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Purpose: Superparamagnetic iron oxide nanoparticles (SPIONs) have exhibited preeminent
diagnosis and treatment performances, but their low internalization severely limits prede-
signed functions. The low cell internalization is now an urgent bottleneck problem for almost
all nanomaterials. To achieve more internalization of SPIONS, recombinant M13 phage was
designed for targeted delivery and smart release.

Methods: M13 phages were designed to co-express exogenous SPARC binding peptide
(SBP) and cathepsin B cleavage peptide (DFK), formed recombinant DFK-SBP-M13. 3.37+
0.06 nm of SPIONs were modified by 3, 4-dihydroxyhydrocinnamic acid (DHCA) to gain
10.80 £ 0.21 nm of DHCA-coated SPIONs, i.e., DHCA@SPIONs. Upon adjusting the
proportions of DHCA@SPIONs and DFK-SBP-M13, the multi-carboxyl SPIONs assembled
onto recombinant M13 phages via covalent bonding. The assemblies were co-cultured with
MDA-MB-231 cells to interpret their internalization and smart release.

Results: The “corn-like” SPIONs@DFK-SBP-M13 (261.47+3.30 nm) assemblies have not
been reported previously. The assembly was stable, dispersible, superparamagnetic and
biocompatible. After co-cultivation with MDA-MB-231 cells, the SPIONs@DFK-SBP-
M13 assemblies quickly bond to the cell surface and are internalized. The enrichment rate
of SPIONs@DFK-SBP-M13 assembly was 13.9 times higher than free SPIONs at 0.5 h, and
intracellular Fe content was 3.6 times higher at 1 h. Furthermore, the DFK peptides favored
cathepsin B to cleave SPIONs from the M13 templates resulting in release of SPIONSs inside
cells.

Conclusion: The novel SPIONs@DFK-SBP-M13 assembly can rapidly deliver SPIONs to
the targeted sites and enabled smart release. The combination of genetic recombination and
nanotechnology is beneficial for designing and optimizing some new nanomaterials with
special functions to achieve wider applications.

Keywords: M13 phage, superparamagnetic iron oxide nanoparticles, self-assembly, smart
release, targeting

Introduction

SPIONSs, based on their excellent magnetic properties, changeable surface charac-
teristics and low cytotoxicity, are gradually exhibiting an attractive prospect in the
diagnosis and treatment of tumors, such as imaging analysis, drug loading, mag-
netic hyperthermia, magnetic targeted chemotherapy and gene therapy.' Similar to
biomedicines with large molecular weight, SPIONs usually performed their func-
tions at cellular levels. Only 0.7% of nano-formulations can reach the targeted
tumor site due to two main bottlenecks: (1) the physical barriers, e.g., flow,
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diffusion and shear force, result in the erosion and low
utilization of nanoparticles during the delivery process; (2)
physiological barriers, including polymerization, protein
adsorption, phagocytosis and renal or liver clearance,
causing increased leakage and premature release.®’ Such
low accumulation of SPIONs around the targeted region
usually leads to low uptake in targeted tissues, which
consequently reduces the effectiveness of SPIONs.*’
Furthermore, low cell internalization is a major concern
with all nanomaterials that needs to be solved to achieve
their potential high efficacy.

Recently, nanoparticles conjugation to functional aggre-
gates caused rapid enrichment of small-sized nanoparticles
and reduced systemic toxicity compared with the same con-
centration of large-sized particles.'®"! Furthermore, the func-
tional scaffolds of free nanoparticles, assembled by low
molecular weight polymers,'> polypeptides,”® nucleic
acids,' and viruses can provide sufficient binding sites for
nanoparticles and improve their utilization in vitro and
vivo.'> "7 With the advent of nanotechnology, SPION assem-
blies can possess various morphologies and multifunctional-
ities. Moreover, some specific robust anchors have been
designed to accumulate nanoparticles at the targeted tissues
via shortening transport time in blood and improving EPR
(the effect
(Scheme 1)."®2! Among multitudinous scaffolds, temperate

enhanced permeability and retention)
M13 phage has attracted the attention of researchers.
Interestingly, M13 phage possesses cyclic single stranded
DNA and 11 kinds of known proteins which could specifically
infect E. coli containing F factor and is safe for humans.*>*

