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ABSTRACT: The relationship between the positioning of ligands on the surface
of nanoparticles and the structural features of nanoconjugates has been
underestimated for a long time, albeit of primary importance to promote
specific biological recognition at the nanoscale. In particular, it has been formerly
observed that a proper molecular orientation can play a crucial role, first
optimizing ligand immobilization onto the nanoparticles and, second, improving
the targeting efficiency of the nanoconjugates. In this work, we present a novel
strategy to afford peptide-oriented ligation using genetically modified cutinase
fusion proteins, which combines the presence of a site-directed “capture” module
based on an enzymatic unit and a “targeting” moiety consisting of the ligand
terminal end of a genetically encoded polypeptide chain. As an example, the
oriented presentation of U11 peptide, a sequence specific for the recognition of
urokinase plasminogen activator receptor (uPAR), was achieved by enzyme-
mediated conjugation with an irreversible inhibitor of cutinase, an alkylphosphonate p-nitrophenol ester linker, covalently bound
to the surface of iron oxide nanoparticles. The targeting efficiency of the resulting protein−nanoparticle conjugates was assessed
using uPAR-positive breast cancer cells exploiting confocal laser scanning microscopy and quantitative fluorescence analysis of
confocal images. Ultrastructural analysis of transmission electron micrographs provided evidence of a receptor-mediated pathway
of endocytosis. Our results showed that, despite the small average number of targeting peptides presented on the nanoparticles,
our ligand-oriented nanoconjugates proved to be very effective in selectively binding to uPAR and in promoting the uptake in
uPAR-positive cancer cells.

■ INTRODUCTION

Colloidal nanoparticles can be designed to achieve an excellent
targeting efficiency toward specific molecular receptors in
malignant cells and tissues.1−3 To reach this goal, they need to
be functionalized with appropriate homing ligands.4−6 When
short peptides are selected as targeting ligands, they have to be
tightly anchored to the nanoparticle surface and at the same
time sufficiently flexible in order to interact predominantly with
their molecular target.7−9 However, the capability of ligand-
conjugated colloidal nanoparticles to recognize a receptor is a
complex challenge to be considered carefully. According to this,
more recent and advanced studies take advantage of different
strategies to achieve a controlled orientation of ligands on the
nanoparticle surface.8,10 Indeed, the ligand/peptide positioning
on the surface determines the bioactivity, the avidity, and the
targeting efficiency of the functionalized nanoparticles.7 There-
fore, the possibility to control the ligand orientation after
nanoparticle conjugation is a fundamental step to optimize the
receptor recognition.11−13 These methods have indeed brought
the “orientation issue” to the attention of nanobiotechnology.

Among colloidal nanoparticles, multifunctional iron oxide
nanoparticles (MNP) showed a great promise for the
development of noninvasive tools for the diagnosis and
treatment of malignant diseases.14,15 Thus, in order to optimize
the targeting efficiency of MNP for biomedical applications, it is
of primary importance that targeted molecules are immobilized
in an oriented way.16,17

Recently, we have explored a novel “bimodular ligation”
strategy to achieve a well-oriented presentation of peptides on
nanoconjugates. This approach involves a fusion protein as a
ligation unit containing both a “capture” and a “targeting”
module (Figure 1). While the targeting module is a protein or a
peptide that selectively recognizes the specific receptor
overexpressed on the plasma membrane of cancer cells, the
capture unit is a genetically encoded small enzyme capable of a
covalent, selective, and irreversible cross-coupling with a suicide
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inhibitor anchored to the nanoparticle surface. In a few
examples, this approach was proven to optimize the
orientation-controlled display of the peptide in MNP exploiting
an enzymatic conjugation without any artificial chemical
reaction.18,19 Moreover, the ligand of biological interest is
always oriented in the correct way due to the natural folding of
the fusion protein.20,21 We have previously demonstrated that
the functionalization of MNP with short peptides via the
bimodular ligation strongly improves both affinity and
selectivity toward specific cell membrane receptors when a
small number of ligands is presented.21 Several advantageous
features can be envisaged using the bimodular ligation,
including (1) the protein attachment to the nanoparticle
occurs via a single ligation event in a site-directed manner
exploiting the enzyme binding pocket, which results in a proper
orientation that allows the maximal protein functionality; (2)
the nature of the enzymatic ligation is highly specific and
irreversible and also occurs under physiological conditions thus
preventing protein degradation or denaturation;22 (3) the
immobilized linker is a small molecule, which reduces the
overall nanoparticle size; (4) this strategy is applicable to a wide
range of target proteins, which can be (genetically) engineered
in order to introduce a specific sequence for protein

immobilization.23 Recently, two engineered capture proteins
genetically fused with a targeting peptide have been adopted for
MNP functionalization, namely, O6-alkylguanine-DNA trans-
ferase (SNAP tag) and haloalkane dehalogenase (HALO tag).
These two modified enzymes were fused with an anti-HER2
scFv antibody and with a small 11-amino-acid peptide (U11),
respectively.20,21,24

