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Abstract In this paper, we prepared a dual functional system based on dextrin-coated silver
nanoparticles which were further attached with iron oxide nanoparticles and cell penetrating peptide
(Tat), producing Tat-modified Ag-Fe3O4 nanocomposites (Tat-FeAgNPs). To load drugs, an –SH
containing linker, 3-mercaptopropanohydrazide, was designed and synthesized. It enabled the silver
carriers to load and release doxorubicin (Dox) in a pH-sensitive pattern. The delivery efficiency of
this system was assessed in vitro using MCF-7 cells, and in vivo using null BalB/c mice bearing MCF-
7 xenograft tumors. Our results demonstrated that both Tat and externally applied magnetic field
could promote cellular uptake and consequently the cytotoxicity of doxorubicin-loaded nanoparticles,
with the IC50 of Tat-FeAgNP-Dox to be 0.63 mmol/L. The in vivo delivery efficiency of Tat-FeAgNP
carrying Cy5 to the mouse tumor was analyzed using the in vivo optical imaging tests, in which Tat-
FeAgNP-Cy5 yielded the most efficient accumulation in the tumor (6.772.4% ID of Tat-FeAgNPs).
Anti-tumor assessment also demonstrated that Tat-FeAgNP-Dox displayed the most significant
tumor-inhibiting effects and reduced the specific growth rate of tumor by 29.6% (P ¼ 0.009), which
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could be attributed to its superior performance in tumor drug delivery in comparison with the control
nanovehicles.

& 2018 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

It has been 31 years since Maeda and co-workers first published
their reports on enhanced permeability and retention (EPR) effect,
demonstrating that nano-sized macromolecules can pass through
the leaky neo-vascular walls and accumulate in the tumor1.
Maeda's findings reveal that nano-sized material can potentially
alter small molecular drug's bio-distribution and improve thera-
peutic efficacy, and thus has attracted extensive attention in tumor
chemotherapies. Inspired by this, we have witnessed great
achievements made in nanomaterial-mediated cancer drug delivery
during the past 30 years2. Up to now, the pool of cancer
nanomedicine has collected thousands of nanomaterials ranged
from naturally originated proteins3, polysaccharides4, to varied
forms of synthetic polymers5. At the same time, the “targeting
strategy” is also being updated from the initial “passive targeting”
via EPR effect, to more sophisticated “active targeting” involving
antibody or tumor specific ligand binding6. However, with respect
to the quantities of tumor targeted nanomaterials, few of them have
achieved a substantially efficient tumor accumulation7,8. Of note, it
has been estimated that only 0.7% (median) of the administrated
nano-materials were delivered to the solid tumors8, making it an
unconvincing slogan for the so-called targeted delivery.

Generally, the dilemma in tumor drug delivery may find its basis
in anatomic features of human body. In order to achieve high
efficient delivery, nanomaterials should be able to facilitate efficient
tumor engulfment and at the same time be resistant to seizure by
other organs. Unfortunately, neither of which has been well resolved
thus far. The leakage tumor vasculatures have opened gates for
nano-sized entities, yet the existence of membrane barriers, as well
as hyper-interstitial pressure, prevents the vehicles from further
permeation from vessels9, thus limiting an efficient tumor uptake of
the nanomaterials. In addition, non-selective uptake by tissues/
organs takes up the main stream of cardiac output. Moreover, RES
(reticuloendothelial system) organs such as liver, and spleen are
featured in fenestrated endothelium and local lymphatic cells, and
thus are capable of capturing the bypassed nano-materials. There-
fore, it is not surprising why most of the “tumor-targeting”
nanomaterials have yielded limited on-site delivery10. To this
regard, it is now a fashioned strategy for “active targeting”, i.e.,
by taking advantage of tumor overexpressed proteins to increase the
targeting efficiency. However, antibody or receptor binding still
relies on the EPR effect, because the surface-modified nanomaterials
have to extravasate from the vessels before the specific bindings
occur10. As a result, though antibody/ligand modifications can
promote the tumor retention and improve therapeutic efficacy at
certain instances, the overall improvement on delivery efficiency is
negligible because of limited tumor blood bypass7.

Considering the main drawbacks of conventional tumor drug
delivery systems are attributed to the inefficient EPR effect and tumor
barriers, it is reasonable to assume that functionalization of the nano-
vehicle with improved EPR effect and accelerated tumor intake
should yield a significant improvement in the overall delivery
efficiency. Fig. 1 portrays our specially designed delivery system.
In brief, the system is built with silver nanoparticles (AgNPs) as both
anti-tumor agent11 and convenient carrier because of the anti-bacterial
effect of the released silver irons and its high affinity to sulfydryl
group which enables an ease click-and-loading mechanism for
thiolated drugs and functional moieties. The silver carriers are then
subjected to a two-step modification to obtain the dual functions.
Firstly, silver nanoparticles are crosslinked with iron oxide nanopar-
ticles (Fe3O4NPs) to produce Ag-Fe3O4 nanocomposites (FeAgNPs).
As a whole, the superparamagnetic part of Fe3O4NPs will grant the
nanocomposites to be magnetized under magnetic field, thus produ-
cing a preferential magnetic moment that can be finely tuned against
circulation shearing force and the hyper-interstitial pressure of
tumor12,13, both of which are assumed to further enhance the
permeation and retention of the nano-composites. Secondly,
FeAgNPs then are modified with thiolated cell penetrating peptide
(CPP), Tat, through the –SH linkages, yielding the dual functiona-
lized Tat-FeAgNPs. As known, Tat is derived from the transduction
domain of HIV-1 Tat protein and has been proven to function as a
penetration enhancer in delivering various cargos across the cell
membrane barriers14,15. Herein, Tat is utilized to promote blood
vessel penetration and intracellular uptake by the tumor. Compound-
ing together, the whole system is proposed to function in a two-step
process: once entering the systemic circulation, the nano-vehicles will
be driven out of circulation and led to the tumor region by the
localized magnetic field, whereas the surface-modified CPPs will then
work to facilitate efficient tumor intracellular uptake. Since the system
is specially designed to overcome the deficiencies associated with
EPR effect, a substantially improved targeting efficiency of the
delivered cargoes will therefore be warranted.
2. Materials and methods