Based on the fibrous structure having 1 pum length and
a diameter of 68 nm, M13 bacteriophage possesses abun-
dant binding sites and favors nanoparticles to line up so as
to effectively avert steric hindrance.”**> Meanwhile, the
positive charge region from active amino sites at the
umbrella-like o-helix N-terminus of pVIII also facilitates
nanoparticles to bind M13 scaffold.***” Moreover, M13
phage is easy to perform gene recombination to express

exogenous peptides with special roles,>2%2

especially,
M13 phage can be rationally modified for selective target-
ing and smart release by gene recombination.’**! Most
recombinant M13 phages are genetically stable, bioengi-
neered quickly and in a cost-effective way.>* In addition,
the lysogenicity of M13 phage is beneficial to enrich itself
and its recombinant phages during large-scale preparation.*
So M13 phages have been widely applied in biological,
food and medical fields. Integration of the unique capabil-
ities of M13 phage into designing nanoparticle assemblies

may offer some novel capabilities to SPIONs, such as
rational molecular design via genetics, spatial control on
a nanometer scale, and hierarchical assembly with 2D or 3D
architecture.” %

To realize the rapid targeted absorption and internaliza-
tion of ultra-small SPIONs, reduce leakage and unexpected
release, and prolong the working time at the targeted site,
the safe and recombinant M 13 phage was used as template
to prepare SPIONs assembly (Scheme 1). To control the
SPIONS, highly

monodispersed carboxyl-coated SPIONs were prepared.

self-assembly process of
Meanwhile, two exogenous functional peptides responding
to the particular targeting and controllable release were co-
expressed on the surface of M13 phage. Generally, this new
kind of nanoparticle assembly will ensure SPIONs effective
internalization with no side effects. In comparison to other
modification techniques, phage-based self-assembly of
SPIONSs is easy to perform with few chemicals, that sig-
nificantly reduces the production cost.*®

Materials and Methods

Materials
FeO (OH), oleic acid (AR), octadecene (99.5%), N-hexane
(AR), ethanol (99.5%), phosphorus oxychloride (AR),
polyethylene glycol (molecular weight 2000), 3, 4-dihy-
droxyphenylpropionic acid (AR), tetrahydrofuran, etc. All
reagents are analytically pure.

MDA-MB-231 human breast cancer cells were pur-
chased from the Cell Bank of the Chinese Academy of
Sciences. M13 phage purchased from New England Biolabs.

Cell Culture

MDA-MB-231 human breast cancer cells were grown in
RPIM-1640 medium 10% FBS
(EverGreen) and 1% penicillin-streptomycin mixture
(Hyclone) at 37 °C.

supplemented with

Preparation and Surface Modification of

SPIONs

Highly monodispersed SPIONs were prepared by the ther-
mal decomposition method of FeO (OH) in 1-octadecene as
previously reported.? To transfer oleic acid-coated nanopar-
ticles into hydrophilic system, oleic acid ligands were
exchanged by small molecules of 3, 4-dihydroxyphenylpro-
pionic acid.** Firstly, 3, 4-dihydroxy-phenylpropionic acid
(50 mg) and tetrahydrofuran (6 mL) was added into
a 25 mL three-necked flask. 20 mg of SPIONs were
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Scheme | Schematic diagram of MI3 templated-superparamagnetic iron oxide assembly. (A) Schematic diagram of the nanoparticle assembly. (B) Function of the

nanoparticle assembly.

added prior to incubation for 3 h at 50 °C. The reaction
mixture was cooled and 1 mL 0.5 M of NaOH was added so
as to precipitate SPIONs. 3, 4-dihydroxyhydrocinnamic
acid (DHCA) coated nanoparticles were collected by cen-
trifugation (3000 g, 5 min) and then dispersed in ddH,
O. Finally, nanoparticles were dispersed by ultrasound and
filtered through a 0.22-micron filter membrane three times.

