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ABSTRACT

The integration of strong near-infrared (NIR) emission, rapid lysosome escape, fast cellular excretion, and efficient total body
clearance is highly desired for nanoparticles (NPs) to achieve synergistic functions in both molecular imaging and delivery. Herein,
using a well-designed cyclopeptide (CP) that can spontaneously assemble into controllable nanofibers as template, a facile strategy
is reported for in situ self-assembly of NIR-emitting gold NPs (AuNPs) into ordered and well-controlled one-dimensional (1D)
nanostructures (AuNPs@CP) with greatly enhanced NIR emission (~ 6 fold). Comparing with the unassembled AuNPs, the
AuNPs@CP are observed to enter living cells through endocytosis, escape from lysosome rapidly, and excrete the cell fast, which
shows high gene transfection efficiencies in construction of cell line with ~ 7.5-fold overexpression of p53 protein. Furthermore, the
AuNPs@CP exhibit high in vivo diffusibility and total body clearance efficiency with minimized healthy organ retention, which are
also demonstrated to be good nanovectors for plasmid complementary deoxyribonucleic acid 3.1 (pcDNAS3.1)(+)-internal ribosome
entry site (IRES)-green fluorescent protein (GFP)-p53 plasmid with efficient p53 gene over-expression in tumor site. This facile
in situ strategy in fabricating highly luminescent 1D nanostructures provides a promising approach toward future translatable
multifunctional nanostructures for delivering, tracking, and therapy.
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1 Introduction

Ultrasmall luminescent gold nanoparticles (AuNPs, d < 3 nm)
with unique optical properties, low toxicity, long blood
circulation and high metabolic clearance [1-4], have received
immense interest in biosensing, bioimaging and therapy [5-9].
Recently, the ultrasmall visible-emitting AuNPs after
functionalization (e.g., oligoarginine) were demonstrated to be
nanovectors for deoxyribonucleic acid (DNA)/small interfering
ribonucleic acid (siRNA)/drug delivery [10-12]. Furthermore,
self-assembly of the pre-synthesized ultrasmall AuNPs using
cationic polymer as a template was shown as a promising
strategy for enhancements both in emission and drug delivery
efficiencies [13]. Although many beneficial advantages have
been achieved using ultrasmall AuNPs as delivery vectors,
including good biocompatibility, low cytotoxicity, and high
cellular internalization, the self-assembled nanostructures are
typically internalized via endocytosis pathways, raising another
challenge in the endo/lysosomal trapping and degradation
[14, 15]. Therefore, the development of self-assembled AuNPs
to facilitate the endo/lysosomal escape for improved delivery
efficiency is highly desirable. In addition, the hard degradation
or low body clearance of the typical nanostructures also cause
the anxiety of biosafety problems, impeding the future clinical
translation. Since the emission of the reported AuNPs was in

the visible range (e.g., ~ 600 nm) that could be easily interfered
by the bioluminescence background from cellular environment,
how to achieve accurate and body-clearable self-assembled
nanostructures with emission in the near-infrared (NIR) range
for integration of subcellular tracking and delivery in a facile
in situ strategy remains unsolved.

Synthetic peptides with advantages of biocompatibility,
multifunctionality, and biodegradability are perfect building
blocks for self-assembling NPs into biological systems for drug
delivery, cancer therapy, and regenerative medicine [16, 17].
Peptide self-assembly has achieved remarkable advances, and
several studies have concentrated on peptide molecular design
and related self-assembled nanostructures, which were obtained
through noncovalent interactions including hydrogen bonding,
hydrophobic interactions, and m—n stacking interactions [18, 19].
For example, the self-assembled tryptophan-phenylalanine
dipeptide NPs with diameter of ~ 160 nm, could shift the
peptides’ intrinsic emission signal from ultraviolet to visible
range for monitoring drug release [20]; the polymer-beclin-1
(P-Becl)-based self-assembled NPs with diameter of ~ 32 nm
at pH 7.4, showed effectively induced autophagy and inhibited
tumor growth [21]. However, although various functional
nanostructures from synthetic peptides were constructed [22, 23],
the ability of peptides in the in situ self-assembly of ultrasmall
NIR-emitting AuNPs is still unknown, which is of great
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importance in the emergence of multifunctional nanostructures
for various biomedical applications.

