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Abstract: A new type of photothermally responsive nanoprobe
based on Edman degradation has been synthesized and
characterized. Under irradiation by 808 nm laser, the heat
generated by gold nanorod core breaks the thiocarbamide
structure and releases the fluorescent dye Cy5.5 with increased
near-infrared (NIR) fluorescence under mild acidic condition. This
RGD modified nanoprobe is capable of fluorescence imaging of
avp3 over-expressing U87MG cells in vitro and in vivo. This Edman
degradation-based nanoprobe provides a novel strategy to design
activatable probes for biomedical imaging and drug/gene delivery.

There has been increased interest in developing new
photoresponsive nanocarriers for
release of drug molecules and gene products at a specific time
and location in the living system.[” Ultraviolet (UV) light
responsive photolabile protecting groups or phototriggers
have been recognized as a powerful tool in biomedical
applications.m However, the cytotoxic effect™ and low tissue
penetration depthm of the UV light would limit their
application in vivo. Near-infrared (NIR) irradiation could
overcome issues of autofluorescence and improve the depth
of penetration compared to UV Iight.[S] Particularly, the NIR
strategies based on two-photon irradiated nanoprobes[6] and
upconverision nanoparticlesm that convert low energy
excitation NIR light to high energy UV emission have extended
in vitro and in vivo bioapplications of photoresponsive
probes.[8] For these two types of NIR photocleavageable
nanoprobes, however, the low optical conversion efficiency
and photoluminescence quantum vyield might affect their
further use.”

controlled delivery and

Plasmonic nanoparticles with localized surface plasmon
resonance (LSPR) could have their conduction electrons
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coherently photoexcited to induce surface plasmon
oscillations. Upon surface plasmon formation, nonradiative
relaxation efficiently generated localized heat to the
surface."” There have been some reports of using plasmonic
nanoparticles to break thermally sensitive chemical structures
to release biologically relevant constituents from the surface
of nanoparticles.m] For example, Bakhtiari et al. reported
photothermal release of molecules from the gold nanoshell
surfaces through an efficient thermally responsive retro-Diels-
Alder reaction.™® In this example, the breakage of Au-S
bond™ would release the active free thiol and/or generate
free radical species that may have undesired side effects, such
as biotoxicity.m] Ultimately, the ideal photothermally
responsive delivery system would show precise targeting and
clean photoreaction without side products.

Edman degradation is a common method of sequencing
amino acids in a peptide (Scheme Sl).[lsl Our group also
reported the instability of glutamic acid linked peptides
coupled to NOTA through different chemical linkages based on
the Edman degradation.[w] This thermally responsive
degradation would be activated in the acidic extracellular pH
(6.5-6.8) in the tumour milieu, or endocytic organelles (pH,
5.0-6.0) in the tumour endothelial cells.*”!

In the current study, we designed a new type of
photothermally responsive nanoprobe based on the Edman
degradation. We developed a nanoparticle surface energy
transfer (NSET) system using Cy5.5 as the energy donor and
gold nanorods (AuNRs) as the energy acceptor. The two major
components were linked to mimic a thiourea of a terminal
amino acid residue. Irradiation (808 nm) at pH 6 generated
heat in the gold nanorod core which radiated into the thiourea
structure effecting the Edman degradation to release the
Cy5.5-NH, fluorescent dye. After the Edman degradation, NSET
between Cy5.5-NH, and gold nanorod would be broken to
recover the NIR emission of Cy5.5 (Scheme 1). This arginine-
glycine-aspartate (RGD)[IS] modified nanoprobe has proven to
be capable of controlled release in the o,f; overexpressing
U87MG cells by NIR fluorescent bioimaging through receptor-
mediated endocytosis. This Edman degradation-based
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nanoprobe provides a new
bioimaging.
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Scheme Mechanism of the photothermal decomposition of nanoprobe

AuNR@SlOz Glu(Cy5.5)-c(RGDyK) based on the Edman degradation.