Preparation of MI3 Phage Template

M13 phage template was constructed by representative
phage dual display technique.'>*® SBP was inserted into
the N-terminus of plll protein on M13 phage at enzyme
sites of Acc651 and Eagl. Oligonucleotides encoding for
SBP were 5'(Phos)-GTA CCT TTC TAT TCT CAC TCT
TCA CCA CCG ACT GGA ATT AAC GGA GGC GGG
TC -3’ and 5'(Phos)-GGC CGA CCC GCC TCC GTT
AAT TCC AGT CGG TGG TGA AGA GTG AGA ATA
GAA AG-3'. Ligated DNA coding for T4 ligase was
transformed into competent cells of XL-1 Blue cells,
then competent cells were cultivated in plates containing
SOC media as well as IPTG (Isopropyl B-
D-Thiogalactoside), Xgal (5-Bromo-4-chloro-3-indolyl
B-D-galacto-pyranoside) and tetracycline. White plaques
were selected out and incubated overnight at 37 °C.
DNA was isolated, purified and sequenced to confirm
SBP insertion. After the successful insertion of the

genes encoding SBP, genes encoding DFK peptide were
inserted into the N-terminus of pVIII protein at enzyme
sites of Ps#l and BamHI. Oligonucleotides encoding for
DFK were 5’ (Phos)-GAT TTC AAG 3’ and 5'(Phos)-
GAT CCT TGA AAT CTG CA-3'. All the primers and
target genes were synthesized by Suzhou Hongxun
Company. All DNA was isolated using standard mini-
prep kit (TTANGEN). All sequences were confirmed by
DNA sequencing by Beijing Qingke Company.

Amplification and Characterization of

MI3 Phage Template
MI13 template, SBP modified M13 template (labeled as
rM13) and SBP-DFK modified M13 template (labeled as
tM13) were amplified by host cells.'® Briefly, phage
templates were amplified by infecting specific host bac-
teria ER2738 at 37 °C under stirring for 4 h at 250 rpm.
Cultures were centrifuged at 4500 g for 15 min, and super-
natants were collected. Later phages were precipitated
overnight at 4 °C by a mixture four times volume of 2.5
M of NaCl and 20% PEGS8000 (w/v). Finally, phages were
centrifuged at 12,000 g for 20 min, and re-suspended in
TBS buffer for plaque forming assay.

Agarose gel electrophoresis was done to separate and
quantify DNA of M13, rM13 and rtM13 phages. To eval-
uate the surface charge of phage templates, M13, rM13
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and rrM 13 phages were dispersed in 0.5 M of NaOH and
0.5 M of HCI solution with pH range from 2 to 13,
respectively. Then the zeta potential under different pH
value was measured via a dynamic light scattering laser
instrument. To assess the molecular weight and molecular
weight distribution of the phage templates, a trace number
of samples were mixed with a substrate in a proportion of
1 to 10,000, solvent was evaporated at room temperature,
and measured by laser assisted parsing/time of flight mass
spectrometry.

Complexion of M13 Template with
Carboxylated SPIONs

To construct the nanoparticle assembly, carboxylated
SPIONs (30 uL, 27 mM) activated by 1-ethyl-(3-dimethy-
laminopropyl) carbodiimide hydrochloride (EDC; 10 pL,
20 mM) were mixed with M13/engineered M13 phages
(10 pL, 0.25 mM) activated by N-hydroxy succinimide
(NHS; 10 pL, 25 mM). Phage-nanoparticle complex was
centrifuged (12,000 g, 20 min), harvested, and re-
suspended in TBS or deionized water. The load capacity
of tM13 phage template was quantified via Fe content
determination through inductively coupled plasma-atomic
emission spectroscopy (ICP-AES)? and protein content
with BCA Protein Quantification Kit (TTANGEN).

Characterization of SPIONs and MI3

Templated SPIONs

The morphology and size of SPIONs, SPIONs@M13 and
SPIONs@DFK-SBP-M13 assemblies were measured by
transmission electron microscope (TEM). The lattice
stripes of 3 nm-sized SPIONs were measured by high-
resolution TEM. The crystalline nanoparticles were mea-
sured by X-ray diffraction analysis using Cu target (26 =
20~80°). Characteristic absorption peaks of SPIONs were
determined by Fourier transform infrared spectroscopy
(FTIR, Equinox55). Weight loss rate curves were mea-
sured using Q500 thermogravimetric analyzer. Hysteresis
loop of the sample was measured at room temperature via
Mo 735 vibration magnetometer.

Cytotoxicity Test of SPIONs@DFK-SBP-
MI13 Assembly

The effect of the material on cell survival was determined
by DOJINDO cell counting kit-8 (CCK-8) protocol. Cell
seeding density was 5.0x10% cell/mL. Material concentra-
tions were 0, 40, 80 and 160 pg/mL.

