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Multiple Non-Covalent Interactions for the Detection of Hydrogen

Peroxide in Cancer Cells
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/Abstract: Overabundance of hydrogen peroxide originating
from environmental stress and/or genetic mutation can lead
to pathological conditions. Thus, the highly sensitive detec-
tion of H,0, is important. Herein, supramolecular fluorescent
nanoparticles self-assembled from fluorescein isothiocyanate
modified {-cyclodextrin (FITC-3-CD)/rhodamine B modified
ferrocene (Fc-RB) amphiphile were prepared through host-
guest interaction between FITC-B-CD host and Fc-RB guest
for H,O, detection in cancer cells. The self-assembled nano-
particles based on a combination of multiple non-covalent
interactions in aqueous medium showed high sensitivity to
H,O, while maintaining stability under physiological condi-

-

tion. Owing to the fluorescence resonance energy transfer
(FRET) effect, addition of H,0, led to obvious fluorescence
change of nanoparticles from red (RB) to green (FITC) in flu-
orescent experiments. In vitro study showed the fluorescent
nanoparticles could be efficiently internalized by cancer cells
and then disrupted by endogenous H,O, accompanying
with FRET from “on” to “off”. These supramolecular fluores-
cent nanoparticles constructed via multiple non-covalent in-
teractions are expected to have potential applications in di-
agnosis and imaging of diseases caused by oxidative stress-
es.

/

Introduction

Hydrogen peroxide (H,0,) is a kind of reactive oxygen species
(ROS) endogenously generated in living organisms, which is in-
creasingly recognized as a small-molecule mediator of various
physiological processes.” However, during times of environ-
mental stress, ROS levels can increase dramatically, which may
lead to significant damage to cell structures and pathological
conditions including cancers,? diabetes,” cardiovascular dis-
eases,” and neurodegenerative disorders like Alzheimer’s, Par-
kinson’s, and Huntington’s diseases.” In particular, H,0, levels
in cancer cells are elevated up to 1-5x10">m compared with
0.5-7x10"m in normal cells.” The difference between oxidiz-
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ing extracellular environment and reducing cytosol in cancer
cells provides an opportunity to detect intracellular H,0..

For the past few years, a variety of designing strategies have
been developed for H,0, detection based on chemilumines-
cence,”’ fluorescence,® and electrochemical® techniques.
Among all these designing strategies, covalently bonded mate-
rials are robust but uncontrollable when exposed to external
stimuli, susceptible to damage and difficult to reversibly
reform, while non-covalent bonds can enable facile construc-
tion of stimuli-responsive supramolecular materials with ca-
pacity to undergo reversible changes for various biomedical
applications."” However, the weak non-covalent interactions
and the operational instability of supramolecular systems have
shown to be the main disadvantages."® Therefore, we deduce
that if the robustness of supramolecular H,0, sensors is im-
proved, a promising stable and sensitive supramolecular
system for intracellular H,O, detection can be expected. There-
fore we propose that self-assembly of a supramolecular amphi-
phile™ in aqueous medium based on a combination of multi-
ple non-covalent interactions (hydrophilic/hydrophobic and
host—guest interactions) can improve robustness, controllabili-
ty, and adaptability of H,O, detection systems.

Herein, we describe the design and construction of a supra-
molecular nanoparticle reactive toward cellular H,O, by the
complexation of 3-CD and Fc as a key step (Scheme 1). First,
RB-modified Fc derivative (Fc-RB) forms stable one to one com-
plexes in aqueous solution with FITC-modified -CD (FITC-(3-
CD) by penetrating of Fc guest into the internal hydrophobic
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cavity of the $-CD host, so that

FRET"'? is “on” (red fluorescence). ® °o‘\~°~/‘o~°~/*o-,9= 5! ﬁ)NHan-NH

The inherent amphiphilicity of Et O 0 £

the FITC-B-CD/Fc-RB makes it T, "+ O S

possible to self-assemble into
stable nanoparticles under phys-
iological conditions, benefiting
from the collaborative stabiliza-
tion of hydrophobic interaction.
Then the FITC-3-CD/Fc-RB nano-
particles can be internalized by
cancer cells and disrupted by en-
dogenous levels of H,0,, FITC-3-
CD/Fc-RB  nanoparticles  can
detect H,0, in cancer cells by
the change of fluorescence from
red to green, owing to FRET
effect from “on” to “off".
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Scheme 1. FITC-3-CD/Fc-RB amphiphile and its H,0,-activated behavior.

