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Nanomaterials with near-infrared (NIR) absorption have been widely studied in cancer detection and
photothermal therapy (PTT), while it remains a great challenge in targeting tumor efficiently with minimal
side effects. Herein we report a novel multifunctional phage-mimetic nanostructure, which was prepared by
layer-by-layer self-assembly of Au@Ag heterogenous nanorods (NRs) with rhodamine 6G, and specific
pVIII fusion proteins. A u@Ag NRes, first being applied for PTT, exhibited excellent stability, cost-effectivity,
biocompatibility and tunable NIR absorption. The fusion proteins were isolated from phage DDAGNRQP
specifically selected from f8/8 landscape phage library against colorectal cancer cells in a high-throughput
way. Considering the definite charge distribution and low molecular weight, phage fusion proteins were
assembled on the negatively charged NR core by electrostatic interactions, exposing the N-terminus fused
with DDAGNRQP peptide on the surface. The fluorescent images showed that assembled phage fusion
proteins can direct the nanostructure into cancer cells. The nanostructure was more efficient than gold
nanorods and silver nanotriangle-based photothermal agents and was capable of specifically ablating SW620
cells after 10 min illumination with an 808 nm laser in the light intensity of 4 W/cm?. The prepared
nanostructure would become an ideal reagent for simutaneously targeted optical imaging and PTT of
tumor.

hotothermal therapy (PTT) is one of the most promising methods in cancer treatment, which can induce

irreversible damage to cancer cells in a mild way by generating hyperthermia and avoid side effects to

healthy tissues'. To date, multifunctional nanomaterials with high optical absorption in the near-infrared
(NIR) region have been widely explored for PTT, including gold nanoparticles**, bimetallic nanostructures®”,
carbon nanomaterials®*'* and palladium nanosheets'"'>. Among them, noble metal nanomaterials draw great
interest because of their higher photothermal efficiency, which is generated by their unique attribute of surface
plasmon resonance (SPR)". For successful application of noble metal nanomaterials in PTT, they have to be
targeted to cancer cells to force their specific photothermal ablation'*"'°. To increase their specific affinity toward
target cancer cells, nanoparticles have been conjugated with antibodies, short peptides, aptamers, folates and
other targeted molecules through covalent binding or physical absorption'’. However, efficiency of covalent
binding can vary depending on functional moieties and coupling agents in the complex, as well as multistep
chemical reactions. Furthermore, specific biological molecules are apt to change the conformation and lose their
activities during this post-modification'®. Physical absorption, operating through the electrostatic interaction, van
der Waals forces, hydrogen bonds or hydrophobic interactions, allows normally conserving conformation of the
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Figure 1| This scheme depicts the LbL assembly of PMHNR. The Au@Ag heterogenous NR with the polycationic PDDA as the stabilizer was used

as the core to construct the negatively charged Au@Ag@PSS@R6G@PSS NR by depositing polyanionic PSS and positively charged R6G molecules on the
surface by LbL assembly. The pVIII fusion proteins were isolated from the SW620 cell-specific phage, which was selected from the £8/8 landscape phage
library. Through the positively charged C terminus, the pVIII fusion proteins should readily assemble onto the surface of Au@Ag@PDDA@PSS@R6G@
PSS NRs to generate PMHNRs, which retains their specific octapeptide at N terminus outwardly. The resultant biomimetic nanostructure can be used for

specific optical imaging and PTT of cancer cells.

attached ligand, although its application for conjugation of target
molecules can be also limited by heterogeneous charge distribution
over their surface and randomly spatial orientation of molecular
functional domains in their conjugated forms'®". Moreover, high
molecular weight proteins may change their size and shape when
absorbed to nanomaterials'®. Therefore, there is an urgent need in
discovering of specific ligands with definite charge distribution, low
molecular weight and high specificity for targeted delivery and PTT
application of noble metal nanomaterials.

The phage display technique provides a powerful method to
explore specific ligands as substitute of antibodies to certain tar-
gets® . The common vector in phage display, Fd phage, belongs
to F-specific filamentous phages, which infect Gram-negative bacteria
carrying the F-factor without killing the host*’. The 6,400-nucleotide
ssDNA of fd phage is encapsulated by protein coats including 2,700
copies of pVIII major coat protein and about five copies each of four
minor coat proteins (Fig. SIA)**. The wild-type pVIII protein is
composed of 50 amino acids that form an extended o helix including
the hydrophobic transmembrane domain, the negatively charged N
terminus, and the positively charged C terminus*. The multiple
copies of pVIII coat protein are assembled with the N terminus
exposing on the outer surface of the capsid and the C terminus
oriented inside the capsid interacting with phosphates of ssDNA*.

