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Dansylamide (DNSA) is a typical ICT probe that has a favorable serum albumin sensitivity. Inspired by
this, we designed a microenvironment sensitive fluorescent probe 4C-G through introducing DNSA into
pillar[5]arene. Unlike DNSA, 4C-G displayed differentiated sensitivity to multiple proteins, which was ben-
efit from pillar[5]arene assisted the probe to form complexes with proteins. 4C-G could not only be ap-
plied in imaging of HepG2, but also act as a favorable drug carrier for regorafenib (REG) encapsulation.
The 4C-G-REG complex would aggregate into high drug-loading fluorescent nanoparticles in a physiolog-
ical environment (pH 7.4). Such nanoparticles exhibited pH-triggered enrichment ability, which rapidly
enriched REG in the acidic environment (pH 6.0). Furthermore, the complexation between 4C-G and REG
maintained the imaging property of the probe and the excellent anticancer activity of the drug on HepG2.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Intramolecular charge transfer (ICT) fluorescent probes have
gained considerable research attention in protein detection because
of their sensibility to serum albumins [1-3]. Especially because al-
buminuria is an important diagnostic index for the chronic kidney
disease, scientists developed various ICT probes for high-sensitive
detection of human serum albumin (HSA) in recent years [4-6].
We have previously discussed an important prerequisite for the
recognition is the ICT probe form a stable complex with HSA [7].
Interestingly, this recognition has no specific requirement for the
binding sites of the protein. Otherwise, Sudlow et al. could not
prove HSA contains two specific and widely recognized binding
sites in structure [8,9]. Moreover, serum albumins have no specific
structure that can be uniquely recognized by ICT probe. Some ICT
probes exhibited responsiveness to multiple proteins. For example,
squaraine dyes exhibit sensitivities to porcine mucin, exhibit trans-
ferrin, fibrinogen, trypsin and pepsin [10]. 11-Dansylamino unde-
canoic acid (DAUDA) displays a favorable fluorescence response to
human intestinal fatty acids binding protein (hIFABP) and cavity
of potassium channel (KcsA) [11,12]. What these proteins have in
common is their aromatic amino acids, which contribute to their
ultraviolet fluorescence [13]. Therefore, if the ICT probe has an ap-
propriate structure for complexing, it can be sensitive to any fluo-
rescent protein in theory.

Cancer is a leading cause of morbidity and mortality world-
wide [14]. For a long time, scientists have been trying to develop
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new strategies for more efficient cancer therapy [15-18]. Develop-
ing advanced theranostic systems to achieve personalized medicine
is a widely recognized strategy [19,20]. By encapsulation of fluo-
rescent dyes, scientists developed various novel fluorescent ther-
anostic agents [21-23]. However, these theranostic systems suffer
from the requirements of multiple components. Inspired by the ICT
probe has favorable fluorescent protein sensitivity, we decided to
design a new platform for theranostic applications with the expec-
tation of taking full advantage of this property.

Pillar[5]arene is the fifth generation of macrocyclic molecule
that can directly deliver some drugs [24,25]. Moreover, its eas-
ily functionalized structure and electron-rich cavity endow it with
excellent tuning of host-guest binding property [26-29]. In the
present work, we described a pillar[5]arene-based ICT probe 4C-G
(Scheme 1). This probe displayed differentiated sensibility to mul-
tiple proteins and could be applied in imaging of HepG2. 4C-G also
was favorable drug carrier for an anticancer drug regorafenib (REG)
encapsulation. The 4C-G-REG complex would aggregate into fluo-
rescent nanoparticles in aqueous solution. These nanoparticles not
only displayed favorable imaging properties in living cells but also
maintained the excellent antitumor activity of REG on HepG2 cells.