The synthetic routes used to
obtain Fc-RB guest (2) and FITC-

segment, compound 4 was pre-

B-CD host (5) are illustrated in ® — D DMAP o () 9 G~ O o~ O
Scheme 2. For the guest seg- o O \ + HONOv~o~Ovroy 2l Ty, O \
ment, compound 1 was first syn- N0 "f:t A e
thesized by the reaction of tetra- & B 1
g!ycol with RB in th'e Presence of & coon O 19‘ _@
dicyclohexylcarbodiimide (DCC) Fe o’\/°~/‘o’\/°~/‘o
and 4-dimethylaminopyridine » O O
(DMAP) in CH,Cl,, followed by DCC/DMAP § Bt
a reaction with equimolar CHClz, rit., 30 2
amounts of ferrocenecarboxylic
acid in CH,Cl, to obtain the de- L) oGl NaOH ) oA
sired compound 2. For the host : el —_—

v H,0, r.t., 0.5h v OTs 75°C, 4h

pared according to the literature
procedure™ and then reacted
with FITC in dimethylformamide
(DMF). The successful prepara-
tion of Fc-RB guest and FITC-3-
CD host was confirmed by <
'"HNMR, "CNMR, UV/Vis and 4
Q-TOF-MS. The carbon atom
signals at 0=171.01 and
165.19 ppm in the *C NMR spec-
trum of Fc-RB guest (2) (Fig-
ure S2) are assigned to the Ph-C=0 and Cp-C=0 of Fc-RB guest
(2), respectively. Figure S3 shows a strong absorption band at
1710 cm™" in accordance with the carbonyl group in the FTIR
spectrum, which further confirms the successful preparation of
Fc-RB guest (2). The peak at 6=180.95 ppm in the *C NMR
spectrum (Figure S6) is attributed to the carbon atom of NH-
C=S of FITC-3-CD host (5). The detailed characterization data
are described in Figures S1-S8 in the Supporting Information.
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DMF, 40 °C, 24h

Scheme 2. Synthetic routes of RB-modified Fc (Fc-RB, 2) and FITC-modified 3-CD (FITC-B-CD, 5).

Host-guest interaction

It has been widely reported that 3-CD hosts can complex with
Fc guests based on the host-guest interaction." Therefore, it
can be inferred that FITC-3-CD host and Fc-RB guest might
form supramolecular amphiphile with FRET effect. Here, 2D
ROESY 'H NMR was used to study the host-guest interaction
of FITC-B-CD and Fc-RB. According to the 2D ROESY 'H NMR
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Figure 1. a) 2D ROESY 'H NMR spectrum of an equimolar mixture of the
FITC-B-CD and Fc-RB in [Dg]DMSO/D,0 (2/3, v/v) at 10 mm at 30°C;

b) "H NMR spectra of FITC-3-CD and Fc-RB at different molar ratios of 0:1,
0.25:1, 0.5:1, 1:1, 2:1, 4:1 and 8:1 in [Dg]DMSO/D,0 (2:3, v/v). The concentra-
tion of Fc-RB is 1 mm; ¢) 'H NMR spectrum of 1/Ad,, against 1/Ccp; d) Job’s
plot of FITC-3-CD and Fc-RB. yg_gg is the molar fraction of Fc-RB in the FITC-
[-CD/Fc-RB mixture.

spectrum of an equimolar mixture of FITC-3-CD and Fc-RB in
[Dg]IDMSO/D,0 (2:3, v/v) at 10 mm in Figure 1a, the Fc proton
signals (4.2 ppm) are correlated with signals of the inner pro-
tons of B-CD (3.8 ppm), proving the formation of the inclusion
complexation between FITC-3-CD and Fc-RB.

The host-guest interaction of FITC-3-CD and Fc-RB was fur-
ther confirmed by 'H NMR analysis."” In Figure 1b, the chemi-
cal shift of the Fc proton of Fc-RB increases accordingly with
the increase of molar ratio of FITC-3-CD:Fc-RB from 0:1 to 8:1,
further indicating the complexation of FITC-3-CD with Fc-RB.
With the help of the '"H NMR spectra, the reciprocals of the
peak shifts for Fc proton signals of Fc-RB (1/0A,,,) were deter-
mined and then plotted against the reciprocals of the FITC-3-
CD concentrations (1/Ccp). According to the Figure 1¢, there’s
a good linear correlation between FITC-3-CD and Fc-RB, imply-
ing that the host-guest interaction of FITC-3-CD with Fc-RB is
on the foundation of the 1:1 inclusion complexes. According
to the calculated slope and the intercept of the linear line, the
association constant K for the one to one complexes of the
FITC-3-CD host with the Fc-RB guest in [Dg]DMSO/D,0 (2:3,
v/v) is determined to be 1.5x10°m ' by:

1 1 1
Ad.  KASC, TAS

where A9 is the discrepancy between the observed chemical
shift for the 1:1 complexes of FITC-3-CD with Fc-RB and the
chemical shift without FITC-3-CD. Moreover, the binding stoi-
chiometry of FITC--CD to Fc-RB was also calculated by
'H NMR. According to the Job's plot of AdX ¥rc_gs VS. Yrcps iN
Figure 1d, the peak is about 0.5, implying that the binding sto-
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ichiometry of FITC-B-CD host to Fc-RB guest is 1:1. Thus, the
results above successfully verify the formation of the one to
one FITC-B-CD/Fc-RB inclusion complexes.

Formation and stability of self-assembled nanoparticles

After confirming the host-guest interaction of FITC-3-CD host
and Fc-RB guest, the self-assembly behavior of the supra-
molecular FITC-B-CD/Fc-RB amphiphile was further investigat-
ed. The inherent amphiphilicity of the FITC-3-CD/Fc-RB makes
it possible to self-assemble into nanoparticles in aqueous solu-
tion. In order to investigate the self-assembly behavior of FITC-
[-CD/Fc-RB in aqueous solution, the critical micelle concentra-
tion (CMC) was measured. The relationship of the fluorescence
intensity with the FITC-3-CD/Fc-RB concentration is presented
in Figure 2a. The excitation wavelength and the emission
wavelength were set at 450 nm and 580 nm respectively. At
low FITC-B-CD/Fc-RB concentration, the fluorescence intensity
remains nearly unchanged; with the enhancement of FITC-3-
CD/Fc-RB concentration, the fluorescence intensity starts to in-
crease dramatically at a certain FITC-3-CD/Fc-RB concentration.
Based on the inflexion of the curve, the CMC of FITC-B-CD/Fc-
RB is about 11.44 ugmL™" (4.75 pm), indicating the aggregation
of supramolecular FITC-3-CD/Fc-RB amphiphiles.
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Figure 2. a) CMC measurement of FITC-3-CD/Fc-RB; b) size variation of nano-
particles in different solvents at 25 °C by DLS; c¢) TEM image of nanoparticles;
(d) time-dependent size variation of nanoparticles in PBS buffer (pH 7.4) at
37°C. Black bars represent the mean values (n=3).

In order to investigate the morphology and size of the self-
assembled FITC-B-CD/Fc-RB aggregates, a DMF solution of the
FITC-B-CD/Fc-RB amphiphile was added slowly into aqueous
solution and then dialyzed against water to remove DMF. After
24 h, the solution was diluted by adding ultrapure water to
20 mL to obtain an aggregate solution with a final concentra-
tion of 200 um. Figure 2b shows the dynamic light scattering
curve of FITC-3-CD/Fc-RB aqueous solution, indicating the for-
mation of nanoparticles with an average hydrodynamic diame-
ter of approximately 122 nm. Transmission electron microscopy

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

AP x
AV

ok

ChemPubSoc
Europe

(TEM) was further used to investigate the morphology of the
nanoparticles. According to the TEM image in Figure 2¢, the
average size of the spherical nanoparticles is about 110 nm.
The difference between the sizes measured by DLS and TEM is
owing to the shrinkage of the nanoparticles in drying state
during the TEM sample preparation. The stability of the nano-
particles was then detected by the real-time DLS. As can be
seen in Figure 2d, the size of FITC--CD/Fc-RB nano-

particles (148 nm) increases slightly in phosphate-
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strong emission from the acceptor (RB, ~585nm) and low
emission from the donor (FITC, ~515 nm). In the presence of
H,0,, cleavage of FITC-3-CD/Fc-RB amphiphile and subsequent
collapse of supramolecular nanoparticles can destroy the FRET
effect, accompanying with the decrease in the acceptor emis-
sion (~3-fold) and increase in donor emission (~7-fold), as
shown in Figure 4b. The combined ~20-fold change could