The preparation of the photothermally responsive
nanoprobe was accomplished in three main steps. Firstly, the
glutamic acid was modified with Cy5.5-NH, on the 1-acid and
c(RGDyK) on the 5-acid to provide the NH,-Glu(Cy5.5)-
c(RGDyK) in five steps (Scheme S2, Fig. 51—9).[19] Secondly, the
CTAB coated gold nanorod was modified with TEOS and
isothiocyanated silica (Si-NCS, Fig. S10) to form isothiocyanate
functionalized core-shell nanoparticles (AuNR@SiOZ—NCS).[m]
Finally, this silica coated nanorod AuNR@SiO,-NCS was
covalently linked with the NH,-Glu(Cy5.5)-c(RGDyK) to vyield
the AUNR@SiO,-Glu(Cy5.5)-c(RGDyK) (Scheme $3),* which
eliminates the potential toxicity of breakage of Au-S bond.

We next investigated the physical properties of
AUNR@SiO,-Glu(Cy5.5)-c(RGDyK) nanoparticles. The size of
AuNR@CTAB was approximately 55.0 x 18.0 nm (Fig. 1a), and
the aspect ratio was about 3.1. After modification with the Si-
NCS and NH,-Glu(Cy5.5)-c(RGDyK), the thickness of silica shell
was approximately 3.8 nm in AuNR@SiO,-NCS and
AUNR@SiO,-Glu(Cy5.5)-c(RGDyK) (Fig. 1b&c). As shown in Fig.
1d, the AUNR@CTAB showed a board peak at 760 nm, and that
of AUNR@SIO,-NCS was slightly red-shifted to 765 nm. After
coupling of NH,-Glu(Cy5.5)-c(RGDyK), there was a new
shoulder peak at 680 nm, which belongs to the dye Cy5.5,
suggesting that NH,-Glu(Cy5.5)-c(RGDyK) was successfully
atached on the surface of silica shell. The distance between
the surface of the gold nanorod and Cy5.5 was about 3.8 nm,
which is within the effective range for NSET.?? The
nanoconjugate was further characterized by zeta potential and
DLS. The AUNR@CTAB nanoparticles exhibit a zeta potential of
+38.5 mV due to the adsorption of cationic CTAB molecules on
the AuNR surface. After modification with -NCS and NH,-
Glu(Cy5.5)-c(RGDyK), the zeta potentials were -10.1 mV and
+12.7 mV, respectively (Fig. 1f), and the hydrodynamic size
increased from 105.1 nm to 151.6 nm (Fig. 1d). By measuring
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the changes of absorbance at 680 nm, the loading
concentration of Glu(Cy5.5)-c(RGDyK) was about 1.10 uM (Fig.
2a), which, by calculation, indicated approximately 5500
Glu(Cy5.5)-c(RGDyK) units per AUNR@SIO, (Fig. $13).2Y
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Fig. 1 The TEM images of AUNR@CTAB (a), AUNR@SiIO,-NCS (b), AUNR@SIO,-
Glu(Cy5.5)-c(RGDyK) (c) and their corresponding absorption spectra (d), DLS (e)
and zeta potentials (f).

The NSET efficiency was measured by the fluorescence
emission and lifetime spectroscopy. Compared with the NIR
emission intensity of NH,-Glu(Cy5.5)-c(RGDyK) at the
concentration of 1.10 uM, the NIR emission intensity at 700
nm was significantly quenched for the AUNR@SiO,-Glu(Cy5.5)-
c(RGDyK) (Fig. S14). The NSET efficiency was ~85.7%, as
deduced from the emission spectra of AUNR@SiO,-Glu(Cy5.5)-
c(RGDyK). At the same time, the fluorescence lifetime of
AuNR@SiO,-Glu(Cy5.5)-c(RGDyK) was reduced from 1.2 ns to
0.7 ns (Fig. 2b), further confirming the effective quenching of
the dye emission of Cy5.5 by the nanorod through NSET
process.m] In contrast, simple physical mixing of AUNR@SIO,-
NCS and Glu(Cy5.5)-c(RGDyK) did not result in an obvious
decrease in NIR emission intensity (Fig. S15). These results
indicate that the quenching effect in AUNR@SiO,-Glu(Cy5.5)-
¢(RGDyK) was mainly ascribed to the NSET process rather than
simple light absorption by nanorod.?!

