
lable at ScienceDirect

Analytica Chimica Acta 1082 (2019) 152e164
Contents lists avai
Analytica Chimica Acta

journal homepage: www.elsevier .com/locate/aca
Recyclable metal nanoparticle-immobilized polymer dot on
montmorillonite for alkaline phosphatase-based colorimetric sensor
with photothermal ablation of Bacteria

Akhmad Irhas Robby a, Sung Young Park a, b, *

a Department of IT Convergence, Korea National University of Transportation, Chungju, 380-702, Republic of Korea
b Department of Chemical and Biological Engineering, Korea National University of Transportation, Chungju, 380-702, Republic of Korea
h i g h l i g h t s
* Corresponding author. Department of IT Converg
sity of Transportation, Chungju, 380-702, Republic of

E-mail address: parkchem@ut.ac.kr (S.Y. Park).

https://doi.org/10.1016/j.aca.2019.07.053
0003-2670/© 2019 Elsevier B.V. All rights reserved.
g r a p h i c a l a b s t r a c t
� Reusable material was designed for
fluorometric sensing and photo-
thermolysis of bacteria.

� The fluorescence ON/OFF sensing
system was depended on the bacte-
rial ALP activity.

� The LOD of fluorescence-based bac-
teria detection showed below
101 CFU/mL.

� Hybrid nanocomposite showed
±100% killing efficiency after 5min
NIR irradiation.

� Antibacterial/bacteria sensing
showed excellent performance even
after 4 cycles.
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a b s t r a c t

Development of simultaneous bacteria detection and eradication with simple, rapid, and reusable ma-
terial is important in addressing bacterial contamination issues. In this study, we utilized the expression
of alkaline phosphatase (ALP) from bacteria to design fluorescence ON/OFF system for bacteria detection,
also using metal oxide nanoparticle for obtaining antibacterial activity and recyclability. The fluorescent-
based biosensor with antibacterial activity was prepared by intercalating ALP-sensitive polymer dot (PD)
containing b-cyclodextrin (b-CD) onto montmorillonite (MMT) as loading matrix via ionic exchange
reaction, followed by immobilization of magnetic iron oxide (Fe3O4) and NIR-responsive cesium tungsten
oxide (CsWO3). The PD-bCD-MMT/Fe3O4eCsWO3 nanocomposite exhibited strong fluorescence intensity,
which was quenched in the presence of bacterial ALP (0e1000 U/L) due to hydrolysis of p-nitrophenyl
phosphate (NPP) into p-nitrophenol (NP) in the hydrophobic site of b-CD. Furthermore, the nano-
composite could detect both gram-negative Escherichia coli and gram-positive Staphylococcus aureus in
the range of 101e107 CFU/mL (LOD 5.09 and 4.62 CFU/mL, respectively), and showed high antibacterial
activity against bacteria by generating photothermal heat under 5min NIR irradiation, causing damage to
bacterial cells. This material also demonstrated recyclability via magnetic field exposure due to the
presence of Fe3O4. In addition, the fluorescence can be recovered following pH shock and re-conjugation
of b-CD molecules. After 4 cycles, nanocomposite still showed stable photothermal effects and
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fluorescence-based bacteria detection. Thus, this reusable material offers promising approach for
simultaneous bacteria detection and killing, which is simple, rapid, and effective.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Pathogenic bacterial contamination is considered amajor health
issue due to its substantial impact on human health [1,2]. Various
infectious diseases, such as tuberculosis and pneumonia, are
associated with bacterial contamination, which spreads easily
through direct contact, water contamination, and air pollution
[3,4]. Much research is focused on the development of biosensors to
detect bacteria in order to replace conventional methods, such as
plate culturing, ELISA, and PCR which are time-consuming, require
specialized instruments, and need specific chemical treatments to
achieve high sensitivity [5e8]. However, there are still a few reports
regarding recyclable material which combine bacteria-sensing
ability with antibacterial activity for synergistic detection and
eradication of bacteria. By combining biosensing techniques with
antibacterial effects, efficient action can be taken simultaneously to
rapidly diagnose and prevent bacterial contamination. Moreover,
recyclable properties of the material can reduce waste via reuse,
making the material more efficient. Therefore, designing such a
combination was felt to be intriguing due to its usefulness and
applicability in efficient bacterial detection and eradication.

Our previous work had constructed antibacterial nano-
composites by immobilizing tungsten oxide (CsWO3) and iron ox-
ide (Fe3O4) nanoparticle into exfoliated montmorillonite clay
(MMT) [9]. We introduced immobilization technology for metal
nanoparticles by utilizing the interaction between catechol-
functionalized polymer and metal nanoparticles in base condi-
tion. This hybrid nanocomposite-intercalated MMT showed excel-
lent antibacterial activity due to photothermal effect of CsWO3with
good stability in solution state. This nanocomposite also demon-
strated recyclability under external magnetic field due to the
presence of Fe3O4, resulting an efficient and less-waste antibacte-
rial agent. In addition, by intercalating active polymer material into
the silicate layer of MMT clay, they showed good thermal stability
compared to active polymer only and potentially provided good
active site for bacteria detection due to its surface area. In our view,
combining this material with biosensor such as polymer dot (PD)
[10e12] may become a promising strategy to design a nano-
composite for reusable bacteria detection with excellent antibac-
terial activity.

