IEESAPPLIED MATERIALS

INTERFACES

Research Article

www.acsami.org

& Cite This: ACS Appl. Mater. Interfaces 2018, 10, 17107-17116

Clickable-Zwitterionic Copolymer Capped-Quantum Dots for in Vivo
Fluorescence Tumor Imaging

Laura Trapiella—Alfonso,%’m’”’l’lﬂ Thomas Pons," Nicolas Lequeux,” Ludovic Lele:u,*"“t’“g’|| N

Juliette Grimaldi,”**" Mariana Tasso, ™" Edward Oujagir,i" 2 Johanne Seguin,i’é?’II Fanny d’Orlyé,T’+’§’”
. . . + 8 . + 8 L8

Christian Girard," %! Bich-Thuy Doan,”**!l and Anne Varenne® "%l

TPSL Research University, Chimie ParisTech, Unité de Technologies Chimiques et Biologiques pour la Santé, 75005 Paris, France
*INSERM, Unité de Technologies Chimiques et Biologiques pour la Santé (U 1022), 75006 Paris, France

SCNRS, Unité de Technologies Chimiques et Biologiques pour la santé UMR 8258, 75006 Paris, France

lUniversité Paris Descartes, Sorbonne Paris Cité, Unité de Technologies Chimiques et Biologiques pour la Santé, 75006 Paris, France
‘Laboratoire de Physique et d’Etude des Matériaux (LPEM), ESPCI Paris, PSL Research University; CNRS; Sorbonne Universités,
UPMC Univ. Paris 6, 10 rue Vauquelin, F-75231 Paris Cedex S, France

© Supporting Information

ABSTRACT: In the last decades, fluorescent quantum dots (QDs) have appeared as
high-performance biological fluorescent nanoprobes and have been explored for a
variety of biomedical optical imaging applications. However, many central challenges
still exist concerning the control of the surface chemistry to ensure high
biocompatibility, low toxicity, antifouling, and specific active targeting properties.
Regarding in vivo applications, circulation time and clearance of the nanoprobe are
also key parameters to control the design and characterization of new optical imaging =X
agents. Herein, the complete design and characterization of a peptide-near-infrared-
QD-based nanoprobe for biomedical optical imaging is presented from the synthesis
of the QDs and the zwitterionic-azide copolymer ligand, enabling a bio-orthogonal
coupling, till the final in vivo test through all the characterization steps. The developed

nanoprobes show high fluorescence emission, controlled grafting rate, low toxicity, in |—|
vitro active specific targeting, and in vivo long circulating blood time. This is, to our :
knowledge, the first report characterizing the in vivo circulation kinetics and tumor
accumulation of targeted zwitterionic QDs.
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1. INTRODUCTION

Semiconductor quantum dots (QDs) represent an interesting

the use of time-gated detection to reduce the autofluorescence
background and increase imaging sensitivity.'’

While the optical properties of these QDs have been
optimized over the years to yield stable and bright probes, their
in vivo fate is mostly governed by their surface chemistry and
their interactions with biological molecules or membranes.
Early generations of QDs were stabilized by amphiphilic
molecular surfactants or copolymers; however, these surface

class of fluorescent nanoparticles with exciting optical features
such as their narrow tunable emission spectra, high brightness,
and photostability." Since their first application in fluorescence
microscopy, they have been used for many applications such as
tracking of single molecule in living cells”® or performing

