still in question.

Interestingly, the LCEFM may be potentially enhanced on its
enzyme loading, activity and efficiency for removal of PAHs from
water through its structural improvement. Recently, a study on
the directional adsorption and migration of water on the surface
of spider silk was published on Nature by Zheng et al. [28]. They
found that the beads-in-string structure results in a surface energy
gradient between the spindle-knots (beads) to achieve continu-
ous condensation and directional collection of water molecular.
This finding inspired us to improve LCEFM by fabricating beads-
in-string structural fibers, with more laccase encapsulated in the
beads. Here, we assume that the PAHs in contaminated water
could be adsorbed on to the fibers rapidly, and then transfer to the
beads and in situ degraded by laccase catalysis ultimately. Thus,
the improved LCEFM with beads-in-string structural fibers can be
called as laccase-loading spider-type reactor (LSTR), like spider cap-
turing preys. Furthermore, we also expect that the LSTR would
collect and treat the PAHs more efficiently than the core-shell
structural LCEFM. Sequentially, the synergetic mechanism of PAH
adsorption, migration and degradation was need to be discussed. If
it is feasible, the PAH pollution in open waters by accidents may be
controlled and eliminated promptly by the follow-up techniques.

To investigate the applied potential of this material, the environ-
mental effects of the LSTR were also analyzed.

2. Experimental
2.1. Reagents and materials

Poly(p,L-lactide-co-glycolide) (PDLGA) was obtained from
Daigang Biomaterials Co. (China). Its molecular weight was ca.
100,000, and its intrinsic viscosity was 1.9dlg~1. Triblock copoly-
mer F108 ((PEO)133 (Ppo)so (PEO)]33) was supplied by BASF
(Germany). Laccase (p-diphenol: dioxygen oxidoreductases, EC
1.10.3.2) from Trametes versicolor with an activity of 23.0Umg~!
protein and the substrate 2,2-azinobis-3-ethylbenzothiazoline-6-
sulfonate (ABTS, 99%) were purchased from Sigma-Aldrich (USA).
Seven types of PAHs, including naphthalene (99.0%), phenanthrene
(99.5%), anthracene (99%), benz[a]anthracene (99.7%), chrysene
(99.5%), benzolb]fluoranthene (99%) and benzo[a]pyrene (99.0%)
were also provided by Sigma-Aldrich (USA). Some of their prop-
erties are listed in Table S1 (see the Supporting Information).
Methylene dichloride, acetonitrile and methanol (HPLC, 99.9%)
were obtained from JT Baker (USA). All other chemicals were of ana-
lytical grade and used without further purification. Ultrapure water
(TOC< 15 ppb) obtained from a Milli-Q Plus/Millipore purification
system (USA) was used to prepare the reaction solutions.

2.2. Preparation of LSTR

The procedure used for the emulsion electrospinning of LSTR
was as follows: 2 g of PDLGA was dissolved in methylene dichlo-
ride (10.0wt%) at 25+ 1°C with vigorous stirring for 3h. F108
(10.0 wt%, vs. PDLGA) was used as a surfactant to obtain a stable and
homogeneous W/O emulsion. Then, 1.5 mL of 20.0 mg mL~! laccase
solution was added to the PDLGA/F108/methylene dichloride solu-
tion and mixed fully by vortexing to obtain a uniform emulsion.
The emulsion was then loaded into a 10 mL spinning solution car-
tridge attached to twelve 30-gauge needles and then injected by a
peristaltic pump at 1.0 mL min~'. Electrospinning was performed at
10 kV with a distance of 15 cm between the tip of the needle and the
collector. The fibers were collected on an aluminum foil-covered
collecting barrel. All experiments were conducted at 25+ 1°C and
arelative humidity of 40 & 2%. Finally, the LSTR was kept for 30 min
in glutaraldehyde vapor obtained from a vacuum vessel containing
10mL of glutaraldehyde aqueous solution (25 wt%) under 0.5 bar
at 30 +1°C. The LSTRs were stored at 4 °C before use. As a control,
deactivated LSTR (DA-LSTR) was prepared by replacing the laccase
solution with an inactivated solution (boiled for 10 min).