As previously discussed, the rate of the Edman degradation
depends on the temperature and pH.“Sl Thus, we investigated
the stability of the pure Cy5.5 and nanoprobe AuNR@SiO,-
Glu(Cy5.5)-c(RGDyK) under different temperature and pH
conditions. The pure Cy5.5 dye showed high stablility
throughout the pH range 2-10, at 80 °C for up to 40 min, and
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under 808 nm laser irradiation for up to 40 min (Fig. S16).
When the AUNR@SiO,-Glu(Cy5.5)-c(RGDyK) was heated at 80
oC at different pH values (4.0-7.0), the emission was only
increased over time under acidic conditions (Fig. S17).
Simultaneously, the NIR emission increased at increasing
temperatures (60-100 °C) when the pH of solution was 6.0
(Fig. S18). These manifest the successful Edman degradation
on the surface of AuNR@SiO,-Glu(Cy5.5)-c(RGDyK) under
heating and acidic conditions.

a) 1.0

=== AUNR@Si0,-NCS

€=1.27+10"L mol cm”
—— AUNR@Si0:-Glu(Cy5.5)-c(RGDyK)

Fos

08 +

0.6 4

s T 1S 20 35 30
1 Cone. Cy5.5 (uM)

04 4 A=042

Absorbance

00 T T T T
400 500 600 700 800 900

1000
Wavelength (nm)
b) 10000
—— NH,-Glu(Cy5.5)-¢(RGDyK)
— AuNR@Si02-Glu(Cy5.5)-¢(RGDyK)
1000
3
2 100 4
=1
=
<
o
10 4
; ]
0 4 8 12 16 20

Time (ns)
Fig. 2 (a) the absorption spectra of AUNR@SiO,-NCS and AuNR@SiO,-Glu(Cy5.5)-
c(RGDyK), insert: the standard curve between Abs680 nm vs conc.Cy5.5; (b) the

fluorescence lifetime at 700 nm of NH,-Glu(Cy5.5)-c(RGDyK), AuNR@SiO,-
Glu(Cy5.5)-c(RGDyK).

The photothermal property of AuNR@SiO,-Glu(Cy5.5)-
c(RGDyK) nanoparticles was investigated under excitation of
808 nm laser. The temperature of the solution (ODgpg nm = 0.5)
increased with the increasing power density of the exposed
808 nm laser (Fig. S19a). When the laser power was 0.3
W/cmz, the temperature increased to 62.3 2C following a 2

min irradiation. In addition, the AuNR@SiO,-Glu(Cy5.5)-
c(RGDyK) showed good photothermal stability with
reproduceable temperature increases over 4 cycles (Fig.

S19b).

The photothermally-induced Edman degradation was
evaluated by the fluorescence spectroscopy, HPLC, and HPLC-
MS. Following the excitation of 808 nm laser (0.2 W/cmz) for 2
min at pH 6.0, the emission intensity of the solution increased
immediately. Then the exposed solution was cooled to room
temperature in the dark for another 2 min, the emission
intensity had no obvious changes. After irradiation for 4
additional 2-min time periods, the emission intensity increased
by 5.6-fold (Fig. 3a, 3b). This increase in fluorescence intensity
is consistent with the release of approximately 5131 dye
molecules (93.3%) per nanorod (Fig. S20). As shown in the Fig.
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S21, absorption result also displayed the similar released yield
(90.0%). HPLC analysis showed that a new peak at 25.0 min
appeared and increased with increasing laser exposure time
(Fig. 3c), and the retention time was matched with the pure
dye Cy5.5-NH, (Fig. S22). The mass spectrum of this
component showed a molecular ion at m/z 681.48 consistent
with Cy5.5-NH, (calculated m/z 681.45), which is the predicted
Edman degradation product (Fig. 3d). Thus, the constructed
AuNR@SiO,-Glu(Cy5.5)-c(RGDyK)  particle  performs  as
predicted to be an activatable fluorescent imaging agent under
irradiation of 808 nm laser at pH 6.0.
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Fig. 3 (a) The change in fluorescence of AgNR@SiOz—GIu Cy5.5)-c(RGDyK)
following excitation with 808 nm laser (0.2 W/cm®) at pH 6.0; (b) the intensity at

700 nm as a function of irradiation time; (c) their corresponding HPLC results at
different time points; (d) the MS spectrum of the observed HPLC component.

Before the application of AUNR@SiO,-Glu(Cy5.5)-c(RGDyK)
in bioimaging, the cytotoxicity of this nanomaterial was
investigated by a methyl thiazolyl tetrazolium (MTT) assay.
Following incubation of 10-50 pg/mL AuNR@SiO,-Glu(Cy5.5)-
c(RGDyK) for 24 h, no significant difference in the proliferation
of U87MG cells was observed (Fig. S23). The cellular viability of
U87MG cells was more than 90%, indicating low cytotoxicity of
AuNR@SiO,-Glu(Cy5.5)-c(RGDyK) nanoparticles.