multiplexed fluorescent immunostaining.4 Near infrared (NIR)
emitting QDs have also been used for in vivo imaging, taking
advantage of the lower absorption and deeper penetration of
NIR light into tissues compared to visible 1ight.5’6 In particular,
CulnS,- and CulnSe,-based QDs have recently emerged as a
bright, less-toxic alternative to the first generation of NIR QDs
based on cadmium, lead, or mercury chalcogenides.”™” The
emission of these nanoprobes can be tuned throughout the
NIR range (700—1000 nm) and display good fluorescence
quantum yield, up to 30—40%. In addition, they possess special
optical properties such as long fluorescence lifetimes, enabling
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chemistries lacked stability and were prone to nonspecific
interactions.'’ This led to fast elimination from the blood
stream because of opsonization and capture by macrophages of
the reticuloendothelial system, thereby limiting their in vivo
imaging capacity.”>~'* Another alternative consisted in
exchanging the initial hydrophobic surface ligands by new
hydrophilic ligands, but small monodentate ligands were also
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Figure 1. Synthesis of the zwitterionic block copolymer azido-sulfobetaine-4-vinylimidazole in three steps: first, a RAFT polymerization of the
monomers N-(11-azido-3,6,9-trioxaundecan)metacrylamide and methacrylamidosulfobetaine; a second step of block polymerization with 4-
vinylimidazole; followed by the final reduction step to liberate the RAFT moiety. In red is represented the functional group to anchor to the QD
surface, in blue the zwitterion that provides the aqueous solubility and antifouling properties, and in green the azide function to enable further

biofunctionalization.

prone to fast desorption. Recently, more robust surface
chemistries have been developed, which incorporate several
anchoring groups within a polymeric ligand to enhance the
affinity of the ligands for the QD surface."*™"® This increased
affinity strongly reduces ligand desorption and yields QDs that
are stable for long periods of time in dilute conditions and in
complex environments, such as the intracellular medium. In
particular, zwitterionic polymers are attracting increasing
interest, thanks to their demonstrated antifouling properties,
leading to a better nanoprobe performance in bioapplica-
tions.'”~** However, up to now, the studies carried out have
been restricted to in vitro assays and cellular imaging.”**> While
polyethylene glycol-coated nanoparticles have been extensively
studied for in vivo applications, there is only limited insight on
the in vivo behavior of zwitterion-coated inorganic nanop-
robes.”*”’

Another important parameter is the ability to conjugate
targeting agents to the surface of the QDs with a good control
over their orientation to maintain their structural integrity and
functionality. This can be achieved through the use of bio-
orthogonal coupling strategies such as the azide—alkyne click
chemistry.”®

In this study, we report the synthesis and characterization of
a novel block copolymer composed of a first block of
vinylimidazole for strong anchoring to the QD surface and a
second block of sulfobetaine- and azido-monomers to ensure
solubility and antifouling and to enable further bio-orthogonal
click chemistry. This clickable zwitterionic polymer is obtained
by controlled radical polymerization that yields monodisperse
polymeric ligands. We first characterized the physicochemical
properties of QDs capped with this new copolymeric ligand.
We then demonstrated the efficient azide—alkyne conjugation
on these QDs. We applied this conjugation scheme to couple

arginylglycylaspartic acid (RGD) peptides at the surface of the
QDs. This peptide motif is able to recognize a,f; integrin, an
important adhesion transmembrane protein, that is overex-
pressed in several cancers and plays an important role in
angiogenesis. We demonstrated that the obtained RGD-QDs
are able to specifically label a f; integrin-expressing cell lines in
vitro, and we tested the in vivo imaging capacity of these novel
nanoprobes in a CT26 tumor mouse model, characterizing for
the first time the in vivo circulation kinetics and tumor
accumulation of zwitterionic NIR-QDs.

2. MATERIALS AND METHODS

Unless otherwise specified, all reagents were used as received.
Deionized ultrapure water (resistivity 18.2 MQ-cm) was used
throughout the work.

2.1. Synthesis of QD Nanoparticles. Two kinds of QDs were
used in this work: (1) CdSe/CdS/ZnS core/multishell QDs emitting
at 620 nm (vis-QDs, for optimizations and in vitro assays) and (2)
ZnCulnSe/ZnS core/shell QDs emitting at 800 nm (NIR-QDs, for in
vivo experiments). Both types of QDs share the same outer Zn$ shell,
which enables using the same surface chemistry and functionalization
schemes. The syntheses of both kinds of QDs following method-
ologies already reported'®**° are described in the Supporting
Information, and their optical properties (excitation/emission spectra,
lifetimes, and colloidal stability) are collected in Figure S1.