2.3. Morphology characterization and activity assays

The fiber morphology of the LSTR was examined using a field
emission scanning electron microscope (FESEM S-4800, HITACHI,
Japan) after gold sputtering. To explore whether the laccase could
be encapsulated into beads of LSTR, the laccase in the emulsion was
replaced by the same amount of FITC-labeled one and observed
under laser confocal scanning microscopy (LCSM, LSM510, ZEISS,
Germany). The specific surface area and pore volume of the LSTR
were measured with a full-automatic specific surface area analyzer
(ASAP 2020, Micromeritics, USA). The hydrophilic-hydrophobic
property of the PDLGA was tested on a contact angle measuring sys-
tem (OCA20, DataPhysics, Germany). The detailed methods for the
measurement and calculation of LSTR activity have been described
elsewhere [25]. To investigate the enzyme loading of the LSTR,
it was washed three times with phosphate buffer (pH 3.5), and
the protein concentrations of the washes were determined using
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Fig. 1. (a) A scanning electron microscopy (SEM) image of the laccase-loading spider-type reactor (LSTR), the inserted images show the high-resolution details of the beads
and fibers; (b) a laser confocal scanning microscopy (LCSM) image of the LSTR. The laccase was labeled by FITC, and the excitation and emission wavelengths were 488 and

535 nm, respectively.

Coomassie Brilliant Blue reagent following the Bradford method.
All samples were tested in triplicate.

2.4. PAH removal experiments

Five pieces of LSTR (15 mm x 15 mm, total weight 150-160 mg)
loaded with approximately 6.0 mg of laccase were added into 50 mL
of a solution containing a mixture of seven PAHs at 10.0 pgL~!
each. The mixtures were kept in sealed brown conical flasks and
incubated in a horizontal shaker at 150 rpm for 24 h in darkness.
Experimental uncertainties evaluated in conical flasks without
LSTR were less than 5% of the initial concentrations, except for
naphthalene, which reached about 8-10%. The laccase cataly-
sis reaction was terminated by adding 50 pL of sodium azide
(20molL-1) before sampling. Three groups of control experi-
ments including equivalent amounts of free laccase, DA-LSTR or
DA-LSTR/free laccase were carried out in the same reactor. All
experiments were performed in triplicate. The PAH concentration
in the aqueous phase and on/in the LSTR (washed by acetonitrile)
was measured by high-performance liquid chromatography (HPLC,
DIONEX U3000, USA). The recovery rates of PAHs in the PDLGA
DA-LSTR adsorption experiment were determined as follows:

Waq + WistR

Recovery rate (%) =
Wtotal

(1)
where W,q is the mass of each PAH retained in the aqueous solution,
Wistr is the mass of each PAH adsorbed on/in the PDLGA DA-LSTR
(i.e., the mass of each PAH in the acetonitrile eluent), and Wy, is
the total mass of each PAH in the reaction solution.

2.5. The effects of environmental parameters on the removal of
PAHs

The effect of pH was examined at 25 + 1 °C by assaying the PAH
removal/degradation efficiency of the LSTR at pH values of 1.0, 3.0,
5.0, 7.0 and 9.0, adjusted using NaOH and H3PO4 solutions. The
dependence of the PAH removal/degradation efficiency on temper-
ature was assessed at pH 5.0 and temperatures ranging from 5 to
45°C.Toinvestigate the effect of dissolved organic matter (DOM) on
the PAH removal/degradation efficiency, four real environmental
water samples were collected from the Yangtze Estuary, China. In
the present study, DOM was defined as the portion of organic mat-
ter in water that passes through a 0.45 wm membrane filter, and the
concentration of DOM was given in mg L~ dissolved organic carbon
(DOC) in water [29,30], measured by high-temperature catalytic
combustion with a TOC analyzer (SHIMADZU, TOC-5000, Japan).

