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GRAPHICAL ABSTRACT

e The AG73 peptide-GSH-AuNCs ag-
gregates are suitable for sensing
plasma heparin.

e The glycine-arginine repeat peptide-
GSH-AuNCs aggregates are used to
detect urinary trypsin.

e Alkaline phosphatase-induced hy-
drolysis of phosphopeptide that
drives the AIEE of the GSH-AuNCs.

e The RGDR5-GSH-AuNC aggregates
can recognize avp3 integrin-positive
cells.
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A series of polymers and metal ions have been observed to be useful in triggering aggregation-induced
emission (AIE) and AIE enhancement (AIEE) of thiolated gold nanoclusters (AuNCs). However, peptide-
induced AIEE of thiolated AuNCs and their applications in biosensors have rarely been investigated. In
this study, we showed that positively charged peptides induced efficient AIEE of negatively charged
glutathione-capped AuNCs (GSH-AuNCs) through electrostatic attraction. In contrast to GSH-AuNCs,
polyarginine (polyArg), a cationic peptide, stimulated the AIEE of the GSH-AuNCs, resulting in a 3.5-
fold luminescence enhancement, 10-fold enhancement in quantum yield, 8-nm blueshift in the lumi-
nescence maximum, and a 2.1-fold increase in the mean luminescence lifetime. Four different AIEE-
based biosensors with excellent selectivity and acceptable sensitivity were fabricated using cationic
peptides as an AIEE-active trigger and as a biorecognition element. A heparin biosensor with a limit of
detection (LOD) of 3 nM was constructed by combining AG73 peptide-mediated AIEE of the GSH-AuNCs
and the specific interaction of AG73 peptides with heparin macromolecules. The concentration of human
trypsin was selectively detected at a concentration as low as 1nM using an arginine-glycine repeat
peptide as an enzymatic substrate and as an AIEE-active trigger. Alkaline phosphatase (ALP)-catalyzed
dephosphorylation of phosphopeptides paired with the corresponding product-mediated AIEE of the
GSH-AuNCs was used for ALP sensing with an LOD of 0.3 UL~ A peptide consisting of a cyclic RGD unit
and an AIEE-active unit was designed to synthesize RGD-modified GSH-AuNC aggregates that can target
avf3 integrin receptors. These AIEE-based sensors were practically applied for the quantitative
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determination of heparin in human plasma, trypsin in human urine, and ALP in human plasma as well as
for luminescent imaging of avp3 integrin-overexpressing HeLa cells.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Thiolate-protected gold nanoclusters (AuNCs) have received
considerable interest for their potential applications in catalysis [1],
sensing [2], optical and electronic devices [3], bioimaging [2], drug
delivery [4], and artificial enzyme mimics [5,6]. They have been
shown to possess molecule-like properties, such as molecular
chirality [7], intrinsic magnetism [8], quantized charging [9], and
photoluminescence (PL) [10]. Among the assorted molecular-like
properties of thiolated AuNCs, PL is one of the most exciting fea-
tures compared to previously reported nanomaterials. Similar to
widely used semiconductor quantum dots, AuNCs offer size-,
ligand- and structure-dependent PL properties with tunable
emission (from the ultraviolet to near-infrared region) and a large
Stokes shift [10]. In addition, recent studies have shown the unique
PL properties of AuNCs, including long-lifetime luminescence
(>100ns)[11] and large two-photon absorption cross-sections [12].
These PL features combined with the low toxicity of gold enable
AuNCs to detect an analyte of interest and local environmental
variations (e.g., pH, temperature, and viscosity) in live cells and
animals [13]. Moreover, AuNCs serve as a luminescence turn-on and
turn-off probe for sensitive and selective detection of heavy metal
ions [14], inorganic anions [15], small biomolecules [16], proteins
[17], DNA [18], and enzyme-substrate catalytic reactions [19].
Nevertheless, most thiolate-protected AuNCs have a relatively low
quantum yield (QY) of <1% and a low molar extinction coefficient,
resulting in poor brightness. This weakness causes AuNCs to suffer
from a low signal-to-background ratio in live cell imaging and
biosensing platforms. Accordingly, strategies for enhancing the QY
of thiolate-protected AuNCs are urgently needed, especially for the
detection and imaging of low concentrations of a target analyte. To
address this need, several researchers have used a variety of ap-
proaches to improve the QY of thiolate-protected AuNCs. These
approaches are mainly classified into the following three cate-
gories: (1) tailoring of AuNCs with suitable capping ligands to tune
the ligand-to-metal charge transfer process [20], (2) doping of
AuNCs with metal ions to adjust the metal composition [21], and (3)
aggregation-induced emission (AIE) and AIE enhancement (AIEE)
of thiolate-stabilized AuNCs [22]. Since AIE- and AIEE-type AuNCs
offer the distinct advantages of easy handling, a tunable QY, a
switchable PL, and a controllable particle size, they are frequently
used in the fields of optical sensors [23], light-emitting diodes [24],
biomedical imaging [25], and drug delivery [25]. Polymer and metal
ion-induced AIE and AIEE of AuNCs have been exemplified by
poly(allylamine hydrochloride) [25], chitosan [26], polyetherimide
[27], GA(11I) [22], Cd(1T) [28], Pb(II) [5,23], Ag(I) [29], Ce(III) [30], and
Zn(II) [31]. In the procedure concerning AIE and AIEE, AuNCs are
initially synthesized via the reduction of the gold ion precursor
using capping ligands. AuNCs are composed of a metal core pro-
tected by a layer of an Au(l)-thiolate complex [28]. The next step
involves solvent-metal ion-, pH- and polymer-triggered assembly
of the AuNCs [32], enhancing their PL. In contrast to AuNCs,
assembled AuNCs exhibit a relatively high QY, long PL lifetime, and
short emission wavelength [30].