Alkaline phosphatase (ALP) is an essential enzyme which is
widely distributed in organs, tissues, and also expressed in gram-
positive and gram-negative bacteria [13e17]. ALP is commonly
known as an indicator of various diseases such as bone tumor and
breast cancer [18,19]. ALP can hydrolyze various phosphate sub-
strates, for example p-nitrophenyl phosphate (NPP) into p-nitro-
phenol (NP) [20e22], and this phenomenon had been utilized for
developing fluorescence-based sensor [23e26]. For example, our
previous work was designing fluorescence-based techniques using
b-cyclodextrin (b-CD)-functionalized fluorescent nanoparticles
[27]. By utilizing host-guest recognition of NPP in the cavity of b-
CD, the ALP will hydrolyze NPP into NP and cause photo-induced
electron transfer (PET). This PET phenomenon leads to the dimin-
ishing of fluorescence intensity which is correlated with the con-
centration of ALP. However, this method and some other works
were developed for cancer cell detection. There are still a few re-
ports about fluorescence-based bacteria sensor which utilize the
expression of bacterial ALP. Therefore, by utilizing the expression of
ALP from bacteria towards phosphate substances, the enzymatic
fluorescence-based bacteria sensor can be developed. Furthermore,
there are no reported studies combining enzymatic-responsive
bacterial detection with antibacterial activity and recyclable prop-
erties. Hence, it may be useful to develop a simple, effective and
reusable method by designing recyclable material for simultaneous
detection and eradication of bacteria.

In this report, we designed a recyclable nanocomposite for the
detection and eradication of bacteria based on bacterial ALP
expression and photothermolysis of bacteria. An ALP-sensitive PD
containing b-CD was intercalated onto MMT as a loading matrix via
ionic exchange reaction [9,28,29], followed by immobilization of
CsWO3 and Fe3O4 viametal-catecholate interaction [9]. The sensing
mechanismwas relied on fluorescence on/off system between ALP-
sensitive PD and bacteria, which bacteria expressed ALP to hydro-
lyze NPP into NP in the cavity of b-CD and caused fluorescence
quenching due to the occurrence of PET phenomenon. Further-
more, this nanocomposite was able to generate photothermal heat
under NIR irradiation due to the presence of CsWO3, which trig-
gered the photothermolysis of bacterial cells. In addition, due to the
presence Fe3O4, the nanocomposite can be recycled under external
magnetic field and further can be reused after re-conjugating b-CD
molecules into the nanocomposite. Thus, this reusable material
offers promising strategy for simultaneous detection and eradica-
tion of bacteria with a simple, rapid, and effective approach.

2. Materials and methods

2.1. Materials

Polyethylene glycol (PEG, MW: 3500), 2-(dimethylamino) ethyl
methacrylate (DMA), t-butyl peroxybenzoate, bromoethane, 2-
chloro-30,40-dihydroxyacetophenone (CCDP), 4-
chlorophenylboronic acid, montmorillonite (MMT), b-cyclodextrin
(b-CD), p-Nitrophenyl phosphate (NPP), Iron (II,III) oxide (Fe3O4)
nanoparticle (50e100 nm), ALP inhibitor sodium metavanadate
(Na3VO4), sulfuric acid (H2SO4), ethanol, tetrahydrofuran (THF),
hexane, diethyl ether, deionized water (DDW), phosphate-buffer
saline (PBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium
bromide (MTT), MRS and Luria-Bertani media were purchased
from Sigma-Aldrich, South Korea. NIR-responsive Cs0.33WO3
nanoparticle (CsWO3) was synthesized using a previously
described method [30]. Propidium iodide (PI) and SYTO 9 were
purchased from Molecular Probes, Life Technologies (Invitrogen,
South Korea).

2.2. Characterizations

1H NMR spectra were acquired using a Bruker AVANCE 400MHz
spectrometer. The UVeviseNIR spectra were recorded with a
UVevis absorption spectrometer (Optizen 2120 UV spectropho-
tometer, Mecasys). X-ray diffraction spectrawere observed using an
XRD Bruker AXS ADVANCES D-8. Dynamic light scattering (DLS;
Zetasizer Nano, Malvern, Germany) was used to measure particle
size. Magnetic properties of sample were recorded using alter-
nating gradient magnetometer (AGM; 2900-02). The fluorescence
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profiles were determined using a luminescence spectrometer
(L550B, PerkinElmer). The NIR laser was 808 nm (PSU-III-LRD, CNI
Optoelectronics Tech. Co. LTD, China). A confocal laser scanning
microscope (CLSM; LSM510 Carl Zeiss, Germany) was used to
observe live and dead bacteria with 488 and 543 nm emission fil-
ters. Flow cytometric analysis (FACS) was conducted using an At-
tune NxT Acoustic Focusing Cytometer. Scanning electron
microscopy (SEM) was performed with a JSM-6700F, JEOL (Japan).
Photo-thermal heating curves were examined using an infrared
camera (NEC Avio, Thermo Tracer TH9100). Identification and
quantification of metal components was performed by measure-
ment via inductively coupled plasma mass spectrometry (ICP-MS)
(Bruker 820-MS, Germany).

2.3. Synthesis of CsWO3

Briefly, ammonium tungstate ((NH4)10H2(W2O7)6), ammonium
molybdate (H8MoN2O4) and cesium carbonate (Cs2CO3) were
mixed in DDW and stirred at room temperature for 1 h. The solu-
tion was further heated at 180 �C for 8 h. The resulted powder was
annealed in vacuum furnace at 500 �C for 1 h under nitrogen at-
mosphere [30].

2.4. Synthesis of boronic acid-conjugated CA-g-PEG-g-PDMA (B/C-
PgP)

The catechol-conjugated polyethylene glycol-grafted poly(-
dimethylamino)ethyl methacrylate (CA-g-PEG-g-PDMA) was pre-
pared according to a previously published method [31], which the
obtained amount of catechol moieties in CA-g-PEG-g-PDMA (de-
gree of quaternization) was 18 units based on calculation from 1H
NMR spectra analysis between peak area of aromatic catechol at
7.4 ppm compared to peak area of PEG at 3.7 ppm. To provide a
sufficiently high positive charge for MMT intercalation via ionic
exchange, CA-g-PEG-g-PDMA was modified with bromoethane via
quaternization reaction. In brief, 0.25mmol of CA-g-PEG-g-PDMA
and 3.72mmol of bromoethane was dissolved in 150mL anhy-
drous ethanol and stirred under nitrogen atmosphere for 24 h at
70e80 �C. The solution was then evaporated using a rotary evap-
orator and precipitated in diethyl ether. Finally, the precipitate was
dried in a vacuum oven. Quaternary ammonium that resulted from
this reactionwas estimated to be approximately 153 units based on
calculation from 1H NMR spectra analysis between peak area of
bromoethane at 3.4 ppm compared to peak area of PEG at 3.7 ppm.