In this paper, we extend the potential of the bimodular
ligation investigating cutinase (CUT) from Fusarium solani pisi
as a capture component. CUT is a 22 kDa serine esterase that
forms a site-specific covalent adduct with a phosphonate ester
ligand, which mimics the tetrahedral transition state of an ester
hydrolysis. The phosphonate ester is attacked by the catalytic
Ser120 residue of the enzyme, resulting in the displacement of a
leaving group with subsequent formation of a stable covalent
adduct that is indeed resistant to hydrolysis (Figure 2).22

Moreover, the enzyme is small, globular, and monomeric, all
features that minimize the steric hindrance of the fused
peptides. Due to the excellent propensity of p-nitrophenol to
play the role of a living group in nucleophilic addition, we
reasoned that an alkylphosphonate p-nitrophenol ester linker
could be a good candidate to mediate the covalent, oriented
immobilization of a homing peptide genetically fused with
CUT on the MNP. We designed a modular genetic fusion of
CUT (CUT−U11) comprising a small peptide of 11 amino
acids (U11) that has high affinity toward the urokinase
plasminogen activator receptor (uPAR), a glycoprotein
tethered to the cell membrane through a glycosylphosphatidy-
linositol (GPI) anchor.25,26 This protein has been identified as a
possible target in cancer research, as it is found overexpressed
in several metastasizing breast and prostate cancers and its
overexpression is generally related to a poor prognosis.27

Unfortunately, the efficiency of U11 nanoconjugates in which
the peptide is directly linked to the surface of colloidal
nanoparticles is substantially reduced compared to the free
molecule, because, when the peptide density is high, U11
undergoes self-assembly into β-sheets that are almost
completely inert toward uPAR resulting in a nanoparticle
aggregation.28

In the present work, CUT−U11 was produced in E. coli and
reacted quickly, effectively, and in a site-directed manner with
an alkylphosphonate p-nitrophenol ester derivative immobilized
on MNP. The targeting efficiency of the resulting U11-
functionalized MNP against uPAR-positive breast cancer cells
has been assessed by confocal laser scanning microscopy and

Figure 1. Schematic strategy adopted for the oriented conjugation of
peptides. The peptide of interest is genetically fused with a capture
protein, which specifically binds to a suicide inhibitor anchored onto a
colloidal nanoparticle. This enzymatic reaction results in a covalent
immobilization of a peptide that maintains its activity and accessibility.

Figure 2. Schematic view of the bioorthogonal enzymatic reaction between the engineered CUT−U11 protein and the alkylphosphonate p-
nitrophenol ester derivative exposed from the nanoparticle surface. Each enzyme is small and globular and contains a single catalytic site: these
characteristics minimize all steric effects. The phosphonate group, which mimics the tetrahedral transition state of an ester hydrolysis, is attacked by
the catalytic serine (Ser-120) residue, resulting in the displacement of the leaving group and formation of a stable covalent adduct.29,30
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quantified by measurements of the fluorescence emission from
analyzed cells in confocal images.

■ RESULTS AND DISCUSSION
Magnetite nanoparticles (MNP0) with a narrow size
distribution (7.41 ± 1.1 nm by transmission electron
microscopy, TEM, Figure S1) capped with oleate surfactant
were obtained by solvothermal decomposition in octadecene.31

MNP0 were transferred to the water phase by coating them
with an amphiphilic polymer, termed PMA,32 in sodium borate
buffer (SBB) at pH 12, following a procedure described
previously.33 The resulting PMA-coated nanoparticles (MNP1)
were functionalized with amino groups by using a bis-amino
homobifunctional linker, the 2,2-(ethylenedioxy)bis-
(ethylamine) (EDBE), to achieve MNP2. Then, the alkyl
phosphonate L1 was linked to the amines on the PMA
envelope by nucleophilic addition to the carbonyl imidazole
group at 4 °C (Scheme 1).
Although these nanoparticles were not pegylated, they were

highly soluble thanks to the effect of CUT favorably affecting
colloidal stability and exhibited very low tendency to aggregate
(see Figure S2). Alternatively, to obtain fluorescent nano-
particles, PMA was labeled with FITC prior to the reaction with
MNP0, giving MFP1. Both MNP1 and MFP1 displayed good
monodispersity in size and excellent colloidal stability for
months. The nanoparticles were characterized by dynamic light
scattering (MNP1, DLS size = 21.1 ± 1.6 nm in 1 mM NaCl
pH 7.2) and ζ potential (−45.3 ± 5.6 mV). Table S1 in the
Supporting Information summarizes the DLS characterization
data.
CUT enzyme was produced in E. coli strain Origami-(DE)-

RIL/pET-11a/CUT (see Experimental section and Figure S3)
with a final yield of 1.34 mg L−1 of culture medium. The
presence of the protein was assessed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE, Figure S4) and
Western blot analysis using a His-Tag probe (Figure S5). The
molecular weight of the most pronounced band in SDS-PAGE
corresponded to the molecular weight of CUT. In parallel, the
CUT−U11 fusion was expressed in Tuner(DE3) E. coli strain
in 1.0 mg L−1 yield. Due to the lower purification yield
compared to CUT, we concluded that the presence of U11
peptide could play a critical role in destabilizing the enzyme.
Also, in this case, the presence of the protein was verified by
SDS-PAGE (Figure S7) and Western blot analysis using an
anti-His-tag antibody (Figure S8). Although the analysis
showed impurities in all fractions, the presence of the desired
protein was clearly confirmed as a band around 25 kDa.
Bioconjugation was carried out in a 1:2 fixed weight ratio