Peptides, which are natural or synthetic short polymers of
amino acids, have specific sequences, high stability, and broad
chemical versatility and can be easily modified, enabling them to

bind to particular analytes with high affinity and excellent selec-
tivity [33]. This unique property allows peptides to behave as
recognition elements in biosensors. In response to a binding event,
a biosensor requires conjugation of a signal reporter, such as fluo-
rophores [34], metal nanoparticles [35], quantum dots [36], carbon-
based materials [37] polydiacetylene liposomes [38], lanthanide
chelators [39], ferrocene [40], and methylene blue [41]. Previously
reported peptide-based biosensors have served as a platform for
the quantitative determination of heavy metal ions [42], proteins
[43], proteases [44], kinases [45], nucleic acids [46], antibodies [47],
and polysaccharides [48] in practical samples. However, there is a
lack of previous studies reporting on the fabrication of a biosensor
based on the integration of peptide-induced AIEE of thiolate-
protected AuNCs and the usage of a peptide as a recognition
element.

The present study introduced four peptide-based sensing
methodologies by incorporating two concepts as follows: (1) a
peptide triggered the AIEE of glutathione-stabilized gold nano-
clusters (GSH-AuNCs) via electrostatic attraction between amino
groups of the peptide and carboxyl end groups of GSH, and (2)
peptide-AuNC aggregates were disassembled by either the complex
formation between target analytes and peptides or enzyme-
catalyzed hydrolysis of peptide substrates. The recognition events
of the presented sensors included the complexation of AG73 pep-
tides with heparin, the hydrolysis of glycine-arginine repeat pep-
tides (GR peptides) by human trypsin, the dephosphorylation of
phosphotyrosine- and arginine-containing peptides (pYR peptides)
by human alkaline phosphatase (ALP), and the binding of cyclic
RGD- and five arginine (R5)-containing peptides (RGDR5 peptides)
to integrin receptors. These AIEE-based probes possess high
selectivity, comparable sensitivity, and great simplicity. Impor-
tantly, these probes were shown to be practically useful for the
determination of target analytes in biological fluids and selective
imaging of avp3 integrin-overexpressing cancer cells.

2. Experimental methods
2.1. Materials and apparatus

All the designed peptide sequences were synthesized from
Synpeptide Co. Ltd. (Nanjing, China). Other chemicals are listed in
the supplementary material. UV—Vis absorption, fluorescence, and
X-ray photoelectron spectroscopy (XPS) spectra were measured on
a double-beam spectrophotometer (Cintra 10e; GBC, Victoria,
Australia), a Hitachi F-7000 fluorometer (Hitachi, Tokyo, Japan),
and a JEOL JAMP-9500F instrument (JEOL, Japan), respectively. A
JEM-2100 transmission electron microscopy (TEM; JEOL, Japan)
with an accelerating voltage of 200 kV was utilized to collect TEM
images. Elemental analyses were carried out using a JEM-2100 TEM
coupled with an energy dispersive X-ray spectroscopy (EDS). Zeta
potential measurements were performed on Delsa™ nano zeta
potential and submicron particle size analyzer (Beckman Coulter
Inc., USA). Dynamic light scattering (DLS) spectra were obtained on
an N5 submicrometer particle size analyzer (Beckman Coulter, Inc.,
Fullerton, CA, USA).
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2.2. Synthesis of GSH-AuNCs and the polypeptide-GSH-AuNC
aggregates

An aqueous solution of HAuCl4 (200 mM, 1 mL) was mixed with
a solution (9 mL) containing GSH (100 mM, 0.4 mL) and ultrapure
water (8.6 mL) under gentle stirring. After 30 min incubation at
ambient temperature, a portion of the formed Au(I)-GSH com-
plexes (7 mL) was added to an aqueous solution of GSH (100 mM,
2 mL) [30]. Subsequently, the mixed solutions were heated up to
70°C for 24 h, generating the GSH-AuNCs. The as-prepared GSH-
AuNCs (50 L, 60 pgmL~!) were prepared in different buffers
(50 uL, 100 mM; pH 4.0—10.0). The obtained solutions were incu-
bated with polypeptides (400 pL, 0—25 pg mL~') at ambient tem-
perature for 10 min, followed by the measurement of their
fluorescence spectra at an excitation wavelength of 400 nm.