The pH values of these samples were between 5.5 and 6.3, and
the concentrations of DOM were 6.5, 12.3, 20.4, and 36.7 mgL!,
respectively. After filtration through a 0.45 wm membrane, a cer-
tain amount of the seven PAH solution (dissolved in methanol) was
added to the treated water samples to prepare an aqueous PAH
solution (10.0 wg L~! for each PAH). The total concentrations of the
16 PAHs in the four samples were 68.3-136.5 ngL~!, much lower
than the experimental concentrations. To facilitate the calculation
of experimental results, the PAH concentrations of the real samples
were ignored. The PAH removal experiments were performed using
the methods described above, and all experiments were carried out
in triplicate.

3. Results and discussion
3.1. LSTR morphology and structure

The morphology of PDLGA LSTR is shown in Fig. 1a, indicating
that the LSTR consists of beads-in-string structural fibers. The beads
are ca. 3-5 wminlength and 1-3 pmin diameter, and the diameters
of the fibers range from tens to hundreds of nanometers. Moreover,
there are many wrinkles on the beads, and pores with diameters of
tens of nanometers are distributed all over the beads (see Fig. 1a).
By contrast, the fibers are much smoother and less porous.

Beads-in-string structural fibers have been observed widely
[21,31]. The formation of beads in ordinary electrospinning is
mainly related to the viscosity and surface tension of the solution,
and net charge density carried by the jet, but it becomes much more
complicated in emulsion electrospinning [31]. Generally, when
electrospinning a water-in-oil (W/O) emulsion with a small amount
of aqueous solution, it is easy to harvest the core-shell structural
linear fibers due to the occurrence of the phase separation between
the aqueous and organic components, and the aqueous phase could
be evenly encapsulated in the core of fibers [25,27]. In the condi-
tion of the fixed surfactant, the distribution of aqueous phase in the
inner of fibers became heterogeneous with the increase of aqueous
solution, since some aqueous droplets in the emulsion tended to
bind together. When the combined droplet was large enough and
its surface tension exceeded the electrostatic field force, the poly-
mer with large aqueous droplet could not be split and the droplet
formed the core domain of the bead; while the polymer with small
aqueous droplet was easy to be stretched to linear fibers. This is
a possible formation mechanism of the beads-in-string structural
fibers in emulsion electrospinning. Therefore, the beads-in-string
morphology of LSTR could be achieved by adjusting the addition
amount of the enzyme aqueous solution. In our experiments, 1.5 mL
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of laccase solution (20.0 mg mL~1) was near the largest amount for
preparing the beads-in-string structural fibers. If exceeding this
value, the LSTR consisted of many droplets, rather than fibers, and
it could not be detached from the collector.

Moreover, many pores formed on the beads of LSTR during the
electrospinning process, which was attributed to the phase separa-
tion between the oil phase (polymer solution) of the emulsion and
the air phase [21,27]. Under the influence of strong electric fields,
the polymer solution may distribute non-uniform, leading to the
occurrence of some polymer-rich and polymer-poor regions at the
outer layers of the fibers or beads. When the methylene dichloride
evaporates, the air phase may occupy the polymer-poor region,
resulting in the formation of the pores. Due to the existence of
aqueous droplets, uneven polymer regions are much easier to form
on the outer layers of the beads. Thus, there are more pores on
the beads than those on the fibers. Furthermore, many folds were
observed on the surface of the beads. This is mainly because that
the polymer at the outer layers of the beads shrank and solidified
rapidly after the evaporation of methylene dichloride.

Although PDLGA LSTR with a beads-in-string morphology was
successfully obtained, it was unclear whether the laccase was really
encapsulated into the core domain of the beads. The LCSM charac-
terization of the PDLGA LSTR verifies this conjecture. As shown in
Fig. 1b, the beads-in-string structural fibers exhibit a core-shell
structure and emit green fluorescence under excitation, and the
beads emit brighter fluorescence, indicating that most of FITC-
labeled laccase was encapsulated into the beads.