Herein, we designed a cyclopeptide (CP) that spontaneously
assembled into nanofibers with controllable lengths in solution
under different pH conditions, which could be utilized for
in situ assembly of NIR-emitting AuNPs into ordered and

well-controlled one-dimensional (1D) nanostructures (AuNPs@CP).

The fabricated AuNPs@CP showed a maximum emission at
810 nm with quantum yield (QY) as high as 5.9%, significantly
higher than most of the previously reported NIR-emitting
AuNPs (~ 1%) [24, 25]. Using the enhanced NIR emission, we
observed that the AuNPs@CP entered cell through endocytosis
but escaped from lysosome rapidly, significantly different from
the unassembled ones in either cellular endocytosis or efflux,
resulting in high capability in construction of cell line with
~ 7.5-fold overexpression of p53 protein as compared to the
wild-type HeLa cell. Both NIR fluorescence imaging and
biodistribution investigations revealed that the unique 1D
AuNPs@CP nanostructures showed high diffusibility after
intratumoral (i.t.) injection and could be eliminated from
the body via both renal and hepatic metabolic pathways
with minimized accumulation in healthy organs. The 1D
AuNPs@CP nanostructures were then demonstrated as robust
nanovectors for plasmid complementary deoxyribonucleic acid
3.1 (pcDNA3.1)(+)-internal ribosome entry site (IRES)-green
fluorescent protein (GFP)-p53 to show overexpressed p53
protein in MDA-MB-231 tumor. Together with the enhanced
NIR emission, the rapid lysosome escape, and cellular efflux,
high in vivo diffusibility and the unique body clearance properties
make this 1D nanostructures promising for practical use in
both tracking and cancer therapy.

2 Results and discussion

2.1 Synthesis and characterization of 1D NIR-emitting
AuNPs@CP nanostructures

The sequence of the designed CP was cyclo-(Ala-Arg-
Ala-Arg-Ala-Arg-Ala-Asp)-aminocaproic-Cys (Fig. S1 in the
Electronic Supplementary Material (ESM)). The arginines were
used to form bidentate hydrogen bonds with anionic groups
in both DNA and cell membranes, and the cysteine on the
terminal of branched chain was selected to provide binding
site for in situ self-assembly of ultrasmall AuNPs. The hydrogen-
bond donors and acceptors were complementary in each side
of the CP to facilitate formation of inherent self-assembled
nanofibers (Fig. 1(a)) [26, 27]. As expected, the CP could easily
self-assemble into nanofibers with pH-dependent lengths
visualized in the atomic force microscopic (AFM) images. Upon
decreasing pH value to 3.0, the CP formed stable nanofiber
with micro-scale length. However, it was difficult to form
stable nanostructures under strong alkaline conditions (e.g.,
pH 11) due to strong intermolecular resistance among CP
molecules (Fig. 1(b)). Therefore, the inherent self-assembled
nanofibers exhibited uniform lengths of ~ 300-700 nm with
an average height of ~ 6.5 A under neutral or weak alkaline
conditions (e.g., pH 6.5-10.0), which were selected as templates
for the following in situ fabrication investigations.

