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Introduction

Membrane and nucleus targeting for highly sensitive cancer cell
detection using pyrophosphate and alkaline phosphatase activity-
mediated fluorescence switching of functionalized carbon dot

Cheong A Choi?, Zihnil Adha Islamy Mazrad®, Ji Hyun RyuS, Insik In®d , Kang Dae Lee®", and Sung
Young Park®®*

A specific membrane and nucleus targeted fluorescence OFF-ON-OFF system using the dodecane/sulfobetaine group of
functionalized carbon dot (CD) with a copper ion (Cu?*-CD) based on the presence of pyrophosphate (PPi) molecules and
alkaline phosphatase (ALP) activity, for cancer cell detection was designed. The biosensor could be effectively transported
from the cytosol to the nucleus in MDAMB cells, but not in MDCK cells due to the response to change in pH by CD
functionalized with zwitterionic groups. The biosensor also showed a membrane-selective regulated route for fusion of
long alkyl chain grafted-CD on cell membranes. As a potential sensor, the fluorescence of the prepared Cu?-CD was
significantly quenched due to aggregation. In human cancer MDAMB cells, a nearly complete restoration of fluorescence
intensity of the Cu?*-CD was observed because of the high levels of intracellular PPi, which preferentially bind to Cu?*. After
10 min, in the MDAMB cells, re-quenching of the CD fluorescence occurred because of the high level of intracellular ALP,
which can hydrolyze PPi and release the Cu?* to re-aggregate the CD. In contrast to MDAMB cells, MDCK cells did not show
an obvious response to the specific intracellular biomolecules, thus, enabling the biosensor to be used to distinguish
between cancer and normal cells. In conclusion, this biosensor has the potential to be a simple and sensitive cancer
diagnostic tool that can differentiate normal cells from cancer cells on coated surfaces and in aqueous states.

masses to be taken up into the hydrophobic region of cell
membranes and tightly intercalate into the lipid bilayer.”

Highly sensitive and selective assays with the potential for
clinical diagnoses are required, especially for tumor detection.
However, most reported technological innovations generally
require a long detection time and complex preparation and are
subject to numerous limitations, including low sensitivity.1?2
For practical applications in tumor detection, rapid cell
penetration is essential to avoid sample inactivation or
photobleaching; therefore, a system with rapid selective
membrane binding is required.3® Cell membranes mainly
consist of phospholipids, which make it easy for hydrophobic
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However, most nanomaterials for cell treatment are localized
in the cell cytoplasm, which is not effective if the system
carries a therapeutic agent.?11 As an alternative, zwitterionic
substances, with both positively and negatively charged
functional groups, can support cytoplasmic uptake and
subsequent nuclear internalization, triggered by a change in
pH.1214 Consequently, there is an urgent need to develop
simple, cost effective, sensitive, and rapid tumor markers with
selective membrane binding capacity and appropriate cellular
uptake mechanism that will not be trapped in the cell
cytoplasm.

In case of specific detection, pyrophosphate (PPi), a
hydrolysis product of adenosine triphosphate, has a key role in
energy transduction and several major metabolic processes
and can be used in cancer diagnosis.'>16 Alkaline phosphatase
(ALP), one of the most commonly used hydrolase enzymes
found in various mammalian organs (e.g., bone, liver, placenta,
and intestines), can hydrolyze the PPi to Pi form.17-1°
Additionally, the concentrations of PPi and ALP are different in
the normal and diseased states, making them potential targets
to differentiate normal cells from cancer cells.20-21 Tijll date,
research focused on developing cancer detection methods
using PPi and ALP has involved colorimetric, fluorometric,
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surface-enhanced Raman scattering, and electrochemical
methods.2224 Among them, studies have reported the use of
organic dyes, fluorescent polymers, and metal nanoclusters or
nanoparticles as on/off biomarkers; however, there are
limitations in the practical application of these methods
because of their stability, synthesis method, and high cost.
Moreover, there are no reports of tumor selective membrane-
and nucleus-targeted diagnostic assays using a fluorometric
on/off system in response to PPi and ALP activity.