3.2. Activity and stability analysis

Experimental results showed that less than 5% of the protein
(relative to the total amount of laccase added) was present in the
washes, indicating most of the laccase was encapsulated into the
beads or fibers of the PDLGA LSTR, and the enzyme loading of LSTR
was about three times greater than that of the equivalent PDLGA
LCEFM. Moreover, the activity of the PDLGA LSTR accounted for
more than 85.3% of that of free laccase, which was also higher than
that of the PDLGA LCEFM (79.8%) [27]. Not only benefitting from
the protection of the special core-shell structure, the higher con-
centration of laccase in the beads of LSTR may also provide more
active sites and thus increase the probability of laccase catalysis of
its substrates, resulting in the higher retained activity.

In addition to the enzyme loading and retained activity, the
storage and operational stabilities of the PDLGA LSTR were also
improved. As observed in Fig. 2, the free laccase lost nearly 50% of
its initial activity within 10 days, and after 60 days in storage, the
relative activity of free laccase was less than 10%; in contrast, the
PDLGA LSTR retained over 70% of its initial activity. Moreover, the
PDLGA LSTR retained approximately 83% of its initial activity after
oxidizing 10 batches of 0.5 mM ABTS, performing better than the
PDLGA LCEFM [27]. This may be because the laccase encapsulated
in the beads of LSTR can form intermolecular cross-links and much
larger enzyme aggregates when the glutaraldehyde vapor reacts
with the primary amine groups of the enzyme. These aggregates
would be less likely to leach from the pores on the surface of beads
[32].

Because the morphostructure and enzymatic performance of
the PDLGA LSTR were good, the material was used to purify
PAH-contaminated water. In the DA-LSTR adsorption control
experiments, the recovery rates of the seven PAHs ranged from 93%
to 98%. Both degradation (degraded by free laccase or LSTR) and
removal (adsorbed by DA-LSTR, or the sum of the PAHs adsorbed
by DA-LSTR and degraded by free laccase, or the sum of the PAHs
adsorbed by LSTR and degraded by LSTR) efficiencies were calcu-
lated to evaluate the PAH removal from water.
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Fig. 2. The storage stability (left) of laccase-loading spider-type reactor (LSTR) and
free laccase in phosphate buffer (pH 3.5) at 4°C and the operational stability (right)
of laccase-loading spider-type reactor (LSTR) for the oxidation of ABTS.

3.3. PAH removal by LSTR: effect of pH

The degradation and removal efficiencies of PAHs reacting
for 24h at different pH and 25+1°C were determined. The
results are described in Fig. 3. On the whole, under the same
pH values, the low-ring PAHs (i.e., naphthalene, phenanthrene
and anthracene) are catalytically degraded by laccase much more
easily than the high-ring PAHs (i.e., benz[a]anthracene, chrysene,
benzo[b]fluoranthene and benzo|a]pyrene), which is consistent
with the results of other studies [33-35]. The pH value of the
aqueous solution has a relatively greater influence on the degra-
dation efficiency of free laccase than on that of the PDLGA LSTR.
As observed in Fig. 3, most PAHs were degraded most efficiently
by free laccase at pH 5.0. However, for PDLGA LSTR, the highest
degradation efficiencies were observed for a pH range of 3-7, and
the difference in degradation efficiency between these pH values
was negligible. Under different pH conditions (from 1.0 to 9.0), the
maximum difference in degradation efficiency for each PAH by free
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Fig. 3. The effects of pH value on the degradation and removal efficiencies of
seven PAHs (naphthalene, phenanthrene, anthracene, benz[a]anthracene, chrysene,
benzo[b]fluoranthene and benzo[a]pyrene) by free laccase, laccase-loading spider-
type reactor (LSTR), deactivated LSTR (DA-LSTR) and free laccase/DA-LSTR over 24 h.
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Fig. 4. The effects of temperature on the degradation and removal efficiencies of
seven PAHs (naphthalene, phenanthrene, anthracene, benz[a]anthracene, chrysene,
benzo[b]fluoranthene and benzo[a]|pyrene) by free laccase, laccase-loading spider-
type reactor (LSTR), deactivated LSTR (DA-LSTR) and free laccase/DA-LSTR over 24 h.

