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ABSTRACT: The simplicity of the green-synthesized routine
and the availability of surface modification of diverse bioactive
molecules make noble metal nanostructures highly suitable as
multifunctional biomaterials for biological and biomedical
application. Here, we report the preparation of trypsin
stabilized gold nanoclusters (try-AuNCs) with near-infrared
fluorescence for biosensing heparin based on surface plasmon
enhanced energy transfer (SPEET) and folic acid (FA)
modified try-AuNCs for in vivo cancer bioimaging. The
SPEET/try-AuNCs fluorescence biosensor was designed via
heparin mediated energy transfer between try-AuNCs and
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cysteamine modified gold nanoparticles (cyst-AuNPs). The developed SPEET/try-AuNCs fluorescence biosensor allowed

sensitive and selective detection of heparin with a linear range of 0.1—4.0 yg mL

~! and a detection limit (3s) of 0.05 ug mL™".

The relative standard deviation for eleven replicate detections of 2.5 yg mL™" heparin was 1.1%, and the recoveries of the spiked
heparin in human serum samples ranged from 97% to 100%. In addition, folic acid was immobilized on the surface of try-AuNCs
to ameliorate the specific affinity of AuNCs for tumors, and the near-infrared fluorescent FA-try-AuNCs were applied for in vivo
cancer imaging of high folate receptor (FR) expressing Hela tumor. In vivo study of the dynamic behavior and targeting ability of
FA-try-AuNCs probe to Hela tumor bearing mice and normal nude mice validated the high specific affinity of FA-try-AuNCs
probe to FR positive tumors. The results show that the prepared try-AuNCs have great potential as multifunctional biomaterials
for biosensing biomolecules with SPEET mode and in vivo cancer imaging with high targeting ability.

Molecular biosensing and bioimaging, the biotechnology
of the ability to probe the life reaction within the living
human body and understand its biological complexities for the
treatment of disease, has contributed a lot in the development
of biomedical and biological science.'™ The key step is to
design sensing and imaging agents that make molecular
processes quantitative, visible, quantifiable, and traceable over
time, aiming to realize the noninvasive study of biological
processes in vivo at the cellular and molecular level.*"® The
feasible method and advanced biomaterials with multifunction
and excellent biocompatibility are thus highly demanded.
Fluorescent bioimaging with high sensitivity, multiplex
detection capabilities, activatable property, and low equipment
cost has attracted the most attention. Conventional fluo-
rophores for fluorescent bioimaging including organic dyes and
engineered fluorescent proteins suffer from poor photostability,
while the considered promising alternative, semiconductor
quantum dots (QDs), still have some limitations, such as large
particle size upon functionalization, tendency to aggregate, and
potential toxicity, which hinder further application in
bioimaging.”
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Noble metal nanoclusters (NMNCs), a new type of
luminescent nanomaterials, have recently attracted great
interest.”'® NMNCs are composed of a few to a hundred
atoms, with sizes approaching to the Fermi wavelength of
electrons, and exhibit molecule-like properties including
discrete electronic states and size-dependent fluorescence.''
Owing to their strong photoluminescence, ultrasmall size,
excellent biocompatibility and photostability, and the avail-
ability of multifunctional groups for covalent linkage of diverse
bioactive molecules, NMNCs have emerged as powerful and
multifunctional biomaterials for molecular biosensinglz_22 and
]:)ioimaging.11’23_30

Noble metal nanoparticles (NMNPs) possess strong light
scattering and absorption ability, known as surface plasmon
resonance (SPR), which arises from the resonant oscillation of
their free electrons in the presence of light with particular
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frequency.’ ** Due to its large surface-to-volume ratio,
nanometal surface follows the expression given by the surface
energy transfer (SET) instead of the usual dipole—dipole type
of Forster resonance energy transfer (FRET).* SET allows a
22 nm detection length scale against 10 nm detection length in
FRET, which obviates the restriction of less signal alternation in
biosensing.>**” It was reported that the unique SPR property of
NMNPs produces a highly sensitive photoluminescence
quenching behavior via a surface plasmon enhanced energy
transfer (SPEET) mechanism between NMNPs and NMNCs,
and such a new energy transfer mode possesses great potential
for biomedical and biological applications.®®

Here, we report the preparation of trypsin stabilized gold
nanoclusters (try-AuNCs) with near-infrared (NIR) fluores-
cence and their application in designing a SPEET biosensor for
heparin and bioprobe for in vivo cancer imaging. Heparin is a
naturally occurring sulfated polysaccharide, highly negatively
charged, formed predominantly by a repeating unit of
trisulfated disaccharide, and widely used as the anticoagulant
during numerous sur§ical procedures involving extracorporeal
blood circulation.**~* Monitoring of heparin levels is of crucial
significance to avoid the risk such as hemorrhage and
thrombocytopenia during the surgery and the anticoagulant
therapy, because overdose of heparin often causes a potentially
fatal bleeding complication.** Various techniques and methods
have been established for the determination of heparin,
including fluorescent,** ™ colorimetric,*”*® and electro-
chemical methods.*”*® In the present work, sensitive and
selective detection of heparin was realized on the basis of the
SPEET between try-AuNCs and cysteamine modified gold
nanoparticles (cyst-AuNPs). Moreover, try-AuNCs were
successfully used to target tumor (Hela) via folic acid (FA)
surface modification for in vivo bioimaging, and the FA-try-
AuNC:s fluorescence probe gave high selective affinity for folate
receptor (FR) positive Hela tumor. These two major
application assays proved that our prepared try-AuNCs are
multifunctional and feasible biomaterials with great potential
for further biological and biomedical investigation.