Carbon dot (CD)
fluorometric

have been wused extensively for

assays because of their excellent
photoluminescence (PL), high chemical stability, low toxicity,
anti photobleaching properties, environmental friendliness,
low cost, and good biocompatibility.2>-2 Moreover, they can
also be modified with signal molecules or fluorescence
resonance energy transfer (FRET) pairs to obtain a fluorescent
on/off system.28-30 Commonly, when CD interact with metals,
including CuZ*, Zn2*, and Fe3*, the PL of the CD is significantly
quenched.31-33  Additionally, there is a unique chelation
interaction between PPi and metal ions that can be hydrolyzed
by ALP, which affects the fluorescence of the CD.3*
Consequently, the design of CD integrated with metal ion was
suggested as a promising system to detect cancer cells in
response to intracellular PPi and ALP activity.

In the present study, we designed a membrane/nucleus
specific targeted fluorescent OFF-ON-OFF sensing system in
aqueous and coated surfaces for tumor-selective detection.
The system is based on the response of carbonized
hydrophobic dodecane chain, adhesive catechol, and
zwitterionic sulfobetaine quaternized polymers (CD) to levels
of PPi and ALP activity in cancer cells. The CD exhibit great
potential for tumor-triggered detection assays in solution and
on coated surfaces. The designed assay can effectively and
selectively distinguish between tumor and normal cells with
high sensitivity and is a rapid colorimetric assay for other
clinical diagnostic tests.

EXPERIMENTAL SECTION

Materials and characterization

(PEG; Mw 3,350), 2-
dimethylaminoethyl methacrylate (DMA), t-butyl
peroxybenzoate, bromododecane (Ciz), 2-chloro-3', 4'-
dihydroxy acetonephenone (CCDP, a catechol derivative),
bromo dodecane, 1,3-propanesultone, anhydrous
tetrahydrofuran (THF), toluene, hexane, ethanol (EtOH),
diethyl ether, concentrated H,SO4, double-deionized water
(DDW), copper solution (10 mM), alkaline phosphatase (ALP),
pyrophosphates (PPi) (10 mM), Trizma base (TBS), [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT),
and sodium metavanadate (NasVOQg, as an ALP inhibitor) were
purchased from Sigma Aldrich, Korea. Penicillin-streptomycin,
fetal bovine serum (FBS), 0.25% (w/v) trypsin, 0.05% (w/v)
EDTA solution, and Roswell Park Memorial Institute (RPMI)-
1640 medium were purchased from Gibco BRL (Carlsbad, CA,
USA). Fluorescein isothiocyanate (FITC) Annexin V and

Polyethylene glycol

2 | J. Mater.Chem. B., 2012, 00, 1-3

propidium iodide (PI) were purchased from Invitrogen (UsA)
MDAMB and MDCK cells were obtained FrormOtRé Kot &2 Cél
Line Bank (Seoul, Korea). Solid substrates, namely, silicon
wafer (Si), poly-(ethylene terephthalate) (PET),
polyvinylchloride (PVC), polystyrene (PS), and polypropylene
(PP) were prepared, according to the protocols reported in a
previous study.

IH nuclear magnetic resonance (NMR) spectra were
recorded on a 400 MHz Bruker Advance spectrometer (Bruker
Corp., Billerica, MA, USA) using deuterium oxide (D,O) and
deuterium dimethyl sulfoxide (DMSO-dg) as solvents. The
ultraviolet-visual (UV-vis) spectra were recorded using an
Optizen 2020UV spectrophotometer (Mecasys Co.). X-ray
diffraction (XRD) was performed using a D-8 ADVANCE X-ray
diffractometer (Bruker Corp). Particle size was measured by
dynamic light scattering (DLS) (Zetasizer Nano, Malvern, Kassel,
Germany). PL spectra were obtained using a Perkin Elmer
L550B luminescence spectrometer. A multimode microplate
reader, Filter MaxF3 (Molecular Devices, LLC.), was used for
the MTT assay. Flow cytometry data (fluorescence-activated
cell sorting, FACS) was recorded using an Attune NxT Acoustic
Focusing Cytometer (Thermo Scientific, USA). Fluorescence
images were observed using L550B luminescence
spectrometer (Perkin Elmer, Waltham, MA, USA) and an
LSM510 Confocal Laser-scanning Microscope (CLSM; Carl Zeiss,
Germany) equipped with a 364 nm UV laser and a 543 nm
He/Ne laser. The water contact angle of surfaces coated with
material was measured on a DO3210 instrument (KRUSS DSA
100 Optima system, KRUSS, Hamburg, Germany). The
dodecane/catechol quaternized poly (ethylene glycol)-g-poly
(2-dimethylaminoethyl methacrylate) (C/C12-PEG-g-PDMA) was
obtained using a method similar to that reported in our
previous study.?®