laccase ranged from 16.4% to 28.1%, while the maximum difference
for PDLGA LSTR was between 9.3% and 16.3% (detailed data are
shown in Table S3 in the Supporting Information), indicating that
the PDLGA LSTR shows a broader pH range for the efficient degra-
dation of PAHs. This is mainly because the core-shell structure of
the beads can protect laccase from external influences.

Furthermore, the degradation efficiencies of PDLGA LSTR were
13.6-41.1% higher than those of free laccase at the same pH, which
may be attributed to the pre-concentration (adsorption) of the
PAHs on the LSTR, as discussed in our previous study [27]. The
adsorption of the DA-LSTR lowers the concentration of the PAHs
retained in the aqueous solution, which decreases the probability
that free laccase will react with PAHs, resulting in the lower degra-
dation efficiencies of PAHs in the DA-LSTR/free laccase experiments
than in the free laccase experiments. Because adsorption plays an
important role in the degradation of PAHs, the effect of pH on the
adsorption by DA-LSTR and LSTR were also analyzed. As shown in
Fig. 3, the high-ring PAHs were more easily adsorbed onto the sur-
face of the PDLGA LSTR due to their relatively higher log Kow. More
than 95.3% and 97.6% of these compounds could be adsorbed and
removed from water by the DA-LSTR and LSTR at different pH val-
ues, respectively. The effects of the pH value of the aqueous solution
on the adsorption or removal of these PAHs can be considered neg-
ligible because they approach the leveling effect. Effects of pH value
on the removal efficiencies of low-ring PAHs by the DA-LSTR or LSTR
were observed, but the maximum differences in removal efficiency
of each low-ring PAH by the DA-LSTR and LSTR were less than 12.3%
and 6.9%, respectively, demonstrating that the adsorption of PAHs
by the DA-LSTR and LSTR depended slightly on the pH value of the
aqueous solution.

In conclusion, the pH value of the aqueous solution has less influ-
ence on the degradation and removal efficiencies of PAHs by the
PDLGA LSTR, compared with those by free laccase. The LSTR can
efficiently degrade and remove PAHs from water under a wider pH
range.

3.4. PAH removal by LSTR: effect of temperature

Enzyme-catalyzed reaction starts at a faster rate with increas-
ing temperature up to a point, where the enzyme activity begins to
decrease due to heat denaturation [36]. As observed in Fig. 4, the
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Fig.5. The effects of DOM concentration on the degradation and removal efficiencies
of seven PAHs (naphthalene, phenanthrene, anthracene, benz[a]anthracene, chry-
sene, benzo[b]fluoranthene and benzo[a]pyrene) by free laccase, laccase-loading
spider-type reactor (LSTR), deactivated LSTR (DA-LSTR) and free laccase/DA-LSTR
over 24 h.