The luminescent AuNPs@CP was then in situ fabricated
using the inherent CP nanofiber as template under weak
alkaline conditions in the presence of HAuCls and glutathione
(GSH) at 95 °C (Fig. 2(a), Fig. S2 in the ESM). The AuNPs@CP
exhibited NIR emission with a maximum at 810 nm (Fig. 2(b)),
and the QY was measured to be 5.9% in water using fluorescein
as reference, which was ~ 6 times higher than those of the
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previously reported NIR-emitting AuNPs (~ 1%) [24, 25]. The
mixed valence of Au(0) and Au(I) was achieved with Au(I)
species of ~ 36.4% (Fig. S3 in the ESM), consistent with most
of the reported NIR-emitting AuNPs [24, 25], suggesting the
self-assembly induced emission enhancement of the AuNPs on
the CP nanofiber. The ultraviolet (UV)-visible (vis) absorption
spectrum showed abroad absorption in the range of 200-400 nm,
but no characteristic surface plasmonic band around 520 nm
(Fig. 2(b)), indicating the generation of ultrasmall AuNPs on
the CP nanofiber and no formation of larger plasmonic AuNPs
during the in situ fabrication process. The fibrous structure of
AuNPs@CP was clearly visible in the transmission electron
microscopic (TEM) images (Fig. 2(c), Fig. S4(a) in the ESM),
and the AuNPs with size of 1.8 + 0.3 nm were homogeneously
distributed on CP template. The lengths of AuNPs@CP were
measured to be ~ 600 nm in the scanning electron microscopic
(SEM) image (Fig. 2(d), Fig. S4(b) in the ESM), and a height
increase of ~ 1.1 nm as compared to the inherent CP nanofiber
in the AFM images (Fig. 2(e), Figs. S4(c) and S4(d) in the ESM),
further confirming the generation of AuNPs on the fibrous CP
template. The prepared AuNPs@CP integrated the features of
uniform lengths, ordered, and well-controlled morphology
due to the in situ strategy of facile preparation and good
controllability, which allowed Au atoms to fully combine with
the sulfhydryl group on the CP to form 1D nanostructures.
The elemental analysis of AuNPs@CP revealed the ratio of CP
to GSH was 1:19.5, which was consistent with the added
dosage ratio between CP and GSH in the reaction process
(Fig. S5 in the ESM). Stability is an important factor to evaluate

(@ Irregular @ © o

o o e C
aggregates © g Q o N
Q @ e ° e 0
- °s
7 o
‘0 o &= . -
. G ¢ ! |
. e '
| ® oo
pH=65-100 o°, i3 , PH=30 /
¢ ® e *-o-o .". . ° 4 L
Short nanofiber s o Long nanofiber
(300—-700 nm) (>2 um)

(b)

—_—

Figure 1 The self-assembled nanofibers of CP with pH-dependent lengths.
(a) Schematic diagram of the spontaneous self-assembly of CP under
different pH conditions. The CP interacted through an extensive network
of hydrogen bonds to form a stable nanofiber structure under different
conditions. (b) AFM images of the inherent self-assembled CP nanostructures
at different pH values: 3.0, 6.5, 7.0, 8.5, 10.0, and 11.0. These results indicated
that the nanofiber exhibited uniform lengths about 300-700 nm at neutral
or alkaline pH values, which was attributed to the hydrogen-bonding
interactions between the amide groups and the carbonyl group of amino
acids on the ring. Upon decreasing pH value to 3.0, the CP formed stable
nanofiber with micro-scale length (> 2 um). However, it was difficult to
form stable nanostructures under strong alkaline conditions (e.g., pH > 11.0)
due to strong intermolecular resistance among the CP molecules.

r&?}g&ﬁ}‘g}éé @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2021, 14(4): 1087-1094

&, &
s b

HAuCI é
g L (..\

eC oN o0 oS ~~~ CP £ AuNP
(b)’:}*2 (d) so-
= e 810;nm 0.60 £ 0.20 ym
e sorbance A
\ 40 1.8£0.3nm Y
Z 0.9 Excitation /\ g | |
s - Emission o 304 Il |
o N |
£0s g \
E 03 a 10 ]
5 (1)1
Z 0.0¢ T —= T T =, b e
200 300 400 500 600 700 800 900 1.2 3 40 051015
Wavelength (nm) Diameter (hnm) Length (um)
(c) . (€)2s-
AuNPs@CP
[ cP

0 2 4 6 8 10 12
X (1m)

Figure 2 Preparation and characterization of in situ self-assembled
NIR-emitting AuNPs@CP. (a) Schematic illustration of the self-assembled
CP and the in situ self-assembly process of AuNPs@CP. (b) Absorption,
excitation, and emission spectra of AuNPs@CP. (c) TEM (i), SEM (ii), and
AFM (iv) images of AuNPs@CP. AFM images of CP before (iii) and after
(iv) self-assembly of AuNPs were compared. (d) Size analysis of AuNPs
on the nanofibers and lengths analysis of AuNPs@CP calculated from
corresponding TEM and SEM images. (e) Height profile analysis of CP
and AuNPs@CP.

the functions of self-assembled nanostructures for further
bioapplications [28, 29]. The emission of AuNPs@CP was
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quite stable in physiological mediums (Fig. S6 in the ESM), as
well as against high ionic strength and pH changes (Fig. S7 in
the ESM).