2.1. Materials

Silver nitrate, ferric chloride hexahydrate, ferrous sulfate heptahy-
drate, dextrin, nitric acid, hydrogen peroxide, sodium hydroxide,
and ammonium hydroxide were all purchased from Sinopharm
chemical reagent Co., Ltd. (China). Hydrazine hydrate and methyl
3-mercaptopropionate (MMP) were from J&K Scientific Ltd.
(China). DAPI (C1002), 1�PBS (C0221), MTT cell proliferation
and cytotoxicity assay kit (C0009), and 0.25% trypsin-EDTA
solution, BCECF-AM (20,70-bis(2-carboxyethyl)-5(6)-carboxy-
fluorescein acetoxymethyl ester) and were from Beyotimes

Biotechnology (China). Sulfo-cyanine 5 NHS ester (Cy5-NHS)
was obtained from Little-PA Sciences Co., Ltd. (China). TAT–SH
(CGGGYGRKKRRQRRR), which composed of the protein trans-
duction domain of TAT47–58, a triple G spacer, and an N-terminal
cysteine for binding with nanoparticles, was obtained from
Shanghai Leon Chemical Ltd. (China).



Figure 1 Illustrations of the dual functionalized Tat-FeAgNPs. Core of the system involved silver nanoparticles (AgNPs), which were surface-
modified by Tat and iron oxide nanoparticles. As carriers, silver nanoparticles could load thiolated drugs via thiol-silver bondage. Generally, Tat-
FeAgNPs delivered the loaded cargos by 1) magnetism-assisted tumor retention from circulation, and then 2) Tat helped the nano-vehicles
penetrate the tumor barrier inside where it released the chemical bombs to fight the neoplastic cells.
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2.2. Preparation of metallic nanoparticles

Silver nanoparticles (dex-AgNPs) were prepared by gentle reduc-
tion of silver ammonia using dextrin as both reducing and
stabilizing reagent. In details, 5 mg (0.125 mmol) sodium hydro-
xide was added to 200 mL silver nitrate solution (1 mmol/L) under
agitation, which yielded a yellow turbid solution. Then 1–2 mL
ammonium hydroxide was added in droplet until the suspension
become colourless and clear, indicating silver irons were com-
plexed with ammonia. After that, 1.8 g dextrin was added to the
silver ammonia solution, then the mixture was heated to 90 1C and
maintained for 8–10 h till an isabelline solution (colour of silver
nanoparticles) was formed, which displayed a characteristic sur-
face plasmon resonance absorption at about 420 nm.

In order to prepare Ag-Fe3O4NPs (FeAgNPs), 3mL more ammo-
nium hydroxide were added into the afore-prepared AgNPs. The flask
was then sealed and blown with nitrogen flows for 30min to remove
free oxygen, then 0.72mmol iron salts (Fe3þ: Fe2þ¼2:1) dissolved in
water were added dropwise and immobilized by the coating dextrin of
AgNPs, producing FeAgNPs. Meanwhile, Ag-free dextrin was used to
prepare Fe3O4NPs as control. All the products were precipitated and
washed with 5-fold excess ethanol for three times to remove excess
ammonium, and the sediments were re-dispersed with equivalent
volume of double distilled H2O (ddH2O) for further usage.

As for TAT functionalization, 1 mL re-dispersed AgNPs (about
5 mg) or equivalent FeAgNPs was mixed with 10 μL TAT-SH
(1 mg/mL) and be incubated at room temperature for 2 h, which
produced Tat-AgNPs and Tat-FeAgNPs, respectively.
2.3. Nanoparticle characterization

Morphologies and chemical compositions of AgNPs, Fe3O4NPs,
and FeAgNPs were analyzed by high-resolution transmission
electron microscopy (HR-TEM, Fei Tecnai G2 F20) equipped
with X-ray energy scanning and analysing apparatus. X-ray
diffraction patterns of the nanoparticles with 2θ scanning range
of 201–901 were obtained by D/MAX 2500 X-ray diffractometer
radiated using Cu/Kα (1.54) rays. Magnetic hysteresis loops of the
three kinds nanoparticles were analysed by a superconducting
quantum interference magnetometer.

2.4. Synthesis of thiolated drugs

Thiolated doxorubicin was synthesized by reacting doxorubicin
(Dox, 1–5mg/mL) with moderate excess (1:1.5) mercaptopropano-
hydrazide (MPH) in water without adjusting the pH, the reaction
was carried out at dark conditions and proceeded for 24 h to make
sure the transition was complete. To prepare mercaptopropanohy-
drazide, 11mL methyl 3-mercaptopropionate and 12mL hydrazine
hydrate (50%, v/v) were reacted under nitrogen protection for 18 h,
then the mixture were frozen-dried to remove water and excess
hydrazine. Likewise, thiolated Cy5 was prepared by reacting
Cy5–NHS (1mg in 0.5 mL DMSO) with 5-molar excess cystine
at room temperature. Unreacted Cy5–NHS and Dox could be
removed by dialysis or precipitation after binding reactions with
silver nanoparticles. The dialysis method is employed to calculate
the drug loading efficiency and release behavior while the pre-
cipitation method was applied to prepare samples for all cell/animal
tests since precipitation process provided a way of concentrating the
drug-loaded nanoparticles which was important for animal test.

2.5. HPLC analysis

Hydrazine, methyl 3-mercaptopropionate, Dox, and their reaction
products of mercaptopropanohydrazide, and thiolated Dox, were
analysed by an Agilent 1260 high performance liquid chromatography
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system equipped with a Lunas 5mm C18 column (Phenomenex,
100Å, 250mm� 4.6mm). The analytical parameters were set as:
detection wavelength: 230 nm; injection volume: 10mL; column
temperature: 30 1C; mobile phase: 1mL/min, acetonitrile:sodium
heptanesulfonate solution (10mmol/L, pH 3.0) ¼ 35:65; elution time:
20min.