degradation efficiency of free laccase was obviously enhanced with
increased temperature from 5 °C to 45 °C, and the increasing degra-
dation efficiencies for different PAHs were distributed between
25.9% and 46% (detailed data are shown in Table S4). At the low tem-
perature, the laccase activity is inhibited, resulting in the relatively
lower degradation efficiency for PAHs [37]. The highest degrada-
tion efficiency for free laccase occurred at approximately 45 °C. It
was observed that the volatilization amounts of most PAHs at 45 °C
were less than 5%, except naphthalene, which reached approxi-
mately 10%. Thus, the loss of PAHs in aqueous solution is indeed
the result of catalytic degradation by laccase. In comparison, the
increase in degradation efficiency for each PAH by the PDLGA LSTR
with increasing temperature ranged from 11.2% to 20.9%, which is
much smaller than the difference for free laccase, indicating that
temperature has less influence on the degradation efficiency of the
PDLGALSTR than on that of free laccase. The temperature-efficiency
profiles of the PDLGA LSTR illustrate that the PDLGA LSTR could
achieve relatively high PAH degradation efficiencies at the range of
25-45°C. Even at the low temperature (5°C in our experiments),
the PAH degradation efficiencies of the PDLGA LSTR were much
higher than those of free laccase. In addition to the PAH adsorption
by the PDLGA LSTR, the protection of the core-shell structure also
plays animportant role in enhancing the degradation efficiencies of
PAHs, which minimizes or prevents the effects of temperature vari-
ation on enzyme activity. Furthermore, the effects of temperature
on the adsorption and removal efficiencies of PAHs by the PDLGA
DA-LSTR and LSTR showed little distinction, and the maximum dif-
ferences in the adsorption and removal efficiencies of each PAH at
different temperatures were less than 4.9% and 9.7%, respectively.
Therefore, the PDLGA LSTR is resistant to temperature effects, to
some degree, and can be used to remove PAHs from water under
different temperature conditions.

3.5. PAH removal by LSTR: effect of DOM

In natural environments, DOM in water can interact with
organic contaminants through various binding and adsorption
interactions, and these interactions have a considerable effect on
the migration and transformation of hydrophobic organic pollu-
tants [29,30,38,39]. Consequently, it is essential to analyze the
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Fig. 6. The predicted reaction mechanism for the PAH adsorption and aggregation from the bulk water onto the surface of LSTR, and directional migration into the beads for

final degradation by laccase.

effects of DOM on the degradation and removal of PAHs in aqueous
solution.

Fig. 5 shows the degradation and removal efficiencies of PAHs
from four real water samples with different concentrations of DOM.
The degradation efficiencies of PAHs by free laccase clearly decrease
with increased DOM concentration. Compared to those of the sam-
ple prepared with ultrapure water (the concentration of DOM was
regarded as ~OmgL-1), the PAH degradation efficiencies of the
real sample with the highest concentration of DOM (36.7mgL~1)
decreased by 22.7%-34.1% (detailed data are shown in Table S5).
This may be in part because PAHs can associate with DOM, which
reduces the concentration of freely dissolved PAH in the solution
[38]. Furthermore, it has been reported that humic acid can inhibit
the activity of laccase from T. versicolor [40]. However, the decreases
in PAH degradation efficiencies by DA-LSTR/free laccase with the
increase in DOM concentration were relatively smaller than those
for free laccase. That is because DOM can also be adsorbed onto
the surface of the PDLGA DA-LSTR due to its hydrophobicity, which
may reduce the adsorption of PAHs and the inhibition of laccase
activity by DOM.

For the PDLGA LSTR, its degradation efficiency decreased slightly
with the increase of DOM concentration. Due to the competitive
sorption of DOM and PAHs, the PAHs adsorbed on the LSTR reduce,
resulting in the observed decrease in the degradation efficiency.
Moreover, the PAHs adsorbed on the LSTR might associate with
DOM and form larger aggregates that are too large to enter into
the core through pores and react with laccase. Nonetheless, the
protection of laccase by the polymer shell and the adsorption of
DOM, which can minimize the inhibition of DOM to laccase activ-
ity, allow the PDLGA LSTR to achieve much higher PAH degradation
efficiencies than free laccase and DA-LSTR/free laccase at different
DOM concentrations. Furthermore, the influences of DOM on the
removal of PAHs by the PDLGA LSTR were not obvious. The maxi-
mum differences in removal efficiencies of PAHs were less than 9%,
demonstrating that the PDLGA LSTR is suitable for use in removing
PAHs from water containing DOM.