2.2. Synthesis of Zwitterionic Block Copolymer. Two
zwitterionic block polymers [a homopolymer poly-
(methacrylamidosulfobetaine-block-4-vinylimidazole) named P(SPP-
4VIM); a copolymer introducing a monomer with the azido clickable
function, named throughout the work P(SPP-N;-4VIM)] were
synthesized following the reversible addition—fragmentation chain
transfer (RAFT) polymerization approach (see the synthesis route in
Figure 1). The procedure carried out to prepare these polymers is
detailed in Tasso et al.** In the case of the block copolymer synthesis,
the monomers (azido function/SPP) molar ratio was fixed at 1/7 (see
the Supporting Information for the synthesis and characterization of

DOI: 10.1021/acsami.8b04708
ACS Appl. Mater. Interfaces 2018, 10, 17107—17116


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b04708
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.8b04708&iName=master.img-001.jpg&w=329&h=252

ACS Applied Materials & Interfaces

Research Article

the azido-monomer). Because of the poor solubility of the Nj-
monomer in aqueous buffer, it was first solubilized in a minimum
volume of an organic solvent [tetrahydrofuran (THF)]. THF was
already proved to be compatible with the synthesis of this kind of
zwitterion polymers.”® After the polymerization to recover the
polymers, several precipitation purification steps were performed.
The polymer was precipitated in cold acetone, redispersed in water,
and precipitated in EtOH three times. Finally, the solid was dried
under vacuum overnight. This first polymer block was characterized by
gel permeation chromatography in water (Viscotek GPCmax, triple
detection). The presence of the azido function in the clickable
zwitterionic block copolymer was confirmed by Fourier transform
infrared spectroscopy (FT-IR), identifying the corresponding charac-
teristic peak at 2100 cm™' (see Figure S2). Finally, capillary
electrophoresis was used to follow the whole process of synthesis to
provide the global surface charge density and the size homogeneity of
the final polymer.

2.3. Peptide Derivatization. c-(RGDfK) active peptide for a,f3;
integrin targeting and c-(RADfK) selected as the control peptide were
purchased from Eurogentec (Angers, France), and their structures are
displayed in Figure S3A [note that they only differ in a methyl group
(signaled in orange in the chemical structure) because of the exchange
of the G amino acid by A amino acid]. As it can be seen, to be able to
click these peptides to QDs a preliminary derivatization step is
required to introduce an alkyne function in their structures. For such
purpose and considering the special conditions (water medium and
free of Cu) where the further QDs click coupling will be performed,
the dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS)
molecule was selected for peptide derivatization (see its structure in
Figure S3B). The peptide derivatization takes place between the
primary amine of the lysine amino acids (in blue) from the peptide
and the carboxylic ester group (in red) of the DBCO-NHS. c-
(RGDfK) and c-(RADfK) peptides were reacted with a DBCO-NHS
linker in a peptide—DBCO-NHS molar ratio of 1:1, in a 0.1 M
Na,HCO;/NaH,CO; buffer at pH 8.3, during 2 h at room
temperature under vertical/horizontal mechanical rotation. The
product was precipitated in acetone and dried under vacuum. The
peptide was then dispersed in dimethyl sulfoxide (10 mg mL™" stock
solution) aliquoted and stored in the freezer (—20 °C). The DBCO—
peptide structure is presented in Figure S3C. It was further
characterized by MS and NMR.

2.4. Click Chemistry Coupling: Peptide/QD Bioconjugates.
This bio-orthogonal coupling between the azide functions present at
the surface of P(SPP-N;-4VIM)-coated QDs and the alkyne groups
from DBCO—peptides is carried out in a 20 mM NaCl solution,
working with a QD/peptide molar ratio of 1:100 and incubating
overnight at room temperature with continuous mechanical rotation (a
reaction scheme is presented in the Supporting Information, Figure
S4). Purification from free unbound peptides is performed by five
cycles of ultrafiltration using Vivaspin filters (100 kDa cut-off, 13 000g,
8 min). The final peptide-modified QDs were stored in 20 mM NaCl
solution in the fridge until use. Control peptide-free QDs were
obtained by incubating P(SPP-N;-4VIM)-coated QDs with DBCO-
NHS overnight at a QD/DBCO-NHS in a high excess molar ratio of
1:500 to ensure the complete replace of azido function by carboxylic
ones (after hydrolysis of the NHS ester) and then to limit nonspecific
interactions due to the —N; moieties. Control QDs were purified using
the same procedure as RGD- and RAD-QDs.