Landscape phage library containing about 2 X 10° individual
clones bearing different exogenous peptides, has been developed by
one of our coauthors by fusing random octapeptides to the N ter-
minus of all 4,000 copies of pVIII major coat protein in fd-tet phage
(Fig. S1B)*. The diversity of the landscape library and multivalent
property of individual landscape phage make it an ideal resource to
select specific ligands with high-affinity in a high-throughput fash-
ion*®. The pVIII major coat proteins with N terminal cancer cell-
specific octapeptides have been successfully employed as target

ligands for chemotherapy in physically assembled compositions with
liposomes, micelles or siRNA for targeted delivery of drugs, DNA or
siRNA*"*°, or chemically modified on the surface of inorganic
nanoclusters for targeted gene delivery®®. However, there are no
reports on using of specific pVIII fusion proteins as targeted ligands
to assemble with noble metal nanoparticles for the PTT application
to tumor.

Here, we report novel multifunctional phage protein-modified
Au@Ag heterogeneous nanorods (PMHNRs) for targeted optical
detection and PTT towards colorectal carcinoma cells SW620.
PMHNRs were prepared by self-assembling Au@Ag heterogeneous
NRs with polyanionic poly(styrenesulfonate) (PSS), rhodamine 6G
(R6G) and specific pVIII fusion proteins (Fig. 1). The designed
PMHNRs have several characteristic superior features in comparison
with other materials used in PTT. First, the stable Au@Ag hetero-
geneous NRs can be synthesized by a simple and controllable one-pot
method with high-yield*. These NRs have two strong absorption
peaks and the longitudinal absorption peak can be facilely turned
as expected to the NIR region, overlapping with the tissue window for
in vivo PTT. Compared with the prevalent gold nanorods (GNRs)
used as PTT agent, Au@Ag heterogenous NRs are less expensive
because silver is their main composition. Second, due to the presence
of strong positively charged poly(diallyldimethylammonium) chlor-
ide (PDDA) on the surface as stabilizer, the Au@Ag heterogeneous
NRs have excellent stability, that is quite important for their applica-
tions based on the plasmonic property®'. Thus, Au@Ag heterogen-
eous NR would provide an ideal core for layer-by-layer (LbL)
assembly. Moreover, compared with the cytotoxic cetyltrimethylam-
monium bromide (CTAB) molecules coated on the GNRs, the poly-
mer PDDA has not been reported for any cytotoxicity, which
provides Au@Ag heterogeneous NRs excellent potential in PTT
applications for cancer cells. Third, cancer cell-specific phage can
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be selected from the f8/8 landscape phage library in a high-through-
put way and phage fusion proteins pVIII can be easily obtained by
disassembling the amplified phage (Fig. S1; Fig. S2). Finally, the exact
charge distribution of pVIII coat proteins makes them suitable for
being physically reassembled in vitro with the negatively charged
core through electrostatic interaction, mimicking the phage self-
assembly between ssDNA and coat proteins. As shown in Fig. 1,
SW620 cell-specific pVIII-fused peptides were assembled with
Au@Ag heterogeneous NRs through electrostatic interactions
mediated by multilayers of polyelectrolytes and fluorescent probes,
resulting in a stable and biocompatible complex. Due to the unique
dipole properties of the pVIII protein, the negatively charged N
terminus of the SW620 cell-specific octapeptide is exposed outward
of the PMHNRSs, therefore, the specificity of the targeted PTT is
highly facilitated. Thus, the PMHNRs first described in this paper
can find potential applications in simultaneous specific optical
imaging and efficient ablation of cancer cells.