Synthesis of dodecane and zwitterion functionalized surface-
coatable fluorescent carbon dots (CD)

The sulfobetaine grafted C/C;,-PEG-g-PDMA (C/C1,-SP) was
obtained, using a similar method reported previously.?2 Briefly,
C/C12-PEG-g-PDMA (4.465 x 1073, 5 g) was dissolved in ethanol
(80 mL), and 1,3-propanesultone (8.92 x 10-°,0.78 mL) was
diluted with THF (30 mL), respectively. After that, the solution
was stirred at 30-40°C for 12 h. At the end of the reaction, the
solution was evaporated using a rotary evaporator and
precipitated with diethyl ether. The sample was collected after
drying in a vacuum oven. Finally, CD was obtained by an acid-
assisted carbonization method at room temperature for 1 min
with continuous magnetic stirring. Dialysis was performed
(molecular weight cut off = 1 kDa) against DDW, and the CD
were then freeze-dried for 2 days.

Synthesis of copper-complexed fluorescent carbon dots (Cu?*-
CD)

To optimize the amount Cu?* needed for the quenching
effect, varying volumes of copper solution (0, 5, 10, 20, 40, 60
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uL) (10 mM) were mixed with the CD solution in DDW (5
mg/mL), and then the PL was determined after 24 h of
incubation at room temperature. For characterization and the
PPi detection assay, 60 uL of copper solution (10 mM) was
used. The product was confirmed using UV-Vis spectroscopy,
PL detection, and XRD.

Fluorescence recovery via a PPi detection assay

The concentration of PPi required to recover the
fluorescence intensity was optimized.in particular, different
volumes of PPi solutions (0, 5, 10, 20, 30, 50, 100 uL) (10 mM)
were mixed with the CuZ*-CD solution (1 mg/mL), and the
mixture was shaken for 5 min at room temperature. The
successful interaction between Cu?*-CD and PPi was confirmed
by XRD, and the recovered fluorescence intensity was
recorded as the PL at an excitation wavelength of 380 nm.

Fluorescence OFF by ALP activity

Briefly, 1 mL of DDW containing Cu2*-CD+PPi (1 mg/mL)
was added to solutions containing different concentrations of
ALP solution (60, 125, 250, 500, and 1000 U/L) and shaken at
room temperature for 10 min. Thereafter, the emission
spectra of the solutions were recorded at an excitation
wavelength of 380 nm.

Surface coating with various substrates

Several kinds of solid substrates (PP, PET, PVC, PS, and Si)
were prepared using dip coating methods. Surfaces were
coated with CD, Cu%*-CD, Cu2*-CD+PPi, and Cu2*-CD+PPi+ALP by
immersing the substrate surface in a TBS solution (pH 8.5)
containing 10 mg/mL of coating materials at room
temperature for 24 h. Thereafter, the coated substrates were
rinsed extensively with deionized water, and the water contact
angles were determined by fluorescence microscopy at
different excitation wavelengths (405, 488, and 543 nm).

MTT assay

The biocompatibility of CD and Cu?*-CD was investigated
using MDAMB and MDCK cells via an MTT assay. In particular,
a 200-pL volume of cell solution containing 2 x 105 cells/mL
was cultured in 96-well plates and then incubated at 37 °C for
24 h in a humidified 5% CO, environment. The cellular viability
was determined by dissolving materials in RPMI medium at
different (0.01-1 mg/mL) and subsequently
incubating with cells prepared in the previous step for another
24 h. The medium was then replaced with 180 pL of fresh
RPMI medium and 20 pL of a stock MTT solution (5 mg/mL);
the samples were incubated for another 4 h. Finally, 200 pL of
MTT solubilizing agent was added after removing the medium,
followed by a 15-min shaking step. The absorbance was then
measured at 570 nm.

dilutions

This journal is © The Royal Society of Chemistry 20xx
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Selectivity assessment for the PPi sensing assay

To assess the selectivity of the biosensor for PPi, different
anions, including CI-, Br, I, SO4%-, OH-, PO43-, HS~ and PPi
were used. A certain amount of each anion (10 mM) was
introduced into the Cu?*-CD solution (1 mg/mL) prepared as
described above, and then fluorescence spectra were
monitored at the excitation wavelength of 380 nm.

