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Highly ordered perylene nanoaggregates with ultra-low fluores-
cence were employed for the selective and sensitive fluorescence
sensing of heparin. A supramolecular host—guest complex was used
as a displacement probe to improve the sensitivity.

The design of new chemical and biological sensors for
biologically important molecules has received enormous atten-
tion in recent years." Heparin is known as the foremost clinical
anticoagulant and a life-saving drug with more than 500 million
doses prescribed worldwide annually.> Heparin is a heteroge-
neous mixture of highly negatively charged linear biopolymers
with repeating trisulfated disaccharide units and has an average
molecular weight of 13000 to 15000 Daltons.? It is critical to
maintain therapeutic levels of heparin to prevent thrombosis,
while minimizing the risks of bleeding. The most widely used
laboratory assay for monitoring heparin is activated partial
thromboplastin time (aPTT) or activated clotting time assay
(aCTA).* However, these methods are inaccurate, expensive,
and time-consuming. Thus, simple, rapid, and inexpensive
methods for monitoring heparin levels are highly desired.
Fluorescent displacement probes based on host-guest
complexes of macrocycles (e.g. cyclodextrins, calixarenes, and
cucurbit[z]urils (CB[n])) and fluorescent dyes have recently
attracted attention due to their notable advantages.” For
instance, these probes utilize self-assembly of host and guest
molecules through multiple non-covalent interactions without
complicated and expensive covalent labeling procedures. In
addition, the fluorescence signal from these probes is revers-
ible in response to certain target molecules, allowing them to
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sense many biologically and environmentally important
analytes.® The sensitivity of fluorescent displacement probes
is highly dependent on the binding affinity of the complexes as
well as the fluorescence changes in response to a target.
Different strategies have been applied in designing new fluo-
rescent displacement probes for the sensitive detection of
different targets of interest, including structural modifications
of guest molecules to enhance their binding affinities.” In this
work, a new perylene derivative PDI1 containing two rigid and
cationic pyridinium side chains (Fig. 1) was prepared. Based on
our previous work,” we felt that the formation of strong host-
guest CB[8]:PDI1 complexes would enhance the initial fluores-
cence of the probe (up to 600% increase), resulting in improved
sensitivity. It was hypothesized that the multisite-binding of
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Fig. 1 (a) Schematic illustration of the formation of host—guest CB[8]:
PDI1 complex and heparin induced highly ordered aggregates. (b) The
chemical structures of PDI1, CB[8], and heparin.
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heparin (HEP) with PDI1 via strong electrostatic and n-n
interactions would lead to highly ordered HEP:PDI1 nano-
aggregates, resulting in significant self-quenching of fluores-
cence. Herein we demonstrate that the CB[8]:PDI1 complex can
serve as a fluorescent displacement probe for the highly sensi-
tive detection of HEP through the competitive multisite-
binding of HEP to PDI1 over CB[8]. A detection limit of 2.4 ng
mL " (~0.13 nM) for HEP was achieved, which is comparable
to that of most reported methods.®

PDI1 was prepared in three reaction steps (imidization,
quaternization, and anion exchange) from a perylene dianhy-
dride (Scheme S1, ESIT). The detailed synthetic procedure and
characterization are provided in the ESI.{ PDI1 is very soluble
in common polar solvents (e.g. water, MeOH, CH;CN, and
DMSO) due to its hydrophilic pyridinium side-chains with
permanent positive charges. In methanol, PDI1 (10 uM) exhi-
bits two absorption peaks with A,y at ~490 and ~ 525 nm and
emits strongly in the range of 500-600 nm with a An., at
~539 nm, indicating the presence of non-aggregated mono-
mers of PDI1 in methanol (Fig. 1a).” In comparison, PDI1
(10 uM) in water shows a different absorption spectrum with
Amax at ~503 nm and a shoulder peak at 540 nm, and a low
fluorescence emission with Ay, at ~550 nm, owing to the
self-quenching of H-aggregates in water.”® The quantum
yield of PDI1 (10 pM) in water was calculated to be only 4.3%
without considering reabsorption at high concentrations. The
absorption of PDI1 in different concentrations in water
indicates that the ratio of the absorption at ~503 nm and
~ 540 increases as the concentration increases from 1 x 10°°M
to 1.0 x 10~* M (Fig. 2b), suggesting an increased H-aggregation
at a higher concentration.