Results

Selection of SW620 Cell Specific Phage. We discovered the SW620
cell specific ligand from the f8/8 landscape phage library for the first
time (Fig. S2). SW620 cell-binding phages were selected using a
stringent library depletion protocol. In order to minimize the
nonspecific binding and increase the efficiency and specificity of
selection, the original library was sequentially depleted against
culture plates, serum and control cells (normal fetal kidneys cell
line HEK293T and hepatocellular carcinoma cell line HepG2)
before incubation with the target SW620 cells. Moreover, all
washing steps were rigorous in 3 rounds of selection to eliminate
unbound and weakly binding phages. For each round of selection
against SW620 cells, phages binding on the surface and internalizing
into cells were collected from the elution buffer or the cell lysate
respectively. Phages from the eluate and lysate fraction were
amplified separately and used as the input in the next round of
selection. The phage recovery rate of each round that calculated as
the ratio of output to input phages was increased progressively in the
selection procedure, which indicated that phages binding with
SW620 cells were successfully enriched from f8/8 landscape phage
library (Fig. S3). After 3 rounds of selection, 5 phage clones separated
from the surface and interior of SW620 cells were randomly picked
up for PCR amplification and sequencing. The sequences and
frequencies of SW620 cell-binding octapeptides were shown in
Table S1. Three unique octapeptides were identified from ten
selected phage clones. The phage DDAGNRQP (called C1 phage)
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Figure 2 | Specificity and affinity testing of selected phage clones
displaying DDAGNRQP and DFAPVDGQ respectively.

and DFAPVDGQ (called C2 phage) were isolated from both the
surface and interior fraction with higher frequency than another one.
The specificity and affinity of phages binding to SW620 cells were
identified by phage capture assay. Among three isolated phages, the
recovery frequency of C1 phage and C2 phage were higher than that
of DHTASWST phage, so these phages were chosen for specificity
and affinity assay (Table S1). As shown in Fig. 2, there was no C1
phage binding with HepG2 and HEK293T cells according to the
phage recovery rate. Actually, the output phages were counted based
on the number of corresponding colonies, so when the number of
phage particles in the eluate was less than 40 TU (titer unit), there
were no colonies on the plate and the phage recovery rate was con-
sidered as zeto. Therefore, the calculated level of C1 phage binding
with SW620 cells was much higher than with control groups, which
demonstrated high specificity of phages towards the target SW620
cells (Fig. 2). Compared with C1 phage, C2 phage bound not only
SW620 cells but also HepG2 cells (Fig. 2). Moreover, the recovery
rate of C2 phage from the target group was almost 3-fold lower than
that of C1 phage, indicating that C1 phage had better affinity to
SW620 cells (Fig. 2). Considering the high specificity and affinity,
DDAGNRQP was chosen as the specific ligand to SW620 cells.

Self-assembly and Characterization of PMHNRSs. The variants of
phage fd-tet that we discovered in this work, contain about 4,000
copies of pVIII coat protein that constitute about 90% of phage mass.
They can be extracted from the phage by saturated phenol,
detergents, or organic solvents (Fig. S2)****. The ratio of the
absorbance at 280 nm (A280) to the absorbance at 260 nm (A260)
(A280/A260) was calculated to be 1.674, indicating that the phage
DNA was eliminated®. The speculated molecular weight of
DDAGNRQP-fused pVIII protein is approximately 5.79 kDa with
55 amino acids. The tricine-SDS-PAGE assay showed that the
DDAGNRQP-fused pVIII proteins were isolated as the dimers
with the molecular weight of about 12 kDa (Fig. S4).

The Au@Ag heterogenous NRs were synthesized by a PDDA-
mediated polyol process®. The aspect ratio of the synthesized NRs
was about 3.14 with the average length of 220 nm and width of
70 nm from the transmission electron microscopy (TEM) image
(Fig. 3A). Using the PDDA as the shape-controller and stabilizer,
the NRs showed excellent stability and monodispersity. As shown in
Fig. 3B, the Au@Ag heterogenous NRs had two strong optical
absorption peaks locating at 401 and 803 nm, which were attributed
to the transverse and longitudinal electron oscillations, respectively.
It is known that the light penetration window in the biological tissue
is in the NIR region ranging from 650 to 900 nm, where the
hemoglobin and water has minimal light absorption. Therefore,
the Au@Ag heterogenous NR with 803 nm absorption is an ideal
candidate for tumor PTT.