B EXPERIMENTAL SECTION

Chemicals and Materials. All reagents were of the highest
available purity and at least of analytical grade. Ultrapure water
(Wahaha, Hangzhou, China) was used throughout all experi-
ments. Heparin and cysteamine were purchased from Aladdin
(Shanghai, China). Chloroauric acid (HAuCl,-4H,0) was
purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Trypsin, folic acid, human serum albumin
(HSA), lysozyme, cytochrome C (cyt-C), immunoglobulin
(IgG), insulin, thrombin, transferrin, fibrinogen, hemoglobin,
myoglobin, zonolysin, glucose, lactic acid, glutathione (GSH),
cysteine, and other amino acids were purchased from Sigma
(St. Louis, MO, USA). H,PO,, HAc, H,BO, NaOH,
NaH,PO,-2H,0, Na,HPO,-12H,0, NaBH,, and
Na,B,0,-10H,O were all obtained from Guangfu Fine
Chemical Research Institute (Tianjin, China). Britton-Rob-
inson (BR) buffer solution (10 mM H;PO,—10 mM HAc—10
mM H,;BO;) and phosphate buffer solution (PBS) (136.9 mM
NaCl, 2.68 mM KCl, 8.1 mM Na,HPO,, 147 mM KH,PO,,
pH 7.4) were used as the biosensing assay buffer and
bioimaging assay buffer, respectively. All the glassware was
cleaned with aqua regia (HCI/HNO; = 3:1, v/v) and
thoroughly rinsed with ultrapure water before use.
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Instrumentation. All fluorescence measurements were
performed on a Hitachi F-4500 fluorescence spectrophotom-
eter equipped with a plotter unit and a quartz cell (1 cm X 1
cm). All data were collected under the following conditions:
photomultiplier tube (PMT) voltage, 700 V; excitation and
emission slits, 10 nm; excitation wavelength, 520 nm. The
absorption spectra were recorded on a UV-3600 UV—vis-NIR
spectrophotometer (Shimadzu, Japan) with 1 cm path-length
cells. In vivo fluorescence images of the mice were obtained
with a NightOWL LB 983 in vivo Imaging System (Berthold,
Bad Wildbad, Germany). The excitation filter was set as 530
nm, and the emission filter was set as 700 nm. Fluorescence
images were recorded by the CCD camera with constant
exposure time. In vitro cytotoxicity of the probe was assessed
using the cell counting assay, and cell numbers were counted
with a Coulter Particle Size Analyzer (Beckman Coulter, High
Wycombe, UK). X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Axis Ultra DLD
spectrometer fitted with a monochromated Al Ka X-ray source
(hv = 1486.6 eV), hybrid (magnetic/electrostatic) optics, and a
multichannel plate and delay line detector (Kratos Analytical,
Manchester, UK). Six spectra in the desired binding energy
range were averaged. The samples were spotted as drop cast
films on the sample stub and dried. The energy resolution of
the spectrometer was set at 0.1 eV at a pass energy of 20 eV for
typical measurements. Fourier transform infrared (FT-IR)
spectra (4000—400 cm™") in KBr were recorded on a Magna-
560 spectrometer (Nicolet, Madison, WI). Matrix assisted laser
desorption ionization time of flight mass spectrometry
(MALDI-TOF-MS) analysis was performed on an Autoflex
I MALDI-TOF mass spectrometer (Bruker, Bremen,
Germany) equipped with a 337-nm nitrogen laser, an ion
source, delayed-extraction electronics, a high-resolution timed
ion selector, and a 2-GHz digitizer. Before MALDI-TOF-MS
analysis, the try-AuNCs were purified by centrifugal filtration
twice at 6000 rpm for 30 min through Amicon Ultra-15
Centrifugal Filter Unit with Ultracel-50 membrane with a cutoff
of 30 kDa (Millipore, Billerica, MA, USA) and resuspended in
ultrapure water. Then, 1 mL of try-AuNCs solution (5 uM) or
trypsin solution (S uM) was typically mixed with equal volume
of premade sinapinic acid matrix solution (prepared in a 1:3
mixture of acetonitrile and 0.1% trifluoroacetic acid), deposited
onto the MTP 384 stainless steel target, and allowed to dry at
room temperature. Circular dichroism (CD) assays were
measured on a Jasco J-715 spectropolarimeter at ambient
temperature (cell length: 1 cm; data pitch: 0.1 nm; bandwidth:
1 nm; scanning speed: 500 nm min~'; accumulation: 3). The
Raman measurement was performed on a RFS100/S FT-
RAMAN spectrometer (Bruker, Germany) with 1064 nm laser
excitation. The try-AuNCs solution (40 mM) was frozen to
solid powder by a LGJ-22 vacuum freeze-dryer (SaiBo, Hefei,
China) for the XPS, FT-IR, and Raman analyses.