between MNP3 and CUT−U11. Three different amounts of
MNP3/CUT−U11, 25:50 (1), 50:100 (2) and 125:250 (3) μg,
were reacted for 1 h at room temperature. All the reactions
were performed using fluorescent CUT−U11, with the purpose
to quantify spectrofluorometrically the amount of protein
immobilized on the nanoparticles. A standard calibration curve
based on a dye-labeled CUT−U11 (CUT−U11−FITC) was
determined (Figure S10). The nanoparticles from the reaction
mixtures were centrifuged, washed three times, and resus-
pended in phosphate buffer saline (PBS), pH 7.4. The amount
of immobilized protein in each batch was quantified by
interpolating the intensity of fluorescence of the sample with
the above standard calibration curve (Figure S11 and Table
S3). The highest amount of immobilized protein was measured
under the third condition tested. Hence, we decided to

standardize all further experiments with a MNP3 to CUT−U11
ratio corresponding to 125 μg of MNP3 per 250 μg of protein.
To evaluate the specificity of the conjugation reaction, two

different approaches were followed. First, MNP1 or MNP3 was
incubated with CUT−U11 in a 1:2 ratio (wNP/wprotein). After
incubation, the reactions were stopped removing the unreacted
protein by centrifugation through Amicon YM-100 filters. The
residual enzymatic activity of the immobilized CUT−U11 was
determined in nanoconjugates to assess whether the bond
between the enzyme and the nanoparticle was exclusively
mediated by L1 or passive adsorption was also present and to
what extent. In this experiment, 4-nitrophenyl decanoate was
used as a substrate to quantify CUT−U11 activity. If a specific
conjugation took place via covalent reaction with L1, the
resulting immobilized enzyme should have been irreversibly

Scheme 1. Schematic Representation of the Synthesis of
MNP−C11 (and MFP−C11)a

aIron oxide nanocrystals coated by oleic acid (MNP0) were
transferred to water phase by using the amphiphilic polymer PMA,
which was able to intercalate its hydrophobic chains between the oleic
acid chains leading to a tight hydrophobic interaction. At the same
time, the hydrophilic carboxylate groups deriving from maleimide rings
were exposed to the solvent. (a) The phase transfer of MNP0 was
conducted in SBB, pH 12 (MNP1). (b) Amino functionalities were
introduced by amide coupling, mediated by EDC, between the
carboxylic groups of the polymer and amino groups of the
homobifunctional spacer EDBE (MNP2). (c) Addition of L1 to
MNP2 gave the conjugate MNP3. (d) The incubation with CUT
resulted in MNP-C, while the reaction with CUT-U11 led to MNP−
C11. When fluorescent PMA (PMA-FITC) was used, the correspond-
ing MFP1, MFP2, MFP3, MFP−C, and MFP−C11 were obtained,
respectively. DLS data of MNP−C and MNP−C11 were consistent
with a stable colloidal dispersion of nanoparticles in biocompatible
media (see Figure S2).
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inhibited, as the phosphonate linked to MNP3 would have
competed with the substrate for the active site of the enzyme.
In accordance with our expectations, Figure 3 shows that

CUT−U11 maintained linear activity when incubated with
nanoparticles lacking the reactive ligand L1 (MNP1), while
MNP3 displayed a much lower activity compared to MNP1,
which further declined at longer incubation times.
Therefore, the very low esterase activity of CUT−U11

reacted with MNP3 compared to that observed with CUT−
U11 reacted with MNP1 provides evidence in support of the
hypothesis that the fusion protein was predominantly
immobilized via a covalent bond with the phosponate linker.
However, we observed a residual amount of enzyme that
seemed to be nonspecifically adsorbed to the nanoparticles.
In a second experiment, CUT−U11 was reacted with its

inhibitor, 4-nitrophenyl phosphonate, resulting in the inhibited
enzyme (CUT−U11−I), and, after removing the excess of
unbound inhibitor, was incubated with MNP3. Unbound
protein was recovered at the end of the conjugation reaction
by centrifugation in Amicon YM-100 tubes, and then MNP−
C11 were washed 3 times with PBS. The total protein content
(excluded wash volume) was assessed by Bradford assay.
Surprisingly, we observed that about 91% of CUT−U11−I was
bound to the nanoparticles, suggesting that a nonspecific
adsorption of CUT−U11 to the MNP surface occurred even in
the absence of a binding event. In addition, as mentioned
above, MNP1 was also able to nonspecifically bind CUT−U11.
The overall protein content was analyzed by Bradford assay

after washing 3 times the nanoparticle suspension, showing, in
this case, that 63% of protein was nonspecifically adsorbed.
Considering that a huge nonspecific adsorption could not be
prevented unless with nanoparticle surface modification, we
worked to ameliorate the specific binding of CUT−U11 to the
nanoparticles by using different approaches.
In a first attempt, MNP−C11 was incubated in PBS