2.3. Sample preparation

Stock solutions of standards and peptides were prepared in
10 mM HEPES buffer (pH 7.0). GSH-AuNCs were diluted with 10 mM
HEPES (pH 7.0). The excitation wavelength was set to 400 nm for
the entire experiment. (a) Sensing of heparin. GSH-AuNCs (50 pL,
60 ug mL~") were mixed with AG73 peptides (200 uL, 125 pg mL™1)
at ambient temperature. Subsequently, AG73-GSH-AuNC aggre-
gates were incubated with heparin (250 pL, 0—0.2 uM) at ambient
temperature for 10 min. The selectivity of the AG73-GSH-AuNC
aggregates was examined by replacing heparin with either chon-
droitin sulfate A or hyaluronic acid. (b) Sensing of trypsin.
Different concentrations of human trypsin (400 pL, 0—125 nM)
catalyzed the hydrolysis of the RG peptides (100 pL, 250 pg mL™") at
37°C for 1 h. Then, the digested peptides were incubated with the
GSH-AUNCs (50 pL, 60 pg mL~!) at ambient temperature for 10 min.
To examine the selectivity of the proposed sensing system, possible
interfering proteins were used instead of human trypsin. (c)
Sensing of ALP. Aqueous solutions of ALP (400 pL, 0—25UL"!) or
other proteins (400 pL, 50 uM) were mixed with the pYR peptides
(100 pL, 500 pg mL~1) in 10 mM HEPES buffer (pH 7) at 37 °C for 1 h,
followed by incubation with the GSH-AuNCs (50 pL, 60 pg mL~1) at
ambient temperature for 10 min. The detailed procedures for the
determination of heparin in human plasma, trypsin in human
urine, and ALP in human plasma by our proposed probes are
described in the supplementary material.

2.4. Cellular imaging

HelLa cells were incubated with the RGDR5-GSH-AuNCs and R5-
GSH-AuNCs in DMEM (2 mL) for 2 h in a humidified incubator (5%
C02, 37 °C). Additionally, MCF-7 cells were mixed with the RGDR5-
GSH-AuNCs under identical conditions. Then, the cells were rinsed
twice with PBS (2 mL 1 x PBS), fixed with paraformaldehyde (2 mL,
4%) for 20 min, and then rinsed twice with PBS (2 mL 1 x PBS). The
labeled cells were imaged with a confocal laser scanning micro-
scope (CLSM; LSM 700, Carl Zeiss GmbH, Jena, Germany) equipped
with a 63 x oil immersion objective (1.4 N A. and 0.17 mm W.D.) and
a 405-nm laser. The luminescence intensity of the peptide-GSH-
AuNC aggregates inside the cells was translated across a consecu-
tive range of LUT colors using Image] software.

3. Results and discussion
3.1. Polypeptide-induced AIEE of GSH-AuNCs in water
Polyarginine (polyArg)-induced assembly of the GSH-AuNCs

was conducted at a neutral pH and ambient temperature
(detailed processing methods for the preparation of the polyArg-

GSH-AuUNC aggregates are included in the experimental section).
A neutral pH was used to facilitate an electrostatic attraction be-
tween protonated amino groups of polyarginine (pl=14) and
carboxyl end groups (pKal =2 and pKa2 = 3.5) of the GSH-AuNCs
(Fig. 1A). After incubating 10 ugmL™! polyArg with 6 ugmL™!
GSH-AuNCs in 10mM (2-hydroxyethyl)-1-piperazine ethane-
sulfonic acid (HEPES) buffer at pH 7.0, a TEM image showed that the
as-synthesized aggregates had a spherical shape with an average
particle size of 165+33nm (n=20; Fig. 1B). As shown in an
enlarged TEM image (Fig. 1C), individual AuNCs with an average
particle size of less than 2 nm were observed to be assembled inside
the polyArg-GSH-AuNC aggregates. The particle size of these AuNCs
inside the aggregates resembled that of free GSH-AuNCs in an
aqueous solution. The d-spacing of individual AuNCs was deter-
mined to be 0.235 nm, which corresponded to the (111) plane of
gold crystals. The elemental composition of the aggregates was
analyzed by TEM equipped with EDS. In addition to carbon, oxygen
and copper elements from the carbon-coated copper grid, the
presence of gold, sulfur, and nitrogen peaks indicated that
numerous AuNCs were embedded inside the aggregates (Fig. S1,
supplementary material). The particle diameter of the polyArg-
GSH-AuUNC aggregates measured by DLS was 1.4-fold greater than
that measured by TEM (Fig. S2, supplementary material). This dif-
ference was due to shrinking of the aggregates during sample
drying on the TEM grid. Additionally, the zeta potentials of the
GSH-AuNCs and the aggregates were —25 and —10 mV, respec-
tively. Positively charged polyArg can shield the surface charges of
the GSH-AuNCs and thus reduce their zeta potential. XPS was used
to analyze the change in the valence states of the GSH-AuNCs
during the AIEE process. The Au 4f7/2 peaks of the GSH-AuNC
and polyArg-GSH-AuNC aggregates were identified to be 83.7 and
83.6 eV, respectively (Fig. 1D and E). The deconvolution of the Au
4f7/2 peak of the GSH-AuNCs resulted in two individual chemical
states of Au(0) and Au(Il) that were located at 83.5 and 84.0eV,
respectively. The optimal fitting of the XPS data showed that the
GSH-AuNCs were composed of 71% Au(0) and 29% Au(I). The same
binding energies of Au(0) and Au(l) were used to fit the Au 4f7/2
peak of the aggregates, indicating the presence of 70% Au(0) and
30% Au(l) in the aggregates. Considering that the binding energy of
the AuNCs was progressively reduced with increasing cluster size
[49], a slight difference in the binding energy between the GSH-
AuNC and the polyArg-GSH-AuNC aggregates indicated that the
cluster size of the GSH-AuNCs rarely varied during the aggregation
process. Additionally, these findings showed that the Au oxidation
state of the as-prepared aggregates was nearly similar to that of the
GSH-AuNGs. Therefore, the polyArg-based AIEE process scarcely
triggered the variation in the Au oxidation in the GSH-AuNCs. Next,
we analyzed the luminescence properties of the GSH-AuNCs in the
absence and presence of polyArg. The luminescence excitation
spectrum of the GSH-AuNCs (dash black curve in Fig. 1F) was
remarkably higher than that of the polyArg-GSH-AuNC aggregates
(dash red curve in Fig. 1F). Under an excitation wavelength of
400nm, the GSH-AuNCs emitted low orange luminescence
centered at a wavelength of 627 nm (solid black curve in Fig. 1F)
with an absolute quantum yield (QY) of 1.2% and a mean lumi-
nescence lifetime of 2.2 us. In contrast to the GSH-AuNCs, the
polyArg-GSH-AuNC aggregates showed a 3.5-fold enhancement in
luminescence (solid red curve in Fig. 1F), accompanied by an
enhanced absolute QY (13%), a blueshifted luminescence peak
(8 nm), and a prolonged mean luminescence lifetime (4.6 pus). The
intense orange color of the polyArg-GSH-AuNC aggregates was
observed under a UV lamp at a wavelength of 365nm and
compared to the GSH-AuNCs (inset in Fig. 1F). The enhancement in
the luminescence and QY of the polyArg-GSH-AuNC aggregates was
substantially correlated with the AIEE of the GSH-AuNCs. Notably,
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Fig. 1. PolyArg-induced AIEE of the GSH-AuNCs. (A) A schematic of polyArg-triggered aggregation of the GSH-AuNCs. (B) A TEM image of the polyArg-GSH-AuNC aggregates. (C) An
enlarged section of the TEM image showing a portion of the polyArg-GSH-AuNC aggregates. (D) XPS spectrum of the GSH-AuNCs. (E) XPS spectrum of the polyArg-GSH-AuNC
aggregates. (F) Luminescence excitation spectra of the GSH-AuNCs (dash black curve) and the polyArg-GSH-AuNC aggregates (dash red curve) and luminescence emission
spectra of the GSH-AuNCs (solid black curve) and the polyArg-GSH-AuNC aggregates (solid red curve). Inset in (F): images of the GSH-AuNCs (left) and the polyArg-GSH-AuNC
aggregates (right). The images were obtained under UV light at a wavelength of 365 nm. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