To synthesize boronic acid-conjugated CA-g-PEG-g-PDMA (B/C-
PgP), 4-chlorophenyl boronic acid (0.03mmol) and CA-g-PEG-g-
PDMA (0.99mmol) were mixed with 150mL anhydrous ethanol
and allowed to react for 24 h at 70e80 �C while stirring under a
nitrogen atmosphere. The solution was evaporated in a rotary
evaporator and precipitated in diethyl ether. The resulting precip-
itate of B/C-PgP was then dried in vacuum oven. The boronic acid
moieties in B/C-PgP were estimated to be 26 units based on
calculation from 1H NMR spectra analysis between peak area of
aromatic boronic acid at 7.2 ppm compared to peak area of PEG at
3.7 ppm.

2.5. Synthesis of polymer dot (PD) from B/C-PgP by carbonization
method

PD was synthesized via carbonization of the B/C-PgP polymer
using a strong acid (H2SO4) [32]. B/C-PgP was carbonized by dis-
solving 1 g polymer in 10mLH2SO4 (36 N) for approximately 1min.
The purification process was conducted using dialysis (molecular
weight cut-off¼ 1000) for 24 h against water, followed by freeze-
drying to obtain the PD.
2.6. Intercalation of PD into montmorillonite (MMT)

PD was intercalated into MMT via ionic exchange reaction, as
described in previously published studies [28,29]. Firstly, 0.95 g of
PD was dissolved in a co-solvent of DDW (120mL, pH 5) and
ethanol (30mL). MMT was dispersed in 120mL of DDW and added
to the previously prepared PD solution. This mixture was then
stirred at 80 �C for 1 h, and the precipitate was filtered. Next, the
precipitate was re-dispersed in 300mL of water-ethanol solvent
(volume ratio 1:1) and stirred for 1 h. The final product (PD-MMT)
then was filtrated and placed in the freeze dryer.

2.7. Immobilization of iron oxide (Fe3O4) and tungsten oxide
(CsWO3) onto PD-MMT

The immobilization of Fe3O4 and CsWO3 onto PD-MMT was
relied on the metal-catecholate coordination between metal oxide
nanoparticle and catechol moieties which were present in PD-
MMT. First, the 5mL dispersion of Fe3O4 nanopowder (0.01 g) in
THF was carefully added to the 30mL dispersion of PD-MMT (0.1 g)
in ethanol. The mixture was stirred using a mechanical stirrer for
24 h at room temperature. After reaction, the mixture was placed in
a rotary evaporator in order to evaporate the solvent, and the
remaining sample was precipitated using hexane. The precipitate
was then centrifuged and freeze dried to obtain the PD-MMT/Fe3O4
pellet. To conduct CsWO3 immobilization, the CsWO3 nanoparticle
and PD-MMT/Fe3O4, at aweight ratio of 1:20, were dispersed in PBS
solution (pH 8,5). The dispersion was stirred using a mechanical
stirrer for 24 h at room temperature, and then centrifuged and
freeze dried to obtain the PD-MMT/Fe3O4eCsWO3 pellet.

2.8. Conjugation of b-cyclodextrin (b-CD) into PD-MMT/
Fe3O4eCsWO3

The mechanism for b-CD conjugation was relied on diol-diol
interaction between b-CD and boronic acid in PD which can be
activated in base condition. However, pH shock at acid condition
was necessary as a pretreatment to prevent early diol-diol cross-
linking between each boronic acid and catechol of CCDP with
boronic acid, which can potentially block the b-CD conjugation.
Fig. S1 showed that by using pH 6 before b-CD conjugation, the
nanocomposite can be used for ALP-sensitive sensor indicated by
fluorescence quenching in the presence of NPP and ALP. Otherwise,
MMT-intercalated nanocomposite did not show significant fluo-
rescence quenching when pH 7.4 or above were used for pH shock.
Therefore, we did a pH shock at pH 6 before b-CD conjugation and
followed by b-CD conjugation at pH 12.

Firstly, PD-MMT/Fe3O4eCsWO3 was dispersed in PBS pH 6.0 (pH
shock) for 1 h, then centrifuged and filtered. Subsequently, PD-
MMT/Fe3O4eCsWO3 and b-CD (weight ratio 1:1) were dissolved in
PBS pH 12 and allowed to react for 24 h at room temperature.
Finally, the mixture was centrifuged and freeze dried to obtain the
PD-bCD-MMT/Fe3O4eCsWO3 pellet.

2.9. Fluorescent quenching of PD-bCD-MMT/Fe3O4eCsWO3 in the
presence of NPP and ALP

45 mL of NPP solution (10mM) and 10 mL of MgSO4 solution
(0.1 mM) were added to PD-bCD-MMT/Fe3O4eCsWO3 solution
(1mg/mL in TBS pH 7.4). Subsequently, 10 mL of ALP in various
concentrations (0e1000 U/L) was added to the solution and incu-
bated in a shaking incubator for 15min at 37 �C. The fluorescent
spectra of each solution containing ALP were recorded using PL
spectroscopy at an excitation wavelength of 440 nm.