Analysis of Targeting and Internalization

of SPIONs@DFK-SBP-MI3 Assembly
MDA-MB-231 cells were seeded with density 1.0x10°
cells/mL into 6-well culture plate. After 24 h, the culture
medium was removed and then rinsed twice with PBS
buffer. ~ SPIONs, = SPIONs@M13  assembly or
SPIONs@DFK-SBP-M13 assembly diluted with culture
medium were added to reach the concentration of 40 pg
Fe/mL. Stationary culture (37 °C, 5% CO,) was per-
formed. At 0.5, 1, 3, 7, 18 and 24 h, cells were rinsed
twice with PBS buffer, then trypsin was added to digest
the cells. Later, samples were centrifuged and re-dispersed
as a single cell suspension for hemocytometer. Fe content
was determined as mentioned above. All experiments were
done in triplicates.

Release Characteristics of

SPIONs@DFK-SBP-M |3 Assembly
SPIONs, SPIONs@M13 and SPIONs@DFK-SBP-M13
assembly were co-cultured with cells at a concentration
of 80 pg/mL. Stationary culture (37 °C, 5% CO,) was
performed. The distribution and morphology of three
materials in MDA-MB-231 cells were measured by JEM-
1230 TEM, fixed by 1% citric acid (30 min) and
embedded by 618 epoxy resin (40 min, 33 °C).

Results and Discussion
Nanoparticle Surface Modification and

Characterization

SPIONs were prepared by dynamic simultaneous thermal
decomposition reported previously,® 3.37+ 0.06 nm of
oleic acid-coated SPIONs were obtained having uniform
shape and size (Figure 1A-D). These ultra-small SPIONs
possess cubic spinel configuration corresponding to the
standard card No. 19-0629 with 1.63 A lattice spacing
(Figure 1C and E). The SPIONs were superparamagnetic
due to no remanence (Hr) or coercivity (Hc) at room
temperature (Figure 1K and L).

Because DHCA possessing two hydroxyls could
replace oleic acids on SPIONs surface via ligand
exchange,® it was utilized to convert hydrophobic (oil
soluble SPIONs) to hydrophilic nature, so that binding
ability between SPIONs and coat protein pVIII of M13
phage could be enhanced. After phase transfer, the oleic
acid-coated SPIONs dispersed in chloroform (deep brown)
were changed into DHCA-coated SPIONs having 10.80 +
0.21 nm diameter in water (labeled DHCA@SPIONs)
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Figure | Characteristics of SPIONs and DHCA@SPIONSs. (A-D) individually show the stability in oil phase, TEM and size calculation of SPIONs; (E) shows the XRD
pattern of SPIONSs; (F-1) individually show the stability in water phase, TEM and size calculation of DHCA@SPIONS; (J) and (K) are respectively FTIR spectrums and the
hysteresis loops at room temperature of SPIONs and DHCA@SPION:S; (L) is the fractionated amplification of (K).

(Figure 1F-I). The DHCA@SPIONs could stabilize the
nanoparticles in aqueous phase (e.g., deionized water,
PBS buffer and culture media) (Figure 1H) due to having -
COOH from DHCA.*” FTIR data in Figure 1J showed
DHCA@SPIONs absorption peak of Fe at 590 cm ',
C=0 bond symmetric stretching vibration peak at
1429 cm ™!, methyl C-H bond vibrational absorption peak
at 2800 cm'; they also possessed the characteristic peaks
of DHCA, e.g., new hydroxyl group O-H bond stretching
vibration peaks at 3200 cm ' and 920 cm ', and carboxyl
group C=0 bond stretching vibration peak at 1750 cm™'.
As to superparamagnetic peculiarity of DHCA@SPIONS,
the Ms distinctly dropped to 29.98 emu/g after surface
modification, due to decreased weight ratio of magnetic

core (Figure 1K and L).