In order to optically detect and photothermal ablate SW620 cells
specifically, multifunctional PMHNRs were constructed by LbL
assembly of Au@Ag heterogenous NRs with dye molecules and
DDAGNRQP-fused pVIII proteins. As shown in Fig. 4, the zeta
potential of the synthesized Au@Ag@PDDA NRs is 41.1 mV with
the polycationic PDDA on the surface. Then, these NRs were treated
with polyanionic PSS to generate the negatively charged conjugate
Au@Ag@PDDA@PSS NRs (Fig. 4). Following that, the positively
charged R6G dye molecules were deposited on the anionic PSS-ter-
minating surface to generate Au@ Ag@PDDA@PSS@R6G NRs, for
which the zeta potential reversed from —9.6 mV to 33.0 mV (Fig. 4).
Finally, DDAGNRQP-fused pVIII proteins were assembled on the
surface of the conjugate Au@Ag@PDDA@PSS@R6G@PSS NRs to
obtain PMHNRs, and the final zeta potential changed from
—242 mV to —0.88 mV (Fig. 4). The reversal of zeta potentials
revealed that the C terminus of pVIII fusion protein was conjugated
with the negatively charged Au@Ag@PDDA@PSS@R6G@PSS NRs
and the weakly negatively charged N terminus with two acidic amino
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Figure 3 | (A) TEM image and (B) UV-Vis-NIR absorption spectra of the synthesized Au@Ag heterogenous NRs.

acids (aspartic acid) and one basic amino acid (arginine) was exposed
on the surface (Fig. 1).

The morphology of NRs in the LbL assembly process was char-
acterized by TEM. As shown in Fig. 5, the outer layer (the grey
portion around the NR) of the NRs became thicker as the LbL assem-
bly processed. Compared with Au@Ag@PDDA NRs (Fig. 5A), the
increase in outer layer thickness for Au@Ag@PDDA@PSS NRs
(Fig. 5B) was not quite obvious, because the persistence length of
PSS was only about 1 nm***°. However, the outer layer thickness of
PMHNRs was about 4 nm, which is thicker than that of Au@Ag@
PDDA NRs due to additional 2 layers of PSS and 1 layer of pVIII
fusion proteins deposition on the surface (Fig. 5C). The UV-Vis-NIR
absorption spectra showed that the longitudinal absorption peak
gradually red-shifted from 803 to 810 nm due to the surface layers
added, as a result of slight changes in the aspect ratio (Fig. 6; Fig. S5).
Ultimately, the above results suggested the successful construction of
PMHNRs by controllable LbL assembly.
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Figure 4 | The reversal of zeta potential of bio-nanocomposite as surface
layer of Au@Ag heterogenous NRs added during the assembling process.
The surface layer number of 1 to 5 corresponded to Au@Ag@PDDA NRs,
Au@Ag@PDDA®@PSS NRs, Au@Ag@PDDA@PSS@R6G NRs, Au@RAg@
PDDA@PSS@R6G@PSS NRs and PMHNRs, separately.

PMHNRs-Based Selective Optical Detection and Photothermal
Therapy of Cancer Cells. To check cytotoxicity of Au@Ag
heterogeneous NRs and PMHNRs, they have been incubated
with control and target cells, and cell viability was evaluated by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. As shown in Fig. S6, cell viability was still higher than 80% when
the concentrations of both nanoparticles reached 200 pg/ml, indicating
that the PMHNRs can be used for tumor PTT both in vitro and in vivo.
The selective binding of PMHNRs to SW620 cells and their
intracellular distribution was investigated by confocal fluorescence
microscopy of different cells and by ultrathin TEM. The fluorescence
was quenched obviously when R6G molecules were encapsulated within
PMHNRSs, but the signal was observed after intermittent irradiation for
10 min in the power of 100 mW, which was attributed to the release of
R6G molecules (Fig. S7). When the irradiation time reached 60 min, the
fluorescence intensity was high enough to be used for imaging of cancer
cells (Fig. S7). Following incubation with PMHNRs for 4 h and
intermittent irradiation with an 808 nm laser for 60 min, target
group showed strong red color around SW620 cells corresponding to
R6G molecules, while control cells had no fluorescence signals (Fig. 7).
PMHNRSs in vesicles were observed in the ultrathin TEM images of
SW620 cells, which further demonstrated that PMHNRs with
monodispersity were endocytosed through the interaction of specific
ligands and receptors into cell cytoplasm (Fig. S8). These data allowed
us to conclude that the isolated DDAGNRQP-fused pVIII coat proteins
retained their targeted recognition capability after being re-assembled
with Au@Ag heterogeneous NRs.

To investigate the role of light power in PTT of PMHNRs towards
SW620 cells, we applied three kinds of light intensity at 808 nm to
SW620 cells after they were treated with PMHNRs. When the light
intensity was 0.8 W/cm?® or 2 W/cm?, cell viability can still keep
above 80% even if the constant illumination time reached 30 min
(Fig. S9). When the light intensity was as high as4 W/cm?, most cells
were dead after constant 10 min illumination and the cell viability
was only 30% after constant 30 min illumination (Fig. S9). The
SW620 cell viability after treatment with different light intensity
showed that the light intensity of 4 W/cm?® was sufficiently powerful
for photothermal applications of Au@Ag heterogeneous NRs.