supplemented with SDS following a previously published
procedure.22 This method proved inefficient in our hands, since
a white precipitate at the bottom of the tube after centrifugation
was recovered, probably due to the PMA coating detachment
from the nanoparticle surface. Moreover, under these
conditions, the protein quantification was not feasible. A
second strategy was accomplished altering the ionic strength of
the reaction mixture. Since all of the above-mentioned MNP
intrinsically exhibit a strong net negative charge and isoelectric
points of CUT and CUT−U11 are 7.89 and 8.37, respectively,
we hypothesized that washing nanoparticles at pH above these
IP values would mitigate the nonspecific protein adsorption.
However, this approach did not yield the expected outcome
either.
In a third chance, we decided to saturate all possible

nonspecific binding area on the nanoparticle surface by using a
medium supplemented with bovine serum albumin (BSA). We
reasoned that the BSA adsorption on nanoparticles could
prevent the nonspecific interaction with CUT, thus allowing
CUT to freely react with MNP3 only through its specific alkyl
phosphonate substrate. This effect is reminiscent of the
spontaneous adsorption of plasma protein on nanoparticles
forming the so-called “protein corona”. In this assay, CUT−
U11−FITC was used to quantify spectrofluorometrically the
amount of conjugated proteins on MNP. Before bioconjugation
with CUT−U11−FITC, MNP3 were incubated in PBS buffer
supplemented with 0.3 wt % BSA and washed twice in PBS by
centrifuging 30 min at 17000 g. A control mix was set using
MNP1. The supernatant was discarded, MNP−C11−FITC
were resuspended in PBS once again, and their fluorescence
was measured. The fluorescence intensity was 10-fold higher in
MNP3 than in MNP1 incubated with CUT−U11−FITC (see
Figure 4).
A yellow pellet was detectable upon centrifugation of MNP3

after incubation with BSA followed by CUT−U11−FITC, due
to the presence of dye. In contrast, the pellet obtained after
reaction of CUT−U11−FITC with MNP1 was dark. This
result accounted for a specific reaction of the enzyme with the
alkyl phosphonate linker on MNP3. The amount of
immobilized protein was quantified fluorometrically by
comparison with a calibration curve of CUT−U11−FITC in
the same buffer (Figure S10). This method allowed us to
estimate 4 CUT−U11−FITC molecules per MNP3 and 1
protein molecule nonspecifically adsorbed on MNP1.
Data from DLS and ζ-potential of MNP−C11 substantiated

these results. The hydrodynamic diameter increased from 31.7
± 2.4 nm in MNP3 to 36.9 ± 2.3 nm in MNP−C11 due to the
protein binding. The different sizes recorded for MNP−C (34.6
± 1.8 nm) and MNP−C11 could be attributed to the presence
of U11 peptide that enhanced the hydration sphere of
nanoparticles. ζ-Potential measurements showed a remarkable
decrease in the surface charge of MNP3, which changed from
−65.3 ± 7.2 mV to −45.8 ± 3.4 mV in MNP−C11 and −51.01
± 5.6 in MNP−C. In addition, the lower negative charge of
MNP−C11 could be attributed to the presence of U11, which
bears a positive charge.

Figure 3. Enzymatic activity of CUT−U11 immobilized on nano-
particles functionalized with L1 (MNP3, gray circles) or not (MNP1,
purple squares), expressed (A) in absorbance values at 420 nm as a
function of the incubation time and (B) in enzymatic units (U) after 5
min incubation. Data are expressed as means ± standard deviation
(SD) of 3 independent experiments. P < 0.05.
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Once the conjugation of CUT−U11 to MNP3 was
optimized, magnetofluorescent nanoparticles (MFP−C11),
obtained by reacting FITC-labeled MNP3 (MFP3) with
CUT−U11, were developed to test the biological activity of
nanoconjugated U11 in MDA-MB-468 uPAR-positive cells.
MFP−C were tested as negative control of U11 specificity
toward uPAR-positive cells. MFP−C11 and MFP−C (100 μg
mL−1) were incubated in culture medium with MDA-MB-468
cells for 1 h at 37 °C. As expected, MFP−C11 was localized on
MDA-MB-468 cell membrane and inside the cytoplasm, as a
consequence of their internalization (Figure 5). In contrast,
MFP−C did not show any fluorescence in proximity of the
cells. These findings, combined with the results obtained by
quantification of MFP fluorescence intensity throughout the
acquired images, confirmed the targeting capability of MFP−
C11 and suggested that this recognition was mediated by
specific U11/uPAR interaction. To exclude a possible
involvement of BSA adsorbed on MFP−C11 in the cell
recognition, MDA-MB-468 cells were treated with BSA-coated
MFP3 under the above conditions. The analysis of confocal
images shows that nanoparticles were not significantly uptaken
by MDA cells at the considered time points (Figure S12). CAL-
51 cells were used as a control.
Finally, we investigated the mechanism of internalization by

analyzing TEM images of MDA-MB-468 cells (Figure 6). At 15
min incubation of MNP−C11 with uPAR-positive cells,
nanoparticles adhered to the cell membrane forming an
invagination with concomitant recruitment of clathrin, which
promoted its polymerization (Figure 6A), consistent with a
recognition event mediated by a specific receptor. The clathrin-
dependent mechanism of endocytosis was confirmed by the
next observations at longer times of exposure, in which
nanoparticles were confined inside clathrin-coated micro-
vescicles (1 h, Figure 6B) that evolved into larger late
endosomes and lysosomes (4 h, Figure 6C). Overall, the
above steps of internalization represent strong evidence in

support of the hypothesis of an uptake triggered by a receptor-
mediated endocytosis.