~_^
Highlight
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2.10. Sensing of bacteria by PD-bCD-MMT/Fe3O4eCsWO3 based on
fluorescence assay

A bacterial solution containing E. coli and S. aureus
(101e107 CFU/mL) was prepared using LB and MRS media, respec-
tively. The PD-bCD-MMT/Fe3O4eCsWO3 (1mg/mL) containing NPP
(10mM) and MgSO4 (0.1 mM) was added to the prepared bacterial
solution, followed by 15min incubation at 37 �C in shaking incu-
bator. After incubation, the bacterial solutions containing PD-bCD-
MMT/Fe3O4eCsWO3 were centrifuged for 5min, followed by
washing the obtained pellet with PBS three times. The obtained
bacteria-labeled PD-bCD-MMT/Fe3O4eCsWO3 pellet was dissolved
in 1mL of PBS pH 7.4, and its fluorescent emission was analyzed
using a PL spectrometer, a flow cytometer and a confocal laser
scanning microscope. The PD-bCD-MMT/Fe3O4eCsWO3 solution
alone was used as a control. To observe the role of bacterial ALP in
bacterial detection, an ALP inhibitor (1mg/mL of Na3VO4) was
added to the bacterial solution and analyzed using the same steps
described above.

2.11. Live and dead bacteria killing assay

Solutions of E. coli and S. aureus (107 CFU/mL) containing various
concentrations of PD-bCD-MMT/Fe3O4eCsWO3 (0.1e1mg/mL)
were irradiated with 808 nm NIR laser (laser power 2W/cm2) for
5min. The bacterial cell viability was then evaluated via MTT assay
with the bacterial solution alone as the control. To estimate live and
dead bacteria, confocal laser scanning microscopy and flow
cytometry analysis were conducted using SYTO 9 (live) and PI
staining (dead).

2.12. Recyclability of PD-bCD-MMT/Fe3O4eCsWO3 for reusable
detection and killing of bacteria

After detecting and killing bacteria, the used PD-bCD-MMT/
Fe3O4eCsWO3was separated from the sample using a magnetic bar
and dissolved in PBS pH 6.0 (pH shock) to cleave the diol-diol bond
between boronic acid and b-CD. After 1 h, the solution was
centrifuged to obtain the pellet (PD-MMT/Fe3O4eCsWO3) which
was recycled for future use. In order to reuse the material, the
obtained pellet and b-CD were dissolved in PBS pH 12 and allowed
to react for 24 h in room temperature. Subsequently, this mixture
was centrifuged and freeze dried to obtain fresh PD-bCD-MMT/
Fe3O4eCsWO3.

3. Results and discussion

3.1. Material design, sensing mechanism and concept of
applications

Utilizing ALP-responsive polymer dot (PD), NIR-responsive
CsWO3, and Fe3O4 nanoparticle, we designed a material capable
of simultaneous detection and eradication of bacteria, with a sim-
ple, effective, and recyclable system. PD-bCD-MMT/Fe3O4eCsWO3
was synthesized by intercalating the PD ontoMMTclay, followed by
immobilization of CsWO3 and Fe3O4 (Scheme 1a). The cation in
MMT layer can be easily exchanged with another cation such as a
cationic polymer, which makes it possible to exfoliate this clay
using various cationic polymers [33,34]. Due to this advantage,
cationic PD can be intercalated onto MMT via ionic exchange re-
action due to the presence of quaternary ammonium in the PD
backbone. The quaternary ammonium in PD provided enough
positive charge to displace the Naþ in the silicate interlayer,
enabling PD to intercalate ontoMMT. Following intercalation, Fe3O4
and CsWO3 were immobilized onto PD-MMT via interaction
between catechol moieties of PD and the metal nanoparticle. This
interaction allowed Fe3O4 and CsWO3 to remain stable on PD-MMT/
Fe3O4eCsWO3, as a result of which, this nanocomposite produced a
photothermal effect under NIR irradiation and the magnetic
properties required for a reusable antibacterial agent. To acquire
bacteria-sensing ability, b-CD was conjugated to form PD-bCD-
MMT/Fe3O4eCsWO3 under basic conditions (pH 12). This conju-
gation was possible due to the diol-diol interaction between the
diol groups of boronic acid in PD and the diol groups of b-CD [35]. In
this system, b-CD played a key role in detecting bacteria based on a
fluorometric assay. b-CD promotes a host-guest interaction with
NPP, and upon hydrolysis of NPP by ALP into NP, photo-induced
electron transfer (PET) occurred, causing fluorescence quenching
of PD [26,27].

The reusable platform for detection and eradication of bacteria
is shown (Scheme 1b). PD-bCD-MMT/Fe3O4eCsWO3 was intro-
duced into the bacteria-contaminated solution, and the fluores-
cence of PD-bCD-MMT/Fe3O4eCsWO3 diminished due to the
hydrolysis of NPP by bacterial ALP. Moreover, when the solution
was irradiated using a NIR laser, PD-bCD-MMT/Fe3O4eCsWO3
generated heat that triggered photothermolysis causing damage to
the bacterial cell. Following application, PD-bCD-MMT/
Fe3O4eCsWO3 may be reused by introducing a magnetic field,
resulting in the separation of material from the solution. By con-
ducting pH shock and re-conjugation of b-CD, the fluorescent in-
tensity of recycled material may be recovered and applied for
further use.