2.6. Drug loading and release assay

Drug loading was simply performed by mixing and incubating
silver nanoparticles with a given amount of thiolated drugs/dyes
for 1–2 h. Unloaded drugs could be extracted from nano-vehicles
using excess ethanol as described above. The sediment drug-
loading nanoparticles were then re-dispersed with predetermined
amounts of PBS for in vitro and in vivo experiments. Silver
nanoparticle induced surface resonance energy transfer (SET)16

was utilized for assessing the drug loading and release behaviours.
In details, fluorescent spectrum of Dox, Dox–SH, FeAgNPs,
mixtures of FeAgNPs with Dox and Dox–SH, respectively,
(all dissolved in ddH2O) were recorded and analyzed by an
F4600 fluorospectrophotometer (Hitachi, Japan).

Nanoparticle-mediated cellular uptake and intracellular distribu-
tion of Dox was assessed by fluorescence microscopic analysis.
Cells cultured in 35 mm glass-bottomed petri dishes (801001, Nest
Biotechnology Co., Ltd.) were pre-treated with or without
chloroquine (20 mmol/L) for 1 h. Later, Dox-loading AgNPs
(AgNP-Dox), or mixtures of AgNPs with equivalent amount of
free Dox (5 μmol/L) was added and incubated for 2 h, then the
culture medium were replaced by fresh medium containing
1 μmol/L BCECF-AM and further cultured for another 1 h.
Finally, cells were washed with 1� PBS for three times, and be
left with 200 μL buffer for CLSM (confocal laser scanning
microscopy) imaging (Olympus Fluoview FV1000, Japan).

2.7. Cellular uptake and cytotoxicity assay

Cellular uptake assay was performed in 24-well plates, where MCF-
7 cells were treated with equivalent Dox, AgNP-Dox, Tat-AgNP-
Dox, FeAgNP-Dox, and Tat-FeAgNP-Dox (equivalent in Dox of 5
μmol/L for 4 h. In order to assess the influences of magnetic field on
cellular uptake efficiency of nanoparticles, the culture plates were
subjected to either an upward or downward magnetic field produced
by an external magnet (0.3 T, 8 � 12 cm) for 4 h. Then cells were
fixed, and the nuclei stained by DAPI, and finally subjected to
fluorescence imaging analysis (Leica, DMI300B).

Cytotoxicity was assessed by MTT assay. Generally, MCF-7
cells were seeded in 96-well plates and be incubated with a serial
concentrations of Dox, AgNP-Dox, Tat-AgNP-Dox, FeAgNP-
Dox, and Tat-FeAgNP-Dox, respectively (dispersed in cell med-
ium containing 10% FBS). As above mentioned, plates containing
FeAgNP-Dox and Tat-AgNP-Dox were assigned to receive 4 h-
exposure of external magnetic field. Then all the plates were
replaced with fresh medium and were further incubated for 24 h in
advance of MTT assay. IC50 values of different drugs were
calculated by the Graphpad prism 5.0 software.

2.8. In vivo tumor targeted drug delivery and anti-tumor
assessment

Tumor drug delivery was assessed on a subcutaneous xenograft
mouse model. The tumor-bearing mice were produced by
subcutaneously injecting MCF-7 cells (1� 106 cells in 150 μL
serum-free medium) at the right axillary site. When tumor grew to
the size of 400–500 mm3, mice were randomly assigned to six
groups (n ¼ 3), which received a single dose i.v. injection of free
Cy5, or Cy5-labelled AgNPs, Tat-AgNPs, FeAgNPs, Tat-
FeAgNPs, respectively (equivalent with Cy5 at the dose of 20
nmol/kg). As for mice given FeAgNP-Cy5 and Tat-FeAgNP-Cy5,
a magnet (0.3 T, 10 mm� 10 mm) was laid close to the tumor to
produce an external magnetic field. The whole body fluorescent
signals at 1, 4, 12, and 24 h, were recorded by the IVIS spectrum
imaging system (Perkin-Elmer). Mice receiving the final imaging
at 24 h were immediately anesthetized and be performed with heart
perfusion. Then the tumors were excised, weighted and divided
into two parts: one part of the tumor was processed by fixation,
dehydration, and cryostat section for microscopic imaging; while
the other part of tumor was further divided for quantitative
analysis, with part of it being homogenized and extracted using
alcohol for fluorescence analysis; the left part of tumor being
digested by 2 mL HNO3–H2O2 mixture (1:1), which was then
subjected to inductively coupled plasma-mass spectrometry (ICP-
MS, Agilent 7700X) for determination of silver concentration.

Anti-tumor efficacy of Dox-loaded nanoparticles was assessed
on a parallel batch of tumor-bearing mice. Animals were randomly
assigned into five groups (n ¼ 6) and began with regimentation of
Dox-loaded nanoparticles (equal to 1.5 mg/kg of free dox) when
tumor reached 200 mm3. Tumor volume (V) was calculated based
on Eq. (1):

V ¼ 0:5� L�W2: ð1Þ
where L is tumor length and W is tumor width. To compare the
tumor inhibition effects of different drugs, a clinically applied
therapeutic parameter, specific growth rate (SGR) of tumor, was
utilized to exclude the within-subject variations. Generally, SGR
was calculated based on Eq. (2):

SGR¼ Log Vt=V0

� �
= Tt – T0ð Þ ð2Þ

where V0 and Vt, referred to the measured tumor volume at time
T0, and Tt, respectively

17–19. Tumor volume was recorded every
other day along with the routine administration. With no further
declaration, all animal studies were performed under the guidance
of Institutional Animal Care and Use Committee (IACUC) of
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences (Shanghai, China). Mice would be humanely sacrificed
if either body loss exceeded 20%, or tumor volume reached above
2000 mm3.