■ CONCLUSIONS

In summary, we have developed a new conjugation strategy
based on the “bimodular ligation” approach to control the
protein positioning on multifunctional nanoparticles. Among
the protein conjugation strategies adopted for colloidal
nanoparticles, this method, involving the use of capture-protein
domains in fusion with homing peptides,20,21 has been
established once again toward the specific targeting of a
known cancer cell membrane receptor, urokinase Plasminogen
Activator Receptor (uPAR). Our method takes advantage of
the recombinant DNA technology to suitably modify the
protein sequence of an ordinary esterase, namely, cutinase,
which can act as a capture module to mediate the
immobilization of an 11-amino-acid short peptide (U11) on
the surface of nanoparticles. The functionalized nanoparticles
proved to be efficient and selective in targeting uPAR-positive
breast cancer cells. The resulting MNP covalently bound with
CUT−U11 has potential as a modular delivery platform with
“nano” dimension for active targeting or as an imaging probe.
In principle, this versatile method offers an elegant solution for
the covalent conjugation of a selection of homing ligands on
the surface of nanoparticles, which could be directed toward a
broad variety of specific cancer cell biomarkers. For all these
reasons, this approach can be considered of general value for
the development of targeted nanoparticles for biomedical
applications. Moreover, part of this work was focused on the
investigation of the discrimination between specific and
nonspecific protein immobilization, an important issue in the
design and development of nanobioconjugates, which is often
underestimated. In this context, we have found a useful strategy
to better control CUT−U11 ligation with the possibility of
estimating the amount of immobilized peptide. Further
investigations on new methods devoted to improving the
selectivity and directionality of protein binding to colloidal
nanoparticles are ongoing.

■ EXPERIMENTAL PROCEDURES

Materials and Methods. All reagents and solvents were
purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. Water was deionized and ultrafiltered by a Milli-Q
apparatus from Millipore Corporation (Billerica, MA) before
use. TEM images were obtained by a Zeiss EM-109 microscope
operating at 80 kV, available at the “Centro di Microscopia
Elettronica per le Nanotecnologie applicate alla medicina”
(CMENA, University of Milan). Dynamic light scattering
(DLS) measurements were performed at 90° with 90Plus
Particle Size Analyzer from Brookhaven Instruments Corpo-
ration (Holtsville, NY), working at 15 mV of a solid-state laser
(λ = 661 nm). The final sample concentration used for
measurements was typically 0.045 mg mL−1. The calculations of
hydrodynamic diameter were performed according to Mie
theory, considering absolute viscosity and refractive index
values of the medium to be 0.911 cP and 1.334, respectively.
Zeta potential measurements were elaborated on the same
instrument equipped with AQ-809 electrode and dates were
processed by ZetaPlus software. Viscosity and refractive index of
pure water were used to characterize the solvent. The samples
for measurements were prepared by diluting the nanoparticle in
1 mM NaCl solution, pH 7.0 phosphate buffer, to a final

Figure 4. Relative fluorescence intensity of CUT−U11−FITC
immobilized on MNP1 (gray) and on MNP3 (cyan). Inset: tubes
containing CUT−U11−FITC reacted with MNP3 (yellow pellet) and
with MNP1 (black pellet). Data are expressed as means ± SD of three
independent experiments.

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.5b00005
Bioconjugate Chem. 2015, 26, 680−689

684



concentration of 10 μg mL−1. A minimum of three runs and ten
subruns per sample were performed to establish measurement
reproducibility. The ζ-potential was processed by ZetaPlus
software (Brookhaven Instrument Corporation, Holtsville,
NY), considering a viscosity of 0.891 cP and a dielectric
constant of 78.6 for the medium. Nanoparticles were dispersed
in the solvent and sonicated in a S15H Elmasonic apparatus
(Elma, Singen, Germany) before analysis. UV−vis spectra were
recorded using a Nanodrop 2000C spectrophotometer
(Thermo Fisher Scientific, Wilmington, Germany) in an
absorbance range between 200 and 700 nm. Fluorescence
measurements were performed with FluoroMax-4 Spectro-
fluorometer (Horiba Scientific, Edison, NJ), using Hellma
fluorescence Suprasil cuvette quartz with pathlength of 1 mm;
nanoparticles were dispersed in water and analyzed at a final
concentration of 10 μg mL−1.
Procedure of the Synthesis of Cutinase Linker (L1). L1

was prepared in a five-step synthesis starting from commercially
available 11-Bromoundecanol.34 The hydroxyl group was
initially protected with 3,4-dihydro-2H-pyran and later reacted
with diethyl phosphate. The relative undecylphosphonate was
deprotected from the pyranoic derivative obtaining diethyl (11-

hydroxyundecyl)phosphonate, which was reacted with 1,1-
carbonyldiimidazole. The phosphonate moiety was mono-
activated with oxalyl dichloride, which further reacted with p-
nitrophenol in alkaline conditions, giving the desired substrate
for cutinase reaction. The as-produced linker possessed the
imidazole functional group for NP anchoring and the natural
substrate for the enzymatic bioconjugation at the same time. A
detailed description of the L1 synthetic route is available in the
Supporting Information.