2.2 Cellular endocytosis pathways and co-localization
analysis

The intrinsic NIR emission of AuNPs@CP could provide a
feasible way for further imaging the pathways of entering cells
and ultimate whereabouts, which was critical for practical future
applications [30, 31]. Since endocytosis via lysosome transpor-
tation is a typical entry pathway for typical NPs [32, 33], the
pathway of AuNPs@CP was investigated through imaging the
co-localization of AuNPs@CP and lysosome inside HeLa cells
at different incubation time points. The HeLa cells were firstly
transfected using Lysosomes-GFP Bac Mam 1.0 kits for Lamp1
(lysosome marker) labeling, whose endosomal structures
were stained with green fluorescence with wavelength far away
from the NIR emissions of AuNPs@CP to minimize the color
interferences. The gradual decrease of the colocalization between
AuNPs@CP and lysosome after incubation from 1 to 12 h with
statistical colocalization Pearson’s correlation coefficient (R:) [34]
decreased from 0.62 to 0.37 (Figs. 3(a) and 3(c)), distinct from
the glutathione coated AuNPs (GS-AuNPs) with a similar R,
(~ 0.58), suggested that AuNPs@CP firstly entered lysosome
through endocytosis but escaped from lysosome rapidly.
However, after removal of the medium containing the NPs, the
GS-AuNPs showed an even increased R: of 0.64 after incubation
for 12 h in GS-AuNPs free medium, indicating GS-AuNPs might
be trapped in lysosomes (Figs. 3(b) and 3(c)). The significant
differences in the cellular pathways between AuNPs@CP
and GS-AuNPs further confirmed that AuNPs@CP with self-
assembled fibrous nanostructure showed the unique capability
of rapid cellular membrane fusion and lysosome escaping.
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Figure 3 Cell imaging and co-localization analysis. (a) Colocalization analysis between AuNPs@CP (red channel) and GFP-labeled lysosomes (green
channel). The HeLa cells were imaged after incubation with AuNPs@CP for different time points (1, 6, 12 h, from first to third row). Pearson’s correlation
coefficients were displayed in yellow. (b) Colocalization analysis between GS-AuNPs (red channel) and GFP-labeled lysosomes (green channel). The
GS-AuNPs were used as control. (c) Statistical analysis of colocalization coefficients (AuNPs@CP, left) and (GS-AuNPs, right) from HeLa cells in different
time. (d) Cellular uptake efficiencies of AuNPs@CP and GS-AuNPs at different incubation time. (e) Efflux percentages of AuNPs@CP released at different