The host-guest complexation between CB[8] and PDI1 was
investigated in detail using UV-vis and fluorescence spectro-
scopy. As shown in Fig. 2c, the addition of CB[8] to PDI1
(10 pM) caused a gradual increase in the absorption at 540 nm
with increased As,o/Asos ratios. The fluorescence intensity of
PDI1 at A, increased gradually as the concentration of CB[8]
increased and a maximum enhancement (~600% increase)
was reached with 3.0 equivalents of CB[8], suggesting efficient
deaggregation of PDI1 aggregates upon encapsulation with
CB[8] through hydrophobic and electrostatic interactions
(Fig. 2d).° The Job plot indicates a maximum at a molar fraction
of the guest equal to 0.5, indicating the formation of a 1:1
host-guest complex for PDI1 with CB8 (Fig. S1, ESIf). The
formation of CB[8]:PDI1 1:1 complex was further confirmed
using mass spectroscopy ([CB[8]:PDI1 + 3H]: observed mass
1936.84 Da, calculated mass 1936.29 Da, Fig. S2, ESIt). The
binding affinity (K,) of the CB[8]:PDI1 complex in water as
determined using fluorescence titration was calculated to be
~2.6 x 10° M~" using a 1:1 binding model with the Origin
program (Fig. S3, ESI{).'* It is about 2.6 times the binding
affinity of a previously reported CB[8]:PDI complex, probably
because of the pyridium effect.’

The multisite-binding of HEP with PDI1 in water was
investigated using UV-vis and fluorescence spectroscopy. The
size and surface properties of HEP:PDI1 aggregates were
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Fig. 2 (a) UV-vis absorbance and fluorescence emission spectra of PDI1

(10 uM) in MeOH (blue) and in water (red). (b) UV-vis absorption of PDI1 in
water at different concentrations. (c) UV-vis absorbance and (d) fluores-
cence emission spectra of PDI1 (10 uM) in water in the presence of 0 to 8.0
equivalents of CBI8]. (e) UV-vis absorbance and (f) fluorescence emission
spectra of PDI1 (10 pM) in water in the presence of 0-9.8 pg mL™* of HEP.
Insets d and f: The relative intensity at Amax vs. CB[8] and HEP, respectively.
Insets a, d, and e: Optical images of PDI1 (20 uM), CBI[8]:PDI1 (3:1), and
HEP:PDI1 (19.6 ng mL~* HEP, 20 uM PDI1) under room light and a blue
laser pointer (405 nm). The fluorescence spectra were collected when the
samples were excited at 490 nm.

investigated using cryo-electron microscopy (cryo-EM) and
dynamic light scattering (DLS). As shown in Fig. 2e, the addi-
tion of HEP to PDI1 (10 pM) caused a gradual decrease of the
absorption at Ama (503 nm) and the peak at i, decreased
about 50% in the presence of 9.8 ug mL™* (or ~0.54 uM,
~ 38 UM negative charges) of HEP."® The fluorescence intensity
of PDI1 at Anmax (550 nm) decreased gradually as the concen-
tration of HEP increased and the intensity dropped to about
0.45% of the initial intensity in the presence of 9.8 ug mL ™" of
HEP (Fig. 2f). The QY was calculated to be only 0.04%, which is
extremely low. The ratio of the fluorescence intensity of PDI1 vs.
HEP:PDI1 and CB[8]:PDI1 vs. HEP:PDI1 is greater than 200 and
1000, respectively. These results suggest possible formation of
highly ordered non-fluorescent HEP:PDI1 aggregates. The cryo-
EM imaging of a HEP:PDI1 solution revealed the formation of
nanobelt-shaped aggregates (~ 40 nm in width) with uniformly
aligned interior alternating strips. The light (~2.5 nm) and

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a and c) Low power view of cryo-EM images of HEP:PDI1 (HEP:
0.2 mg mL™%, PDI1: 2.0 x 10~* M) nano-aggregates in water. (b and d) The
magnified cryo-EM images of HEP:PDI1 nano-aggregates. (e) The
proposed cartoon structure of highly ordered HEP:PDI1 aggregates.

dark stems are from the hydrophobic aromatic cores with
higher electron density and the charged backbones with lower
electron density, respectively (Fig. 3 and Fig. S4, ESI{). These
observations support the proposed structure of highly ordered
HEP:PDI1 aggregates (Fig. 3e). To our knowledge, this is the
first time perylene H-aggregates formed in a diluted aqueous
solution have been visualized. The DLS analysis revealed the
presence of HEP:PDI1 nano-aggregates with a size distribution
peak (by volume) at ~40 nm and a zeta potential distribution
peak at —55 mV (Fig. S5 and S6, ESIT), suggesting high stability
of negatively charged nano-aggregates in water. In comparison,
cryo-EM images of PDI1 only in water showed long filaments
(Fig. S7, ESIT) and the DLS analysis revealed two size distribu-
tion peaks at ~150 nm and ~700 nm with a high polydisper-
sity index (PDI) of 1.0 compared to HEP:PDI1 nano-aggregates
with a PDI of 0.37. This suggests that the PDI1 sample is
polydisperse. In addition, the mean surface zeta potential was
measured to be +47 mV, indicating positively charged PDI1
aggregates (Fig. S6, ESIf). The stability of HEP:PDI1 nano-
aggregates was further investigated using a temperature study.
As shown in Fig. S8 (ESI{), no significant change was observed
when the sample was heated to 65 °C, suggesting high stability
of HEP:PDI1 aggregates at high temperature, presumably
due to the strong electrostatic interactions between highly
negatively charged HEP and positively charged PDI1 aggregates.
In the control experiment with PDI1 only, the monomer peak
at 540 nm increased as the temperature increased from
25 to 65 °C, suggesting gradual deaggregation with increasing
temperatures.’