The morphology and microstructure of the prepared
nanostructures were characterized by high resolution trans-
mission electron microscopy (HRTEM) on a JEM-2100F field
emission transmission electron microscope (JEOL, Japan)
operating at a 200 kV accelerating voltage. The samples for
HRTEM were obtained by drying sample droplets on a 230-
mesh Cu grid coated with a lacey carbon film. The decay curves
of try-AuNCs fluorescence emission at 690 nm excited by the
solution of BBQ pumped by a N, laser at 380 nm were
recorded on a PTI QM/TM/NIR system (Birmingham, NJ,
USA), and the lifetime was calculated using the Felix 32
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advanced fluorescence software. The fluorescence quantum
yield (QY) of try-AuNCs was determined on an FLS920
spectrometer with an integration sphere attachment under
excitation of 380 nm (Edinburgh, UK). The concentration of
try-AuNCs was determined by element analysis (’Au) with
inductively coupled plasma mass spectrometry (ICPMS,
Thermo Elemental X7). The try-AuNCs were thoroughly
digested by aqua regia and diluted with 2% HNOj; before
ICPMS analysis. Determination of the zeta potential ({) of
heparin, try-AuNCs, cyst-AuNPs, and the serum proteins in BR
buffer (10 mM, pH 5.0) was performed on a Malvern Zetasizer
3000HSa (He—Ne laser, A = 632.8 nm).

Synthesis of Try-AuNCs. The try-AuNCs were synthesized
by a Spreviously one-pot green method with some modifica-
tions.”" Briefly, 10 mL of HAuCl, solution (10 mM, 37 °C) was
added to 10 mL of trypsin solution (30 mg mL ™", 37 °C) under
vigorous stirring. After a 10 min incubation, NaOH solution (1
M) was introduced to adjust the reaction media pH to 12, and
the reaction was allowed to proceed under vigorous stirring in
the dark at 37 °C for 36 h. The as-synthesized try-AuNCs were
purified by centrifugal filtration at 6000 rpm for 30 min through
an Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-50
membrane with a cutoff of 30 kDa (Millipore, Billerica, MA,
USA), and the try-AuNCs were resuspended in ultrapure water.
The purified try-AuNCs were stored at 4 °C in the dark, and
the fluorescence was stable for at least 6 months.

Bioconjugation of Try-AuNCs with Folic Acid. Try-
AuNCs were conjugated with folic acid using a zero-length
cross-linker 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) according to the reported method.*”
FA was activated to become amine-reactive by linking with
EDC. Typically, 25 mg of EDC was mixed with 10 mg of FA in
500 uL of PBS (1369 mM NaCl, 2.68 mM KCl, 8.1 mM
Na,HPO,, 147 mM KH,PO,, pH 7.4). After S min of
incubation at room temperature with probe sonication, the
mixture was added to 300 nmol of try-AuNCs dissolved in 3
mL of PBS, and the reaction proceeded for 2 h at room
temperature in dark under continuous stirring. The obtained
crude products were then purified by centrifugal filtration at
6000 rpm for 30 min through the Amicon Ultra-15 Centrifugal
Filter Unit with Ultracel-50 membrane with a cutoff of 30 kDa
to remove the excessive folic acid, and the FA-try-AuNCs were
resuspended in PBS.

Synthesis of Cyst-AuNPs. The cysteamine stabilized
AuNPs were prepared according to a published protocol.*'
Briefly, 400 yL of cysteamine solution (213 mM) and 2.23 mL
of HAuCl, solution (25.4 mM) were mixed with 37.5 mL of
H,O. After stirring for 20 min at room temperature, 10 uL of
NaBH, solution (10 mM) was added, and the mixture was
vigorously stirred for 30 min at room temperature in the dark.
The obtained win-red solution was stored at 4 °C in the dark
for further use.

Procedures for Developing SPEET Biosensor. To
investigate the quenching mechanism of cyst-AuNPs for try-
AuNCs, S0 pL of try-AuNCs solution (20 mM) was mixed with
500 uL of BR buffer (40 mM, pH $.0) and diluted to 2 mL by
ultrapure water. Then, 20 uL of cyst-AuNPs solutions with
various concentrations were added, and the fluorescence was
measured immediately. The final concentrations of cyst-AuNPs
were in the range of 0.02—2 nM.

To evaluate the kinetics of the interaction between heparin-
cyst-AuNPs and try-AuNCs, 300 uL of cyst-AuNPs solution (2
nM), 1200 uL of ultrapure water, and 500 uL of BR buffer (40
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mM, pH 5.0) were sequentially added to the test tube. Twenty
uL of heparin standard solution with three different
concentrations was then added, and the mixture was incubated
for 20 min. After SO L of try-AuNCs solution (20 mM) was
added to the mixture, the fluorescence emission spectra of try-
AuNCs were recorded with an interval of 10 s.