incubation time.
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The efficiencies of cellular endocytosis and efflux of
AuNPs@CP were subsequently analyzed using inductive coupling
plasma mass spectrometry (ICP-MS). The results indicated
that the internalization amount of both AuNPs@CP and
GS-AuNPs increased with prolonged incubation time (Fig. 3(d)).
Interestingly, the internalization amount of AuNPs@CP by
HelLa cells was 1.4-fold more than that of the GS-AuNPs after
12-h incubation, but the internalization amount of AuNPs@CP
was obviously less than that of GS-AuNPs at 24 h. The reasonable
explanation might be the different pathways to enter and leave
cells. Then several inhibitors including amiloride, chlorpromazine,
sodium azide (NaN3), and methyl-p-cyclodextrin (m-BCD) were
introduced to evaluate their inhibiting effects to understand
the internalization mechanism of AuNPs@CP and GS-AuNPs,
respectively [35]. These results showed that cellular uptake of
AuNPs@CP was affected by both NaN; and m-BCD (Fig. S8(b)
in the ESM), which reduced the amount of cholesterol on
the membrane and inhibited the membrane cellar mediated
endocytosis [36, 37]. This phenomenon showed the design
of CP with 4 alanines could make it self-assembly to form
nanofibers with hydrophobic ends, which might interact with
cholesterol, phospholipids, and other hydrophobic substances
on the membrane for cellular endocytosis (Fig. S8(a) in the
ESM). Nevertheless, the cellular uptake of GS-AuNPs was
mainly affected by amiloride, which inhibited the endocytosis
pathway of the giant pinocytosis, as well as NaNs (Fig. S8(c) in
the ESM), which blocked the transfer of electron transport
chain, and thereby blocked the energy metabolism [38, 39].
We also tested the cellular efflux kinetics of AuNPs@CP and
GS-AuNPs at different time points after 12-h uptake (Fig. 3(e)).
These results demonstrated that the removal rate of AuNPs@CP
was obviously faster than that of GS-AuNPs and the efflux
efficiency of AuNPs@CP was approximately 40% after 48 h,
which was consistent with the results of cell pathways studies.
Therefore, the in situ fabricated AuNPs@CP were not only
able to possess the capability of intracellular translocation, but
also could be rapidly excreted from the cells, holding great
promising in visualization therapy.

2.3 In vitro gene transfection and construction of p53
overexpressed cell lines

To evaluate the loading and transfection capacity of 1D nano-
structures, the GFP plasmid, a representative reporter gene
plasmid in transfection experiments, was mixed with AuNPs@CP
to incubate with HeLa cells for 12 h without other assistant
molecules such as lipids or cationic polymers, which were often
used as artificial transfection vectors to ensure gene transfection.
The expression of GFP inside the HeLa cells demonstrated
that AuNPs@CP successfully transported the GFP plasmid
into HeLa cells (Fig. S9 in the ESM). The above results clearly
demonstrated that luminescent AuNPs@CP as novel delivery
vectors possessed transfection capability due to the specific
1D nanostructures with both high plasmid DNA loading and
cellular internalization abilities [40].

In order to further assess the delivery efficiency, a plasmid
DNA (pDNA) with overexpression of p53 gene (a vitally
important tumor suppressor gene) [41, 42] was designed via
inserting p53 gene regulatory sequence into pcDNA3.1(+)-
IRES-GFP plasmid vector to construct the cell lines overexpressed
with p53 gene (Fig. S10(a) in the ESM). The emission of
AuNPs@CP did not change obviously after mixing with
PDNA, but the absorbance enhanced significantly (Figs. S10(b)
and S10(c) in the ESM), indicating the conjugation between
pDNA and AuNPs@CP. The formed nanocomplexes between
pDNA and AuNPs@CP (AuNPs@CP-pDNA) were also observed
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in both AFM (Figs. S10(d) and S10(e) in the ESM) and TEM
images (Fig. S10(f) in the ESM), further confirming the strong
interaction between pDNA and AuNPs@CP, which could
facilitate gene transfection for loading pDNA into cells. Using
a commercially available vector polyethyleneimine (PEI) as
control [43], we then tested the transfection properties of
AuNPs@CP in HeLa Cells. The HeLa cells were highly bright
expressed with GFP as observed in the fluorescent microscopic
images after pcDNA3.1(+)-IRES-GFP-p53 plasmid was transfected
using AuNPs@CP (Figs. 4(a) and 4(b), detailed pDNA
transfection and GFP expression detection were shown in the
methods section). After statistic calculation of the number
ratio between the cells with GFP fluorescence and the total
cells, the transfection efficacy of AuNPs@CP was ~ 60.4%,
higher than that of the PEI (~ 55.7%) or CP fibrous template
(~ 36.7%) (Fig. 4(c)). The viabilities of HeLa cells treated with
AuNPs@CP at different concentrations were evaluated using
cell counting kit-8 (CCK-8) assays, which showed negligible
cytotoxicity (Fig. 4(d)), in sharp contrast to those of the PEI
with significant nanotoxicities even at low concentrations
(Fig. 4(e)). Furthermore, western blotting analysis of p53 protein
levels in wild-type and the HeLa cells transferred by vectors
including GS-AuNPs, CP, PEI, and AuNPs@CP. The gray value
of the bands represented the expression content of p53 protein
and the internal control protein glyceraldehyde-3-phospheate
dehydrogenase (GAPDH), respectively. As shown in Fig. 4(f),
the cell line after transfection with GS-AuNPs and CP exhibited
~ 2.0-fold and ~ 4.7-fold overexpression of p53 protein as
compared to the wild-type HeLa cells, respectively. The PEI group
showed high expression of p53 protein induced by DNA damage
due to the high toxicity of PEI in current concentration [44, 45].
In addition, the cell line after transfection using AuNPs@CP
exhibited ~ 7.5-fold overexpression of p53 protein as compared to
the wild-type HeLa cells, further demonstrating that AuNPs@CP
were excellent nanovectors for in vitro gene transfection.