2.9. Statistical analysis

Intergroup differences of both in vitro and in vivo data were
analysed by one-way or two-way ANOVA test based on Fisher's
LSD test, which were carried out on a Graphpad prism software
(Version 5.0). Po0.05 was defined as statistically significant
during multiple comparisons between different groups of data.
3. Results and discussion

3.1. Characterization of FeAgNPs

In recent years, synthesis of iron alloy nanoparticles with silver had
attracted extensive interests from different disciplines20,21. As drug
vehicles, the alloy nanoparticles not only possessed magnetism from



Figure 2 Synthetic scheme of preparing Ag-Fe3O4 nanocomposites (Up), TEM-EDX characterizations of as-prepared metallic nanoparticles
(Down), from top to the bottom were silver nanoparticles (AgNPs), iron oxide nanoparticles (Fe3O4NPs), and Ag-Fe3O4 nanocomposites
(FeAgNPs), respectively. Reaction conditions: i) Dextrin, 1.8 g; H2O, 200 mL; [Agþ], 1 mmol/L, [NH3], 2.5 mmol/L, 90 1C, 4 h; ii) 3 mL
ammonium hydroxide (25%); [Fe3þ], 0.48 mmol; [Fe2þ], 0.24 mmol; nitrogen flow, 80 1C, 30 min; iii) FeAgNPs, 50 mg; Dox, 25–250 mg;
Tat–SH, 10 mg; H2O, 1 mL; Room temperature, 2 h.
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ferroferric oxide, but also acquired features of silver nanoparticles such
as optical and thiol binding ability. However, since those physio-
chemical properties were dependent on the intrinsic crystal structures
of atom packing22, formation of alloy particles might result in function
loss for both particles. In comparison, crosslinking the two together
could retain the crystal structures and their related physiochemical
features for both nanoparticles, yet the chemistry for straightforward
crosslinking was challenging because the weak affinity of Fe3O4NPs
towards various functional groups (hydroxyl, carboxyl, etc.) could not
yield a stable linkage23, leading to unfavorable agglomeration.
Alternatively, both silver and Fe3O4NPs belonged to inorganic
nanoparticles, which shared a common in situ formation pathway of
preparing stable nanoparticle dispersions24,25, suggesting the two
could be assembled together by sequentially capping the finely formed
nanoparticles in the same polymeric framework. To this regard,
dextrin was chosen in our system as the stabilizing agent because 1)
the primary hydroxyl groups from glucose units of dextrin could serve
as both reducing and binding sites for silver nanoparticles26, and 2)
dextrin and its derivatives were the most frequently utilized stabilizers
for preparing aqueous clinical brand of iron oxide products27.
Accordingly, we proposed a two-step procedure for the synthesis of
well dispersed aqueous Ag-Fe3O4 nanocomposites (Fig. 2). The as-
prepared nano-vehicles were well dispersed in water, yet insoluble in
ethanol because of the coating dextrin, thus could be precipitated and
re-dispersed by solvent exchange from alcohol to water
(Supplementary Information Fig. S1), which was more convenient
than the routinely centrifugal method during purification and concen-
tration process. Morphologies and chemical compositions of the
prepared FeAgNPs were shown in Fig. 2. By comparing the TEM
and EDX spectra with AgNPs (up) and Fe3O4NPs (middle), it was
apparently to identify that the 15 nm sized AgNPs were surrounded by
ultra-small Fe3O4NPs (1–2 nm). XRD spectrums (Fig. 3A) further
approved that the as-obtained Ag-Fe3O4 were composed of identical
crystalline particles which corresponded to JCPDS cards of silver
(04–0783) and magnetite (16–0629), respectively. Of note, although
crystalline structure of the Fe3O4 was not affected in the nanocompo-
site, the Ag-Fe3O4 showed decreased saturation magnetization
(3.8 emu/g) as compared with as compared with silver-free
Fe3O4-NPs (9.0 emu/g). To further test whether the separately
formed silver and iron oxide particles were interlinked, the water
dispersion of the nanocomposites was lied nearby a magnet, results
showed that all the particles could be driven by the externally applied
magnetic field (Fig. 3C), suggesting that silver nanoparticles were
crosslinked with magnetic nanoparticles. As for drug delivery, the
AgNPs would serve as a “sled” and carry thiolated drugs via the
silver-thiol bond, whereas the surrounding Fe3O4NPs would serve as



Figure 3 XRD (A) and hysteresis loops (B) of the prepared metallic nanoparticles; (C) magnetic responsiveness of Ag-Fe3O4 to an aside placed
magnet.
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“dogs” driving the sledge to a specific organ under the guidance of the
external magnetic field.
3.2. Drug loading and release

The FeAgNPs thus prepared were ready to carry thiolated drugs
for further applications. In order to prepare thiolated doxorubicin,
we synthesized a small –SH containing linker (3-mercaptopro-
panohydrazide) for reacting with doxorubicin (Fig. 4A). As
illustrated, 3-mercaptopropanohydrazide would form a hydrazone
bond with the C-13 ketone from doxorubicin, yielding a thoilated
drug with degradable bonds28–30. The reactants of hydrazine,
methyl 3-mercaptopropionate, their intermediate hydrazide pro-
duct, Dox, as well as the final thiolated product were stepwise
analysed by a HPLC method (Fig. 4B). Results showed that the
two-step reaction was proceeding as designed with high yields.
Interestingly, by aligning the spectrum of the final product with
that from the reacting Dox and mercaptopropanohydrazide
(MPH), two identical peaks appeared in the HPLC spectrum,
which could be ascribed to Dox–SH and its oxidized form of
disulfide dimer. The binding patterns of both Dox–SH and its
dimer rely on the sulfur atoms, and the main difference between
the two lies in the binding strength with metal surface. Although
binding strength of the dimer counterpart is weaker, the weakly
bonded disulfide chemicals, the disulfide bonds were also capable
of binding to silver nanoparticles31 and sometimes would break
into more stably bonded monothiolate. Therefore, the as-obtained
thiolated drugs could be used directly without further
purification.
Similar to Förster resonance energy transfer (FRET) that
occurred between two molecular dipoles (usually defined as donor
and receptor, respectively), dipole-surface energy transfer (SET)
occurred between fluorescent molecule and metallic nanoparticles
often led to photo-quenching effect16,32. Importantly, the quench-
ing efficiency was sensitive to changes of fluorophore-surface
distance, as Förster distances for efficient fluorescence quenching
was reported to be less than 10 nm13. Therefore, it was possible for
us to discern surface conjugated Dox-SH with free Dox from
fluorescent spectra. As shown in Fig. 4C, thiolation did not affect
the fluorescence of doxorubicin, because the fluorescent profiles of
Dox and Dox–SH almost overlapped each other. Interestingly,
once Dox and Dox–SH were separately mixed with equivalent
AgNPs, the peak fluorescence of thiolated Dox decreased drama-
tically to only 7.0% of the original intensity, whereas the mixture
of Dox and AgNPs retained 82.9% of the initial fluorescence. The
complete quenching of mixture of Dox–SH and AgNPs indicated
that a stable bond between the two compounds was formed, in
comparison with mixtures of Dox and AgNPs.