To evaluate the kinetics of the interaction between cyst-
AuNPs and heparin, 300 uL of cyst-AuNPs solution (2 nM)
was mixed with 500 uL of BR buffer (40 mM, pH 5.0) and
diluted to 2 mL with ultrapure water. Twenty microliters of
heparin solutions with three different concentrations was
added, and the absorption spectra were recorded with an
interval of 1 min.

To examine the pH effect on the interaction between cyst-
AuNPs and heparin, 300 uL of cyst-AuNPs solution (2 nM)
was mixed with S00 uL of BR buffer (40 mM) with different
pH and diluted to 2 mL with ultrapure water. Twenty
microliters of heparin solution (100 g mL™") was added, and
the absorption spectra were recorded after a 20-min incubation.

Serum Samples. The serum samples were collected from
healthy volunteers and patients in General Hospital of Tianjin
Medical University. Each sample was filtered through a 0.45-um
membrane and centrifuged at 10 000 rpm for 10 min to remove
particulate matter, and the supernatants were diluted with 10
mM PBS by S-fold for subsequent analysis.

Procedures for the Detection of Heparin. To detect
heparin, 300 uL of cyst-AuNPs solution (2 nM), 1200 uL of
ultrapure water, and 500 yL of BR buffer (40 mM, pH 5.0)
were sequentially added to the test tube. Twenty microliters of
heparin standard solution with various concentrations of
sample solution was then added, and the mixture was incubated
for 20 min. After SO L of try-AuNCs solution (20 mM) was
added to the mixture and incubated for 20 s, the fluorescence
emission spectra of try-AuNCs were recorded for quantifica-
tion.

Cytotoxicity of Try-AuNCs. Human cervical carcinoma
cell lines (Hela, FR positive), human hepatocarcinoma cell lines
(HepG2, FR negative), and mouse embryo fibroblast cell lines
(Balb/3T3, control) obtained from China Center for Type
Culture Collection (CCTCC) (Wuhan, China) were cultured
in Dulbecco’s modified Eagle’s high glucose medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). To evaluate
the cytotoxicity of try-AuNCs fluorescent probe, the cell
counting assay was conducted by following standard protocols.
Cells were plated at a density of 1 X 10* cells per well in 24-well
plates in 1000 uL of complete DMEM with 10% FBS and
grown for 24 h at 37 °C in 5% CO,. The try-AuNCs solutions
with a wide concentration range from 40 to 4000 uM were
subsequently added into the cell and incubated for another 24 h
under the same conditions as above. The cells were then
washed with 10 mM PBS (pH 7.4), trypsinized with 200 L of
trypsin/EDTA solution, and resuspended to a final volume of 1
mL cell medium for further measurement of cell viability by a
cell counting chamber.

Animal Model and in Vivo Tumor Imaging. Nude mice
harboring Hela tumors (8 mm) were obtained from the
Institute of Hematology & Hospital of Blood Diseases, Chinese
Academy of Medical Sciences & Peking Union Medical College
(License Number: SCXK-2004-001, Tianjin, China). All animal
studies were conducted according to protocols approved by the
Animal Ethics Committee of the Institute of Hematology &
Hospital of Blood Diseases, Chinese Academy of Medical
Sciences & Peking Union Medical College. For in vivo imaging,
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the FA-try-AuNCs (200 pM, 200 pL) was intratumorally
injected, while the FA-try-AuNCs fluorescent probe (200 uM,
200 pL) was subcutaneously injected into the same site of
normal nude mice as a negative control. The mice were
anesthetized with intraperitoneal administration of 4% chloral
hydrate at a dosage of 400 mg/kg. At the special time points
after injection, the fluorescence profiles in normal and Hela
tumor-bearing mice were imaged. The resulting images were
processed by subtracting the background tissue autofluor-
escence from the fluorescence from the FA-try-AuNCs probe
with the software of the imaging system.

B RESULTS AND DISCUSSION

Preparation and Characterization of Try-AuNCs and
Cyst-AuNPs. In the present work, try-AuNCs and cyst-AuNPs
were integrated to fabricate a selective and sensitive biosensor
for heparin based on a novel energy transfer mode, SPEET.”
Try-AuNCs were synthesized according to the one-pot green
and protein-reduction method. Trypsin, containing rich amino
acid residues with 7 cysteines and 10 tyrosines that can stabilize
the AuNCs, is a strong candidate for the synthesis of protein-
stabilized AuNCs. The protective coat of trypsin on the AuNCs
ensures the biocompatibility and low-toxicity of try-AuNCs and
favors the biosensing and bioimaging application. Moreover,
the large overlap of the try-AuNCs excitation spectrum and the
cyst-AuNPs SPR absorption spectrum was indispensable for
SPEET. In addition, by varying the amount of trypsin and the
reaction time, the emission wavelength of the prepared try-
AuNCs was adjusted to 690 nm in the near-infrared region
(Figures S1 and S2 in the Supporting Information) that is
suitable for in vivo bioimaging. As shown in Figure 1A, the
prepared try-AuNCs exhibited a bright red fluorescence under
UV-irradiation, with the maximal excitation at 520 nm and the
maximal emission at 690 nm. Cyst-AuNPs were prepared by
the NaBH,-reduction method, and the maximum absorption of
the obtained cyst-AuNPs was at 524 nm. Thus, there is a large
overlap between the absorption spectrum of AuNPs and the
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Figure 1. (A) UV absorption spectra (black line) of cyst-AuNPs and
photoexcitation (blue line) and photoemission (red line) spectra of
the aqueous solution of try-AuNCs. The inset shows the photographs
of cyst-AuNPs (a), try-AuNCs under visible (b), and UV (c) light. (B)
The fluorescence decay spectra of try-AuNCs. (C) The HRTEM
images of try-AuNCs.
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excitation spectrum of AuNCs, meeting the requirement of
SPEET (Figure 1A).