24 In vivo NIR imaging and biodistribution of
AuNPs@CP-pDNA

The diffusibility in tumor site and metabolic pathway of the
AuNPs@CP after loading pDNA were then investigated by
collecting the time-dependent fluorescence images of MDA-
MB-231 tumor-bearing nude mice after i.t. injection (Fig. 5(a)).
The NIR emission signals in the tumor site decreased
monotonously at different post injection (p.i.) time points
(Figs. 5(b) and 5(c)), indicating the high diffusibility of the 1D
AuNPs@CP in the tumor site. In sharp contrast to the tumor
site, the bladder was readily observed with increased NIR
signals from 10 min to 1.5 h p.i. (Fig. 5(b)), demonstrating
the renal clearance of the AuNPs@CP. To acquire a more
quantitative understanding of the in vivo behavior, we studied
the biodistribution of the AuNPs@CP-pDNA after i.t. injection
at 72 h p.i. (Fig. 5(d)). The tumor retention was measured to
be 21.8% injection dose (ID)/g. The major organs (e.g., heart,
liver, spleen, and lung) showed minimized retention (less than
~ 5% ID/g), except the kidney with a high distribution of ~
20.7% ID/g, consistent with renal clearance observed from the
imaging analysis (Fig. 5(b)). In addition, the urine and feces
were determined to be (35.2 + 2.6)% ID and (15.3 + 7.6)% ID,
respectively, which further demonstrated that the body clearance
of AuNPs@CP-pDNA through both renal and hepatic pathways.
The 1D AuNPs@CP disassembled into individual AuNPs after
body circulation as observed from the TEM images of collected
urine (Fig. S11 in the ESM). To evaluate the gene delivery
efficiency of AuNPs@CP, the tumors after i.t. injection at 72 h
p.i. were separated from the nude mice, followed by measuring
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transfection. Significant differences were obtained from the controls, *0.01 < P < 0.05, **P < 0.01; Student’s ¢-test.

the expression level of i.t. p53 protein with a typical significantly higher than that of the free pDNA or single
immunofluorescence (IF) staining method [46]. The group i.t. AuNPs@CP treatment (Figs. 5(e) and 5(f)). By taking the
injected with AuNPs@CP-pDNA showed a ~ 1.9-fold density advantages of high body clearance of the 1D nanovectors, the
increase of i.t. p53 protein as compared to the group of saline, main organs after i.t. injection showed no obvious histological
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changes comparing with the control group i.t. injected with
saline or free pDNA alone (Fig. S12 in the ESM). The results
revealed that the 1D AuNPs@CP had negligible toxicity on
the main organs of the mice and the 1D nanostructures of
NIR-emitting AuNPs@CP would be excellent nanovectors for
in vivo gene therapy.