3.2. Structural characterizations

Structural characterization was conducted to determine the
chemical structure of PD-bCD-MMT/Fe3O4eCsWO3. As shown by
1H NMR data, peaks of 0.8 [3H, eCH3], 1.0 [2H, eCH2-], 2.5 [3H,
eCH3-N], 3.5 [2H, NeCH2] 3.7 [PEG], 4.2 [2H, eCH2-N], validated
the PEG-g-PDMA polymer backbone (Fig. 1a). Furthermore, the
integral peak at 6.7e7.5 referred to the aromatic compounds of
boronic acid and catechol moieties, indicating successful quater-
nization of boronic acid and the catechol group [31,35,36].
UVevisible spectrometry was also conducted (Fig. 1b). A strong
absorption peak at 235 nm and a weak absorption peak at 290 nm
were observed, confirming the presence of boronic acid in the
material. An absorption peak which appeared at 360 nm corre-
sponds to the p-p transition of aromatic compounds in catechol
groups [35]. To further assess the intercalation of PD onto MMTand
immobilization of Fe3O4 and CsWO3, x-ray diffraction analysis
(XRD) was conducted. This revealed a significant diffraction pattern
change in 2q value of pure MMT at 7� before and after intercalation
of PD (Fig. 1c). Before intercalation, pure MMT showed d-space at
7�, which disappeared when PD was intercalated onto MMT. Thus,
this data revealed the successful intercalation of PD onto MMT,
resulting from ionic interaction between the positive charge of PD
with the negative charge in the silicate interlayer of MMT [9,28,29].
Further, XRD results showed a diffraction pattern of 10� and be-
tween 20 and 60�, indicating the presence of b-CD and successful
immobilization of Fe3O4 and CsWO3 nanoparticles, respectively
(Fig. 1d). FT-IR analysis was performed to determine the chemical
structure of PD-bCD-MMT/Fe3O4eCsWO3. The stretching peak of
SieO in MMT at 1050 cm�1, CeH stretching of PD at 2800-
2900 cm�1, eOH stretching of PD at 3400 cm�1, C]O stretching at
1680 -1750 cm�1, BeO stretching at 1350 cm�1, WeO stretching at
620 cm�1, and FeeO stretching at 462 cm�1 were detected, con-
firming the structure as PD-bCD-MMT/Fe3O4eCsWO3 (Fig. S2).

DLS measurement in aqueous solution (0.001mg/mL) was
conducted in order to analyze the size distribution of PD-bCD-
MMT/Fe3O4eCsWO3. The average particle size of PD, which was



Scheme 1. (a) Illustration of intercalation of ALP-responsive PD onto montmorillonite (MMT) and immobilization of Fe3O4 and CsWO3. (b) Application of PD-bCD-MMT/
Fe3O4eCsWO3 for reusable detection and eradication of bacteria.
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Fig. 1. (a) H NMR spectra of B/C-PgP and PD in D2O. (b) UVeVisible spectrum in aqueous solution (0.1mg/mL). (c) XRD patterns of MMT and PD-MMT in the 2q range of 4e10� . (d)
XRD patterns of PD-bCD-MMT/Fe3O4eCsWO3 in the 2q range of 1e80� .
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14.8 nm, increased following intercalation and immobilization, up
to the average diameter of PD-bCD-MMT/Fe3O4eCsWO3, whichwas
264.5 nm (Fig. 2a). Furthermore, to examine the effect of Fe3O4
nanoparticle immobilization on the magnetic property of material,
an alternating gradient magnetometer was used to characterize its
magnetic properties. After immobilization of the Fe3O4 nano-
particle, PD-bCD-MMT/Fe3O4eCsWO3 showed strong magnetic
properties, as magnetization was enhanced when the material was
exposed to a magnetic field (Fig. 2b). This phenomenon was also
confirmed by testing the magnetic properties of PD-bCD-MMT/
Fe3O4eCsWO3 by external magnet exposure on the PD-bCD-MMT/
Fe3O4eCsWO3 solution. PD-bCD-MMT/Fe3O4eCsWO3 was respon-
sive to the magnetic stimulus as the material, which was attracted
to the magnetic pole, separated from the solution (Fig. 2c). When
magnetic exposure was diminished, the PD-bCD-MMT/
Fe3O4eCsWO3 particle returned to its normal condition with re-
covery rate was above 95%. These results proved that the Fe3O4
nanoparticle was successfully immobilized to the nanocomposite,
allowing separation from solution via magnetic exposure which is
useful for recycling the material. This was also confirmed by TEM
images at Fig. S3. The TEM images revealed the immobilization
process of metal oxide nanoparticle including Fe3O4 and CsWO3.
The TEM images of PD-bCD-MMT/Fe3O4eCsWO3 showed the lattice
structure of PD (d-spacing¼ 0.31e0.33 nm), Fe3O4 (d-
spacing¼ 0.26 nm) and CsWO3 (d-spacing¼ 0.36e0.37 nm) which
indicated successful immobilization of metal oxide nanoparticle
into PD-MMT.



Fig. 2. (a) Particle size measurement based on DLS in aqueous solution (0.001mg/mL). (b) Magnetization curve of Fe3O4 (inset) and PD-bCD-MMT/Fe3O4eCsWO3. (c) Photograph of
the magnetic effect of PD-bCD-MMT/Fe3O4eCsWO3 in water (1mg/mL).
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3.3. Bacteria detection assay