the assembly of the GSH-AuNCs was capable of increasing the inter
and intramolecular aurophilic attractions between the two Au(l)
atoms and impeding the intramolecular rotation/vibration of GSH
[50]. These contributions caused the assembled GSH-AuNCs to emit
bright luminescence with a long luminescence lifetime [30].
Moreover, nanocluster aggregation-induced blueshift in the
maximum luminescence suggested that the intermolecular auro-
philic attraction between the adjoining AuNCs governed the
polyArg-mediated aggregation of the GSH-AuNCs, leading to an
extension in the average distance between the two Au(l) atoms
[51].

We explored the factors that influence the polyArg-triggered
AIEE of the GSH-AuNCs. The AIEE efficiency of the GSH-AuNCs
was evaluated by analyzing their luminescence intensity at a
wavelength of 619nm. In contrast to neutral polythreonine
(5—15kDa) and anionic polyglutamic acid (15—50 kDa), cationic
polyArg (15—70kDa) efficiently promoted the AIEE of the GSH-
AuNCs (Fig. S3, supplementary material). Collectively, this result
indicated that the electrostatic attraction between the cationic
polypeptide and anionic GSH is a key factor in causing the forma-
tion of AIEE-type luminescent aggregates, and this behavior was
consistent with previous findings showing poly(allylamine hydro-
chloride)- and chitosan-induced AIE of the GSH-AuNCs [25,26]. The
luminescence intensity of the polyArg-GSH-AuNC aggregates pro-
gressively increased in the pH range of 2.0—4.0 and leveled off
above pH 4.0 (Fig. S4, supplementary material). Considering that
the smallest pKa value of GSH is 2.0, the GSH-AuNCs are suggested
to have negative charges at neutral and alkaline pH values. There-
fore, the GSH-AuNCs could have strong electrostatic attraction with
polyArg above pH 4.0, resulting in high AIEE efficiency. As shown in
Fig. S5 (supplementary material), the luminescence of the polyArg-
GSH-AuUNC aggregates gradually intensified with increasing poly-
Arg concentration and reached a saturation level at 10 pgmL™!

polyArg. Accordingly, the optimal ratio of polyArg to GSH-AuNCs
for preparing the bright aggregates was determined to be 5:3.
Furthermore, we focused on the investigation of the stability of the
polyArg-GSH-AuNC aggregates under varied conditions. The lumi-
nescence intensity (619 nm) of the polyArg-GSH-AuNC aggregates
remained nearly unchanged when suspended in 0—300 mM Nadl,
10 mM GSH, and 1 mg mL~! human trypsin (Fig. S6, supplementary
material). In addition to HEPES buffer (pH 7.0), polyArg was
observed to induce the AIEE of the GSH-AuNCs in phosphate, Tris-
HCI, citrate, acetate, and 3-(N-morpholino) propanesulfonic acid
(MOPS) buffers (pH 7.0; Fig. S7, supplementary material). These
observations indicate that the polypeptide-GSH-AuNC aggregates
may have considerable potential for use in the imaging and sensing
of target analytes in practical samples.