The fluorescence lifetime of try-AuNCs was measured to be
1036 + 20 ns (Figure 1B; Table Sl in the Supporting
Information), and the quantum yield was determined to be
6.5%, which are both comparable with those of other protein
stabilized gold nanoclusters.”>>' HRTEM measurement was
performed on the prepared nanoclusters and nanoparticles, and
at least 150 particles were selected at random to characterize
the size distribution of try-AuNCs (Figure 1C; Figures S3 and
S4 in the Supporting Information). The prepared try-AuNCs
possessed a spherical shape and good size uniformity with a
diameter of 2.7 + 0.4 nm (mainly for the AuNCs core), and the
relatively small size was favorable to utilize the try-AuNCs as
the in vivo bioimaging probe for tumors.

The XPS spectra (Figure SSa in the Supporting Information)
show two distinct doublets, one with the Au 4f,/, peak at 83.8
eV and the other at 84.9 eV, assigned to Au(0) (91%) and
Au(I) (9%), respectively, confirming the existence of a small
amount of Au(I) on the surface to help the stabilization of the
AuNCs. Moreover, the S 2p;,, peak (Figure SSb in Supporting
Information) at 161.9 eV was attributed to a gold thiolate,
confirming the covalent interaction of gold nanoclusters with
the sulfur groups of the cysteine.”’ The Raman spectra reveal
that the trypsin S—S stretching frequency of about 511 cm™
was weakened after the encapsulation of AuNCs (Figure S6 in
the Supporting Information), further proving the presence of
Au—S bond in the try-AuNCs.>® FT-IR spectra measurement of
trypsin and try-AuNCs (Figure S7 in the Supporting
Information) shows a shift of the peak corresponding to the
amide I at high wavenumbers from 1639 to 1650 cm™' as
expected.” It is related to a modification of the secondary
structure of the protein backbone predominantly due to the
interaction of trypsin and Au. Moreover, the CD spectra of the
pure trypsin and try-AuNCs at pH 12 both show a large
negative band at around 200 nm from the random coil structure
(Figure S8 in Supporting Information), indicating a large
conformational change for the try-AuNCs as well as pure
trypsin at pH 12, which is in compliance with the previous
report.* MALDI-TOF-MS analysis shows the molecular
weight of the as-prepared try-AuNCs was ~5 kDa larger than
that of trypsin, corresponding to the 25 gold atoms in the
AuNCs (Figure S9 in the Supporting Information).”" Owing to
the dependence of emission energy on the number of atoms of
fluorescent gold nanoclusters, the prepared try-AuNCs have
NIR fluorescent emission at 690 nm.>®

To employ the try-AuNCs as the bioimaging probe for
cancer imaging, we first investigated the potential ability of try-
AuNCs to exhibit stable near-infrared fluorescence in the
biological media. As shown in Figure S10 (Supporting
Information), the common inorganic ions, except Cu®’, Ag’,
and Hg*, did not influence the fluorescence intensity of try-
AuNCs at the concentration level of 1 mM or 100 yM. Cu™,
Ag' (100 uM), and Hg** (10 uM) obviously quenched the
fluorescence of try-AuNCs; fortunately, these metal ions are
scarce in the biological media. Moreover, the fluorescence of
try-AuNCs changed little in the presence of amino acids,
proteins, and other biomolecules. In the stability test, try-
AuNCs exhibited better stability than GSH-CdTe QDs and
comparable stability with other nanoclusters (DNA-AgNCs and
lys-AuNCs). We attributed such remarkable photostability to
the protection of the trypsin shell and the unique fluorescence
properties of AuNCs.
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Principle of the SPEET/Try-AuNCs Biosensor for
Heparin. The SPR property of gold nanoparticles with
enhanced local electrical field can increase the absorption
cross section and radiative recombination rate of fluorophores
and, thus, can be applied for strengthening the donor—acceptor
interaction and enhancing the efficiency of surface energy
transfer between gold nanoparticles and fluorophores.®” Figure
2 shows the schematic illustration for selective detection of
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Figure 2. (A) Schematic illustration for selective detection of heparin
based on surface plasmon enhanced energy transfer between cyst-
AuNPs and try-AuNCs. (B) Schematic illustration for the application
of folic acid modified try-AuNCs for in vivo cancer imaging.