Membrane and nucleus imaging in aqueous and coated
surface states

Briefly, MDAMB and MDCK cells were seeded onto a cover
slide at a density of 2 x 10% cells/mL and were then incubated
for 24 h at 37 °C in a humidified atmosphere with 5% CO..
They were then treated with Cu?*-CD (1 mg/mL), and a
washing step was performed three times to remove free cells.
Next, the samples were stained with CellBrite™ Cytoplasmic
Membrane Dyes (Green) and Syto 61 Red, followed by the
addition of PPi (100 pL) and ALP (1000 U/L). Finally, after 4 h,
the stained cells were analyzed using a LSM510 confocal laser-
scanning microscope (Carl Zeiss, Germany).

For solid state confocal microscopy, 1 mL of RPMI medium
containing 2 x 10> cells was seeded over the coated PET
surface in a six-well dish, and incubated for 24 h under the
above conditions. The cells were then washed with phosphate-
buffered saline (PBS) and stained with membrane marker
(green) following the addition of PPi (100 uL) and ALP (1000
U/L). Finally, the cellular uptake was observed using a LSM510
confocal laser scanning microscope at a magnification of 20 x.
The cells were then collected in an EDTA solution and
centrifuged. The obtained cells were examined using a LSM510
confocal laser-scanning microscope. To further confirm the
effect of ALP on the fluorescence-off behavior, we added an
ALP inhibitor and incubated for 30 min, after which the cells
were collected and examined by confocal microscopy.

Flow Cytometry Analysis

MDAMB and MDCK cells were cultured in six-well plates at
a density of 1 x 106 cells/mL per well under humidified 5% CO
environment at 37 °C. After 24 h, the medium was replaced
with C/C1,-SP, CD, and Cu2*-CD in RPMI and incubation was
continued for the designated time. The cells were then
collected and resuspended in 1% FBS in PBS solution with a pH
of 7.4. The mixture was analyzed using an Attune NxT Acoustic
Focusing Cytometer at an excitation wavelength of 405 nm
and an emission wavelength of 450 nm.

J. Name., 2013, 00, 1-3 | 3
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RESULTS AND DISCUSSION

Developing  selectively targeted biosensors that
differentiate between normal and cancer cell is an important
challenge for the early diagnosis and treatment of tumors. In
the present study, we describe a fluorescent OFF-ON-OFF-
based system for membrane-/nucleus tumor-specific sensing
that exploits changes in the chemical nature of cells. As
illustrated in Scheme 1(a), the designed system for
membrane/nucleus selective tumor detection based on PPi
and ALP activity assays was prepared using carbonized C/Ci,-
SP to allow tumor-triggered detection assays on different
mediums. The hydrophobic group of the CD can effectively
penetrate into the lipid bilayer of a membrane via hydrophobic
interactions. After entering the cancer cell, the zwitterion

Journal Name

group of CD changes to strong hydrophilicity \ip, an.asidic
environment, causing nuclear translocatiBR!ofotHE T ScHéntE
1(b)). This proposed assay has a robust ability to selectively
analyze tumor cells in response to intracellular PPi and ALP
activity with high sensitivity and provides a rapid colorimetric
assay for further clinical diagnostics, making it superior to
traditional sensors.

As shown in Scheme 1(a), the strong acid H,SO4 was used
to prepare the C/C;,-SP to obtain the CD system. To verify the
structural components of the CD platform, the 'H-NMR spectra
were evaluated (Fig. 1(a)). The appearance of the peaks at
approximately 2.2—-3.0 confirmed the integrated sulfobetaine
and Ci2 groups on the PEG carbon chains.
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Scheme 1. (a) Schematic illustration of the fluorescent assay for tumor selective detection based on Cu?* functionalized carbon
dots (CD) in response to pyrophosphates (PPi) and alkaline phosphatase (ALP), and (b) the endocytosis mechanism of Cu?*-CD to

detect cancer cells.

The intense peaks at 7.2—8.0 were assigned to the aromatic
moieties of the catechol groups (10 units). In the 'H NMR
spectra, the peaks observed after the carbonization process
were similar to those observed before carbonization,
indicating that the structure of the material was maintained

4 | J. Mater.Chem. B., 2012, 00, 1-3

during the dehydration process. Additionally, the integration
of the catechol group was recorded via UV-Vis spectroscopy to
investigate the optical properties of the prepared CD. As
shown in Fig. 1(b), the aqueous solution of C/C1>-SP and CD
showed similar UV absorption peaks at 280 and 360 nm, which