3.2. Fabrication of AIEE-Active sensors

The integration of (1) cationic polypeptide-induced AIEE of the
GSH-AuNCs and (2) the use of a polypeptide as a recognition
element allows the development of a series of optical sensors,
which demonstrate the broader applicability of the concepts
mentioned above. Table S1 (supplementary material) lists the se-
quences of the AG73, GR, pYR, and RGDR5 peptides that were used
in the development of heparin-, trypsin-, ALP-, and integrin
receptor-responsive biosensors, respectively. To assure whether the
above peptides could promote the assembly of the GSH-AuNCs and
then enhance their luminescence, we compared the GSH-AuNCs
with the aggregates in terms of morphology, zeta potential, and
luminescence properties. As summarized in Table 1, TEM, DLS, XPS,
and luminescence studies showed that the incubation of the GSH-
AuNCs with cationic peptides, including AG73, GR, dephosphory-
lated pYR, and RGDRS5, all resulted in the production of large-sized
aggregates (Figs. S8 and S9, supplementary material). Compared to
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The physical and optical properties of the GSH-AuNCs and the peptide-GSH-AuNC aggregates.

Composites QY (%) Aem (NM) Zeta Potential (mV) Diameter by DLS (nm) Diameter by TEM (nm) Lifetime (ys) Au(0): Au(l)
GSH-AuNCs 1.2 627 -25 N.A. 1.7+0.1 2.2 71:29
PolyArg, GSH-AuNCs 13 619 -10 227 165+33 4.6 70:30
AG73, GSH-AuNCs 11 619 -16 199 127 +32 3.8 70:30
GR, GSH-AuNCs 10 612 -14 210 132 +31 43 70:30
YR,* GSH-AuNCs 15 614 -13 197 118 +17 4.8 N.D.’
RGDRs5, GSH-AuNCs 12 616 -13 207 149 + 24 4.2 70:30
Rs, GSH-AuNCs 12 614 -12 204 142 + 20 43 N.D.?

2 YR, dephosphorylated pYR.
b N.D., not detected.

the GSH-AuNCs, the four aggregates that were formed all possessed
an enhanced QY, increased luminescence lifetime, reduced zeta
potential, unchanged ratio of Au(0) to Au(I) (Fig. S10, supplemen-
tary material), and blueshifted luminescence peak (Fig. S11, sup-
plementary material). The sensitivity, selectivity, and practical
application of four AIEE-active sensors were explored in the sub-
sequent study. For the first example, we created a turn-off assay for
luminescent detection of heparin through AG73 peptide-triggered
AIEE of the GSH-AuNCs. Notably, the high-pI (12.4) AG73 peptide
has been shown to exhibit specific binding affinity to heparin [48].
Fig. 2A shows the complete mechanism of the probe for heparin
sensing. The electrostatic attraction between the AG73 peptides
and the GSH-AuNCs promoted the assembly of the GSH-AuNCs. The
formed AG73-GSH-AuNC aggregates emitted intense luminescence
due to the AIEE process. Because heparin was present in the
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solution, the complexation of heparin with the AG73 peptide acti-
vated the disassembly of the AG73-GSH-AuNC aggregates. As a
result, the disassembled aggregates showed weak luminescence. In
other words, heparin switched off the luminescence of the AG73-
GSH-AuNC aggregates. Evidently, TEM images showed the disas-
sembly of the AG73-GSH-AuNC aggregates in the presence of
heparin (Fig. S12, supplementary material). As shown in Fig. 2B, the
luminescence of the AG73-GSH-AuNC aggregates gradually
decreased with an increase in the heparin concentration. By plot-
ting the (IFO — IF)/IFO value against the heparin concentration, a
linear calibration curve was established for heparin for concentra-
tions ranging from 8 to 80 nM (inset in Fig. 2B). IFO and IF are the
maximal luminescent intensities (616 nm) of the AG73-GSH-AuNC
aggregates before and after adding the tested analytes, respectively.
The limit of detection (LOD) of heparin, defined as a signal-to-noise

(B)
10000 - 03
[Heparin](nM) o’ .
_£0.6 :
0 S
8000 | 8 =04 .
. 10 =-_?o.z .
S 6000} 20 =575
L“; 40 Heparin (nM)
_= 4000} 60
80
100
2000 |
0 = L L
400 500 600 700 800
Wavelength (nm)
(D)
10000
¢
8000 i
¥
- ot
S 6000 - % 25 5 75 10
© /\ Heparin (uM)
:-4000 y /\\
2000

500 600 700
Wavelength (nm)

800

Fig. 2. Turn-off sensing of heparin. (A) Selective detection of heparin based on the combination of the AG73 peptide-induced AIEE of the GSH-AuNCs and heparin-triggered

disassembly of the AG73-GSH-AuNC aggregates. (B) Luminescence spectra of the AG73-

GSH-AuNC aggregates in the presence of increasing concentrations of heparin. Inset: A

plot of the (IFO — IF)/IFO value versus the heparin concentration. (C) The (IFO — IF)/IF0 value of the AG73-GSH-AuNC aggregates after the addition of 0.05—1 pM heparin, chondroitin
sulfate A, and hyaluronic acid. (D) Fluorescent spectral response obtained from the addition of heparin-spiked plasma to a solution of the AG73-GSH-AuNC aggregates. Inset: A plot

of the (IFO — IF)/IFO value versus the spiked concentration of heparin in human plasma. (B,

C, D) The AG73-GSH-AuNC aggregates were incubated with heparin in 10 mM HEPES (pH