heparin based on surface plasmon enhanced energy transfer
between cyst-AuNPs and try-AuNCs. In the present work, the
SPEET between cyst-AuNPs and try-AuNCs was utilized for
biosensing. There are two reasons for the formation of SPEET.
First, the try-AuNCs were negatively charged ({ = —9.07 mV)
while the cyst-AuNPs were positively charged ({ = +14.2 mV)
in the BR buffer (10 mM, pH 5.0); thus, possible electrostatic
interaction made the two close to each other and ensured the
surface energy transfer. The large overlap of cyst-AuNPs SPR
absorption spectrum with the try-AuNCs excitation spectrum
was another indispensable factor for SPEET (Figure 1A). As
shown in Figure S11 (Supporting Information), the fluo-
rescence of try-AuNCs was efficiently quenched by cyst-AuNPs.
Heparin, a highly negatively charged biopolymer ({ = —24.3
mV), induced the aggregation of cyst-AuNPs and led to the
red-shift of the SPR absorption peak (Figure S12 in the
Supporting Information). Moreover, the stronger electrostatic
interaction between heparin and cyst-AuNPs increased the
distance between cyst-AuNPs and try-AuNCs. Thus, the
SPEET was weakened and the fluorescence of try-AuNCs
was less quenched.

According to Chen et al,*® the quenching efficiency of the
surface energy transfer can be expressed as

1
4
d
1+ (3)
where y, d, dy and C are the quenching efficiency, the
separation distance between cyst-AuNPs and try-AuNCs, the
characteristic distance when the surface energy transfer
efficiency is reduced to 50%, and the concentration of cyst-
AuNPs, respectively. To prove the SPEET responsible for the
observed significant fluorescence quenching effect of cyst-
AuNPs on try-AuNCs, we plotted the fluorescence quenching

efficiency against the cyst-AuNPs concentration according to eq
1. As shown in Figure S11 (Supporting Information), the

x= dxC™?

(1)
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experimental data can be described quite well by eq 1. Thus, we
can conclude that the significant emission quenching in the
composite consisting of try-AuNCs and cyst-AuNPs resulted
from the surface energy transfer assisted by surface plasmon
resonance. To further verify that the try-AuNCs and cyst-
AuNPs stayed closed to ensure SPEET because of electrostatic
interaction, cyst-AuNPs were replaced by negatively charged
AuNPs (citrate-AuNPs) to quench the fluorescence of try-
AuNCs. As shown in Figure S13 (Supporting Information),
citrate-AuNPs with SPR absorption peak at 520 nm also
quenched the fluorescence of try-AuNCs, and the quenching
behavior followed eq 1. However, the quenching efficiency of
citrate-AuNPs was much lower than cyst-AuNPs at the same
concentration level, indicating that the distance between citrate-
AuNPs and try-AuNCs was longer than that between cyst-
AuNPs and try-AuNCs due to the weaker -electrostatic
interaction.

Factors Affecting the Detection of Heparin by the
Proposed SPEET/try-AuNCs Biosensors. To achieve
optimal detection performance, we carefully optimized the
assay conditions, including the time for the reaction between
heparin and cyst-AuNPs and for the reaction between try-
AuNCs and heparin-cyst-AuNPs and the pH value of 10 mM
BR buffer used in the assay.

The effect of time for the reaction of heparin with cyst-
AuNPs was investigated in BR buffer (10 mM, pH 5.0) with the
heparin concentration of 0.50, 0.75, and 1.00 ug mL™". Heparin
induced a red-shift of the absorption peak of cyst-AuNPs from
520 to 650 nm (Figure S12 in the Supporting Information).
The ratio of Agsy nm/Aszo nm 18 usually used to quantify the
interaction of heparin with cyst-AuNPs.** As shown in Figure
3A, the ratio of Agsynm/Aszonm increased to the maximum
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Figure 3. Optimization of the proposed SPEET/try-AuNCs biosensor
for heparin: (A) Effect of time on the reaction between heparin (0.50,
0.75, 1.00 ug mL™") and cyst-AuNPs; (B) effect of time on the
reaction between heparin (1.40, 1.80, 2.50 ug mL™")-cyst-AuNPs and
try-AuNCs; (C) effect of the pH value of BR buffer (10 mM) on the
interaction between heparin and cyst-AuNPs. The inset photographs
show the pH stability of cyst-AuNPs in BR buffer (10 mM). (D) The
pH stability of try-AuNCs.

within 15 min and remained stable with further increase of the
reaction time, indicating the reaction between heparin and cyst-
AuNPs was finished in 15 min. For further experiments, a
reaction time of 20 min was used to ensure complete reaction.

To pursue the optimal incubation time for try-AuNCs with
heparin-cyst-AuNPs, the effect of time for the reaction of try-
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AuNCs with heparin-cyst-AuNPs was investigated in BR buffer
(10 mM, pH 5.0) with heparin concentration of 1.40, 1.80, and
2.50 ug mL™". The response ((I — I,)/I, where I, and I
represent the fluorescence of the mixture of try-AuNCs and
cyst-AuNPs in the absence of heparin and in the presence of
heparin, respectively) increased to the maximum within 10 s
and remained stable with further increase of the reaction time,
indicating the reaction between try-AuNCs and heparin-cyst-
AuNPs was very rapid (Figure 3B). For further experiments, a
reaction time of 20 s was used to ensure complete reaction.