buffered saline (PBS, pH 7.4, physiological conditions) 2 2
at 37°C due to the strong ion effect. Also Figure 2d (a)gm —D—i:lg'g'gg“: - (b)21, ~0-Before H,0,
' ) ) 1] —C— B - g After H,0,
shows that the size of nanoparticles is almost un- § c0-8 —'—Fc-RB T gos8 e
. . . N = N
changed in PBS solution (pH 7.4) at 37°C for 1 h, sug- T 4o = 806
gesting that the high stability of self-assembled E Sos4 E 504
. . . . -, . 9 99,5 © Q¢
nanoparticles in physiological conditions is due to z 894 =z 2"
S S
the collaborative stabilization of hydrophobic interac- g oo i : . goo
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sensing properties of the nanoparticles to H,0, were
detected. The UV/Vis measurement in Figure 3 shows
that the maximum absorptions of FITC-3-CD and Fc-
RB are located at 494 and 560 nm, respectively. For
the self-assembled FITC-3-CD/Fc-RB nanoparticles,
both UV/Vis absorption peaks can be observed. The
UV/Vis spectrum is referential for choosing appropri-
ate fluorescence excitation wavelength in the follow-
ing experiments, in which the excitation wavelength
was set at 450 nm.

*p < 0.05.
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Figure 3. UV/Vis spectra of FITC-3-CD, Fc-RB, and FITC-3-CD/Fc-RB in ultra-
pure water.

The fluorescent performance of FITC-3-CD/Fc-RB nanoparti-
cles in water was investigated and the excitation wavelength
was set at 450 nm.®? Figure 4a gives the fluorescence emis-
sions of FITC-B-CD, Fc-RB, and FITC-3-CD/Fc-RB nanoparticles.
Here, FITC (donor) and RB (acceptor) were conjugated with {3-
CD host and Fc guest, respectively. After the self-assembly of
FITC-3-CD/Fc-RB amphiphile, the supramolecular nanoparticles
display strong FRET effect, which can be visualized through the

Chem. Eur. J. 2015, 21, 11427 - 11434 www.chemeurj.org
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Figure 4. a) Fluorescence emissions of FITC-3-CD (1 pum), Fc-RB (1 um) and FITC-B-CD/Fc-
RB (1 um); b) fluorescence emissions of FITC-3-CD/Fc-RB (1 um) before (red) and after
(green) reaction with H,0, (150 um) for 30 min; c) fluorescence emission spectra of FITC-
B-CD and Fc-RB at different molar ratios of 1:0, 1:0.2, 1:0.5, 1:0.7, 1:1 and 0:1; (d) Fold in-
crease of RB/FITC emission ratio (585/515 nm) after 30 min incubation of FITC-3-CD/Fc-
RB (1 um) with desired concentrations of H,O,. Error bars represent + standard deviation.

offer sufficient dynamic range to distinguish different H,O,
levels in cancer cells and normal cells. In order to verify the re-
lationship between the fluorescence and the host/guest ratio,
the fluorescence emission spectra with different ratios of FITC-
B-CD to Fc-RB were also detected. Figure 4c shows that the
emission from the acceptor (RB, ~585 nm) enhances with the
increase of Fc-RB.

In order to investigate its detection limit, FITC-3-CD/Fc-RB
nanoparticles (1 pm) were incubated with indicated concentra-
tion of H,0, (0-150 pum). Then the fluorescence emissions at
515 vs 585 nm (A, =450 nm) were measured. Figure S9 (see
the Supporting Information) shows that the fluorescence life-
time of FITC-B-CD/Fc-RB is 2.46 ns. In this study, the FRET ratio
change (R/R,) is determined by dividing the ratio of 515/
585 nm emissions at each concentration (R) by the ratio before
H,O, addition (Ry). In the physiologically relevant range, this
assay can establish an approximately linear dependence of
FITC-3-CD/Fc-RB nanoparticles’ FRET ratio change on H,0, con-
centration, and the detection limit of the FITC-3-CD/Fc-RB
nanoparticles is about 10 um (Figure 4d and Figure S10 in the
Supporting Information).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Detection of hydrogen peroxide in living cells

Biocompatibility is an important consideration factor for mate-
rials working as sensors. Therefore, cytotoxicity of FITC-3-CD,
Fc-RB and FITC-3-CD/Fc-RB nanoparticles in Hela cells (a
human uterine cervix carcinoma cell line) was evaluated by
methyl tetrazolium (MTT) assay. Figure 5 indicates that after
24 h incubation in Hela cells, the cell viability is still over 84%
when the final concentration of FITC-3-CD/Fc-RB nanoparticles’
aqueous solution reaches up to 5 pm, which helps to decide
what concentration should be used to detect the H,0O, in living
cells. It also shows that complexation of FITC-3-CD and Fc-RB
reduces the cytotoxicity of the Fc-RB guest.'”