7.0) for 10 min. The error bars represent standard deviations based on three independent measurements.
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ratio of 3, was estimated to be 3 nM. Although the sensitivity of the
probe was only comparable to that of previously reported sensors
(Table S2, supplementary material), it was sufficiently sensitive for
monitoring plasma heparin levels during cardiovascular surgery
(17—67 uM) and during postoperative care and long-term treat-
ment (1.7-10uM) [52]. Subsequently, this study assessed the
selectivity of the AG73-GSH-AuNC aggregates toward heparin over
possible interfering compounds, including chondroitin sulfate,
hyaluronic acid, low-pl proteins, negatively charged biomolecules,
and anions (Fig. 2C; Fig. S13, supplementary material). Only the
addition of heparin generated a remarkably high (IFO — IF)/IFO
value, indicating that the probe was selectively responsive to
heparin. However, the probe exhibited a significant response in the
presence of high concentration of chondroitin sulfate since chon-
droitin sulfate are also highly sulfated (0.95 sulfate groups per
disaccharide unit) [53]. Samples of human plasma were spiked with
different quantities of standard heparin prior to sample pretreat-
ment. Because the spiked concentration of heparin varied from 0.8
to 8 uM, we observed a progressive reduction in the luminescence
of the probe and a linear relationship between the (IFO — IF)/IFO
value and the added heparin concentration (Fig. 2D). A method LOD
of heparin in this assay was determined to be 300 nM.

For the second example, polypeptide-induced AIEE of the GSH-
AuNCs was used for luminescence turn-off and turn-on sensing of
human trypsin and ALP, respectively. As shown in Fig. 3A, the
designed GR peptide consisting of an arginine and glycine repeat
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sequence contributed a net positive charge at a neutral pH, allow-
ing the AIEE of the GSH-AuNCs. Human trypsin specifically recog-
nized and cleaved the GR peptide at the carboxyl ends of arginine
and lysine [54]. The short peptide had few positive charges, leading
to an inefficient AIEE of the GSH-AuNCs. TEM images confirmed
that the digested GR peptide rarely promoted the aggregation of
the GSH-AuNCs (Fig. S14, supplementary material). Because
different concentrations (1—100 nM) of human trypsin were incu-
bated with a fixed concentration of the GR peptide in 10 mM HEPES
(pH 7.0), the luminescence of the GR-GSH-AuNC aggregates pro-
gressively decreased with increasing concentrations of human
trypsin (Fig. 3B). The linear relationship between the (IF1 — IF2)/IF1
value and the trypsin concentration was observed in the range of
1-10 nM (inset in Fig. 3B). The variables IF1 and IF2 represent the
luminescence intensity (612 nm) of the GR-GSH-AuNC aggregates
in the disappearance and appearance of human trypsin, respec-
tively. This probe allowed the sensing of human trypsin with an
LOD of 0.3 nM, which was superior to the LOD values obtained from
previously reported probes (Table S3, supplementary material).
Fig. 3C shows that the (IF1 — IF2)/IF1 value was remarkably high in
the presence of human trypsin, indicating that the GR-GSH-AuNC
aggregates exhibited distinctive selectivity toward human trypsin
over several potentially interfering proteins. To confirm the capa-
bility of the GR-GSH-AuUNC aggregates to detect human trypsin in
practical samples, human urine samples were mixed with a series
of known concentrations of human trypsin. As shown in Fig. 3D, the
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Fig. 3. Turn-off sensing of human trypsin. (A) The integration of trypsin-mediated hydrolysis of the GR peptide and the GR peptide-induced AIEE of the GSH-AuNCs for probing
human trypsin. (B) Luminescence spectra of the GSH-AuNCs obtained after the addition of a mixture of 50 ug mL~' GR peptide and 0—100 nM human trypsin. Inset: A plot of the (IF1
— IF2)/IF1 value versus the trypsin concentration. (C) The (IF1 — IF2)/IF1 value of the GSH-AuNCs obtained after the addition of a mixture of 50 ug mL~! GR peptide and protein.
Protein: (a) 10 nM human trypsin, (b) 10 U L~! ALP, (c) 10 nM bovine serum albumin, (d) 10 nM human serum albumin, (e) 10 nM lysozyme, (f) 10 nM glucose oxidase, (g) 10 nM
pepsin, and (h) 10 nM myoglobin. (D) Luminescent spectral response measured from the addition of trypsin-spiked urine to a solution of the GR peptide, followed by the incubation
of the GSH-AuNCs. Inset: A plot of the (IF1 — IF2)/IF1 value versus the spiked concentration of trypsin in human urine. (B, C, D) Various concentrations of human trypsin reacted with
the GR peptide in 10 mM HEPES (pH 7.0) at 37 °C for 1 h and were then incubated with the GSH-AuNCs for 10 min. The error bars represent standard deviations based on three

independent measurements.
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Fig. 4. Turn-on sensing of human ALP. (A) Specific detection of human ALP through ALP-mediated dephosphorylation of the pYR peptide paired with dephosphorylated pYR
peptide-triggered AIEE of the GSH-AuNCs. (B) Fluorescence spectra of the GSH-AuNCs obtained after the addition of a mixture of 50 ug mL~' pYR peptide and 0—20 U L~! human

ALP. Inset: A plot of the (IF4 — IF3)/IF3 value versus the ALP concentration. (C) The (IF4 —