All cells were exposed to 808 nm laser for different time in the light
intensity of 4 W/cm® after incubation with PMHNRs for 6 h.
Control cells had the viability above 80%, and even if the irradiation
time was as long as 30 min, cells were slightly influenced (Fig. 8).
HepG2 cells died faster than HEK293T cells, probably because can-
cer cells are more sensitive to high temperature than normal cells or
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Figure 5| TEM images of Au@Ag@PDDA NRs (A), A u@Ag@PDDA@PSS NRs (B) and PMHNRSs (C). The surrounding grayish layer was the outer
surface of the Au@Ag heterogenous NR. The samples were stained with 1% uranyl acetate before measurement.

PMHNRs were internalized into HepG2 cells at slightly higher level
that into HEK293T cells. As shown in Fig. 8, a large number of
SW620 cells died after 10 min constant illumination. It was supposed
that sufficient amount of PMHNRs were endocytosed to generate
enough heat to ablate SW620 cells under constant light irradiation.
Our results indicated that PMHNRs assembled with DDAGNRQP-
fused pVIII coat proteins can specifically interact with the target and

effectively generate hyperthermia to ablate SW620 cells at a lower
irradiation power.

Discussion

Noble metal nanomaterials received great attention in tumor PTT
because of their intrinsic property of SPR, which can rapidly convert
light to heat. Currently, nanomaterials were located or delivered to
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Figure 6 | UV-Vis-NIR absorption spectra of Au@Ag heterogenou NRs upon LbL surface assembly. Inset, the enlarged portions of the spectra ranging

from 780 to 830 nm.
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Figure 7 | Confocal fluorescence images of SW620, HEK293T and
HepG2 cells after incubation with PMHNRs for 4 h.

the target by exploiting the enhanced permeability and retention
effect of tumor vessels. However, nanomaterials in the passive tar-
geting are accessible to normal tissues and their utilization was lim-
ited by the particular size. Therefore, it is of great importance to
exploring novel specific ligands for active targeting of tumor to min-
imize the side effects of nanomaterials. Here, we constructed the
multifunctional nanostructure PMHNRs for specifically optical
detection and photothermal ablation of cancer cells.

Specific proteins, peptides, antibodies and aptamers are com-
monly attached on nanomaterials for active targeting to tumor.
But the high cost, high molecular weight and instability hindered
their effective application as the target molecules of nanomaterials.
Phage display provides an excellent approach to discover the specific
ligands against various targets without knowledge about their
molecular properties. The filamentous phages displaying foreign
peptides on the surface have been constructed and used in immuno-
assay, drug delivery and biosensing®*'. Several kinds of colorectal
cancer-targeting peptides have been selected from the plIII display
libraries*”. However, the specific pIII fusion protein has just five
copies at the tip of the phage, which can’t be obtained in large quant-
ities. Thus, the f8/8 landscape phage library based on type VIII dis-
play system was screened against SW620 cells, and C1 phage
displayed the peptide DDAGNRQP with high specificity and affinity
was selected as the SW620 cell specific ligand (Fig. 2). The peptide
DDAGNRQP was different from the reported peptides, which may
be attributed to the variety of phage display libraries and the diversity
of cell lines*>. The DDAGNRQP-fused pVIII coat proteins were
purified based on the different solubility of DNA and protein in
the aqueous solution. The isolated pVIII fusion protein was a dimer
with the molecular weight of about 12 kDa (Fig. S4). It has been
demonstrated that the pVIII coat protein is highly hydrophobic
and insoluble in water, so oligomeric or polymeric state of pVIII
proteins are commonly observed in the liposomes or micelles®.
Compared with commercial targeting molecules, phage pVIII fusion
protein exhibited definite charge distribution, low molecular weight,
high valence and stability.