Bacterial detection was reliant upon the fluorescent change of
PD-bCD-MMT/Fe3O4eCsWO3 due to bacterial ALP activity. The
fluorescence behavior of PD-bCD-MMT/Fe3O4eCsWO3 was
assessed using PL spectroscopy analysis. Firstly, all excitation-
dependent PL spectra of each process were determined in 1mg/
mL of material solution as shown in Fig. S4. Based on these data, PD
itself showed high fluorescence intensity with highest intensity
(28000 a.u.) was at excitationwavelength of 380 nm.When PD was
intercalated into MMT, PD-MMT also showed highest fluorescence
intensity (26000 a.u.) at excitationwavelength of 380 nm. However,
the highest fluorescence intensity was shifting into excitation
wavelength of 440 nm and dramatically increasing (58000e61000
a.u.) after immobilization of Fe3O4 and CsWO3. The shifting and
enhancement of fluorescence intensity was possibly due to surface
plasmon resonance of Fe3O4 and CsWO3 which was overlapped
with broad fluorescence spectrum of polymer dot [37e39]. There-
fore, we use excitation wavelength of 440 nm as an experimental
condition for determining sensing performance of PD-bCD-MMT/
Fe3O4eCsWO3, with initial fluorescence intensity was showed in
Fig. 3a. The PD-bCD-MMT/Fe3O4eCsWO3 also showed fluorescence
stability in various environments such as temperature and salt-
containing water as shown in Fig. S5. To examine the effect of
ALP activity on fluorescence of the material, the PD-bCD-MMT/
Fe3O4eCsWO3 was mixed with NPP solution (10mM) and various
concentrations of ALP (0e1000 U/L), and the resulting fluorescent
intensity was checked under a PL spectrometer, revealing a gradual
decrease in fluorescent intensity with increasing ALP concentration
(Fig. 3b). Fluorescent quenching was initiated when ALP concen-
tration increased to reach 10 U/L and complete quenching occurred
when the ALP concentration reached 500 U/L. The fluorescent
quenching mechanism of PD-bCD-MMT/Fe3O4eCsWO3 was
depended on the PET phenomenon promoted by a host-guest
interaction between b-CD in the nanocomposite and NP [26,27].
First, NPP enters the hydrophobic site of b-CD via a hydrophobic
interaction between the aromatic ring of NPP and the hydrophobic
site inside b-CD. When the ALP present in the solution, ALP will
hydrolyze the NPP into NP and initiates the PET phenomenon,
resulting in the diminishing of fluorescent emission intensity. To
further understand the role of host-guest interaction on the
quenching mechanism, the fluorescence of nanocomposite with
and without b-CD (PD-MMT/Fe3O4eCsWO3) was observed in the
presence of NPP (10mM) and ALP (1000 U/L) (Fig. S6). As can be
seen in Fig. S6a, both nanocomposites exhibited high fluorescence
intensity before the addition of NPP and ALP. However, the nano-
composite without b-CD did not show significant quenching
compared with b-CD-conjugated nanocomposite in the presence of
NPP and ALP (Fig. S6b). This understandably was due to no PET
phenomenon occurred as a result of unavailability of host-guest
interaction between NP and b-CD in the nanocomposite. In addi-
tion, to confirm the role of NP as a PD-bCD-MMT/Fe3O4eCsWO3
fluorescence quencher, PL spectroscopy analysis was conducted on
PD-bCD-MMT/Fe3O4eCsWO3 solution in the presence of various
concentrations of NP (0e10mM). Results showed that the fluo-
rescence intensity of PD-bCD-MMT/Fe3O4eCsWO3 was quenched
at higher NP concentrations (Fig. S7). This result confirmed that the
presence of NP in the cavity of bCD resulted in fluorescent
quenching in PD-bCD-MMT/Fe3O4eCsWO3.

To verify bacteria-sensing efficacy, the PD-bCD-MMT/
Fe3O4eCsWO3 was applied to a pathogenic bacteria solution, con-
taining E. coli (gram-negative bacteria) and S. aureus (gram-positive



Fig. 3. (a) PL spectra of material at excitation wavelength of 440 nm (1mg/mL in TBS
7.4). (b) Quenching effect of PD-bCD-MMT/Fe3O4eCsWO3 due to NPP hydrolysis in the
presence of various ALP concentrations. Control was 1mg/mL of PD-bCD-MMT/
Fe3O4eCsWO3 without ALP.
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bacteria). First, each E. coli and S. aureus solution (107 CFU/mL) was
treated with various concentrations of PD-bCD-MMT/
Fe3O4eCsWO3 (0.1e1mg/mL) containing NPP (10mM). The fluo-
rescence intensity was checked following shaking incubation for
15min at 37 �C. Compared to the control of untreated bacterial
solution, the fluorescence intensities of material-treated bacteria
were significantly quenched in all PD-bCD-MMT/Fe3O4eCsWO3
concentrations for both E. coli and S. aureus (Fig. 4a and b). Further
evaluation was conducted by treating various E. coli and S. aureus
concentrations (101e107 CFU/mL) with fixed PD-bCD-MMT/
Fe3O4eCsWO3 solution concentrations (1mg/mL) containing NPP
(10mM). After incubation for 15min at 37 �C, the fluorescence in-
tensities were remarkably quenched in the range of 101e107 CFU/
mL in E. coli and S. aureus solutions, compared with the control PD-
bCD-MMT/Fe3O4eCsWO3 solution (1mg/mL) (Fig. 4c and d). The
calibration curve in Fig. S8 further showed linearity of fluorescence
quenching in the wide range of bacteria concentration
(101e108 CFU/mL), with regression (R2) were above 0.999 and limit
of detection (LOD) were 5.25 CFU/mL for E. coli and 5.45 CFU/mL for
S. aureus. This result revealed that the nanocomposite showed
remarkable sensitivity towards gram-positive and gram-negative
bacteria up to below than 101 CFU/mL. For comparison, the ob-
tained LOD value of this systemwas compared with recent bacteria
detection methods, including fluorescence-, SPR- and light
scattering-based assay [40e45]. As can be seen in Table S1, this
system showed lower LOD value compared to recentmethodwhich
indicated better sensitivity for bacteria detection. Therefore, this
method can be applied as a potential bacteria biosensor with more
sensitivity towards both gram-positive and gram-negative bacteria.
Fluorescence quenching of PD-bCD-MMT/Fe3O4eCsWO3 in bacte-
rial solutions was further confirmed under confocal laser scanning
microscopy and flow cytometry analysis (FACS) [46]. The confocal
image showed bright fluorescence in the absence of bacteria,
whereas material treated with E. coli and S. aureus lost their fluo-
rescence intensities (Fig. 4e). Under FACS analysis, mean fluores-
cence intensity of PD-bCD-MMT/Fe3O4eCsWO3 was decreased
from216 (Fig. 5a) to 176when treatedwith E. coli (Fig. 5b), and from
216 to 172 when treated with S. aureus (Fig. 5c) in the presence of
NPP. These results demonstrated that bacteria may hydrolyze NPP
into NP due to native bacterial ALP, resulting in the fluorescence
quenching of PD-bCD-MMT/Fe3O4eCsWO3. To confirm the role of
bacterial ALP in the fluorescence quenching of PD-bCD-MMT/
Fe3O4eCsWO3, Na3VO4 solution (1mg/mL) was introduced into the
PD-bCD-MMT/Fe3O4eCsWO3 and bacteria mixture. The fluorescent
emission spectra of PD-bCD-MMT/Fe3O4eCsWO3 (1mg/mL) in the
presence of ALP inhibitor Na3VO4 and various bacterial concen-
trations (101e107 CFU/mL) is shown (Fig. S9). The results indicated
that fluorescence quenching did not occur in both E. coli and
S. aureus, when Na3VO4 was present. Confocal laser scanning mi-
croscopy results further confirmed the effect of Na3VO4 in pre-
venting the diminishing of fluorescent intensity (Fig. 4e).
Furthermore, FACS data indicated that there was no significant
change in fluorescence intensity between PD-bCD-MMT/
Fe3O4eCsWO3 treated with bacteria and Na3VO4, and PD-bCD-
MMT/Fe3O4eCsWO3 only as a control (Fig. S10). This demonstrated
that bacterial ALP was unable to hydrolyze NPP due to inhibition of
enzyme activity, suggesting the bacterial ALP may play a key role in
fluorescence quenching of PD-bCD-MMT/Fe3O4eCsWO3, and
therefore may be utilized in fluorescence-based bacterial detection
assays.