IF3)/IF3 value of the GSH-AuNCs obtained after the addition of a mixture of the pYR peptide

and protein. Protein: (a) 10 U L~ ALP, (b) 50 uM bovine myoglobin, (c) 50 pM lysozyme, (d) 50 yM human serum albumin, (e) 50 uM bovine cytochrome C, (f) 50 uM bovine serum
albumin, and (g) 50 uM pepsin. (D) Fluorescent spectral response measured from the addition of ALP-spiked plasma to a solution of the pYR peptide, followed by the incubation of
the GSH-AuNCs. Inset: A plot of the (IF4 — IF3)/IF3 value versus the spiked concentration of ALP in human urine. (B, C, D) Various concentrations of human ALP reacted with the pYR
peptide in 10 mM HEPES (pH 7.0) at 37 °C for 1 h and were then incubated with the GSH-AuNCs for 10 min. The error bars represent standard deviations based on three independent

measurements.

luminescence of the GR-GSH-AuNC aggregates incrementally
decreased with increasing trypsin concentrations in human urine,
generating a linear calibration curve for the quantification of
01—1pM urinary trypsin with a method LOD of 30nM
(0.72 pg mL~1). We suggest that the proposed system, consisting of
trypsin-catalyzed hydrolysis of the GR peptide and the GR peptide-
induced AIEE of the GSH-AuNCs, is sensitive enough to monitor the

level of urinary trypsin (84.4 pg mL™, 3.6 uM) in pancreas trans-
plant patients [55]. For sensing ALP, the pYR peptide was used in
place of the GR peptide under the same sensing conditions. The
synthesized pYR peptide consisted of two phosphorylated tyro-
sines and six arginines (Fig. 4A). The negatively charged phosphate
group on the side chain of tyrosine prohibited the electrostatic
attraction between the negatively charged carboxyl ends of the

Lt

GSH-Au NCs GSH-AuUNC aggregates avp3 integrin- overexpressmg

o 4

RGD

: RGD-R5

cell
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Fig. 5. A schematic of the preparation of the RGDR5-GSH-AuUNC aggregates and their specificity and enhanced uptake by avf3 integrin-positive cells.

Please cite this article as: ].-G. You, W.-L. Tseng, Peptide-induced aggregation of glutathione-capped gold nanoclusters: A new strategy for
designing aggregation-induced enhanced emission probes, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.05.069




8 J.-G. You, W.-L. Tseng / Analytica Chimica Acta Xxx (XXXX) XXX

Hela (RGD-GSH Au NCs)

Merge Red channel Bright field

LUT false color

MCF-7 (RGD-GSH Au NCs)

Hela (5R-GSH Au NCs)
| .

C
F
L
255
191
128
64
0

Fig. 6. Intracellular imaging of the RGDR5-GSH-AuNC aggregates and the R5-GSH-AuNC aggregates in cancer cells. (A, B, C) Bright-field, (D, E, F) CLSM, and (J, K, L) luminescence
intensity images obtained from the incubation of (A, D, J) the RGDR5-GSH-AuNC aggregates with HeLa cells, (B, E, K) the RGDR5-GSH-AuNC aggregates with MCF-7 cells, and (C, F, L)
the R5-GSH-AuNC aggregates with HeLa cells. (G), (H), and (I) show merged images of (A) and (D), (B) and (E), as well as (C) and (F), respectively. The LUT false color represents the
intensity of the luminescence signal. The concentrations of the RGDR5-GSH-AuUNC aggregates and the R5-GSH-AuNC aggregates were 250 and 250 ug mL~', respectively. The scale
bar indicates 10 um. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

GSH-AuNCs and the positively charged guanidine group of arginine.
In other words, the GSH-AuNCs remained dispersed upon the
addition of the pYR peptide. After ALP eliminated phosphate groups
from the pYR peptide, the resulting dephosphorylated peptide with
a net positive charge was capable of promoting the AIEE of the GSH-
AuNCs. Thus, the AIEE efficiency of the GSH-AuNCs heavily relied on
the concentration of the dephosphorylated peptides. After different
concentrations of ALP catalyzed the hydrolysis of the pYR peptide at
a neutral pH, the resultant products were incubated with the GSH-

AuNCs. Fig. 4B shows that the luminescence of the GSH-AuNCs was
gradually enhanced with increasing concentrations of ALP. Plotting
of the (IF4 — IF3)/IF3 value versus the ALP concentration generated a
linear calibration curve over the concentration range of 1—-10 UL"!
(inset in Fig. 4B). IF3 and IF4 refer to the luminescence intensities of
the GSH-AuNCs at a wavelength of 614 nm obtained from incuba-
tion without and with the addition of ALP, respectively. The LOD of
ALP that was analyzed by the proposed strategy was determined to
be 0.3 UL™'. We suggest that the sensitivity of the proposed
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strategy is comparable to those of previously reported probes
(Table S4, supplementary material). As shown in Fig. 4C, ALP-
mediated hydrolysis of the pYR peptide combined with cationic
peptide-induced AIEE of the GSH-AuNCs exhibited exceptional
selectivity toward ALP over the other proteins. The human plasma
samples were mixed with the pYR peptide and then spiked with
different known concentrations of ALP. As shown in Fig. 4D, the
luminescence of the GSH-AuNCs gradually intensified with
increasing spiked concentrations of ALP in the human plasma
samples. The level of ALP in the human plasma samples was esti-
mated to be 108 UL™! (n=3; inset in Fig. 4D) according to the
standard addition method. This value was within the accepted
normal range (46—190 UL™!) of ALP in human plasma [56].