To demonstrate the applicability of the nanoprobe
AuNR@SiO,-Glu(Cy5.5)-c(RGDyK) for targeted bioimaging
based on Edman degradation, the fluorescence imaging
experiments were first carried out in two different cell lines
(U87MG and MCF-7). Human glioblastoma U87MG cells (high
levels of integrin a,B3) and MCF-7 cells (low levels of integrin
a,B3) were incubated with DAPI and AuNR@SiO,-Glu(Cy5.5)-
c(RGDyK) for 1 h. As shown in Fig. 4, before the irradiation of
808 nm laser, the U87MG cells showed very weak NIR emissive
signal in the Cy5.5 channel (Fig. 4a2). With irradiation of 808
nm laser for increased time, the U87MG cells displayed an
obviously increased NIR signal in the Cy5.5 channel (Fig. 4b2).
However, the MCF-7 cells showed no obvious changes of NIR
emission in Cy5.5 channel (Fig. 4 c2&d?2).

In a concurrent experiment, the U87MG cells were treated
with excess c(RGDyK), in order to block specific binding, and
co-incubated with AuNR@SiO,-Glu(Cy5.5)-c(RGDyK). After

Nanoscale., 2016, 00, 1-5 | 3
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irradiation with laser, the RGD-blocked cells showed no
obvious changes in the NIR emission (Fig. S24 al&a2). The
binding specificity suggests that AuNR@SiO,-Glu(Cy5.5)-
c(RGDyK) could be used to image the integrin a,B3; over-
expressing  U87MG through  receptor-mediated
endocytosis based on Edman degradation.
DAPI Cy5.5 DAPI+Cy5.5
a3

cells

Merge

US7TMG

Fig. 4 Fluorescence images of U87MG (a,b) and MCF-7 (d,e) cells treated with
nanoprobe AuNR@SiOz—ZGIu(CyS.S -c(RGDyK) (10 pg/mL) and with 808 nm laser
irradiation (0.1 W/cm®) for different times (0 - 4 min). The excitation
wavelengths of DAPI and Cy5.5 were 365 and 633 nm, respectively.

MCF-7

As previously reported, the U87MG tumour showed
characteristic acid microenvironment.!”? Herein, the
AUNR@SiO,-Glu(Cy5.5)-c(RGDyK) was further investigated to
Edman degradation in the U87MG tumour mouse model.
When the tumours reached about 60 mmg, the mice were
treated with intratumoral injection of 50 puL of nanoprobe
AuNR@SiO,-Glu(Cy5.5)-c(RGDyK) (100 pg/mL). Fluorescence
imaging was employed to monitor the Edman degradation
efficacy of treatment in vivo using a whole body optical
imaging system (Fig. 5). Before the laser irradiated, the local
tumour showed week NIR emission. Under irradiation of 808
nm laser at power density of 0.25 W/cmz, the NIR emission
increased with increasing time in the local tumour. These
results indicated that nanoparticles AUNR@SiO,-Glu(Cy5.5)-
c(RGDyK) had excellent photothermal responsive release in the
U87MG tumour based on the Edman degradation.

Conclusions

In summary, we have developed a novel photothermally
responsive based on the Edman degradation. Under irradiation
of 808 nm laser, the gold nanorod core generated and
transferred the heat to the thiourea structure to release the
Cy5.5-NH, fluorescent dye, resulting in increased NIR emission.
Importantly, this nanoprobe was capable of photothermally
induced release of Cy5.5-NH, in the a,B; over-expressing
U87MG cells and tumour for NIR imaging. Our Edman

4 | Nanoscale., 2016, 00, 1-5

degradation-based nanoprobe provides a novel strategy for
tumour-targeted bioimaging and drug delivery in vitro and in
vivo.
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Fig. 5 In vivo fluorescence images of U87MG tumour treated with intratumoral
injection of 50 pL of AUNR@SiO,-Gly(Cy5.5)-c(RGDyK) (100 pg/mlL) under
irradiation of 808 nm laser 1?.25 W/cm?) for 0 min (a), 3 min (b) and 6 min (c),
and their corresponding changes in mean emission intensity (d). The NIR
emission of Cy5.5 was collected at 650-750 nm upon irradiation at 633 nm.
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