3.6. PAH removal mechanism

The highly efficient removal of PAH should be attributed to the
adsorption and laccase-catalytic degradation, and the enhance-
ment of such process might be due to the directional migration
of PAHs on the beads-in-string structural LSTR. Herein, the syner-
getic mechanism including adsorption, directional migration and
degradation for PAH removal was hypothesized on the basis of
experimental and theoretical analysis (Fig. 6). During the reaction,
PAH molecules was diffused from the bulk water and adsorbed onto
the external surfaces of the LSTR. Benefitting from the hydropho-
bicity of PDLGA (see Support Information), this external adsorption
was achieved rapidly. To reach the adsorption-desorption dynamic
equilibrium, a PAH atmosphere layer might be constructed

surrounding the beads and fibers. On the other hand, the pores on
the shells of the beads could provide accesses for mass transfer.
Therefore, the PAHs adsorbed on the surface of the beads would
reach the interior through the pores and react with laccase.

However, most of PAHs were adsorbed onto the surface of the
fibers rather than the beads since the larger specific surface area
of fibers. How can the mass of PAHs reach the beads to react with
the laccase? In our opinion, the PAHs adsorbed on the fibers tend
to aggregate with each other due to their distinct hydrophobicity,
especially for the high-ring PAHs. The aggregated PAHs might form
some PAH drops and the drops might grow gradually because of the
surface tension between PAHs and water [28]. That is to say, the
surface tension was inflating such the PAH drops and turn many
little drops into lesser big drops. It is important to be noted that
the surfaces of the beads are rough and porous, while the fibers as
the joints of the beads are relatively smooth. Therefore, the sur-
face structural anisotropy results in a surface energy gradient [28],
which drives PAH drops to move from the lower surface energy
(fibers) to the high surface energy region (beads), as the scheme
(Fig. 6) suggests. Ultimately, the PAHs were enriched on the sur-
face of beads, aggregated into big drops, and finally degraded by
laccase.

This process could also be roughly observed with a fluorescence
microscope (CX41-32RFL, Olympus, Japan). As shown in Fig. S1,
the PAHs could be rapidly adsorbed onto the surface of the fibers
and beads in a few seconds, and both the fibers and beads emit
green fluorescence. About 20 min later, the green fluorescence on
the fibers becomes weaker and weaker, while that on the beads
gets much stronger, which may indicate the directional migration
of PAHs from the fibers to the beads. After this, the green fluores-
cence on the beads gradually becomes weaker over time, which
may be because of the degradation of PAHs by laccase in the beads.
In such sense, the rapid concentration and directional migration
of PAHs might, in our case, dramatically improve the degradation
process. However, the detail of the process needs to be investigated
and verified further, experimentally and theoretically.

4. Conclusions

PDLGA LSTR, an active fibrous membrane, was fabricated by
emulsion electrospinning and used to remove PAHs from water.
The LSTR is composed of beads-in-string structural core-shell
fibers, with more laccase encapsulated in the beads and fibers and
higher activity than the linear structural core-shell fibers. Fur-
thermore, the LSTR can collect and treat the PAHs more efficiently
than the core-shell structural LCEFM, and it achieves the rapid
and efficient removal/degradation of PAHs in water under the
condition of variational pH, temperature and DOM concentration.
The highly efficient removal of PAH should be due to the adsorption
and laccase-catalytic degradation, and the enhancement of such
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process might be attributed to the directional migration of PAHs
on the beads-in-string structural LSTR.

The removal of PAHs from water by the PDLGA LSTR likes a
process of spider preying, in that the spider (laccase in the beads)
rapidly captures its “prey” (PAHs) in the “web” (interlaced beads-
in-string fibers), and then consumes the prey leisurely. The PDLGA
LSTR consists of nanoscale polymer fibers for PAH sorption, a porous
structure for mass transfer, and the laccase-containing beads for
PAH degradation. By virtue of the protective porous shell, this
special system shows enhanced efficiency, durability and recov-
erability compared to the free laccase system, making it an ideal
candidate for the in situ remediation of PAHs in water.
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