The effect of pH on the interaction between heparin and
cyst-AuNPs in a pH range of 2.5—6.0 in 10 mM BR buffer was
tested as a primary step to obtain optimum pH value of BR
buffer for incubation in the SPEET/try-AuNCs biosensor.
Although a better response (Agso nm/Asz0 nm) Of cyst-AuNPs to
heparin was achieved at the pH range of 5.5 to 6.0, the cyst-
AuNPs tended to be aggregated in pH >5.0 (Figure 3C).
Considering that the fluorescence of try-AuNCs remained
stable in acidic-to-basic environments spanning pH 4—12
(Figure 3D), we chose 10 mM BR buffer (pH 5.0) as the
reaction media for the bioassay.

Specificity. To test the specificity of the developed SPEET/
try-AuNCs biosensor for heparin, twenty amino acids, fourteen
common biomolecules, and fourteen common inorganic ions
were chosen for the interference study under the same assay
conditions for heparin determination. The SPEET biosensor
response arises from the aggregation of cyst-AuNPs induced by
electrostatic attraction between the positively charged cyst-
AuNPs and highly negatively charged polyanionic heparin, and
the increase of the distance between cyst-AuNPs and try-
AuNCs in the presence of large size of molecules. Thus, the
small or amphoteric biomolecules, such as amino acids, GSH,
lactic acid, and glucose, produced little response in the SPEET
assay at 100 M level. Serum proteins, such as HSA (pI 4.6—
5.3,(=-3.08 mV), IgG (pI 8.6, { = +9.41 mV), insulin (pI 5.3,
¢ = +1.23 mV), lysozyme (pI 10.7, { = +8.40 mV), cyt-C (pI
10.7, { = +6.46 mV), transferrin (pI 4.7—5.2, { = —1.43 mV),
fibrinogen (pI 5.1—6.3, { = +2.71 mV), hemoglobin (pI 7.1, { =
+2.70 mV), myoglobin (pI 6.8, C = +2.63 mV), and zonolysin
(pI 8.1-8.6, { = +3.77 mV),” had positive charge or weak
negative charge in the reaction media of BR buffer (10 mM, pH
5.0) and hardly induced cyst-AuNPs aggregation through an
electrostatic mechanism, thus producing negligible response to
the developed SPEET/try-AuNCs biosensor compared with 2.5
ug mL™' heparin (Figure 4). In addition, the common
inorganic ions at the concentration of the physiological level
produced negligible interference for the proposed heparin
biosensor. All the above data indicate excellent selectivity of our
proposed SPEET/try-AuNCs biosensor toward heparin.

Analytical Performance of the SPEET/Try-AuNCs
Biosensor. The figures of merit for the developed SPEET/
try-AuNCs biosensor for heparin are summarized in Table 1.
The proposed method gave a linear range of 0.1—4.0 ug mL™"
(Figure S) and a detection limit (3s) of 0.05 ug mL™" for the
detection of heparin. The precision (relative standard deviation,
RSD) for eleven replicate detections of 2.50 ug mL™" heparin
was 1.1%. Compared with previous optical methods for
heparin, the proposed SPEET/trgr -AuNCs biosensor gave
comparable**”*% or better’*****% detection limit (Table
S2 in the Supporting Information). The developed SPEET /try-
AuNCs biosensor was applied to the determination of heparin
in human serum samples to demonstrate its applicability for
real sample analysis. The recoveries of the spiked serum
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Figure 4. Specificity test of the developed SPEET/try-AuNCs
biosensor for heparin (2.5 ug mL™) over other biomolecules and
inorganic ions. Concentrations: amino acids, 100 #M; HSA and IgG, 1
mM; insulin, lysozyme, cyt-C, transferrin, fibrinogen, hemoglobin,
myoglobin, and zonolysin, 10 uM; glucose, lactic acid, and GSH, 100
uM; thrombin, 1 uM; K* and Na*, 10 mM; Ca’* and Mg™, 2 mM;
AP, Zn¥, and Fe¥*, 100 uM; CI-, NO;", SO, CO;*, PO,
HPO,*, and H,PO,”, 1 mM.

Table 1. Analytical Figures of Merit of the SPEET/Try-
AuNCs Biosensor for Heparin

0.0S
0.1-4.0
R =0.80C + 0.03

detection limit (3s)/pg mL™
linear range/ug mL™"

calibration function

(R, (I = I,)/Iy; C, conc./ug mL™)
correlation coefficient (y*)
precision (RSD, n = 11)/%

0.9981
1.1 (2.50 pg mL™")
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Figure 5. Fluorescence emission spectra of the SPEET try-AuNCs
biosensor in the presence of heparin at various concentrations and the
corresponding calibration curve. All solutions were prepared in 10 mM

BR buffer (pH 5.0).

samples ranged from 97% to 100%. The analytical results for
the hospital serum samples from operation patients determined
by the developed method were in good agreement with those
determined by the medical diagnostic method in the hospital,
indicating our developed SPEET/try-AuNCs biosensor pos-
sessed excellent applicability for real sample analysis (Table 2;
Table S3 in the Supporting Information).