Construction and Characterization of
Recombinant M3 Phage
To endow M13 phage template selective targeting and

smart release, SPARC (i.e., polycysteine acid secretory
protein) binding peptide (SPPTGIN, termed SBP) and

cathepsin B (CTSB) cleavage (termed DFK peptide)
were designed to express at the surface of plll protein
(tail protein of M13 phage) and pVIII protein (major
capsid protein of M13 phage), respectively. Based on
high affinity of SBP to SPARC proteins, the tail-
terminal SBP facilitates M13 phage to recognize and
bind SPARC proteins that are abundantly expressed at
the surface of cancer cells.*® DFK peptide on the capsid
protein is sensitive to cytosolic CTSB protease with smart
release of SPIONs and beneficial to abundant
DHCA@SPIONs anchorage (Figure 2A). Two recombi-
nants were designed via genetic manipulation. The one
containing the gene encoding SBP was named rM13. The
other introduced two exogenous genes individually
encoding SBP and DFK peptide was named rrM13.
Meanwhile, SBP and SBP/DFK peptides were success-
fully expressed by rM13 and rrM13 phage, evident from
mass spectrometry (Figure 2B). The characteristic peak at
3564.3 Da with a difference of 657 Da to that at 2931.8
Da, indicated SBP modification on pllI proteins of rrM13
phages because of molecular weight of SBP 657 Da. The
characteristic peak of DFK-pVIII protein appeared at
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Figure 2 Characteristics of recombinant M3 phage. (A) shows the whole molecular design of recombinant M3 phage; (B) is the MALDI-TOF Mass Spectrometry of wild
and recombinant M3 phage; (C) presents the changes of Zeta potentials of MI3, rM13 and rrM|3; (D) exhibits the Zeta potentials of M13, rM13 and rrMI3 at pH 7.4.

6113.9 Da but wild pVIII protein appeared at 5845.3 Da.
Further, the isoelectric points (IEP) of M13, rM13 and
rrM13 were 8.7, 6.3 and 6.3, respectively (Figure 2C).
The nonpolar amino acids of SBP in rM13 rrM13 resulted
in decline of IEP compared with M 13, while DFK peptide
did not change IEP due to zero electrostatic charge.*' On
the other hand, surface charges of M13, rM13 and rrtM13
were respectively +4.7 mV, —7.48 mV, and —6.59 mV at
pH 7.4, which were beneficial to their

(Figure 2D).

stability

Construction of Recombinant
MI13-SPIONs Assembly

The carboxyl groups of DHCA@SPIONS interact with amino
groups of M13, rM13 and rrtM 13 to form SPIONs complexes.
As shown in Figure 3, when 0.5 mg/mL of phage templates

along with nanoparticle concentration 0.15 to 0.75 mg Fe/
mL, the filamentous SPIONs-rtM13 (i.e., SPIONs@DFK-
SBP-M13) assemblies increased (Figure 3A). However,
SPIONs with 0.3 mg Fe/mL, line up along the coat protein
pVIII like corn grains to form a “corn-like” complex
(Figure 3B). Interestingly, SPIONs were increased to
0.4 mg Fe/mL, SPIONs-rrM13 assembly showed “grape-
like” dendritic structure (Figure 3A-c and C). The more
DHCA@SPIONs were used, the more carboxyl-binding
sites were provided to bond with amino groups on pVIII
protein, and fibrous SPIONs assemblies were inter-grafted
with each other (Figure 3D and E).*° As the synthesis scheme
shows in Figure 3F, binding of DHCA@SPIONs induced
M13 phage to bend due to combined action of coordination,
covalent bonds, electrostatic forces, hydrogen bonding and 7-
7w stacking, and finally SPIONs assemblies seemed to be less
than 1 pm.** The rM13-SPIONs assemblies appeared as
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Figure 3 Characteristics of the assemblies constructed by recombinant M|3 phage and nanoparticles. (A) presentation of the morphology of rrMI3-SPIONs by TEM, in
which, Picture a to Picture e, 0.1, 0.3, 0.4, 0.5 and 0.75 mg Fe/mL SPIONs were added respectively; (B—E) are the fractionated amplification corresponding to (A(b—e)); (F)
presents the assembly mechanisms between recombinant M 13 phage and nanoparticles; (G) is the size calculation of “corn-like” rrM|3-SPIONs; (H) is the hysteresis loops
of “corn-like” rrM13-SPIONs at room temperature; (I and J) respectively show the parameter T| of free SPIONs and “corn-like” rrM13-SPIONSs; (K and L) respectively

exhibit the parameter T2 of free SPIONs and “corn-like” rrM|13-SPIONs.

closed aggregation at 0.5 mg Fe/mL of SPIONs (Figure 3A-
d and D), and resulted in uneven reticulate structure with
nanoparticle concentration of 0.75 mg Fe/mL (Figure 3A-
e and E). It was imperative to adjust the dosage of
DHCA@SPIONSs and recombinant M13 phages for the for-
mation of ideal recombinant M13-SPIONs assemblies.