Drug entrapment efficiency (EE) and drug loading efficiency
(LE) was assessed using dextrin immobilized AgNPs. Since the
drugs was uploaded on the nano-carriers via the thiol–Ag bondage,
loading efficiency was calculated based on the total weight of
dextrin-AgNPs and the weight of silver, respectively
(Supplementary Information Fig. S2A). Results showed that drug
encapsulation efficiency was dependent on the feeding concentra-
tion of Dox–SH. For example, the calculated EE was about 90%
when feeding Dox–SH less than 150 mg/mL was applied, further
increasing drug concentration led to a drastically reduction of EE
to 58.9% when the feeding concentration of Dox–SH reached



Figure 4 (A) Schematic illustrations of preparing Dox–SH and Dox-loaded FeAgNPs; (B) HPLC spectrums of the reactants and products. From
top to bottom are hydrazine, methyl 3-mercaptopropionate (MMP), and synthesized mercaptopropanohydrazide (MPH, intermediate product) from
reaction step (i). Dox, doxorubicin; Dox–SH, final product. (C) Fluorescent spectra of Dox, Dox–SH, and as-prepared FeAgNP-Dox dissolved in
ddH2O (λEX ¼ 495 nm, λEM, 510–720 nm, PMT voltage at 400, and split width ¼ 5 nm).
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250 mg/mL. Accordingly, the maximal loading efficiency of Dox–
SH was calculated to be around 0.3% by the total weight of
dextrin-AgNPs, and around 8% by the silver weight. After loading
onto the silver vehicles, doxorubicin could be released via the pH
sensitive hydrazone bond. To test the pH sensitivity of this system,
we monitored the in vitro release behaviour of Dox-loaded
nanoparticle (AgNP-Dox). Our results demonstrated that free
Dox could be released in a pH-dependent pattern, and the
cumulative released drug under different pH within 2 h was about
20.5% (pH 7.4), 38.1% (pH 6.0), and 47.1% (pH 5.0), respectively
(Supplementary Information Fig. S2B), providing a solid support
to the claim that our systems would release the loaded drug in a
pH-dependent pattern. However, it was worth noting that an
unexpected high release of drugs from AgNP-Dox was found at
pH 7.4, which was supposed to be stable at neutral conditions as
reported that Dox-loading gold nanorods via hydrazone– and
Au–S bonds manifested minimal release of Dox at pH 7.433. With
this respect, the enhanced release of Dox at pH 7.4 from our
system might partially be ascribed to the dissolution of the weaker
Ag–S bond34.
Linker-mediated Dox loading and release could be further
identified by CLSM assay. As shown in Fig. 5, simply mixing
Dox with silver nanoparticle did not affect the endocytic
process of the drug, which preferentially accumulated inside
the nucleus. As compared, Dox carried by AgNPs via the liker
was found to be enriched at perinuclear regions. Moreover, by
mapping the intracellular pH of MCF-7 cells with BCECF
(green fluorescence with stronger signals at higher pH), it was
apparently to see the Dox's signal (red fluorescence) was
more intensive at low pH regions. And chloroquine treatment
(sparing the pH induced fluorescence variation) did not
affect the distribution patterns of nano-particulate Dox,
suggesting the loaded drugs had not been sufficiently
released during the 2 h's treatment, which otherwise would
result in significant red signals in the nucleus. Notably, the
preferential distribution of AgNP-Dox at low pH region
(probably the endosome) herein would facilitate the
intracellular release of the hydrazone bonded Dox, which
had been approved by the in vitro release tests
(Supplementary Information Fig. S2B).
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3.3. Cellular uptake and cytotoxicity assay

As mentioned above, the principle of the Tat-FeAgNP was based
on 1) magnetism-assisted nano-vehicle retention (caused by EPR
mediated tumor passive targeting), and 2) Tat-mediated blood
tumor barrier penetration and tumor cellular uptake. To evaluate
Figure 5 pH-dependent intracellular distribution of Dox in MCF-7
cells fed with AgNP–drug conjugate via designed mercaptopropano-
hydrazide. Physical mixture of AgNP with Dox was used as non-
conjugate control. Cytosolic pH of MCF-7 cells were mapped by a pH
probe (BCECF-AM), which showed enhanced green fluorescence in
response to decreased the environmental pH.

Figure 6 Cellular uptake (A) and cell inhibition assay (C) of Dox and
AgNP-Dox (Dox-loaded silver nanoparticles), Tat-AgNP-Dox (Tat modifie
iron oxide nanocomposites), Tat-FeAgNP-Dox (Tat modified, Dox-loaded
Dox and Tat-FeAgNP-Dox, an 8 cm � 12 cm magnet (0.3 T) was applied u
magnetic field (MF) to the cultured cells, as illustrated in (B). *Po 0.05;
the influences of magnetism and Tat modifications in vitro, MCF-7
cells were treated with various regimens of the test compounds
under different directions of the magnetic force. As shown by the
cellular uptake of fluorescent markers in Fig. 6A, it was apparent
to see that 1) Tat modification significantly promoted cellular
uptake of the nano-vehicles (Tat-AgNP-Dox vs AgNP-Dox; Tat-
FeAgNP-Dox vs FeAgNP-Dox); 2) Crosslinking with Fe3O4NPs
led to a reduced cellular uptake when comparing with their iron-
free counterparts (AgNP-Dox vs FeAgNP-Dox; Tat-AgNP-Dox vs
Tat-FeAgNP-Dox); 3) magnetism could help to enhance cellular
Dox-loaded nanoparticles. Test samples include Dox (doxorubicin),
d, Dox-loaded silver nanoparticles), FeAgNP-Dox (Dox-loaded silver-
silver-iron oxide nanocomposites). As for cells treated with FeAgNP-
pon or below the plates to producing a externally upward or downward
**Po 0.01.