Dansylamide (DNSA) is a typical ICT probe that has a favor-
able serum albumin sensitivity (Fig. S1 in Supporting information)
[9]. In the present work, a pillar[5]arene-based fluorescent probe
4C-G was designed and synthesized by introducing DNSA into pil-
lar[5]arene (Scheme S1 and Figs. S2-S4 in Supporting information).
Since the pillar[5]arene group could not be excited at 300 nm (Fig.
S5 in Supporting information), the intrinsic fluorescence of 4C-G
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Scheme 1. Schematic illustration of (a) synthesis of 4C-G (b) the formation of flu-
orescent nanoparticles assembled by 4C-G-REG complex and their applications in
cell imaging and drug delivery.
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Fig. 1. HOMO-LUMO orbitals of 4C-G.

at Aex = 300 nm could fully be attributed to the DNSA group.
Interestingly, different with DNSA, the emission maxima of 4C-G
blue shifted approximately 55 nm. An apparent blue-shift could
also be observed from the reactant dansyl chloride (DCL). There-
fore, it was the slight difference in -SO,R result in their different
fluorescence properties. Subsequently, the highest occupied molec-
ular orbitals (HOMO) and the lowest unoccupied ones (LUMO)
of 4C-G were obtained using the DFT/B3LYP/6-311G (d,p) method
(Fig. 1). The HOMO was primarily localized on the pillar[5]arene
group, whereas the LUMO was almost completely localized in the
DNSA group, indicating the presence of the pillar[5]arene group ev-
idently changed the electron density distribution of DNSA. The en-
ergy gap of 4C-G (AE = 3.108 eV) was weaker than that of DNSA
(AE = 4.042 eV) and DCL (AE = 3.457 eV). But the presence of -
Cl in DCL and the alkyl chain in 4C-G weakened the intramolecular
charge transfer state of DNSA. So 4C-G and DCL exhibited stronger
intrinsic fluorescence than DNSA (Fig. S6 in Supporting informa-
tion). Nonetheless, the separated charge state still remained in 4C-
G.

We then investigated the sensibility of 4C-G to various pro-
teins, including «-lactalbumin, B-lactoglobulin, bovine serum al-
bumin (BSA), HSA, lysozyme and trypsin (Fig. 2a and Fig. S7 in
Supporting information). As expected, 4C-G inherited the favor-
able protein microenvironment-sensitive property of DNSA. How-
ever, unlike DNSA, 4C-G exhibited different sensitivities to mul-
tiple proteins, which were no longer limited to serum albumins.
4C-G had a broad protein sensitivity. Forming a complex is a pre-
requisite for an ICT probe to recognize protein. Since DNSA only
had serum albumin sensitivity, the above phenomena could be at-
tributed to pillar[5]arene assisted the DNSA group to form com-
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Fig. 2. (a) Fluorescence enhancement ratios of 4C-G in the presence of different
proteins (Aex = 300 nm and Aem = 480 nm). Cycc) = Ciproteiny = 4.0 pmol/L.
(b) Relative fluorescence intensities of DNSA-HSA complex and 4C-G-HSA complex
(Aex = 300 nm and Aen = 480 nm) with increasing molar equivalents of PB/IB from
0.5, 1.0, 1.5, 2.0, 2.5 to 3.0. Cipnsp) = Cacg) = Cisa) = 4.0 pmol/L.

plexes with the proteins. The presence of pillar[5]arene in the
structure improved the insertion of DNSA into various proteins,
which endowed 4C-G with broad protein sensitivity. Moreover, 4C-
G exhibited strong BSA sensitivity and weak trypsin sensitivity, in-
dicating the difference in spatial structure influenced the respon-
siveness of 4C-G to the proteins. With the enhancement of 4C-G
fluorescence (Aex = 280 nm), the intrinsic fluorescence of all pro-
teins was quenched (Fig. S8 in Supporting information). Therefore,
the fluorescence enhancement of 4C-G could not be simply at-
tributed to the restriction on the freedom degree of the probe in-
side the proteins because the intrinsic fluorescence of proteins was
also affected. We previously discussed the gallate esters should be
formed electromagnetic coupling with the whole HSA and thus the
probe could recognize HSA no matter whether the protein could
be excited [7]. In the present work, similar luminescence phenom-
ena also presented in the 4C-G-protein interaction. Given the dif-
ferences in protein spatial structure, we believe that the differences
of protein electromagnetic field leaded to the distinct responsive-
ness of 4C-G to various proteins.