Synthesis of Surfactant-Coated Fe3O4 Nanoparticles
(MNP0). Magnetic nanoparticles were synthesized according to
Park et al.31 At first, the iron oleate complex was prepared by
reacting FeCl3 × 6H2O (2.7 g, 10 mmol) and sodium oleate
(9.1 g, 30 mmol) in a reaction mixture containing ethanol (20
mL), distilled water (15 mL), and hexane (35 mL). The
resulting biphasic solution was heated to 70 °C and kept under
reflux for 4 h. At the end of the reaction, the upper organic
layer containing the iron oleate complex was washed thrice with
deionized water (25 mL) and once with brine (30 mL) in a
separatory funnel. After washings, the organic phase was
separated and filtered, and subsequently the hexane was
evaporated off, resulting in the iron oleate complex in the

Figure 5. (A) Confocal microscopy images of MDA-MB-468 cells, incubated for 1 h at 37 °C with MFP−C11 and MFP−C (100 μg mL−1). Nuclei
were stained with 4′,6-diamidino-2-phenyl-indole (DAPI). Scale bar: 25 μm. (B) Quantification of fluorescence intensity due to MFP. Reported
values obtained with ImageJ software represent the mean fluorescence intensity of 100 cells from six different images ± standard error. * P < 0.05.
Autofluorescence from untreated cells was subtracted.
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form of a waxy dark red oil. Later on, Fe3O4 nanocrystals were
synthesized by solvothermal decomposition of the iron oleate
precursor. The complex (8 g, 8.9 mmol) and oleic acid (1.25 g,
4.5 mmol) were dissolved in 1-octadecene (57 mL) at room
temperature. The reaction mixture was heated at 320 °C for 30
min. Then, the resulting black nanocrystal (NC) suspension
was cooled to room temperature, and a mixture of ethanol−
hexane 4:1 (100 mL) was added with the aim to sediment NCs
by high-speed centrifugation (9000 g, 30 min). The Super-
natant was discarded, and NCs were washed twice with
ethanol−hexane 4:1 (100 mL) to remove unbound surfactants.
The resulting oleic acid-coated magnetite NCs (called MNP0)
were dispersed in chloroform (CHCl3) (10 mg mL−1) and
stored at room temperature for further experiments.

Synthesis of Fluorescent PMA-Coated Fe3O4 Nano-
particles (MFP1). A 1.0 M fluoresceinamine solution in
dimethyl sulfoxide (0.5 mL) was added to a 0.5 M
poly(isobutylene-alt-maleic anhydride) polymer (PMA) sol-
ution in CHCl3 (5 mL). The mixture was reacted overnight at
room temperature under stirring. An aliquot of this solution
(63 μL) was added to MNP0 (4.6 mg in CHCl3) and the
mixture was sonicated for 1 min; the solvent was then
evaporated under reduced pressure. Sodium borate buffer
(SBB) at pH 12 (10 mL) was added to redisperse all
fluorescent polymer-coated NCs as an aqueous dispersion
(called MFP1), which was concentrated in Amicon tubes (MW
cutoff 100 kDa) by centrifugation (2000 g, 10 min). MFP1
were washed two times in water and finally concentrated to a
final concentration of 5 mg mL−1.

Synthesis of PMA-Coated Fe3O4 Nanoparticles Func-
tionalized with (2,2-(Ethylendioxy)bisethylamine (MNP2
or MFP2). A 0.5 M PMA solution in CHCl3 (63 μL) was
added to MNP0 (4.6 mg in CHCl3), and the mixture was
treated as described above for fluorescent MFP1. The
concentrated nanoparticle water suspension (5 mg mL−1)
(MNP1 or MFP1) was reacted with aqueous 0.1 M N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride
(EDC•HCl) (18 μL) for 2 min. Then, aqueous 0.05 M (2,2-
(ethylendioxy)bisethylamine (EDBE) (9 μL) was added and
the suspension was reacted 2 h at room temperature, obtaining
MNP2 or MFP2.

Synthesis of PMA-EDBE-Coated Fe3O4 Nanoparticles
Functionalized with Cutinase Alkyl Phosphonate Sub-
strate (MNP3 or MFP3). L1 was bound to MNP2 or MFP2
through amide coupling reaction with the primary amine of
EDBE. L1 (800 μL) dissolved in dimethyl sulfoxide (10 mg
mL−1) was added to the same amount of MNP2 or MFN2. The
water suspension was allowed to react overnight at 4 °C. The
resulting functionalized MNP3 and/or MFP3 were washed with
water, concentrated in Amicon tubes (5 mg mL−1), and stored
at 4 °C for protein conjugation.

CUT DNA Synthesis and Cloning in pET-11a Vector. A
modified DNA sequence encoding for CUT and cloned in a
pET-11a vector between NdeI and BamHI restriction sites was
a generous gift from Prof. M. Mrksich, University of Chicago.
Plasmidic DNA (pET-11a/CUT) was sequenced and used to
transform E. coli expression strain OrigamiB(DE3). A schematic
representation of pET-11a/CUT vector is available in the
supplementary file (see Figure S3).