Figure 7 Optical images of tumor bearing mice at different time post
administration of Cy5 and Cy5-loaded nano-vehicles.
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uptake of the magnetized nanoparticles (Tat-FeAgNP-Dox with up
or downward magnetic field). While Tat functionalization promoted
cell penetrating of the nano-devices was expected, crosslinking with
Fe3O4NPs obviously decreased the cellular uptake of the attached
silver vehicles due to increased hydrodynamic size of the final
Figure 8 (A) Quantitative fluorescence of tissue homogenates of
mouse 24 h post administration. (B) and (C) represented tumor content
of drugs (Cy5, B) and nanoparticles (silver, C), respectively. *Po
0.05; **Po 0.01.

Figure 9 Tumor sections of mice treated with Cy5-labelled nanoparticles o
the tumor vasculatures (Green fluorescence).
composites. Our cell culture results also demonstrated that magnet-
ism could play the role of either an enhancer or an attenuator,
depending on whether the directions of the applied magnetic field
was set towards the cultured cells (as portrayed in Fig. 6B).
Interestingly, although silver and iron oxide nanoparticles both
showed a degree of cell inhibiting potential (23% for AgNP, and
17% for Fe3O4-NP, Supplementary Information Fig. S3), they
otherwise displayed opposite effect on cell viability when incorpo-
rated in the dual nano-systems. Whilst being an anti-tumor agent
itself, silver nanoparticles could synergistically inhibit cell prolifera-
tion with the loaded drugs thereby producing enhanced cytotoxicity
(AgNP-Dox4Dox), loading of Fe3O4NPs nevertheless resulted in
reduced inhibition on cell growth (AgNP-Dox4FeAgNP-Dox; Tat-
AgNP-Dox4Tat-FeAgNP-Dox), which apparently could be attrib-
uted to the increased hydrodynamic size of the systems as
previously discussed. Consequently, MTT tests gave IC50 of
Dox-loaded nanoparticles in the following order (Fig. 6C):
Dox (1.82 μmol/L)4Tat-FeAgNP-Dox with upward MF
(1.55 μmol/L)4FeAgNP-Dox with downward MF (1.14 μmol/L)
4Tat-FeAgNP-Dox with downward MF (0.63 μmol/L)4AgNP-Dox
(0.57 μmol/L)4Tat-AgNP-Dox (0.46 μmol/L).

3.4. In vivo delivery efficiency and anti-tumor assessment

In vivo delivery efficiency was assessed by using a near infrared
dye, Cy5, to track the pharmacokinetic behaviours of the nano-
carriers. Whole-body imaging and tissue homogenates analysis
were carried out to depict the bio-distribution pattern, as well as
the individual tissue loads of Cy5 for the testing nano-carriers.
In vivo imaging results showed that Tat-FeAgNP-Cy5 was
accumulated at the tumor most efficiently (Fig. 7), and this finding
was further confirmed by optical images of the excised tumors
(Supplementary Information Fig. S4). Of note, the ex vivo test
showed that the fluorescence in excised tumor was even stronger
than those in the liver and the spleen. However, the total quantity
of the fluorescence in the individual organ calculated from tissue
homogenates demonstrated that liver remained as the primary
target for nanoparticle accumulation (Fig. 8A), a phenomenon that
r free dyes (Red fluorescence). FITC-labelled lection was used to mark



Figure 10 Anti-tumor efficacy of Dox-loaded nanoparticles. (A) Tumors excised from mice at 7th day; (B) tumor growth profiles of mice treated
with different drugs; (C) calculated specific growth rate (SGR) of mice tumors at the 7th day post initial administration. Note, significance level of
inter-group comparisons between Tat-FeAgNP-Dox-treated mice with other group were marked as Po0.05), Po0.01; and test significance
between mice receiving PBS with others were marked as *Po0.05, **Po0.01.
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accounted for in terms of the dominant mass compared with tumor
(1.6670.18 g vs 0.3270.15 g). By quantitatively analysing the
homogenates data, it was revealed that the substantial tumor intake
of the dual functional system relied on Tat and the external
magnetism. First, as compared with free dye and unmodified
AgNP-Cy5, Tat-AgNP-Cy5 dosed mice displayed stronger fluor-
escence signals in all of the organs examined (Fig. 8A), demon-
strating that Tat would promote the uptake of the functionalized
vehicles. Second, while FeAgNP-Cy5 was less favourably taken
by the main organs when comparing with that of AgNP-Cy5, the
iron-silver nanocomposites nevertheless gained enhanced tissue
retention by the tumor when a localized magnetic field was applied
(Fig. 8A and B). As with the in vitro test, the incorporation of iron
oxide nanoparticles resulted in a reduction in cellular uptake
efficiency as well as the cell inhibition functions of silver
nanoparticles (Fig. 6). Hence the conversely increased tumor
uptake could be ascribed to enhanced tumor retention from
circulation promoted by external magnetism. Interestingly, micro-
scopic results showed that the tumor accumulated FeAgNPs were
mainly retained in the vasculatures (marked by FITC-lectin as
green fluorescent regions) and manifested overlapped Cy5 signals
(red fluorescence) with FITC-lectin. In comparison, free dye (Cy5)
and other nanoparticles (AgNPs, Tat-AgNPs, and Tat-FeAgNPs)
could extravasate from tumor vasculature and into the interstitial
space, thus showing overflowed red fluorescence outside the tumor
vessels (Fig. 9).