§100-
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Figure 5. Cytotoxicity of FITC-B3-CD, Fc-RB and FITC-B-CD/Fc-RB nanoparticles
in Hela cells.

The cellular uptake of FITC-3-CD/Fc-RB nanoparticles was in-
vestigated by flow cytometric measurements. As depicted in
the flow cytometry curves in Figures S11-S13 in the Support-
ing Information, the relative fluorescence intensity of Hela
cells and L929 cells (a mouse fibroblasts cell line, normal cells)
pretreated by the FITC-3-CD/Fc-RB nanoparticles with or with-
out H,0, is increasing as the incubation time rises from 5 to
60 min. Figure 6 shows that the fluorescence intensity of cells
increases with the increase of incubation time, attributing to
the cellular uptake of more and more FITC-3-CD/Fc-RB nano-
particles by HelLa and L929 cells. The FRET ratio change is also
determined by dividing the fluorescence intensity of RB (R) by
the fluorescence intensity of FITC (R,). Considering H,0, levels
in cancer cells are higher than those in normal cells, we incu-
bated normal cells with H,0, (50 um) of cancer cell level as
control to judge if the H,0, in Hela cells works and disrupts
the FRET effect of FITC-3-CD/Fc-RB nanoparticles in this experi-
ment. As can be seen in Figure 6, the fold change of HelLa and
L929 incubated with H,0, (50 pum) firstly declines and then
reaches a plateau, while the fold change of L929 without H,0,
firstly increases and then reaches a plateau, which comes as
a result of the FRET effect “on” in L929 cells. Because of the
FRET effect, the fluorescence of RB is increasing faster than the
fluorescence of FITC.

The fluorescence spectroscopic studies show that the self-as-
sembled FITC-B-CD/Fc-RB nanoparticles in aqueous solution
can emit strong red and green fluorescence before and after
addition of H,0,, respectively, which indicates that the FITC-3-
CD/Fc-RB nanoparticles has potential in cell imaging. The fluo-
rescence microscopic measurements were conducted to assess

Chem. Eur. J. 2015, 21, 11427 - 11434 www.chemeurj.org
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Figure 6. Fold change in RB/FITC emission ratio detected by flow cytometry.

the imaging efficiency of FITC-3-CD, Fc-RB and FITC-B-CD/Fc-
RB nanoparticles (5 um) in HelLa and L929 cells with or without
H,0, (50 um) (Figures S14-S16 in the Supporting Information).
When incubated with free FITC-3-CD or Fc-RB, both HelLa and
L929 cells show strong green fluorescence or red fluorescence.
However, if incubated with FITC-3-CD/Fc-RB nanoparticles,
Hela cells and L929 cells with 50 um H,0, show bright green
fluorescence while L929 cells show little green fluorescence,
because of the disruption of the FRET effect by H,0..

The cellular uptake and FRET effect of FITC-3-CD/Fc-RB nano-
particles were further studied by confocal laser scanning mi-
croscopy (CLSM). For the measurement, HelLa and L929 cells
were cultured with FITC-B-CD/Fc-RB nanoparticles for 1h
before observation. HOECHST 33342 was used to stain the
nuclei and the pretreated cells were observed by Nikon A1Si.
Figure 7 shows that the green and red fluorescence of FITC-f3-
CD/Fc-RB mainly appears in the cytoplasm, suggesting that the
FITC-B-CD/Fc-RB nanoparticles are efficiently internalized by
HelLa and L929 cells, and mainly reside in cytoplasm. The
green fluorescence of FITC-B-CD/Fc-RB nanoparticles could
barely be seen in the L929 cells while it could be clearly seen
in the Hela cells, implying that in the presence of H,0,, cleav-
age of FITC-B-CD/Fc-RB amphiphile and subsequent collapse
of supramolecular nanoparticles lead to disruption of the FRET.
Thus, the FRET effect is “on” in the L929 cells and “off” in the
Hela cells. In order to judge whether it is the H,0, in Hela
cells that works and disrupts the FRET effect of FITC-B-CD/Fc-
RB nanoparticles, L929 cells incubated with 50 um H,0, were
used as control. As can be seen in Figure 7b, the performance
is almost the same as fluorescence in Hela cells. The red fluo-
rescence in Hela cells and L929 cells incubated with H,O, of
50 pm is obviously lighter than red fluorescence in L929, which
confirms the change of FRET from “off” to “on”.