3 Conclusions

In summary, we have successfully achieved in situ self-assembly
of NIR-emitting AuNPs@CP with 1D nanostructure using a
well-designed CP nanofiber as template. The CP containing 3
arginines and 4 alanines in a cyclic ring and 1 cysteine on the
terminal of branched chain could form inherent nanofibers
with controllable lengths in solution under different pH
conditions, which served as a good template to in situ
self-assemble 810 nm-emitting AuNPs with both well-defined
1D nanostructures and enhanced emission (QY, 5.9%). Taking
advantages of the intrinsic NIR emissions for intracellular
imaging, it was revealed that the self-assembled 1D nanostructure
of AuNPs@CP showed unique capability of rapid cellular
membrane fusion, efficient lysosome escape, and fast cellular
efflux as compared to the unassembled ones, resulting in high
capability in construction of cell line with 7.5-fold overexpression
of p53 protein comparing to the wild-type HeLa cell. Both
NIR fluorescence imaging and biodistribution investigations
revealed that the novel 1D AuNPs@CP nanostructures after
i.t. injection showed high diffusibility and could be effectively
eliminated from the body via both renal and hepatic metabolic
pathways with extremely low retention in the healthy organs.
Furthermore, the enhancement of p53 gene overexpression in
tumor site was also demonstrated using the 1D AuNPs@CP as
featured nanovectors. These findings establish this in situ
strategy as a facile and feasible method for self-assembly of
highly luminescent metal NP-based 1D nanostructures for
gene delivery. Considering the high penetration depth of the
second near-infrared (NIR-II, 1000—1700 nm) window, this in
situ strategy is highly expected to be used for obtaining NIR-II
emitting 1 D nanostructures toward precise cancer diagnosis
and therapy in the future.

4 Experimental

4.1 In situ self-assembly of luminescent AuNPs@CP
using CP as template

The luminescent AuNPs@CP was in situ fabricated using
inherent formed CP nanofiber as template under weak alkaline
condition in the presence of HAuCl and GSH with the molar
ratio of CP to GSH of 1:20 according to the method that we used
to create GS-AuNPs. Typically, into a 5-mL reaction tube were
added 84 pL of HAuCL (73.0 mM), 272 pL of NaOH (0.1 M),
51.2 uL of CP (6.0 mM), and 256 pL of GSH (24.0 mM) were
mixed thoroughly before ultrapure water was supplemented
to a total volume of 2.0 mL. The mixed solution was stirred
vigorously in oil bath at 95 °C for 12 h, and the final color of the
solution was pale brown, indicating the formation of AuNPs@CP.
The pH of the above solution maintained ~ 8.5-10.0 using
additional NaOH (0.1 M) during all the reaction process. After
that, the resulting solution was purified by dialysis (3.5 kDa) in
water, followed by the ultrafiltration with 10 kDa molecular weight
cut-off (MWCO) membrane. As control, the nonassembled
GSH coated AuNPs (GS-AuNPs) was synthesized according
to our previously reported method with a slight modification
that the pH of the reaction was changed to ~ 8.5-10.0. The
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purified AuNPs@CP or GS-AuNPs solution was stored at 4 °C
before further use.

4.2 Cellular imaging and co-localization analysis

HeLa cells with ~ 60%-70% density were seeded into dish and
incubated at 37 °C in Dulbeccos modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (PS, culture medium) for 24 h
to allow the cells to adhere to the surface. Then HeLa cells
were transfected by using Lysosomes-GFP BacMam 1.0 kits to
obtain the cells with Lamp1 labeling. Afterwards, the obtained
cells were seeded into confocal dish at a density of 2 x 10° cells
and maintained in culture medium for 24 h to grow well.
Finally, after removal of the medium, the cells were incubated
in DMEM containing GS-AuNPs (43 nM) and AuNPs@CP
(43 nM) at different time points, respectively, to observe the
pathways of entering and leaving cells. Endosomal structures
were stained with GFP. The AuNPs@CP or GS-AuNPs showed
NIR emission for the co-localization experiments, which were
performed on a fully-motorized inverted microscope system
(Olympus IX83-DSU, Japan, equipped with a spinning disk
confocal technology) assembled with both Photometrics
EMCCD (Evolve 512 Delta) and Retiga R1 CCD, through a
100X oil-immersion objective under Xe-lamp excitation (green
channel for lysosomes-GFP imaging, ex: 460-480 nm, em:
495-540 nm; and red channel for 810 nm-emitting imaging,
ex: 355-375 nm, em: 765-855 nm).