Considering the presence of coexisting substances in environ-
mental sample which can interfere the result of detection, selec-
tivity of nanocomposite on bacteria detection was further assessed
in the presence of potential interferences including cationic (NH4

þ,
Ca2þ, Zn2þ, Cu2þ) and anionic species (Cl�, CO3

2�, PO4
3�, SO4

2�). As
can be seen in Fig. S11, each interference did not show any signif-
icant fluorescence quenching even after combined (soup). How-
ever, when bacteria were presence in combined interferences
(bacteria þ soup), the fluorescence intensity was dramatically
quenched. Thus, this result revealed that PD-bCD-MMT/
Fe3O4eCsWO3 has excellent selectivity towards bacteria and ex-
pected can be applied in real environmental samplewith coexisting
interferences.

3.4. Determination of photothermal-based antibacterial activity

PD-bCD-MMT/Fe3O4eCsWO3was expected to be able to provide
antibacterial activity under NIR irradiation due to the presence of
NIR-responsive CsWO3 in the system. Under NIR irradiation, PD-
bCD-MMT/Fe3O4eCsWO3 generated a photothermal effect which
may cause photothermolysis of bacterial cells [9]. Temperature
elevation at various PD-bCD-MMT/Fe3O4eCsWO3 concentrations
(0.1e1mg/mL) after 5min NIR irradiation is shown (Fig. 6a). The
results revealed that the temperature increase was associated with
irradiation time and PD-bCD-MMT/Fe3O4eCsWO3 concentrations.
When 1mg/mL of PD-bCD-MMT/Fe3O4eCsWO3 was irradiated
with NIR laser for 5min, the temperature rose about 27 �C, which is
sufficiently high to damage bacterial cells. To assess antibacterial
activity of PD-bCD-MMT/Fe3O4eCsWO3, MTT assay was performed
for E. coli and S. aureus at various PD-bCD-MMT/Fe3O4eCsWO3
concentrations (0.1e1mg/mL) under 5min NIR irradiation. The
bacteria cell viability of E. coli and S. aureuswere also assessed using
absence of NIR irradiation as a control. No significant decrease in



Fig. 4. PL spectra of various PD-bCD-MMT/Fe3O4eCsWO3 concentrations (0.1e1mg/mL) in the presence of (a) E. coli and (b) S. aureuswith a fixed concentration of bacteria (107 CFU/
mL), and PL spectra of PD-bCD-MMT/Fe3O4eCsWO3 (1mg/mL) in the presence of (c) E. coli and (d) S. aureus in various concentrations (101e107 CFU/mL). All experiments were
conducted at an excitation wavelength of 440 nm. (e) Confocal images of PD-bCD-MMT/Fe3O4eCsWO3 (1mg/mL) treated with bacteria (107 CFU/mL) in the absence and presence of
ALP inhibitor (1mg/mL of Na3VO4).
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Fig. 5. Flow cytometry analysis of (a) PD-bCD-MMT/Fe3O4eCsWO3 (0.1mg/mL) and
(b,c) PD-bCD-MMT/Fe3O4eCsWO3 (0.1mg/mL) in the presence of bacteria (107 CFU/
mL).
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bacteria cell viability was found in both E. coli and S. aureus when
NIR irradiation was absent (Fig. 6b). By contrast, cell viability was
significantly decreased in both E. coli and S. aureus when NIR irra-
diation was introduced, particularly at 1mg/mL PD-bCD-MMT/
Fe3O4eCsWO3, where bacterial cell viability decreased almost a
100%. This result confirmed that NIR irradiation may enhance
antibacterial activity of PD-bCD-MMT/Fe3O4eCsWO3 by generating
a photothermal effect. SEM imaging was conducted to visualize the
damage to bacterial cells following NIR irradiation. As can be seen
in Fig. 6(c), Both live E. coli and S. aureus bacterial cells, which had
smooth surfaces before irradiation, lost their integrity after 5min of
NIR irradiation, resulting in death of these bacteria. The SEM im-
ages confirmed that the photothermal effect of PD-bCD-MMT/
Fe3O4eCsWO3 under NIR irradiation may damage bacterial cells,
leading to the eradication of bacteria. Further testing for live and
dead bacteria cells was performed using confocal laser scanning
microscopy and FACS analysis, with SYTO 9 staining for live bacteria
and PI staining for dead bacteria. Confocal images showed that both
E. coli and S. aureus died after NIR exposure, as indicated by red
color, whereas the bacteriawithout NIR exposure remained alive. as
indicated by green color (Fig. 6d). Moreover, FACS data also indi-
cated the live or dead status of bacteria after NIR irradiation, by the
change in dot distribution, where the distribution moved from the
lower quadrant (live/SYTO 9 staining) into the upper quadrant
(dead/PI staining) (Fig. 6e) [47]. NIR irradiation of PD-bCD-MMT/
Fe3O4eCsWO3 caused E. coli & S. aureus viability to decrease by
approximately 100%. Therefore, these results demonstrated the
potential of PD-bCD-MMT/Fe3O4eCsWO3 as an effective and effi-
cient antibacterial agent when supplemented by NIR irradiation.