Conclusion

In summary, we have developed a supramolecular system of
fluorescent nanoparticles self-assembled from FITC-3-CD/Fc-RB
amphiphile with appropriate in vitro FRET effect for H,0, de-
tection in cancer cells. The DLS and TEM data clearly show that
the FITC-3-CD/Fc-RB amphiphile based on host-guest interac-
tion can self-assemble into nanoparticles in water and be
stable under physiological conditions with the help of hydro-
philic/hydrophobic interaction. Moreover, in the fluorescent ex-
periments, the nanoparticles are highly sensitive to H,0, and
its low micromolar sensitivity (~10 um) makes it effective to

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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HOECHST Overlay

Figure 7. Confocal fluorescence images of HelLa and L929 cells."” Images displayed show emission intensities collected in optical windows between 500 and
600 nm with an excitation wavelength of 488 nm for FITC-3-CD/Fc-RB. a) L929 cells incubated with 5 um FITC-B-CD/Fc-RB; b) L929 cells incubated for 4 h with
50 um H,0, and 5 um FITC-B-CD/Fc-RB; ¢) Hela cells incubated with 5 um FITC-3-CD/Fc-RB for 60 min at 37 °C; scale bars 50.0 um.

react with endogenous levels of H,O, in cancer cells. The in
vitro studies verify that after being internalized by cancer cells
and then disrupted by endogenous H,O,, FITC-B-CD/Fc-RB
nanoparticles can detect H,O, in cancer cells by the change of
FRET from “on” to “off”. Based on these promising results, we
anticipate that this supramolecular mechanism from the com-
bination of host-guest interaction and hydrophilic/hydrophobic
interaction should be useful in creating novel multi-functional
sensors for imaging and detection in living systems.

Experimental Section

Materials and instrumentation: -Cyclodextrin purchased from
Clodextrinin Chem Sinopharm Chemical Reagent Co. Ltd. was dried
for 48 h at 60°C in a vacuum oven before use. Other chemicals
were got from commercial suppliers such as Alfa, Sigma-Aldrich,
TCl and used without further purification. All solvents were purified
prior to use. Varian Mercury plus 400 NMR spectrometer (400 MHz)
was used to record 'H NMR spectra with deuterium oxide (D,0) or
dimethyl sulfoxide-[D¢] ([DJDMSO) as solvents at 20°C. And the
chemical shifts were referenced to deuterated solvents’ peaks: D,O
(4.80 ppm), [DgIDMSO (2.48 ppm). Thermo Electron-EV300 UV/Vis
spectrophotometer was used to measure UV/Vis absorption of the
materials at 25°C. PTI-QM/TM/IM steady-state & time-resolved fluo-
rescence spectrofluorometer was used to record the fluorescence
emission spectra. And the optimal excitation wavelength of the
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sample solutions was set at 450 nm based on the maximum inten-
sity in the excitation spectra.

Synthesis and characterization: Compound 1: Tetraglycol
(1.73 mL, 10 mmol), DCC (247.6 mg, 1.2mmol) and DMAP
(24.4 mg, 0.2 mmol) were dissolved in CH,Cl, (20 mL) and to which
1 mmol Rhodamine B in CH,Cl, was added slowly in 0°C. Then the
mixture was heated to 25°C and reacted overnight with stirring.
After evaporating, the crude product was purified by silica gel
column chromatography using CH,Cl,/CH;OH mixture. Yield:
357 mg, 53%. 'HNMR (400 MHz, [DJDMSO, 20°C): 6 =8.27 (dd,
J=78, 1.2Hz, 1H), 7.92 (td, J=7.5, 1.4 Hz, 1H), 7.86 (td, J=7.7,
1.3 Hz, 2H), 7.55-7.49 (m, 1H), 7.09 (dd, J=9.5, 2.4 Hz, 2H), 7.06-
6.97 (m, 2H), 4.58 (g, J=5.6 Hz, 2H), 3.65 (q, /=7 Hz, 4H), 3.50-
3.43 (m, 10H), 3.06 (s, 8H), 1.21 ppm (t, J=7.0 Hz, 12H).