FA Functionalized Try-AuNCs for in Vivo Tumor
Bioimaging. The folic acid modification of try-AuNCs was
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Table 2. Analytical Results for the Determination of Heparin in Human Serum Samples Using the Proposed SPEET/Try-

AuNCs Biosensor

concentration of spiked heparin in final solution for analysis/ug

sample mL™!
serum-1 0.50
2.00
serum-2 0.50
2.00
serum-3 0.50
2.00

concentration found (mean + s, n = 3)/ug mL™"

recovery (mean =+ s, n = 3) /%

0.50 + 0.03 100 + 6
1.98 + 0.02 9 =+1
0.48 + 0.02 97§
1.96 + 0.03 98 £ 2
0.50 + 0.01 9 +2
1.96 + 0.04 98 +£2

realized by the EDC activation method, and the bioconjugation
result was characterized by FT-IR (Figure S7 in the Supporting
Information). All the characteristic vibrational modes associated
with FA, such as C—H stretching at 2943 cm™! and aromatic
ring stretch of the pyridine and p-amino benzoic acid moieties
in the range of 1476—1695 cm™', were clearly seen in the FT-
IR spectra of FA and FA-try-AuNCs, and the line broadening
appearing over 1652—1350 cm™' is indicative of the covalent
linkage of FA with try-AuNCs.>

Effective biomaterials for use as contrast agents should be
safe and nontoxic to cells and tissues. Thereby, the toxicity
study is crucial for the potential applications of try-AuNCs
fluorescent probe. In the present work, the toxicity of the try-
AuNCs was evaluated by in vitro investigations of different cell
lines (3T3, Hela, HepG-2) with cell counting assay. The results
indicate no obvious toxicity of try-AuNCs on normal cell line
(3T3) and FR positive (Hela) and negative (HepG-2) tumor
cell lines (Figure S14 in the Supporting Information). The
component design of try-AuNCs probe favors the observed low
toxicity of the nanoclusters. Trypsin is a biological enzyme
produced by the cell, which exists widely in biological media
and plays a key role in life metabolism processes. The
protective coat of trypsin on the probe could play a significant
role in maintaining the biofriendly nature of the nanoprobe.
Further modification of try-AuNCs with FA did not increase
the cytotoxicity of the NIR probe, as the FA moiety is vitamin
B11, a naturally occurring product that plays an important role
in DNA synthesis. The cytotoxicity study shows that the NIR
fluorescent probe has no obvious toxicity on different cell lines
over a wide concentration range between 40 and 4000 yM.

To demonstrate the feasibility of the prepared FA-try-AuNCs
fluorescent probe for in vivo tumor imaging, the FA-try-AuNCs
were intratumorally injected into the tumor-bearing mice,
followed by real-time monitoring and imaging. As shown in
Figure 6, upon injection of the probe into the tumor-bearing
mice, the fluorescence signal focusing on the tumor was
immediately detected due to the FR on the tumor cell surface,
and the NIR fluorescence signal in tumors was detectable for
up to 12 h. Furthermore, FA-try-AuNCs with the same amount
were subcutaneously injected into the same site of normal nude
mice as a control, and the fluorescence signal was detected all
over the whole body of mice within S min and gradually
disappeared after 12 h, indicating the FA-try-AuNCs can spread
and be metabolized by the mice. We also observed that the
clearance rate of FA-try-AuNCs probe in the tumor site was
much slower than in normal tissues, probably because the high
affinity of the FA to target cancer cells prevented the probes
from degradation and metabolism. An additional control
experiment was conducted by subcutaneous injection of FA-
try-AuNCs into the tumor-bearing mice. Similar to the normal
control mice, FA-try-AuNCs were initially distributed all over
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Figure 6. In vivo time-dependence tumor imaging of the Hela tumor-
bearing nude mice and normal nude mice by the NIR fluorescence
imaging system. The FA-try-AuNCs fluorescent probe was intra-
tumorally injected into the tumor-bearing mice (A) and subcuta-
neously injected into the left forelimb region of the normal nude mice
(B) and tumor-bearing mice (C). The red cycle and green cycle
indicate the tumor site and injection site, respectively.

0 min

the body. However, the probe was increasingly accumulated in
the tumor site as time extended and was gradually metabolized
slower than in normal tissues. The above results demonstrate
that the FA-try-AuNCs probe can target and image the tumor
with high specificity and good biocompatibility and positively
support the FA-try-AuNCs as a promising specific fluorescent
probe for in vivo cancer imaging.

B CONCLUSIONS

In summary, we have reported the preparation and application
of the near-infrared fluorescent trypsin stabilized gold nano-
clusters for biosensing and bioimaging application. The novel
energy transfer mode, SPEET, was first utilized for fabricating a
biosensor for heparin. In vivo study of the dynamic behavior
and targeting ability of try-AuNCs probe with folic acid
modification to Hela tumor bearing mice and normal nude
mice validated the high specific affinity of FA-try-AuNCs probe
to FR positive tumors. All the results show that the prepared
try-AuNCs have great potential as multifunctional biomaterials
for biosensing biomolecules with SPEET mode and in vivo
cancer imaging with high targeting ability.
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