CUT−U11 DNA Synthesis and Cloning in pET-30b(+)
Vector. The DNA sequence encoding for CUT−U11 has been
designed inserting the U11 peptide sequence (VSNKYFS-
NIHW) and the Ser−Gly spacer (GGGGSGGGG) in 5′ of
cutinase DNA. Moreover, the restriction sites of NdeI and
BglIII were inserted at 5′ and 3′ positions, respectively. The
resulting CUT−U11 DNA sequence was synthesized and
cloned in a pET-30b(+) vector between NdeI and BglIII
restriction sites by Eurofins MWG Operon (Ebersberg)
obtaining CUT−U11 sequence fused with His-Tag. Plasmidic
DNA (pET-30b/CUT−U11) was sequenced and used to
transform E. coli expression strain Tuner(DE3): F−ompT hsdSB
(rB

− mB
−) gal dcm lacY1. A schematic representation of pET-

30b/CUT-U11 vector is available in the Supporting Informa-
tion (see Figure S6).

CUT Expression and Purification. E. coli strain Origami-
(DE3)/pET-11a/CUT was grown at 37 °C in LB-ampicillin
medium until they reached A600 = 1 nm under stirring and

Figure 6. TEM images of uPAR-positive MDA-MB-468 cells exposed
to 100 μg MNP−C11 after (A) 15 min, (B) 1 h, and (C) 4 h of
incubation. Black arrow indicates MNP−C11 adjacent to the cell
membrane; white arrows indicate the formation of clathrin super-
structures; N = nucleus; G = Golgi apparatus. Scale bar = 500 nm.
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induced overnight with 1 mM IPTG at 18 °C with the yield of
3.3 g of cells L−1 of culture. The crude extract was prepared
resuspending cells in lysis buffer (5 mL g−1 wet weight: 50 mM
Na2HPO4, 300 mM NaCl pH 7.4, 100 mM MgCl2, 10 mM
imidazole). Lysozyme (1 mg mL−1), DNaseI (0.2 mg g−1 cells,
wet weight), and 1% Triton X-100 were added to cell
suspension, and the sample was incubated for 30 min RT
and sonicated. Finally, it was centrifuged for 30 min at 18000 g,
4 °C. The supernatant was loaded onto His-pure-cobalt resin (1
mL bed volume, Thermo Scientific, Rockford, Illinois, USA)
pre-equilibrated with 10 volumes of equilibration buffer (50
mM Na2HPO4/300 mM NaCl pH 7.4, 10 mM imidazole).
Then, it was washed with 10 volumes of equilibration buffer.
CUT was eluted in 4 fraction of 2 mL each with a stepwise
gradient of imidazole (from 50 mM to 200 mM). Eluted
fractions were then analyzed by SDS−PAGE and Western blot.
SDS-PAGE was performed according to Laemmli using 12%
(v/v) polyacrylamide gels (Figure S4). The proteins were
labeled by Gel Code Blue Stain Reagent (Pierce, Rockford,
Illinois, USA) staining. Protein content was assessed with
Bradford assay. Western blot analysis was performed using an
His-probe specific the His-tag fused at the C-terminus of the
protein (Figure S5).
CUT−U11 Expression and Purification. E. coli strain

Tuner(DE3)/pET-30b/CUT−U11 was grown at 37 °C in LB-
kanamicin medium until they reached A600 = 1 nm under
stirring and induced 3 h with 0.05 mM IPTG, with the yield of
4.6 g of cells L−1 of culture. The crude extract was prepared
resuspending cells in lysis buffer (3 mL g−1 wet weight: 50 mM
Na2HPO4/300 mM NaCl, pH 8.0, 0.5 mM phenylmethane-
sulfonyl fluoride, protease inhibitor). Lysozyme (1 mg mL−1),
DNaseI (0.2 mg g−1 cells, wet weight), and 1% Triton X-100
were added to cell suspension, and the sample was incubated
for 30 min RT and sonicated. Finally, it was centrifuged for 30
min at 18000 g, 4 °C. The supernatant was loaded onto Ni−
NTA Superflow resin (0.5 mL bed volume, Quiagen S.p.a.,
Milan, Italy) pre-equilibrated with 10 volumes of equilibration
buffer (50 mM Na2HPO4/300 mM NaCl pH 8). Then, it was
washed with 10 volumes of equilibration buffer. CUT−U11 was
eluted in 5 fractions with a stepwise gradient of imidazole (from
100 mM to 300 mM). Eluted fractions were then analyzed by
SDS−PAGE and Western blot. SDS−PAGE was performed
according to Laemmli using 12% (v/v) polyacrylamide gels
(Figure S7). The proteins were determined by Gel Code Blue
Stain Reagent (Pierce, Rockford, Illinois, USA) staining.
Protein content was assessed with Bradford assay. Western
blot analysis was performed using an anti His-tag monoclonal
antibody specific the His-tag fused at the C-terminus of the
protein (Figure S8).
CUT and CUT−U11 Labeling. CUT and CUT−U11 were

labeled by incubating CUT−U11 (1 mg mL−1, 1 mg) in 0.1 M
sodium carbonate-bicarbonate buffer at pH 8.9 with fluo-
resceine isothiocyanate (2 mg) (Sigma) overnight at 4 °C.
CUT−F and CUT−U11−F were purified from unreacted
FITC through Sephadex G-25 M column. Protein absorbance
was measured using Nanodrop 2000c/2000 UV−vis spectro-
photometers (Thermo Scientific), and determined using Protein
and labels software.
Activity Assay. The enzymatic activity of CUT and CUT−

U11 was measured spectrophotometrically based on the ability
of the enzyme to hydrolyze its substrate, 4-nitrophenyl
decanoate, and produce the chromogenic product 4-nitro-
phenol (extinction coefficient ε = 17 mM−1 cm−1, λ = 420 nm).