Characterization of Recombinant
MI3-SPIONs Assembly

From dynamic light scattering data in Figure 3G, the hydro-
dynamic dimension of “corn-like” SPIONs-rrtM13 (i.e.,
SPIONs@DFK-SBP-M13) complex was approximately
261.47+£3.30 nm, suggesting that these assemblies were
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relatively stable without agglomeration. The number of
SPIONs per phage as per the concentration of iron and
tM13 phages in assemblies, were approximately 70.*'
SPIONs-rtM13 assemblies still possessed superparamag-
netic peculiarity and T1 imaging (Figure 3H-L), while
their Ms dropped significantly to 0.25 emu/g, attributing
to the reduced ratio of magnetic core by rrM13 templates.**

Cytotoxicity of Recombinant
M13-SPIONs Assembly

As to the toxicity of the recombinant M13-SPIONs com-
plex on somatic cells, 0~160 mg Fe/mL DHCA@SPION:S,
“corn-like” M13-SPIONs complex (i.e., SPIONs@M13
assembly) and  rrM13-SPIONs  complex  (i.e.,
SPIONs@DFK-SBP-M13 assembly) had negligible effect
on cell growth and proliferation of MDA-MB-231 cells
(Figure 4A). At low concentration (40 pg Fe/mL), the
three assemblies were almost non-cytotoxic and did not
affect cell proliferation. Even at 160 pg Fe/mL, the cell
survival rate was greater than 75%. The excellent cell
compatibility of DHCA@SPIONs, M13-SPIONs and
M 13-SPIONs complex facilitates their application in
biology and medicine.

Internalization of SPIONs and

M13-SPIONs Assemblies in vitro

S1 (DHCA@SPIONSs), S2 (M13-SPIONs complex, i.e.,
SPIONs@M13), S3 (“corn-like” rrM13-SPIONs com-
plex, i.e., “corn-like” SPIONs@DFK-SBP-M13 assem-
bly) and S4 (“grape-like” rrM13-SPIONs complex, i.e.,
“grape-like” SPIONs@DFK-SBP-M13 assembly) were
selected to investigate the effect of complexes on selec-
tive targeting. The S1, S2, S3 and S4, having equal Fe

concentrations, were co-cultured with MDA-MB-231
cells. The Fe contents outside and inside the cells were
measured during the culture process. In the first hour,
four complexes showed a linear increase on cell surface
and inside cells, and the Fe contents of four complexes
were as follows S3> S1> S2> S4 (Figure 4B). As
expected, SBPs at the end of rrM13-SPIONs complex
displayed specific targeting ability to SPARC proteins
secreted by cancer cells.* Consequently,
SPIONs@DFK-SBP-M13 assemblies were captured and
enriched on cytomembrane of MDA-MB-231 cells,
which was conducive to transmembrane transport of
nanoparticles.** In comparison to grape-like assembles,
the steric hindrance of corn-like fibrous material was
less, which was beneficial to binding and internalization
SPIONs@DFK-SBP-M13 assemblies.
Then the cell uptake of “corn-like” S3 was higher than
that of “grape-like” S4.

Significantly, the cell uptake rate of S3 was respec-
tively 2.86 and 13.9 times higher than that of S4 and S1 at
0.5 has shown in Figure 4C. In comparison to non-

of “corn-like”

targeting S1 and S2, the cell uptake rate of S3 reached
the maximum and far exceeded that of S1 and S2. The cell
uptake of S3 was 2.09 and 3.56 times more than those of
S2 and S1 at 1 h (Figure 4B). Correspondingly, the specific
uptake rate of S3 is 1.74 and 3.6 times higher than those of
S2 and S1 (Figure 4C). The specific targeting of recombi-
nant M13 phages promoted the endocytosis of nanoparti-
cles, and an ordered arrangement of SPIONs along the
fibrous configuration of M13 phages benefited the endo-
cytosis of nanoparticles.*>**® Furthermore, the weak repul-
sive force among the negative-charged rrM13 phage
templates and the cells benefited the vertical alignment
of assemblies on the cell surface so as to improve
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binding.*’*® These results were further testified by visible
TEM images (Figure 5). The membrane boundary was
obvious and the organelle structure was complete. The
SPIONs were found at the surface of the membrane and
in the cytoplasm. On the other hand, some nanoparticles
seemed to be agglomerated upon the interactions between
nanoparticles and active cells.* The total amount of S1,
S2 and S3 was in the following order S3> S2> S1, which
was consistent with the quantification results exhibited in
Figure 4.