3.3. AIEE-based imaging probes

Integrins, a family of cell surface receptors, are composed of one
a-subunit and one B-subunit [57]. They primarily mediate cell-
extracellular matrix adhesion and cell-cell interactions [58]. Since
the tripeptide RGD motif has been shown to provide broad binding
specificity toward integrin-overexpressing cancer cells, numerous
studies have focused on the development of RGD-functionalized
nanoprobes for biomedical applications [59]. The preparation of
the RGDR5-GSH-AuNC aggregates is shown in a schematic in Fig. 5.
The RGDR5 peptide consisting of an AIEE-active sequence (five
arginine repeats) and a cyclic RGD sequence was utilized to trigger
the AIEE of the GSH-AuNCs at a neutral pH. A standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay showed that the viability of HeLa cells all remained above 90%
in the presence of 250, 125, and 62.5 pg mL~! of the RGDR5-GSH-
AuNC aggregates for 24 h, indicating good biocompatibility of the
RGDR5-GSH-AuNC aggregates (Fig. S15, supplementary material).
To demonstrate their specificity and enhanced uptake by avp3
integrin-positive cells, the RGDG-GSH-AuNC aggregates were taken
up by MCF-7 cells (low avB3 integrin expression) and HelLa cells
(high avp3 integrin expression) for 2 h [60]. For control experi-
ments, we treated Hela cells with the same concentration of the
RGD-free aggregates, which were formed by mixing an R5-
containing peptide and the GSH-AuNCs at a neutral pH. Notably,
the quantum yield and particle size of the RGDR5-GSH-AuNC ag-
gregates were similar to those of the R5-GSH-AuNC aggregates
(Table 1). The labeled cells mentioned above were imaged using
CLSM under the same laser power and exposure time. Fig. 6A, B,
and C show bright-field images of HeLa cells treated with the
RGDR5-GSH-AuNC aggregates, MCF-7 cells labeled with the
RGDR5-GSH-AuNC aggregates, and Hela cells cultured with the R5-
GSH-AuNC aggregates, respectively. The CLSM images show that
the luminescence of RGDR5-GSH-AuNC aggregates inside HeLa
cells (Fig. 6D) was extraordinarily bright in comparison to that of
the RGDR5-GSH-AuUNC aggregates inside the MCF-7 cells (Fig. GE)
and that of the R5-GSH-AuNC aggregates inside HeLa cells (Fig. GF).
The corresponding pseudocolor images show the luminescence
intensity of the peptide-AuNC aggregates inside the cancer cells
(Fig. 6], K, and L), further confirming the results observed by CLSM
imaging. The merged images show that the red luminescence of the
RGDR5-GSH-AuNC aggregates was localized in the cell cytoplasm
(Fig. 6G, H, and I). Likewise, Ding et al. modified BSA-stabilized
AuNCs with cyclic RGD and used them for probing the avf3
integrin on the surface of HelLa cells [61]. They demonstrated that
HelLa cells could efficiently internalize cyclic RGD-modified AuNCs
via the endocytosis process. Liang et al. prepared cyclic RGD-capped
AuNCs via direct mixing of HAuCl4 and an RGD-containing peptide
at an alkaline pH and used them for selectively imaging HeLa cells.
The luminescence of RGD-modified AuNCs was observed to be
localized inside the cells. According to previously reported studies

and our findings, we proposed a possible mechanism associated
with the recognition of HeLa cells by RGDR5-GSH-AuNC aggregates.
The cyclic RGD on the surface of the aggregates retains sufficient
activity to bind avp3 integrin-overexpressed HeLa cells, facilitating
the RGDR5-GSH-AuNC aggregates to enter the cells via receptor-
mediated endocytosis [61]. As a result, the RGDR5-GSH-AuNC ag-
gregates were uniformly distributed in the cell cytoplasm. In
contrast, the RGDR5-GSH-AuNC aggregates weakly bind the MCF-
7 cells that express low levels of avf3 integrin, resulting in low red
luminescence inside the cells. Since the R5-GSH-AuNC aggregates
did not contain cyclic RGD, they were incapable of interacting with
HeLa cells through the recognition of the avp3 integrin. The
endocytosis of the R5-GSH-AuNC aggregates by HeLa cells resulted
in weak red luminescence inside the cells. We suggest that the
RGDR5-GSH-AuNC aggregates could serve as a promising probe for
luminescence imaging of ovf3 integrin-overexpressing cancer
cells.

4. Conclusions

The present study demonstrated that cationic peptides pro-
moted efficient AIEE of the GSH-AuNCs through electrostatic
attraction between negatively charged carboxylic groups of the
GSH-AuNCGs and positively charged amino groups of the peptides.
Compared to the GSH-AuNCs, the peptide-GSH-AuNC aggregates
generally exhibited improved QYs, prolonged luminescence life-
time, and a blueshifted luminescence maximum. The versatility of
peptide-based biosensor design was exemplified by using four
different cationic peptides (including AG73, GR, pYR, and RGDR5) to
stimulate the AIEE of the GSH-AuNCs. The designed peptides
included AG73, RG, pYR, and RGDR5, which were shown to be
selectively responsive to heparin, trypsin, ALP, and avfp3 integrin
receptors, respectively. Importantly, the proposed biosensors were
practically used for quantitative determination of heparin, human
trypsin, and human ALP in human fluids, as well as for luminescent
sensing of avfp3 integrin-overexpressed cancer cells. Considering
that peptides have been identified as recognition elements to bind
proteins, nucleic acids, metal ions, and bacteria [62,63], we suggest
that this study provides a new strategy for the fabrication of novel
peptide-based biosensors based on the mechanism of peptide-
induced AIEE of the GSH-AuNCs.
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