This journal is © The Royal Society of Chemistry 20xx
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are attributed to the m-m* transition of the aromatic sp2
domains of carbonized species and the n-nt* transition of the
C=0 bond of the catechol groups, which remained stable even
after Cu?* chelation.?527 To verify the structure of the
zwitterionic sulfobetaine group would change to the
fluorescence characteristics of CD depending on pH, the PL
spectra was observed (Fig. S1(a)). At physiological pH (7.4),
self-quenching of the CD fluorescence via the aggregation-
caused quenching (ACQ) phenomenon was observed, because
the sulfobetaine group increased the hydrophobicity of the CD,
thus, promoting aggregation. Under acidic conditions, the
sulfobetaine groups on the nanoparticle surfaces are
protonated and ionized, thereby, increasing their
hydrophilicity, resulting  in relatively high-intensity
fluorescence. In a basic environment, the fluorescence of the

ARTICLE

CD was quenched because of auto-polymerization.@fothe
catechol residues, which resulted in effettiVe OFRI6FESEEALES
quenching ability. The structure of zwitterionic groups under
different pH conditions was also evaluated by DLS (Fig. S1(b)).
The average size of the CD was 137.5 nm at pH 7.4, which
decreased to ~ 50-60 nm at pH 6.8 and 9.0, indicating the
breakdown of the aggregation of zwitterion groups. To further
validate the successful interaction between CD and Cu?*, the
sample composition was analyzed using XRD spectroscopy Fig.
1(c). XRD verified the presence of Cu?* on the CD platform,
since the 20 value of the peaks is in the range of 40—60 and 70°,
confirming the confirming the integration of Cu?*. After the
addition of PPi into the Cu2?*-CD system, peaks at 35, 38, and
58° appeared, providing evidence for presence of Cu?* as
typical O chelated ligands on PPi.
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Fig. 1. (a) *H NMR spectra (400 MHz, D,0) of C/C1,-SP and carbon dots (CD) (b) Ultraviolet-visual-near infrared absorption spectra
of C/C1»-SP, CD, and Cu?+-CD at 1 mg/mL concentration. (c) XRD spectra of CD, Cu2*-CD, and Cu?+-CD with the addition of PPi.

Cu?* were reported to act as molecular glue and/or
quenchers, which can rapidly complex with CD via self-
assembly.’® To verify the aggregation, DLS analysis was
investigated as shown in Fig. 2(a). After complexation with
Cu?*, the CD size obvious increased from 137 to 252.7 nm in

This journal is © The Royal Society of Chemistry 20xx

which SEM images shown in Fig. 2(b) clearly proposed the
aggregation of CD by Cu complexation. It was obviously
showed the dot shaped became aggregate in the presence of
Cu?*. While interact with PPi, the sample returned to previous
size as CD. The aggregation was re-occurred when the

J. Name., 2013, 00, 1-3 | 5
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nanoparticle interacted with ALP. Moreover, we observed PL
spectra of CD in Fig. 2(c), in the presence of CuZ, the
fluorescence of the CD was almost completely quenched. The
dependence of the fluorescence quenching effect on the
concentration of the Cu?* is shown in Fig. S2(a); we observed a
decrease in the quenching of fluorescence as the
concentration of Cu?* increased. To verify the stronger affinity
of PPi for Cu?*, we also investigate the PL spectra of Cu?*-CD
after the addition of PPi dependent on concentration. They
show that the addition of PPi (100 uL) anions caused
fluorescence recovery to about 80% of the initial CD
fluorescence compared with other concentrations (Fig. S2(b)).
Thus, the fluorescence recovery showed that PPi can
preferentially capture Cu?* inside the aggregated CD because
of their stronger affinity for Cu?* compared with that of the
carboxylate groups on the CD. The CD would then disaggregate
to generate free CD, thereby recovering the fluorescence