3.5. Real-world applications and recyclability of PD-bCD-MMT/
Fe3O4eCsWO3

To evaluate the bacteria sensing and antibacterial activity of
material on real environment, contaminated river water from
Dalcheon River, Chungju, South Korea was used as a real-world
sample and treated with PD-bCD-MMT/Fe3O4eCsWO3 and NPP.
As can be seen in Fig. S12 (a and b), the fluorescence of PD-bCD-
MMT/Fe3O4eCsWO3 was quenched after treated with river water,
contrary with DDW as a control. It confirmed that there was a
presence of bacteria in the river water sample which can be
sensitively detected by PD-bCD-MMT/Fe3O4eCsWO3. Furthermore,
the antibacterial activity was also observed under NIR irradiation
depend on irradiation time. Fig. S12c showed that the bacteria
killing efficiency in river water sample was increased depend on
the irradiation time and reached around 100% with 5min irradia-
tion. Those results confirmed that PD-bCD-MMT/Fe3O4eCsWO3
had excellent detection and bacteria killing performances on the
real environmental sample.

PD-bCD-MMT/Fe3O4eCsWO3 is a recyclable material for colori-
metric sensor application, as it can be separated via amagnetic field
and its fluorescence intensity can be recovered by pH shock and re-
conjugating of new b-CD molecules onto PD-bCD-MMT/
Fe3O4eCsWO3. The recyclability of PD-bCD-MMT/Fe3O4eCsWO3 as
indicated by its performance after recycling was evaluated by
observing temperature elevation and fluorescence intensity change
before and after recycling. The temperature elevation of PD-bCD-
MMT/Fe3O4eCsWO3 under 5min NIR irradiation remained stable
after recycling 4 times, indicating the stability of CsWO3 in the
material (Fig. 7). This is due to the strong bond between metal
nanoparticles such as Fe3O4 and CsWO3 and the catechol moieties
in the nanocomposite [9]. To prove the stability of metal nano-
particles in the nanocomposite, ICP-MS analysis was conducted to
identify and quantify the metal nanoparticles (Table S2). Based on
ICP-MS results, over 90% of Fe (14.9674 ppm) and W (11.5128 ppm)
were detected in the nanocomposite after recycling 4 times, con-
firming the stability of Fe3O4 and CsWO3 in PD-bCD-MMT/
Fe3O4eCsWO3 after several usages on bacteria. Furthermore, fluo-
rescence recovery using pH shock and new b-CD addition, after
recycling, was observed using a PL spectrometer. The fluorescence
intensity of PD-bCD-MMT/Fe3O4eCsWO3 which was quenched
following bacterial detection, recovered when pH shock was
applied. The pH shock (pH 6 or below) may cause fluorescence
recovery in material by triggering the cleavage of the diol-diol bond
between boronic acid and b-CD, which results in the release of NP-
loaded b-CD. To make the material further useable for detecting
bacteria, new b-CD molecules were re-conjugated onto the nano-
composite. XRD analysis showed that the b-CD peak at 2q of 11o-12�

disappeared after pH shock and re-appeared after re-conjugation,
indicating that following pH shock, b-CD was released from ma-
terial due to cleavage of the diol-diol bond between boronic acid



Fig. 6. (a) Photothermal effect of PD-bCD-MMT/Fe3O4eCsWO3, and (b) Bacterial viability in the presence of various PD-bCD-MMT/Fe3O4eCsWO3 concentration with and without
(control) 5min NIR irradiation (808 nm laser irradiation, power density 2W/cm2). (c) SEM images, (d) confocal images, and (e) flow cytometry analysis of live and dead bacteria
after 5min NIR irradiation in the presence of PD-bCD-MMT/Fe3O4eCsWO3. A SYTO 9 (live) and PI staining (dead) was used for confocal and flow cytometry analysis.
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Fig. 7. Photothermal effects and PL intensity of PD-bCD-MMT/Fe3O4eCsWO3 (1mg/
mL) after 4 times of recycling.
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and b-CD, and the new b-CD molecules were successfully conju-
gated with the remaining boronic acid in the material (Fig. S13).
These results confirmed that PD-bCD-MMT/Fe3O4eCsWO3 offer an
effective, efficient, and reusable approach for detecting and killing
bacteria, based on ALP activity and the photothermal effect of
CsWO3 under NIR irradiation.

4. Conclusion

The reusable ALP-sensitive and NIR-responsive PD-bCD-MMT/
Fe3O4eCsWO3, meant for simultaneous detection and eradication
of bacteria, was prepared by intercalating ALP-sensitive PD onto
MMT clay via an ionic exchange reaction, followed by immobili-
zation of Fe3O4 and CsWO3 nanoparticles via metal-catechol
interaction. The ability to detect bacteria relied on the enzymatic
reaction of ALP, which hydrolyzed phosphate substrates and caused
quenching of ALP-sensitive PD. The PD-bCD-MMT/Fe3O4eCsWO3
showed strong fluorescence intensity, which was quenched when
ALP (0e1000 U/L) hydrolyzed NPP into NP at the hydrophobic site
of b-CD, which, in turn, led to the PET phenomenon. The fluores-
cence intensity of PD-bCD-MMT/Fe3O4eCsWO3 was quenched in
the presence of both E. coli and S. aureus (101e107 CFU/mL), indi-
cating a good ability to detect bacteria. Furthermore, PD-bCD-MMT/
Fe3O4eCsWO3 also displayed high antibacterial activity against
E. coli and S. aureus under NIR irradiation due to the generation of
photothermal heat, leading to photothermolysis of bacterial cells,
with the colorimetric detection capability remaining stable even
after 4 recycles. Thus, this ALP-sensitive and NIR-responsive
nanocomposite shows potential for simultaneous detection and
eradication of bacteria, with recyclability which is simple, rapid,
and effective.
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