HSA has two primary hydrophobic binding sites for ligand bind-
ing (Site I and Site II) [30]. DNSA mainly binds to Site I while
dansylsarcosine selectively bind to Site II [31]. In order to confirm
whether 4C-G and DNSA share the same binding site in HSA, dis-
placement experiments were then performed. Phenylbutazone (PB)
and ibuprofen (IB) were selected as competitive ligands because
they have no ICT probe characteristic and specifically bind to Site
[ and Site II, respectively. As shown in Fig. 2b, the addition of IB
to the 4C-G-HSA mixture promoted the fluorescence of the probe
further enhanced, indicating 4C-G shared a different binding site
with IB. Meanwhile, the addition of PB slightly suppressed the en-
hanced fluorescence of 4C-G, whereas the suppression was signif-
icantly weaker than that to DNSA. Therefore, 4C-G did not com-
pletely embedded into site I but bound around to the site. This
binding pose did not benefit the electromagnetic coupling between
4C-G and HSA, and thus 4C-G exhibited weak HSA sensitivity.

Subsequently, we evaluated the possibility of 4C-G as drug car-
rier for REG encapsulation. The anti-cancer drug REG (Stivarga®),
a multikinase and chaperone inhibit, has been approved for the
treatment of metastatic colorectal cancer, gastrointestinal stromal
tumours, and hepatocellular carcinoma [32,33]. Obvious downfield
chemical shifts could be observed in partial protons of REG (e.g.,
Hm and HI) when in the presence of 4C-G as those protons suf-
fered deshielding effect from the probe (Fig. 3). Moreover, the char-
acteristic absorption peak of 4C-G at around 295 nm became ap-
parently strong after adding REG to the solution (Fig. S9 in Sup-
porting information). All these results indicated that 4C-G formed
complex with REG in solution. Nuclear overhauser effect (NOE) cor-
relative signals were observed between protons of sulfanilamide
bond in 4C-G and protons of REG, suggesting REG was fixed at the
molecular gap between pillar[5]arene group and DNSA group (Fig.
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Fig. 3. '"H NMR spectra (DMSO-dg, 298 K) of 4C-G, REG and their complex.
Cuacc) = Crecy = 3.0 mmol/L.
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Fig. 4. (a) "H NMR spectra (DMSO-dg, 298 K) of REG at a constant concentration of
5.0 mmol/L with different concentrations of 4C-G: 0, 0.9, 1.8, 2.7, 3.6, 4.5, 5.4, 6.3,

7.2, 8.1, 0.9 mmol/L. (b, ¢) The chemical shift changes of Hm and HI on REG upon
the addition of 4C-G.

$10 in Supporting information). Based on the 'H NMR titration ex-
periment (Fig. 4), the association constants of Hm and HI with sul-
fanilamide bond were determined to be Km = 508 + 98 L/mol and
Kl = 471 £ 51 L/mol, respectively. Sulfanilamide bond played an
important role in stabilizing 4C-G-REG complex. The binding sto-
ichiometry between 4C-G and REG was then determined as ap-
proximately 1:1 using Job’s plot method (Fig. S11 in Supporting in-
formation). Besides, we found the presence of REG had little ef-
fect on the fluorescence responsiveness of 4C-G to various pro-
teins (Fig. 2a). The 4C-G-REG complex still has a favorable protein-
microenvironment sensitive property.

By utilizing the complexation of REG with 4C-G, we further ob-
tained their high-order aggregates in aqueous solution. The 4C-G-
REG complex (ratio of [4C-G]/[REG] = 1:1) in ethanol were injected
into ultrapure water under stirring, and the unaggregated com-
ponents in the sample (50 pmol/L, containing 2% ethanol) were
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Fig. 5. (a) Photographs of 4C-G and 4C-G-REG complex aggregates in physiologi-
cal environment (pH 7.4) under a UV-lamp (365 nm). (b) TEM image of 4C-G-REG
complex aggregates. (c) DLS data of 4C-G-REG complex aggregates.