Journal Name

intensity.??2 Finally, varying concentrations of, ALR .were
introduced into the Cu2*-CD+PPi solutigd: Bfteso 2 TrIRoHf
incubation. As shown in Fig. S2(c), re-quenching of the
fluorescence of the Cu2*-CD+PPi solution was observed, with a
greater quenching at higher ALP concentrations (1000 U/L).
This confirmed that ALP hydrolyzed the PPi into phosphate
anions and released the Cu?* from the PPi-CuZ* complexes.
Moreover, we confirmed that this phenomenon was truly a
consequence of ALP catalysis using an ALP inhibitor solution
(NasVOs). The fluorescence intensity of Cu2*-CD+PPi was stable
after the addition of the inhibitor, suggesting that fluorescence
quenching was inhibited by blocking the ALP activity (Fig.
2(c)).3> Furthermore, the Cu?*-CD was analyzed using DLS
under different pH solution (6.8, 7.4 and 9.0) solution as
shown in Fig. 2(d). Fig. 2(d) did not give any obvious changes in
response to pH, indicating the aggregation of CD by copper
disturb zwitter ionic structure.
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Fig. 2. (a) DLS measurements of CD, Cu2*-CD, and Cu?*-CD with the addition of PPi, ALP and ALP inhibitor in 0.01 mg/mL
concentration. (b) SEM images of CD and Cu?*-CD. (c) Fluorescence emission intensity of CD, Cu2*-CD, CuZ*-CD+PPi, CuZ*-
CD+PPi+ALP, and Cu2*-CD+PPi+ALP+ALP inhibitor (1 mg/mL) at an excitation wavelength of 380 nm. (d) DLS of Cu2*-CD for
determining the changes in the distribution of the hydrodynamic radius in different pH solutions CD.

We verified the activity of the fluorescent OFF-ON-OFF
system by flow cytometry (Fig. 3(a)). Fig. 3(a) shows a
fluorescence mean value in the switch “OFF” condition of 639
for the CD, which decreased to 227 after Cu?* complexation??,
but totally recovered after the addition the PPi. This occurs
because one copper binds to several carboxyl groups on the
surfaces of the CD via complexation and metal coordination,

6 | J. Mater.Chem. B., 2012, 00, 1-3

resulting in intense aggregation of the CD, leading to
significant quenching via the ACQ process.3¢ The addition of
PPi restored the fluorescence intensity of CD because PPi
preferentially binds to Cu?*. Once ALP was added, the PPi were
effectively hydrolyzed, releasing the Cu?*, which resulted in the
intense fluorescence of CD being quenched again because of
the re-aggregation of the CD via the ACQ process. To evaluate

This journal is © The Royal Society of Chemistry 20xx
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the selectivity of Cu?*-CD towards PPi, we evaluated the
fluorescence emission of CuZ*-CD upon addition of various
anions, including CI-, Br-, I, SO4Z-, OH-, PO,3;, HS~ and PPi (Fig.
3(b)). The addition of CI-, Br, I, SO42-, and OH- did not induce
fluorescence recovery; however, some recovery of quenching
was observed upon the addition PO43 and HS-, indicating the
possibility that Cu could complex with PO43 and HS-. As
expected, the presence of PPi caused specific fluorescence
enhancement. Although PO,* and HS- showed some
fluorescence enhancement, the Cu?*-CD have great selectivity
for PPi, as indicated by the sharp increasing in fluorescence in
the PPi solution, suggesting that these other anions would not
interfere with PPi sensing.

ARTICLE

For further biological applications, biocompatibility.is.an
important parameter in a medicinal materil. NPT HSSHPO Weté
performed to evaluate the toxicity of the CD probes towards
MDCK and MDAMB cells. As expected, the cell viability of
MDCK and MDAMB cells remained at ~100% after interaction
with CD at concentrations up to 0.10 mg/ml (Fig. 3(c—d)).
Moreover, the addition of Cu?* to the CD system was not toxic
to the cells (cell viability remained at ~98%). Thus, the as-
prepared Cu?*-CD was considered to have low toxicity and is
biocompatible in living cells.
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uL). (c—d) Concentration-dependent MTT assay for cell viability after treatment with different concentrations of CD and Cu2*-CD

nanoparticles.

Our CD system has adhesive properties, and there has
been no report of cancer cell detection by monitoring PPi and
ALP activity on coated surfaces using fluorescence on/off
assays. Therefore, we proposed a new sensing method for
cancer cells in a coated state using a simple dip-coating
method. The CD was coated on Si wafers and polymeric
surfaces, PET, PVC, and PP, and their adhesion was confirmed

This journal is © The Royal Society of Chemistry 20xx

by determining the water contact angle of the hydrophobic—
hydrophilic interactions. As shown in Fig. 4(a), a remarkable
decrease in contact angles was observed for the CD-coated
surfaces, which indicated that our nanomaterials were more
hydrophilic than these versatile surfaces because of the
tertiary amine groups of the DMA residues and the
sulfobetaine residues of the zwitterionic conformation, all of
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which improved the wettability of the coated surfaces. A slight
increase in the contact angle on the Si wafer surface revealed
that the synthesized CD coating material was less hydrophilic
than the bare Si wafer surface. Moreover, the addition of Cu?*
and PPi did not have a specific effect on the water contact
angle property. The PPi and ALP activity of the coated PET film
was assessed by changes in the fluorescence patterns, which
were analyzed by fluorescence microscopy. Fig. 4(b) shows