The assay was performed monitoring the absorbance increase
at 420 nm for 10 min, RT (25 °C). Five micrograms of the
enzyme was added to a mix of 4-nitrophenyl decanoate 10 mM
in isopropanol (0.02 mL) and Tris-HCl 100 mM, arabic gum
0.1%, and Triton X-100 0.02% (1.98 mL) in a final volume of 2
mL. A cuvette without the enzyme was used as a blank.

Inhibition Assay. The inhibition of CUT and CUT−U11
was carried out adding 4-nitrophenyl phosphonate as inhibitor
at three different concentrations (0.5 μM, 5 μM, 10 μM).
Enzyme (10 μg) was incubated in 100 mM Tris-HCl, 0.1%
arabic gum, and 0.02% Triton X-100 (1.96 mL). 4-Nitro-
phenyldecanoate at the indicated final concentrations was
added. The decrease of enzymatic activity was measured by
monitoring the decrease of absorbance at 420 nm, RT (25 °C).

Synthesis of MNP−C and MNP−C11. MNP3 (125 μg)
was incubated 1 h at room temperature under gentle stirring
with CUT−FITC (250 μg) or CUT−U11−FITC (250 μg) in
PBS pH 7.2 supplemented with BSA 0.3 wt %. Unconjugated
protein was removed by centrifugation of the sample with
Amicon YM-100. MNP−C and MNP−C11 were washed three
times in Amicon YM-100 using PBS buffer. The amount of
immobilized protein on nanoparticles was determined by
measuring fluorescence emission of the sample exciting at 488
nm, using the standard calibration curve (Figure S10).

Synthesis of MFP−C and MFP−C11.MFP3 (125 μg) was
incubated 1 h at room temperature under gentle stirring with
CUT (250 μg) or CUT−U11 (250 μg) in PBS pH 7.2
supplemented with BSA 0.3 wt %. Unconjugated protein was
removed by centrifugation of the sample with Amicon YM-100.
MFP−C and MFP−C11 were washed three times in Amicon
YM-100 using PBS buffer. The amount of immobilized protein
on nanoparticles was determined by subtracting the amount of
protein collected in the three washes obtained by Amicon
centrifugations (Table S4), to the initial 250 μg incubated. All
measurements were performed by Bradford assay.

Cell Cultures. MDA-MB-468 (uPAR-positive) and CAL-51
(uPAR-negative) human breast cancer cells were cultured in
DMEM high glucose supplemented with 10% fetal bovine
serum, L-glutamine (2 mM), penicillin (50 UI mL−1), and
streptomycin (50 mg mL−1) at 37 °C and 5% CO2 in a
humidified atmosphere and subcultured prior to confluence
using trypsin/EDTA. Cell culture medium and chemicals were
purchased from EuroClone.

Confocal Laser Scanning Microscopy. MDA-MB-468
cells were cultured on collagen (Sigma) precoated coverglass
slides until 90% confluence and incubated for 1 h at 37 °C with
100 μg of MFP−C11 or MFP−C. Treated cells were washed
with PBS, fixed for 10 min with 4% paraformaldehyde (Sigma),
and then treated for 10 min with 0.1 M glycine (Sigma) in PBS.
A blocking step was performed for 1 h at room temperature
with a solution containing 2% bovine serum albumin (Sigma),
2% goat serum, and DAPI (4′,6-diamidino-2-phenylindole,
Invitrogen) at 0.2 μg mL−1 in PBS. Microscopy analyses were
performed with a Leica SPE AOBs microscope confocal system.
Images were acquired with 63× magnification oil immersion
lenses at 1024 × 1024 pixel resolution. The quantification of
the fluorescence intensity due to MFP−C or to MFP−C11 was
performed on 100 cells from six different images using ImageJ
software applied to the relevant sample images.

Transmission Electron Microscopy (TEM). MDA-MB-
468 cells were incubated for 15 min, 1 h, and 4 h with 100 μg of
MNP−C11. After incubation, cell pellets were washed in PBS
(5 min, twice), fixed in 2.5% glutaraldehyde (Electron
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Microscopy Sciences), 0.1 M phosphate buffer, pH 7.2, for 2 h.
After one rinse with PBS, specimens were postfixed in 1.5%
OsO4 (Electron Microscopy Sciences) for 2 h. Then, they were
dehydrated by 70%, 90%, and 100% EtOH, and embedded in
epoxy resin (PolyBed 812 Polysciences Inc. USA). Ultrathin
sections were stained with uranyl acetate and lead citrate and
further examined by means of TEM (FEI, Tecnai Spirit).
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