At 1 h, cell uptake of “grape-like” S4 was equal to that
of fibrous S2 having no target peptide attached, because
steric hindrance from a mass of blind corners in the den-
dritic structure of S4 decreased the specific binding capa-
city of SBPs. However, SPIONs were enriched on M13
phages, which still contributed to a higher cell uptake than
free SPIONSs i.e., S1. With increasing time in culture, large
size nanomaterials reduced the endocytosis of S4.%°
Finally, SPARC protein attained saturation state, and the

targeting activity of S3 assembly was weakened, as
a result, the uptake of S1 verged to S3 gradually.

Evaluation of Release of
SPIONs@DFK-SBP-M13 Assembly

in vitro

The distributions of SPIONSs inside cells were observed by
TEM after being co-cultured with MDA-MB-231 cells for
1 h (Figure 5). Generally, SPIONs distributed inside vesi-
cles and lysozymes. S2, nanoparticle assemblies still pos-
sessed blocked configurations in cells, indicating SPIONs
bonded on M13 templates were not shed obviously at 1
h (Figure 5F). The distribution of S3 in lysosomes
is shown in Figure 5I. The morphology of S3 was looser
and finely fragmented in comparison to that of S2 in
lysosomes. Theoretically, S3 was easier to fragment than
S2 due to predesigned CTSB-cleavable bridging fragments
(DFK  peptides) between pVIII  protein  and
DHCA@SPIONs in S3. After S3 entered into cells,

Figure 5 Smart releasing of SPIONs from assemblies constructed by recombinant M13 phages and nanoparticles. (A, D and G) present respectively the whole cells treated
with SI, S2 and S3; (B, E and H) are respectively the fractionated amplifications of cell surfaces treated with SI, S2 and S3; (C, F and I) are respectively the fractionated

amplifications of lysosomes treated with SI, S2 and S3.
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CTSB cleaved the spherical small-sized nanoparticles
from M13 templates, which enabled smart release of
SPIONs inside cells. Based on selective targeting and
innovative release, the systemic damage of nanoparticles
to cells could be effectively reduced. When S3 was co-
cultivated with cells for 1 h, the mRNA level of CTSB was
detected to increase 2 times higher than that without
SPIONs, which strongly verified the TEM results.

Conclusions

By dynamic simultaneous thermal decomposition and ligand
exchange, 10.80 = 0.21 nm of hydrophilic DHCA@SPIONs
were prepared; by gene recombination techniques, recombi-
nant DFK-SBP-M13 phages were devised and gained to serve
as the scaffolds for binding DHCA@SPIONS, with enhanced
capabilities of recognition and conditional fragmentation.
Under the assistance of EDC and NHS, the carboxyl groups
of DHCA@SPIONS (0.3 mg Fe/mL) could react with amino
groups of phage templates (0.5 mg/mL), forming 261.47+3.30
nm of “corn-like” SPIONs@DFK-SBP-M13 assembly. Based
on functionalized MI13 phages, the superparamagnetic
SPIONs@DFK-SBP-M13 assemblies could enhance the
effective internalization of SPIONs via increased affinity to
the targeted cells (Scheme 1). Moreover, SPIONs could be
intelligently released in cells by specific shearing of cathepsin
B. These specific binding and splice sites were constructed by
predesigned functional groups that were provided by surface
modification with chemical and biological methods.
Especially, various functional groups can quickly be intro-
duced onto M13 phages without affecting their original bio-
functions. This functionalized modification can be utilized to
design some specific nano-diagnosis and nano-treatment
agents for cancers. Furthermore, integrating the advanced
material preparation and gene recombination technology to
improve the flexibility and variability of assembly structure

would also be the prospect for nanomaterials.
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