Compound 2: Ferrocenecarboxylic acid (230 mg, 1 mmol), DCC
(158.2 mg, 0.77 mmol) and DMAP (171 mg, 1.4 mmol) were dis-
solved in CH,Cl, (20 mL) and to which 0.7 mmol compound 1 in
CH,Cl, was added slowly in 0°C. Then the mixture was heated to
at 25°C and reacted for overnight with stirring. After evaporating,
the crude product was purified by silica gel column chromatogra-
phy using CH,Cl,/CH;OH mixture. Yield: 389 mg, 67%. 'H NMR
(400 MHz, [DgIDMSO, 20°C): 6 =8.26 (dd, J=7.8, 1.1 Hz, 1H), 7.92
(td, J/=7.5, 1.4 Hz, 1H), 7.85 (td, J=7.7, 1.3 Hz, 2H), 7.53-7.48 (m,
1H), 7.07 (dd, J=9.6, 2.3 Hz, 2H), 7.00 (s, 2H), 6.99-6.95 (m, 1H),
4.78-4.68 (m, 2H), 4.51-4.41 (m, 2H), 4.22 (s, 4H), 3.65 (dt, J=14.6,
6.0 Hz, 8H), 3.01 (s, 4H), 1.21 ppm (dd, J=13.4, 6.5 Hz, 12H).
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Compound 3: According to the literature procedure,””® dry B-cyclo-
dextrin (25.0 g, 22.0 mmol) was dissolved in 0.4m aqueous NaOH
(250 mL) and cooled down to 0°C, followed by the addition of p-
toluenesulfonyl chloride (17.5.0g, 92 mmol) in small portions
under vigorous stirring over 10 min into the solution. Then the re-
sulting suspension was stirred for 30 min below 5°C, and filtered
quickly. Hydrochloric acid was used to neutralize the filtrate to
pH 8.5 and stirred for another 1 h. The resultant precipitate was fil-
tered off, rinsed several times with water and dried at 60°C for
48 h. Yield: 8.58 g, 6.85 mmol, 30%). 'H NMR (400 MHz, [DJDMSO,
20°C): 0 =7.73 (d, J=8.3 Hz, 2H), 7.41 (d, J=8.2 Hz, 2H), 5.70 (s,
12H), 4.80 (dd, J=15.3, 11.7 Hz, 7H), 4.58-4.05 (m, 7H), 3.81-3.41
(m, 28H), 3.27 (dq, J=18.8, 9.3 Hz, 14H), 2.40 ppm (d, J=6.9 Hz,
3H).

Compound 4:™ Compound 3 (5.0 g) was reacted with excess
amount of EDA (30 mL) at 75°C for 4 h. Then the mixture was
cooled to room temperature and cold acetone (30 mL) was added.
The precipitate was repeatedly dissolved in water (30 mL) and then
poured into cold acetone (50 mL) three times to remove the un-
reacted EDA. The sample obtained was dried at 50°C for 3d in
a vacuum oven, and -CD-EDA was obtained (2.3 g, 49%). 'H NMR
(400 MHz, D,0, 20°C): 6 =4.91 (d, J=19.0 Hz, 7H), 3.77 (ddd, J=
27.5, 164, 6.8 Hz, 28H), 3.57-3.39 (m, 14H), 2.92 (d, J=11.0 Hz,
TH), 2.70 (s, 3H), 2.59 ppm (d, J=6.1 Hz, 2H).

Compound 5: Compound 4 (213 mg, 0.2 mmol) was dissolved in
15 mL DMF, to which 0.22 mmol FITC in DMF was added slowly at
0°C. Then the mixture was heated to at 25°C and reacted for an-
other 4 h with vigorous stirring. The reaction solution was evapo-
rated to 1 mL and precipitated in acetone (15 mL), and the precipi-
tate was filtered. After repeating the operation above for three
times, the collected sample was purified by silica gel column chro-
matography using n-propyl alcohol/H,0/ammonia water mixture
and dried in vacuum oven at 60°C for 3d. 'HNMR (400 MHz,
[DgIDMSO, 20°C): 6 =84 (s, 1H), 7.79 (s, 1H), 7.14 (d, J=8.6 Hz,
1H), 6.67 (s, 2H), 6,57 (q, J=8.7 Hz, 4H), 5.71 (s, 7H), 4.80 (s, 7H),
3.62 (s, 37H), 2.87 ppm (s, TH).

Self-assembly of FITC-3-CD/Fc-RB in mixed solvents: Compound 2
(3.32 mg, 0.004 mmol) and compound 5 (6.26 mg, 0.004 mmol)
were dissolved in DMF (1 mL), respectively, mixed together and
stirred for 6 h. Later the mixture was added dropwise into 8 mL of
ultrapure water with stirring, followed by dialysis in a 1000 Da dial-
ysis bag against deionized water to remove DMF. After 24 h, the
solution was diluted to 20 mL by adding water to obtain an aggre-
gate solution with a concentration of 200 um for further experi-
ments.