Two issues need to be noted in this in vivo study are as follows.
Firstly, since the Cy5 is chemically bonded with cysteine via a
stable amido bond, release of Cy5 from AgNP relies on the
dissociation of amido bond which gives free Cy5, or degradation
of Ag–S bond, or lysis of the nanoparticles, which gives the
thiolated Cy5. On this account, the dissociation of Cy5 from the
nanoparticles would be less pH-dependent, and thus more stable as
compared with Dox–SH. Secondly, although conjugation of Cy5
with the AgNP will lead to photo-quenching effect of the
fluorophore to some extent, the fluoresce of the loaded dye is
not fully quenched (for example, the remnant FL of the binded
Dox still accounts for 12% of its free form), and more importantly
the remnant fluorescent signal would be detected by the in vivo
imaging apparatus. As our results just compared the targeting
efficiency of testing drugs to organs in the same body, differences
of FL between different drugs were normalized and the objective
comparisons between different groups were provide.

It was worth noting that, compared to tumor homogenates
fluorescence data, the detected tumor content of AgNPs and
FeAgNPs in the form of silver, was much attenuated. For example,
the calculated inter-group ratio among different nanoparticles
(AgNPs, Tat-AgNP, FeAgNP, Tat-FeAgNP) by fluorescence was
1:2.1:1.5:3.5; whereas by silver weight the inter-group ratio was
calculated to be 1:1.8:23.8:35.3. This variation can be ascribed to
the differences of analytical method, as well as the tissue
penetration and release properties of the testing nanoparticles. In
details, the tumor silver content was analysed by digesting the
whole tumor with H2O2/HNO3 solution, which gave the vehicle
content irrespective of its microscopic distribution and drug release
properties. In comparison, tumor Cy5 content was analysed using
the tumor homogenates, which were treated with methanol to
extract the free Cy5. Thereby unreleased Cy5 and proteins were
precipitated along with the vehicles after adding methanol which
was not to be determined. On this account, AgNP-Cy5, Tat-AgNP-
Cy5 could penetrate into the tumor, be digested and release the
loading Cy5, which can be detected by fluorospectrophotometry.
In comparison, although FeAgNP-Cy5 could accumulate in the
tumor more efficiently than AgNP-Cy5 and Tat-AgNP-Cy5 under
the guidance of external magnetic field, it could not reach deep
into the tumor, and most loaded Cy5 was not released. Therefore,
although FeAgNP-Cy5 showed higher tumor retention (higher
silver content) than Tat-AgNP-Cy5, its released Cy5 was fewer,
therefore showing less “tumor Cy5 content”. Overall, it was
depicted that Tat-FeAgNP-Cy5 would display the most advanced
tumor accumulation. And the tumor retained Tat-FeAgNPs ana-
lysed by ICP-MS was 6.772.4% of the administrated dose
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(Fig. 8B), which was significantly higher than most of the findings
reported in the literature8.

Real-time anti-tumor effects were assessed by repeated injec-
tions of the Dox-loaded nanoparticles every other day. Of note, the
xenograft MCF-7 tumors displayed a fast growing profile, of
which the size increased from 187.3741.8 to 981.4780.7 mm3

within one week after initiation of the treatment. As time went on,
tumor growth of control decreased and a pleatu was reached at 9th
day, which attenuated the therapeutic effects of the testing
nanomedicine as the tumors of those mice were still growing
(data not shown). Thereby, the volumetric data of tumors within
the first week was optimum in assessing the efficacy of nanome-
dicine (Fig. 10A) without bigotry because all tumors of animals
were still in the same growing stage. The volumetric profiles were
shown in Fig. 10B, to exclude the with-group variations between
different tumors, herein the specific growth rate (SGR) of each
tumor was calculated (Fig. 10C) in order to monitor the tumor
inhibition effects as it had been clinically applied as a powerful
therapeutic index in the evaluation of treatment responses of
heterogeneous human tumors17–19. In agreement with findings by
using Cy5 dye as the model drug, tumor growth measurements
demonstrated that Tat-FeAgNP-Dox yielded the most significant
tumor-inhibitory effects among all the testing nanomedicines,
which manifested a reduction of 29.6% on the SGR of tumor
one week after initial treatment comparing with the PBS group
(P ¼ 0.009; calculated SGR as 0.2770.04, and 0.1970.01 for
mice treated with PBS and Tat-FeAgNP-Dox, respectively). In
contrast, the SGR reduction (with comparison to PBS control) of
AgNP-Dox, Tat-AgNP-Dox, and FeAgNP-Dox were 11.1%,
7.4%, and 11.1%, respectively, and none of them showed
significant differences (P40.05). Furthermore, the SGR value of
Tat-FeAgNP-Dox was significantly lower than those from all the
other three groups, including AgNP-Dox, Tat-AgNP-Dox, and
FeAgNP-Dox (Po0.05). Taken together, these results convin-
cingly showed that the Tat-FeAgNP-Dox was superior to other
NPs at targeting the tumor site.

The successful applications of Tat-FeAgNPs in delivering doxor-
ubicin and Cy5 to the xenograft tumors of mouse supported our
hypothesis that augmented EPR effect together with enhanced tissue/
cell penetration would facilitate a substantially improved cancer drug
delivery. Our results, on the other hand, reconfirmed the dilemma for
the conventional nano-vehicle-based drug delivery system. As
known, human tumor and all the other organs were interconnected
by the circulation system, where the designed nanocarriers of varied
forms were delivered via blood into all the organs/tissues indiscrimi-
nately. On this account, drugs and nanoparticles were delivered to the
tumor in almost a random pattern7. Therefore, more efforts should be
focused on designing materials that could change the in vivo
biodistribution and gain fast access to the tumor site. Herein, our
dual functional system, though might not strictly be categorised as
“active targeting”, yet achieved increased tumor loads compared with
nanoparticles which relied on EPR effect. Furthermore, since the
targeting process of this system relied on external magnetism, it was
reasonable to assume that the Tat-FeAgNPs were apt to deliver
loaded drugs/imaging reagents to any organs of the body where
localized magnetic field was applied. To test this hypothesis, we had
carried out another test by attaching a magnet to the heads of mice,
finding that intravenously injected Tat-FeAgNP-Cy5 can more
efficiently accumulate at the brain than either single-functionalized
nanoparticles (Tat-AgNP-Cy5, FeAgNP-Cy5), or free Cy5 control
(Supplementary Information Fig. S5). The new results again sup-
ported our hypothesis that external magnetism along with CPPs can
synergistically work together to improve the delivery efficiency of
nanocarriers. As the available nanomaterials were all designed for
certain targets, they might be incompetent as drug carriers for other
specific targets. Therefore Tat-FeAgNPs might serve as the first
multi-target delivery systems in the future.
4. Conclusions