Further studies were performed to explore HEP sensing
using the CB[8]:PDI1 complex as the displacement probe.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) UV-vis absorbance and (b) fluorescence emission spectra of
CBI8]:PDI1 (3:1, 10 uM PDI1) in the presence of HEP from 0 to
9.8 ug mL* (~0.54 pM) in Tris buffer (pH 7.4). The fluorescence spectra
were collected when the samples were excited at 490 nm.

As shown in Fig. 4a, the absorption of the CB[8]:PDI1 complex
(3:1, 10 uM PDI1) decreased gradually with increased Asoo/As40
ratio as the concentration of HEP increased from 0 to
9.8 pg mL™'. The fluorescence intensity of the complex
decreased gradually as the concentration of HEP increased
and dropped about 99.7% in the presence of 9.8 ug mL ™" of
HEP, suggesting a complete displacement of CB8 by HEP
through the formation of non-fluorescent HEP:PDI1 nanoag-
gregates (Fig. 4b). The selectivity of the displacement probe for
HEP over other common anions and molecules was further
investigated. As shown Fig. 5a and b, the addition of excess
sulfate, phosphate, 1-ascorbic acid, glucose, BSA, or HSA did
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Fig. 5 (a) UV-vis absorbance and (b) fluorescence emission spectra of
CBI8]:PDI1 (3:1, 10 uM PDI1) in Tris buffer (pH 7.4) in the presence of
100 pM of sulphate, phosphate, L-ascorbic acid, and glucose, 25 pg mL™*
BSA, and 25 pg mL™* HSA, respectively. (c) The fluorescence changes
((Fo — F)/Fo) vs. HEP concentration of CBI[8]:PDI1 (10 uM CBI8], 100 nM
PDI1) complexes in Tris buffer (pH 7.4) (inset: a linear plot in the range 0 to
49 ng mL™! of HEP). (d) The Normalized emission intensity (at Amax) Of
CB[8]:PDI1 (3:1, 10 uM PDI1) in the presence of 0, 2.5 4.9, and
9.8 ug mL™* of HEP in Tris buffer (pH 7.4) with 1% human serum.
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not cause a significant change on either the UV-vis absorption
or the fluorescence emission. In contrast, the addition of
9.8 ug mL ' of HEP caused a 50% drop of the absorption and
a 99.7% drop of the fluorescence emission. This study sug-
gested the good selectivity of the probe to HEP. The sensitivity
of the displacement probe for HEP was performed using a low
concentration of PDI1 (100 nM) with excess CB[8] (100 equiv.,
10 pM) in a Tris-buffer (pH 7.4). The fluorescence titration
curve shows a linear relation between the fluorescence change
and the concentration of HEP in the range of 0 to 49 ng mL ™"
with a correlation coefficient of 0.98 (Fig. 5¢ and Fig. S9, ESI+).
The detection limit (LOD) was calculated to be 2.4 ng mL ™" (or
~0.13 nM or 0.5 mU mL™") (LOD = 30/K), which is 4000 times
lower than a recommended clinical dose amount (10 000 units/
68 kg patient or 2.0 units per mL in blood) and superior to most
HEP detection methods reported previously (Table S1, ESIT),
suggesting the high sensitivity of the probe (Fig. 5¢ inset and
Fig. S10, ESI1).*™* The detection of HEP in human serum was
further demonstrated using standard addition of HEP to
human serum samples. As shown in Fig. 5d, the presence of
2.5, 4.9, and 9.8 g mL~ " of HEP in a Tris buffer with 1% serum
caused a drop of the fluorescence intensity from 100 to about
35.6, 9.4, and 2.4, respectively. This study suggested the
potential clinical application of the CB[8]:PDI1 complex as a
fluorescence displacement probe for monitoring HEP in
human serum samples.

In summary, we have designed and synthesized a new
functionalized perylene derivative PDI1 with pyridium side
chains. CB[8] binding with PDI1 leads to highly fluorescent
host-guest CB[8]:PDI1 complexes through hydrophobic and
electrostatic interactions. HEP multisite-binding with PDI1
leads to highly ordered HEP:PDI1 nano-aggregates with ultra-
low fluorescence (QY: 0.04%). More interestingly, the morphol-
ogy of these highly ordered HEP:PDI1 nano-aggregates in a
dilute solution was directly visualized using cryo-EM for the
first time. We further demonstrated the application of the
CB[8]:PDI1 complex as a fluorescent displacement probe
for the sensitive detection of HEP and a detection limit of
2.4 ng mL " (~0.13 nM) was achieved. Our study suggested the
potential application of the CB[8]:PDI1 complexes as a simple,
rapid, and inexpensive probe for the sensitive detection of HEP.
Beyond sensing applications, the general supramolecular
approach for highly ordered nano-aggregates using the
multisite-binding strategy via non-covalent interactions is
expected to be valuable in the development of new highly
organized materials.
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