Viruses with well-defined properties and abundant coat proteins
have been widely used to construct multifunctional virus-like nano-
particles using self-assembly technique*. As the phage DNA is nega-
tively charged due to the presence of multiple phosphate groups, the
positively charged lysine-rich C terminus of pVIII coat proteins
interacts with the DNA core while the acid domain of N terminus
fused with guest peptide is accommodated on the surface®. Inspired
by nature, we attempted to assemble the pVIII-fused DDAGNRQP
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Figure 8 | The cell viability of HepG2, HEK293T and SW620 cells
varying with irradiation time. The selective PTT was tested with an
808 nm laser (4 W/cm?) after the cells incubation with 50 pg/ml
PMHNRs for 6 h. (*p < 0.05, mean * standard deviation, n = 3).

with the negatively charged PTT agent to construct multifunctional
phage-mimetic nanostructure. Au@Ag heterogenous NRs with the
absorption peak of 803 nm were synthesized as tumor PTT agent
(Fig. 3), because the hemoglobin and water has minimal light absorp-
tion in the NIR region ranging from 650 to 900 nm*. The surface of
Au@Ag heterogenous NRs is positively charged due to the presence
of polycationic PDDA as a stabilizer on the surface. These NRs were
treated with polyanionic PSS to form the negatively charged conjug-
ate Au@Ag@PDDA@PSS NRs (Fig. 1). In order to trace the location
of Au@Ag heterogenous NRs, the positively charged R6G dye mole-
cules were trapped in multilayers of the anionic PSS to generate the
conjugate Au@Ag@PDDA@PSS@R6G@PSS NRs (Fig. 1). Finally,
pVIII-fused DDAGNRQP proteins were assembled through the
positively charged C terminus onto the conjugate Au@Ag@
PDDA@PSS@R6G@PSS NRs to generate PMHNRs, which retained
their SW620 cell-specific octapeptide DDAGNRQP at N terminus
outwardly (Fig. 1). The reversal of zeta potentials and the red-shift of
the longitudinal absorption peak confirmed that the resultant
PMHNRs encapsulating dye molecules and being covered with spe-
cific pVIII fusion proteins were successfully constructed for targeted
fluorescent detection and PTT of SW620 cells (Fig. 4; Fig. 5; Fig. 6).

So far, GNR has been widely used for tumor PTT, which was
synthesized using CTAB as the template and stabilizer’. However,
it is well-known that CTAB is cytotoxic to cells, therefore, CTAB-
coated GNRs could not be used in vivo®. The synthesized Au@Ag
heterogeneous NRs were coated with PDDA, a cationic polyelectro-
lyte with unknown cytotoxicity. Although some reports argued that
silver nanoparticles may be toxic, the toxic effects have been proved
to be dose-dependent and depended on their size, shape, surface
modification and charge***°. Moreover, silver nanoparticles have
been widely used in antimicrobial therapy and wound dressings in
clinic®'. Importantly, we found that both the Au@Ag heterogeneous
NRs and their biocomposites have little toxicity on the incubated
cells (Fig. S6), suggesting their perfect biocompatibility.

The confocal fluorescence microscopy (Fig. 7) and ultrathin TEM
images (Fig. S8) confirmed that the assembled pVIII proteins
retained their targeting capability and directed the PMHNRs being
specifically uptaken by SW620 cells. As expected for the fluorescent
signal of dye molecules on the metal surface, the enhancement or
quenching was distance-dependent™®. It has been reported that dye
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molecules can be released from polyelectrolyte layers on the surface
of metal nanoparticles under controllable light illumination®. The
fluorescence spectra suggested that increasing R6G molecules were
induced to release from the surface of PMHNRSs when the irradiation
time was gradually prolonged to generate enough plasmonic heating
(Fig. S7). It has been proved that nanoparticles with positive charge
exhibit high cellular uptake, while those with negative charge or close
to neutral charge are unable to enter cells easily through electrostatic
interaction with cell surface®. Thus, it was confirmed that PMHNRs
with zeta potential of —0.88 mV were taken by SW620 cells at high
level mainly through targeted interaction.

It has been reported that cancer cells incubated with GNRs were
effectively ablated by irradiation for at least 4 min with light intensity
above 10 W/cm?*>*. Silver nanotriangles with NIR absorption were
also tested as photothermal agents. It was found that they need
10 min irradiation with light intensity above 10 W/cm?® to generate
enough hyperthermia to ablate cancer cells’*. According to the
results of different cell viability, the light power 4 W/cm? is sufficient
for Au@Ag heterogeneous NRs to generate hyperthermia (Fig. 8).
Therefore, Au@Ag heterogeneous NRs studied in this work were
more effective in photothermal applications, probably because the
plasmon intensity of sliver nanorods is stronger than that of GNRs
and they are able to transfer the energy to heat more effectively™.