removed by dialysis (molecular weight cutoff 8000) against 0.01
mol/L of PBS (pH 7.4). As shown in Fig. S12a (Supporting infor-
mation), a clear Tyndall effect was observed in the aqueous so-
lution. The 4C-G-REG complex were gathered to form well-defined
nanoparticles with an average diameter of 149.6 nm in the solution
(Fig. 5). According to the reported method in literature [34], HPLC
was used to measure the mass of REG loaded into the nanopar-
ticles (Fig. S13 in Supporting information). By using the follow-
ing equation: EE(%) = (Mggg_joaded/MRreg) x 100%, the maximal REG
encapsulation efficiency of the 4C-G-REG nanoparticles was calcu-
lated to be 89.2%. 4C-G exhibited high drug-loading capacity. Such
nanoparticles had good stability in physiological environment (pH
7.4, ¢-potential = —23.3 mV). Nevertheless, the 4C-G-REG nanopar-
ticles were easily aggregated into larger particles and rapidly pre-
cipitated from acid environment (pH 6.0, Fig. S12b in Supporting
information), displaying pH-trigged enrichment ability. This phe-
nomenon may be attributed to the interaction of alkaline REG with
4C-G was weakened in acidic environment, and thus the insoluble
drug was rapidly released in large quantities from the 4C-G-REG
complex. Considering that the tumor environment is acidic, the
4C-G-REG nanoparticles, with good pH-responsiveness and stabil-
ity, can potentially be applied for tumor acidic microenvironment
targeting.

The cytotoxicities of REG, 4C-G and 4C-G-REG complex were
evaluated by using a CCK-8 assay in HepG2 cells (Fig. 6). REG ex-
hibited favorable anticancer activity. More than 94.5% of cells were
still viable with 4C-G for 24 h in different concentrations, demon-
strating that 4C-G had low cytotoxicity. The 4C-G-REG complex
also evidently reduced the cell viability of HepG2. But, interest-
ingly, the anticancer activity displayed by 4C-G-REG complex was
comparable to that exhibited by free REG, suggesting the complex
maintained the excellent anticancer activity of the drug.

The potential application of 4C-G in live-cell imaging was inves-
tigated by incubating HepG2 cells with 4C-G (8 pumol/L) for 4 h at
37 °C. Evident blue fluorescence was observed in HepG2 cells upon
excitation at 345 nm (Fig. 7). Like many ICT probes [35,36], 4C-G
evenly distributed in the membrane and cytoplasm of HepG2 cells.
4C-G could be applied for cell imaging. Moreover, intense blue flu-



Q. Wang, J. Fan, X. Bian et al.

150
REG
4c-6
REG+4C-G

= 120

P2

o

2

o

g

>

8

o

2

K

[7]

2

2 4
Concentration (umol/L)

Fig. 6. In vitro cytotoxicities of 4C-G, REG and 4C-G-REG complex against HepG2
cells after 24 h of incubation.
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Fig. 7. Fluorescent imaging of HepG2 cells incubated with 4C-G and 4C-G-REG
complex for 4 h at 37 °C. Cuc.g) = Cregy = 8.0 pmol/L.

orescence emission still could be observed when the cells were in-
cubated with 4C-G-REG complex, implying the complexation of 4C-
G with REG retained the favorable imaging property of the probe.

In summary, we designed and synthesized a protein
microenvironment-sensitive probe (4C-G) based on intramolecular
charge transfer mechanism. Different with DNSA, 4C-G displayed
favorable sensitivity to multiple proteins, especially to BSA. The
presence of pillar[5]arene in the structure improved the insertion
of DNSA into various proteins, which endowed 4C-G with broad
protein sensitivity. Benefit from its favorable fluorescence respon-
siveness, 4C-G exhibited an excellent living-cell imaging property.
As a pillar[5]arene-based probe, 4C-G also displayed a favorable
encapsulation property for REG. Surprisingly, the complexation
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between 4C-G and REG maintained the live-cell imaging property
of the probe and excellent anticancer activity of the drug, which
showed high potential for cancer theranostic applications.
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