4.3 In vitro transfection

HeLa cells with ~ 40%-50% density were seeded into confocal
dish and maintained in culture medium for 24 h to allow
the cells to adhere to the surface. The vectors including CP
(15 uM), GS-AuNPs (43 nM), AuNPs@CP (43 nM) and PEI
(0.05 g/L) were mixed in Opti-MEM with 2 pg plasmid DNA
at room temperature for 30 min, respectively. Then the obtained
solutions were transfected into HeLa cells and incubated for
12 h, respectively. Finally, the medium was removed completely
and culture medium was added to generate the expression of
GFP. The expression of GFP was observed by a fully-motorized
inverted microscope system.

4.4 Animal studies

The balb/c nude mice (4 weeks, female) were obtained from
the Laboratory Animal Center of Guangdong Province
(Guangdong, China), and housed in the Laboratory Animal
Center of South China Agricultural University with an adaption
time of at least 7 days before the beginning of the experiments.
All procedures for animal studies were strictly in compliance
with the guidelines for the care and use of laboratory animals,
as well as in accordance with the regulations on the management
of laboratory animals of China and the Regulations on the
Administration of Laboratory Animals of Guangdong Province.
MDA-MB-231 tumor cells (2 x 10° cells per mice) were injected
subcutaneously into the right site of breast of female nude mice.
With the growth of tumor size ~ 50-80 mm”’ in diameter, the
mice were used for the following experiments.

4.5 Invivo NIR imaging

The AuNPs@CP-pDNA (80 uL, 1.3 uM of AuNPs, 16 pg of
pDNA) were administered into nude mice by i.t. injection. The
NIR imaging was obtained at different p.i. time points via a
UVP ChemStudio PLUS 815 imaging system equipped with a
150 W Xe-lamp (Analytikjena, USA). All images were taken
with long-pass emission filter (800 nm longer) and band-pass
excitation filter of 600-645 nm. Data acquisition and analysis
was performed using a VisionWorks 8.20.

@) TSINGHUA H itori
@ Spnnger | www.editorialmanager.com/nare/default.asp

UNIVERSITY PRESS



Nano Res. 2021, 14(4): 1087-1094

4.6 In vivo metabolism and biodistribution

MDA-MB-231 tumor-bearing Balb/c nude mice were utilized
to investigate the metabolism and biodistribution of the
AuNPs@CP-pDNA. The AuNPs@CP-pDNA (80 pL, 1.3 uM of
AuNPs, 16 pg of pDNA) was i.t. injected into the nude mice.
After 72 h, the mice were sacrificed and the biological tissues
(heart, liver, spleen, lung, kidney, skin, stomach, intestines, and
tumor) and metabolites (urine and feces) were collected. The
above samples were dissolved via fresh aqua regia (HCI/HNO; =
3:1, v/v), and digested with a maximum temperature of 120 °C
until these mixed solutions were completely evaporated. Finally,
all the experimental samples were measured by an ICP-MS
system using Rhenium as internal standard.

4.7 Immunofluorescence staining

Immunofluorescence staining were used to evaluate the expression
level of it. p53 protein. The above harvested tumors were
fixed in 4% neutral buffered paraformaldehyde and embedded
in paraffin. Tumor tissues were cryo-sectioned into slices at a
thickness of ~ 10 pm. After incubation in BSA, sections were
incubated with p53 antibody (Enogene, E1A6073, 1:100) mixture
at 4 °C overnight, and the excess p53 antibody was removed in
washing buffer. Afterwards, the tumor slices were incubated with
secondary antibody conjugated with fluorescein isothiocyanate
(FITC) (goat anti-rabbit; 1:200) at 37 °C for 1 h. Stained
microscopic tumor slices were washed in washing buffer and
demineralized water, and were then mounted with medium
containing 4,6-diamidino-2-phenylindole (DAPI, Servicebio). All
tumor slices were observed on a Nikon Ecliose C1 fluorescence
microscope (Nikon, Japan) using appropriate filters. Image
post-processing (intensity statistics and merging) was performed
using both VisionWorks 8.20 and Case Viewer 2.0.
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