In summary, in order to improve the tumor targeted efficiency of
nanoparticles and realize the simultaneous fluorescence imaging
detection and PTT of cancer cells, we developed novel multifunc-
tional PMHNRs by assembling DDAGNRQP-fused pVIII proteins
with Au@Ag heterogeneous NRs mediated by polyelectrolytes and
dye molecules by controllable LbL self-assembly. The Au@Ag
heterogenous NRs, as the core of PMHNRs, were proved to have
high stability, monodispersity and good biocompatibility. The
DDAGNRQP-fused pVIII proteins were isolated in milligram
quantity from the SW620 cell-specific phage, which was initially
selected from the f8/8 landscape phage library in a high-throughput
way. Because of the unique dipole properties of the pVIII fusion
protein, its positively charged C terminus was assembled on the
negatively charged surface of Au@Ag@PDDA@PSS@R6G@PSS
NR, exposing its N terminus fused with the specific DDAGNRQP
peptide on the NR surface. The assembled PMHNRs carrying the
SW620 cell-specific pVIII fusion protein intensively absorbed light at
the 810 nm and specifically ablated the target SW620 cells under
constant 10 min illumination with an 808 nm laser at the light power
4 W/cm?®. Because of their good biocompatibility and strong NIR
absorption, the PMHNR biomimetic nanostructure may be used as
an ideal reagent for targeted PTT of tumor.

Methods

Materials and Reagents. Human colorectal carcinoma cells SW620 were kindly
gifted by Dr. Yong Cheng in the First Affiliated Hospital of Chongging Medical
University (Chongqing, China). Fetal kidneys cells HEK293T were generously
provided by Dr. Songshan Jiang in Sun Yan-Sen University (Guangzhou, China).
Human hepatocellular carcinoma cells HepG2 were kindly gifted by Dr. Hongshan
Wei in Beijing Ditan Hospital Medical University (Beijing, China). Dulbecco’s
modified Eagle’s medium (DMEM) medium, fetal bovine serum (FBS), bovine serium
albumin (BSA) and MTT were purchased from Salarbio (Beijing, China). Dimethyl
sulfoxide (DMSO) was purchased from Amresco (Solon, OH, U.S.). Chloroauric acid
(HAuCly, 99%), silver nitrate (AgNO3;, =99.8%) and PDDA (MW = 100,000-
200,000, 20 wt % in water) were purchased from Sigma-Aldrich. PSS (MW = 70,000)
was purchased from J&K Scientific (Beijing, China). R6G dye was purchased from
Aladdin (Shanghai, China). Sodium deoxycholate, Tween 20 and
tris(hydroxymethyl)-aminomethane (Tris) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and used without further purification.
The 30 cm? polystyrene flasks and 96-well cell culture plates were purchased from
Corning (New York, U.S.).

The F8/8 Landscape Phage Library. The f8/8 landscape phage library was
constructed by one of our co-workers based on type 8 display system™. In this
system, the synthesized random oligonucleotide encoding octapeptide replaced
the nucleic acids of gVIII encoding N terminal Glu-Gly-Glu (E2-G3-E4) peptide,
resulting in up to 4,000 copies of random octapeptide displayed on the surface of
individual phage®**. The f8/8 landscape phage library contains about 2 X 10’

different clones. All procedures for phages propagation, purification, titration,
isolation of phage DNA and PCR identification have been described
previously™.

Specificity Testing of SW620 Cell-Binding Phage Clones. The specificity of SW620
cell-binding phages were determined by phage capture assay in a 96-well cell culture
plate®. Briefly, SW620, HEK293T and HepG2 cells were cultivated to 90% confluence
in individual microwell at 37°C overnight. All cells were washed twice, and then
incubated with serum-free DMEM medium for 1 h at 37°C. SW620 cell-binding
phages (1 X 10° cfu) in 50 ul blocking buffer were separately added to the each well
with different cells and incubated for 1 h at room temperature (RT). Cells were
washed 8 times with 100 pl of washing buffer for 5 min to remove unbound phages.
Elution buffer was added to each microwell and incubated for 10 min on ice to collect
phages binding to cells. The eluate from every well was transferred to a centrifuge tube
and neutralized as above. All cells were washed with serum-free DMEM medium and
treated with lysis buffer to recover cell-internalizing phages. The concentration of
phage particles from every fraction was measured by titrating, and phage recovery was
calculated as the ratio of input to output phages.