{a)

that the bare PET did not emit fluorescence. However,. afier
coating with CD, the fluorescent signal Wa% detezt&dd BOblor
green, and red fluorescence at 405, 488, and 543 nm,
respectively. When the Cu?*-CD coated surfacewas examined,
we observed the fluorescence OFF state. As observed in the
solution state, the addition of PPi resulted in recovery of
fluorescence, while the addition of ALP caused the re-
quenching phenomenon.

Contact angle ()

(|} I

A0S nm

438 nim
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Fig. 4. (a) Water static contact angle (deg) analyses of bare substrates, CD, and CuZ*-CD coated substrates before and after
adding PPi solution (100 pL). (b) Fluorescence microscopy images of (a) CD and Cu?*-CD coated PET substrate in the presence of
PPi solution (100 L) and ALP (1000 U/L) at blue, green, and red wavelengths.

Generally, PPi and ALP are intracellularly located, and their
levels are different between normal and cancer cells: In cancer
cells, the PPi concentration is 100-1300 pmol/10¢ cells and
abnormally high levels of ALP (more that 40-150 mU/mL) are
present3738, Endogenous monitoring of PPi levels and ALP
activity in cancer (MDAMB) and normal (MDCK) cells was
performed through time-dependent confocal imaging as a
method for tumor detection (Fig. 5 (a, b)), in which the cells
were incubated with 1 mg/mL of Cu2?*-CD solution for 30
minutes. As a control, fluorescence quenching of Cu?*-CD was
observed at 0 min of incubation in both cell lines, while the
recovery of fluorescence of the Cu?*-CD biosensor in the
MDAMB cancer cells began at 10 minutes and disappeared
again after 20 min of incubation. By contrast, the confocal
images of MDCK treated with Cu?*-CD showed stable
fluorescence OFF during the 30-min incubation. PPi localized in
cancer cells will capture the Cu?* in the CD system and form
the PPi-Cu complex. This mechanism would break the CD

8 | J. Mater.Chem. B., 2012, 00, 1-3

aggregation mediated by Cu?* to generate free CD, resulting in
high fluorescence emission. During the first 10 min of
incubation, Cu?*-CD interacts with PPi, resulting in
fluorescence recovery. After 20 min, the intracellular ALP
hydrolyzes the PPi to phosphate ions, which releases the Cu?*,
which then re-combine with CD, causing them to aggregate
and resulting in another cycle of fluorescence quenching. To
verify that the ALP activity in the cells hydrolyzed the PPi, we
also analyzed the confocal images of Cu2*-CD-treated cancer
cells incubated with the ALP inhibitor. As shown in Fig. S3, the
re-quenching behavior was observed, confirming that the PPi
could not be hydrolyzed because of inhibition of ALP activity.
The penetration behavior of hydrophobic CD is essential for
the cellular uptake mechanism, which ensures that our
nanoparticles enter the cells, resulting in high particle
clearance rates, which can be a reason for disappointing
imaging and therapeutic efficacy. Therefore, we used a
membrane marker as a control (membrane co-staining-based

This journal is © The Royal Society of Chemistry 20xx
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fluorescence) to investigate whether the Cu?*-CD were
embedded within the lipid bilayer in both cell lines. During 30
min of incubation, the Cu?*-CD were localized on the surface of
which was

the cell and fused with the cell membranes,

confirmed in confocal images of cells treated with the
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membrane marker. The fluorescence of the CD was.distribyted
on the periphery of the MDAMB and MDCK &M HEEREWIPH
the merged confocal images, suggesting the occurrence of a
hydrophobic interaction between long chain carbons of the CD
with the cell membrane.3?
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Fig. 5. Confocal laser scanning microscope (CLSM) images of (a,c) MDAMB and (b,d) MDCK cells incubated with Cu2*-CD, nuclei
stain and membrane marker for 0, 5, 10, 20, 30, 40, and 60 min. The scale bars represent a distance of 50 um. The Figure (a), (b)
was treated with Cu2*-CD solution (1 mg/mL), and (c), (d) was treated on coated PET with Cu2*-CD.
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Furthermore, selective nuclear intracellular uptake of the
nano-particles was evaluated by confocal microscopy. The
confocal images clearly showed time-dependent localization
with the CD moving into the nucleus only in the MDAMB
cancer cells compared to CD in MDCK cells treated with a
nuclear stain. The phenomenon was not observed in MDCK
cells because the physiological pH in the normal cells would
have no effect on the zwitterion components of the CD. It
should be noted that the significant CD internalization in the
nuclei of cancer cells occurred because of the low pH in the
cancer cells.