In this paper, we re-evaluated the targeting dilemma for conventional
nano-vehicles in cancer drug delivery and were convinced that the
primary reasons could be attributed to the limited EPR effect and
tumor barriers. Based on this, we proposed a dual functional system
that afforded improving tumor retention and promoting tumor uptake
at the same time. The system was based on dextrin-coated silver
nanoparticles, which were then crosslinked with iron oxide nanopar-
ticles and cell penetrating peptide (Tat), producing the dual functional
Tat-FeAgNPs with both superparamagnetic property as well as cell
penetrating ability.

The microscopic structure of silver-iron oxide nanocomposites was
analysed by TEM and EDX assay, which demonstrated that silver
nanoparticles of about 15 nm were surrounded by ultra-small iron
oxide nanoparticles. In order for loading drugs, we designed and
synthesized an –SH containing linker, 3-mercaptopropanohydrazide.
The small linker contained both a thiol and a hydrazide group, which
enabled it to be loaded onto the nanoparticles via thiol-silver bondage.
In addition, 3-mercaptopropanohydrazide linker could form a pH
sensitive bond with the carbonyl group on drugs such as doxorubicin.
Results from the drug loading and release studies indicated that
thiolated Dox could attach onto the surface of silver nanoparticles,
resulting in an efficient fluorescence quenching of up to 93%.
Furthermore, the release of loading Dox was pH dependent, as the
cumulative release of Dox after 2 h incubation at pH 5.0 was 2.3-fold
over that at pH 7.4. The intracellular release of FeAgNP-Dox in
MCF-7 cells also demonstrated that the nano-vehicles could release
the encapsulated drugs in a pH dependent mode.

In vitro cellular uptake and cell inhibition studies were carried
out to assess the benefits of the incorporating Tat and iron oxide
nanoparticles to the silver nanoparticles. The results demonstrated
that Tat significantly promoted cell uptake and cytotoxic effect of
the nanoparticles. Whereas post-immobilization of iron oxide
nanoparticles would result in increased hydrodynamic size,
thereby causing a decreased cellular uptake and cytotoxicity;
external magnetism could promote cell uptake with decreased
IC50, upward magnetic field produced reversed effect. Generally,
MTT tests gave IC50 of Dox-loaded nanoparticles in the following
order: Dox (1.82 μmol/L)4Tat-FeAgNP-Dox with upward MF
(1.55 μmol/L)4FeAgNP-Dox with down MF (1.14 μmol/L)
4Tat-FeAgNP-Dox with downward MF (0.63 μmol/L)4AgNP-
Dox (0.57 μmol/L)4Tat-AgNP-Dox (0.46 μmol/L).

The feasibility of the dual functional system was further
assessed in MCF-7 xenograft tumor mouse model. It was depicted
by the whole body imaging as well as quantitative homogenates
analysis, that Tat and iron oxide nanoparticles, both could help
increase fluorescence signals in the tumor, but in a different way:
as Tat promoted tissue penetration and led to enhanced probe
signals in all the organs (compared with non-modified silver
nanoparticles), iron oxide nanoparticles contributed to increased
accumulation of nanoparticles just in tumor except other organs,
suggesting magnetism promoted tumor retention other than
penetration. Taken together, it was proposed the dual functional
nanovehicles worked in a two-step process: the as-prepared Tat-
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FeAgNPs might firstly overcome the shear force from the blood
stream and reach the target organs under external magnetic field.
Then, surface modified TAT might further promote tissue pene-
tration, thus could efficiently improve targeting efficiency.
ICP-MS assay demonstrated that the tumor seized 6.772.4% ID
of the Tat-FeAgNPs, which was significantly higher than most of
the previous reports. Anti-tumor assessment also demonstrated that
Tat-FeAgNP-Dox displayed the most significant tumor-inhibiting
effects among all the testing nanocarriers, showing a reduction of
29.6% in the SGR (specific growth rate) of tumor comparing with
the PBS control (P¼0.009), while the other groups including
AgNP-Dox, Tat-AgNP-Dox, and FeAgNP-Dox displayed no
significant difference.

The sufficient on-site delivery by our dual functional system
(Tat-FeAgNPs) in delivering doxorubicin and Cy5 to the xenograft
tumors of mouse supported the hypothesis that enhanced EPR
effect together with improved tissue/cell penetration would facil-
itate a substantially increased cancer drug delivery. However, our
results reconfirmed the dilemma for the conventional nano-
vehicle-based drug delivery system. Since tumor in anatomically
was not a preferential target for the circulating drug/nanovehicles
as compared with other organs (liver, spleen, etc.), cancer drug
vehicles should be more specifically designed with respect to the
restrictive factors in systemic targeting delivery. Furthermore, as
our system did not rely on specific binding with tumor cells but on
externally applied magnet, it was reasonable to assume that Tat-
FeAgNPs were apt to deliver loaded drugs/imaging reagents to any
organs of the body where localized magnetic field was applied,
which had been approved by enhanced brain delivery of intrave-
nously given Tat-FeAgNP-Cy5 by attaching a magnet to the
mouse brain. Therefore, Tat-FeAgNPs might serve as a multi-
target delivery system in the future.
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