Synthesis of Au@Ag Heterogeneous NRs. Au@Ag heterogenous NRs were
synthesized by the one-pot method which we have reported previously®'. Briefly,
0.05 ml of 0.5 M HAuCl, aqueous solution, 1.2 ml of 1.25 mmol PDDA, and 0.5 ml
of 0.5 M AgNOj; aqueous solution were added to 49 ml of ethylene glycol (EG)
solution in a brown glass vial. The mixture was vigorously stirred for about 30 s at RT
under ambient conditions, and then incubated at 200°C for 72 h in an oil bath. After
centrifugation at 14,500 rpm, the supernatant became clear and the precipitate was
washed repeatedly with distilled water and ultrasound to remove any residual EG or
PDDA. The physical and optical properties of final brown products were
characterized for further study.

Self-assembly of PMHNRs. In order to obtain multifunctional SW620 cell-targeted
PMHNRs, the Au@Ag heterogeneous NRs were encapsulated with polyelectrolyte,
charged dye molecules and pVIII fusion proteins by LbL self-assembly. Shortly, the
synthesized Au@Ag heterogeneous NRs were capped with positively charged PDDA.
NRs were centrifuged at 8,000 rpm for 20 min twice to remove the excess PDDA and
resuspended in water. The positively charged NRs were added to the 10 mg/ml PSS
solution (containing 50 mM NaCl) and vigorously stirred over 2 h, converting the
positively charged surface to negatively charged™. The solution was centrifuged at
8,000 rpm for 20 min to remove the excess PSS, and the pellet was resuspended in
NaCl buffer (pH 7.0). The negatively charged surface of PSS-coating NRs was
reconverted to positively charged surface by mixing the samples with R6G molecules
using the same strategy®. After centrifugation and dispersion, the positively charged
Au@Ag@PDDA@PSS@R6G NRs were added to PSS solution and operated in the
same way, and then negative charged Au@ Ag@PDDA@PSS@R6G@PSS NRs were
obtained. The SW620 cell-specific pVIII fusion proteins in 50 mM sodium
deoxycholate buffer, prepared as described above, were added to the negatively
charged Au@Ag@PDDA@PSS@R6G@PSS NRs solution under the vigorous stirring
and dialysized against 2 L of deioinized water. The finally prepared PMHNRs were
collected by centrifugation and resuspended in PBS (pH 7.0) buffer for the subsequent
experiments.

Plasmonic Photothermal Release of R6G from PMHNRs. The synthesized
PMHNRs were dispersed in distilled water in microcentrifuge tubes. The individual
sample was exposed to an 808 nm laser with a power of 100 mW in 5 min interval for
different time. Then the fluorescence spectra of the samples were measured.

Specificity Assay of PMHNRs. The specific detection of cancer cell using
PMHNRs was performed by the confocal fluorescence imaging and ultrathin TEM
imaging. Cells were cultured on glass bottom dish for 24 h at 37°C. Prepared
PMHNRs in serum-free DMEM medium were incubated with cells for 4 h at
37°C. The medium was removed and cells were washed several times with PBS
buffer. Then, one part of the sample was intermittently irradiated with 808 nm
laser in 5 min interval for 60 min to release the R6G dye molecules which were
entrapped in polyelectrolytes®. Subsequently, PBS buffer was removed and cells
were cultured in DMEM medium with 10% FBS at 37°C. The confocal fluorescent
images of individual examples were recorded. Then, the other part of cells were
fixed by 2.5% glutaraldehyde and washed with PBS buffer for three times. Fixed
cells were stained by OsO, for 1 h and dehydrated with graded acetone. Cells were
further embedded in the pure resin and cut to the ultrathin section for TEM
imaging.

Photothermal Therapy. For photothermal therapy of cancer cells in vitro, they were
irradiated using a diode laser of 808 nm wavelength with controllable power density.
Cells were cultivated to 80% confluence in 96-well plate, and then treated with 50 pl
PMHNRSs (50 pg/ml) for 6 h. Subsequently, individual well was washed twice with
PBS buffer, and then irradiated with 808 nm diode laser (spot size: 0.5 cm) at a power
density 0f 0.8, 2.0 and 4 W/cm” for 3-20 min respectively. Following irradiation, cells
were cultured in DMEM medium for 2 h at 37°C. The cell viability was evaluated by
the MTT assay after they were incubated with PMHNRs and irradiated with NIR laser
for different time.
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Statistical Analysis. Results from different groups were compared using one-way
analysis of variance (ANOVA) by SPSS software (version 17), and p value < 0.05 was
considered as statistically significant.
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