We hypothesized that our system involves a two-part
endocytosis mechanism. The hydrophobic CD can effectively
penetrate into the lipid bilayer of the membrane via
hydrophobic interactions; after entering the cancer cell, the
zwitterionic component of the CD becomes strong hydrophilic
in response to the acidic intracellular pH, resulting in nuclear
translocation of the CD.

We further tested the ability of PET coated CuZ*-CD to
detect ALP activity by culturing cancer cells on the PET surface
(Fig.. 5(c, d)). Fig. 5(c) shows the changes in fluorescence over
time of MDAMB cells on coated film. The PPi activity could be
detected at 10 min due to recovery of fluorescence. Some
minutes later, the ALP activity was also confirmed by the re-
quenching of fluorescence. This change in fluorescence
behavior was not observed in the normal cells. Subsequently,
addition the ALP inhibitor reduces the ALP activity abrogated
the re-quenching process of the Cu?*-CD inside the cells coated
on PET (Fig. S3). Thus, we demonstrated that the present
system could be used to monitor the PPi levels and ALP activity
within cells through fluorescence imaging with diverse
substrates.

To confirm that the fluorescence response to Cu2*-CD in
MDAMB and MDCK cells is different, we examined confocal
images of MDCK cells cultured after addition of the PPi and
ALP solution in an acidic pH (6.8) environment (Fig. S4 and S5).
The recovery of fluorescence was observed after the addition
of PPi, and the fluorescence intensity decreased again after
the addition of the ALP solution. This confirmed that the
normal cells did not contain high levels of PPi and ALP, because
the CuZ*-CD response was observed only on the addition of
exogenous PPi and ALP. Moreover, to determine why the CD
system cannot translocate into the nuclei of MDCK cells, we
further incubated the MDCK with Cu2*-CD under acidic pH (6.8)
for 30 min. The Cu?*-CD translocated to the nucleus under
acidic conditions as compared with cells treated with the
nuclear stain only. Therefore, we hypothesized that the CD
enter the nucleus through the nuclear pore complex because
the surface charges of the zwitterion become very hydrophilic
in acidic pH, and because of the activity of the histone nuclear
import-associated complex.3? Finally, the strategy developed
shows remarkable advantages as a smart material on coated
surfaces to monitor PPi/ALP activity in tumor triggered

10 | J. Mater.Chem. B., 2012, 00, 1-3
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fluorescence assays and could have a great potential ?or the

early diagnosis of various severe diseases.

Conclusions

We prepared a label-free real time fluorometric assay for a
membrane and nucleus-targeted tumor specific fluorescence
sensing system using hydrophobic and zwitterionic group
functionalized CD with Cu?*. The system could be used to
monitor the levels of PPi and ALP activity for cancer cell
detection. The abundance of carboxyl groups on the CD
enables the interaction with Cu?*, which results in aggregation,
leading to fluorescence quenching. The tumor-selective
fluorescence sensing system showed different transport from
the cytosol to the nucleus in normal and tumor cells, which
depended on the pH response of the zwitterionic CD, including
hydrophobic CD-mediated cell membrane targeting. In human
MDAMB cancer cells, the interaction between the CD and Cu?*
was disrupted by competitive binding, with stronger affinity of
intracellular PPi for CuZ* inducing enhanced fluorescence. A
few minutes later, the hydrolysis of the PPi-Cu2* complexes by
intracellular ALP in the cytoplasm released the CuZ*, which
resulted in re-aggregation of the CD, leading to fluorescence
quenching again. The adhesive catechol in the CD provided a
novel aspect to our design, allowing detection of cancer cells
on coated surfaces. Thus, the system could be used for cancer
diagnosis in both aqueous states and on coated surfaces
through changes in fluorescence behavior. This biosensor has
an apparent potential as a simple and sensitive cancer
diagnostic tool that can differentiate between normal and
cancer cells on coated surfaces and in the aqueous state.
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Fluorescence-switching of Cu**-CD for specific membrane and nucleus targeting
based on PPi and ALP activity in tumor cell.
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