All of the above reactions were done in the dark, and all com-
pounds were characterized by 'H and "C nuclear magnetic reso-
nance.

Cell experiments:"'” All cells were cultured at 37°C, 5% CO, in
a humid incubator. And the Hela cancer cells and L929 normal
cells were incubated in DMEM (Dulbecco’s Modified Eagle’s
Medium) with 10% FBS (Fetal Bovine Serum), and 1% antibiotics.
And the confluent cells were sub-cultured every 3 days following
standard procedure.

The MTT method"” was performed in Hela cells to evaluate the
cytotoxicity of FITC-B-CD/Fc-RB. Cells were seeded into 96-well
plates with a density of 5x10° cells/well in 200 pL medium and
cultured until 70-80% confluence. After incubation for another
day, the culture medium was carefully removed and 200 uL of
medium with 50 pL serial concentrations of FITC-3-CD/Fc-RB nano-
particles was added. After grown for another day, 20 uL MTT assays
stock solution with a concentration of 5mgmL™" in PBS was
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added to each well. And after 4 h incubation, the supernatant was
removed, followed by the addition of 200 uL DMSO to dissolve the
obtained blue formazan crystals. PerkinElmer 1420 Multi-label
counter was used to measure the absorbance with an excitation

wavelength of 490 nm.

The flow cytometry analysis”” was also conducted to assess the

cell internalization of FITC-B-CD/Fc-RB and the ability to detect the
H,0, in HelLa and L929 cells correspondently. Because of their own
fluorescence, the supramolecular fluorescent nanoparticles were
added to the cells directly and incubated for indicated time that is
5, 15, 30 and 60 min. The cellular uptake experiments were per-
formed on flow cytometry. Firstly, cells were seeded in six-well in-
cubated for another day. Then FITC-3-CD/Fc-RB were dissolved in
DMEM culture medium with a final concentration of 5um and
added to each well. After that the cells were cultured at 37°C for
5, 15, 30 and 60 min. Finally, the cells were collected by removing
the supernatant, washing with cold PBS buffer several times, and
treating with Trypsin. 1.0x 10* cells were counted and analysis was
conducted with BD FACSCalibur flow cytometer and CELLQuest
software.

Moreover, the confocal laser scanning microscopy (CLSM) measure-
ments"” were performed to evaluate the imaging efficiency and
FRET effect of FITC-3-CD/Fc-RB nanoparticles in Hela cells and
L929 cells. Cells were seeded in six-well plates with a density of 2x
10° cells per well in 2 mL of complete DMEM. After incubation for
another day, culture medium was removed and 2 mL DMEM
medium containing 5 pm of FITC-3-CD/Fc-RB nanoparticles was
added. The cells were cultured at 37°C for desired time, followed
by being rinsed with cold PBS buffer, fixed with 4% paraformalde-
hyde for 30 min at 25°C. Then the slides were washed with cold
PBS buffer for several times and HOECHST 33342 was used to stain
the nuclei for 15 min. After being washed with cold PBS buffer, the
slides were mounted and observed with a fluorescence microscope
(Leica DMI6000 B) and a confocal laser scanning microscope
(Nikon A1Si). What's more, in order to make sure if the hydrogen
peroxide in the Hela cells worked, L929 cells incubated with H,0,
of 50 um were also used in this experiment as control.

NMR spectroscopy: Varian Mercury Plus 400 MHz spectrometer
was used to record NMR spectra with [Dg]DMSO, and D,O as sol-
vents at 20°C.

FTIR spectroscopy: Paragon 1000 instrument was used to record
the FTIR spectra through the KBr sample holder method.

Transmission electron microscopy (TEM): JEOL JEM-100CX-Il in-
strument was used to investigate the morphology of the nanopar-
ticles at a voltage of 200 kV. The nanoparticle solution was drop-
ped onto the carbon-coated copper grids and then air-dried
before measurement.

Dynamic light scattering (DLS): Malvern Zetasizer Nano S appara-
tus (Malvern Instruments Ltd) equipped with a 4.0 mW He/Ne laser
operating at 1 =633 nm was used to do the DLS measurements.

UV/Vis spectrophotometry: Thermo Evolution 300 UV/Vis spectro-
photometer was used to record the UV/Vis spectra in the range of
200-650 nm.

MTT: PerkinElmer 1420 Multi-label counter was used to record the
absorbance with an excitation wavelength of 490 nm.
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