2.5. Characterization by Capillary Electrophoresis. Electro-
phoretic measurements were performed with a 7100 capillary
electrophoresis system equipped with a diode-array and Zetalif
fluorescent detectors (Agilent Technologies, Waldbronn, Germany).
Data were handled with ChemStation. Bare fused-silica capillaries of
S0 ym inner diameter (Polymicro Technologies, Phoenix, AZ, USA)
with an effective length of 8.5 and 21.0 cm for UV and fluorescent
detection, respectively, and a total length of 35.0 cm were used. Two
different methodologies were employed during this work: (1) capillary
zone electrophoresis (CZE) for the physicochemical characterization
of both polymers and QDs and (2) affinity capillary electrophoresis
(ACE) for the evaluation of possible interactions of QDs with proteins

[using bovine serum albumin (BSA) as a model to check the
nonspecific interactions or the antifouling properties of the QD’s
surface chemistry]. Two background electrolytes (BGEs) were used
along the work: carbonate buffer NaHCO,;/Na,HCO; pH 9.5, a good
solvent for sulfobetaine-vinylimidazole grafted-QDs, and 40 mM (3-
(N-morpholino)propanesulfonic acid) (MOPS) buffer pH 7.4 to
mimic the physiological environment. A study of the effect of ionic
strength of the media (10—100 mM) was performed with the
carbonate buffer. Note that 20 mM NaCl solution was systematically
added to BGE to ensure the stability of the samples.

A solution of 1%o of N,N-dimethylformamide was used as a neutral
marker (NM) through the work. A first dilution to 1% (vol %) was
prepared in ultrapure water, and then, the final dilution was made with
the corresponding BGE. The NM solution was renewed every day. For
CZE experiments, successive hydrodynamic injections were performed
in the following order: NM (30 mbar, 3 s), BGE (30 mbar, 3 s),
sample (30—50 mbar, 3—S$ s, according to cases), BGE (30 mbar, 3 s).
In the case of ACE analysis, the BGE was enriched with BSA in the 0—
20 uM concentration range. Separations were performed under +10
kV and the temperature of the capillary cartridge was set at 25 °C. The
detection wavelengths were 200, 214, 254, and 280 nm for UV—vis
detection and 480 nm as the excitation wavelength with a band-pass
filter for emission centered at 500 nm for fluorescence detection.
Injections were repeated at least three times to evaluate data
reproducibility. Prior to first use, bare fused-silica capillaries were
activated by successive rinsing with 1 M NaOH solution for 15 min,
followed by 0.1 M NaOH solution, 0.0IM NaOH solution, and
ultrapure water for 10 min each under 925 mbar. Between each run,
the capillary was rinsed with BGE for 3 min under the aforementioned
pressure. When not in use, the capillaries were rinsed with ultrapure
water for 10 min and dried with air for 5 min.

2.6. Cellular Viability Test (MTT). The effect of both kinds of
synthesized QD surface-functionalized with the two types of zwitterion
block co-polymers over the metabolism of HeLa cells in culture was
evaluated in parallel. In a typical test, HeLa cells were seeded into 96-
well plates at 25000 cells mL™" (100 uL/well) to reach a 70% cell
confluence level by the end of the incubation period (24 h). Twenty-
four hours after seeding, the cells were washed once with Dulbecco’s
phosphate-buffered saline and exposed to 100 uL of QDs dispersed in
the culture medium at different concentrations (0.03—S uM). Two
different QD conditions were considered in triplicate: (i) P(SPP-N;-
4VIM) block copolymer vis-QDs; (ii) P(SPP-N;-4VIM) block
copolymer NIR-QDs. Control wells with only cells (blank) were
also included. Additional controls without cells were: (i) a blank well
with only cell medium and (ii) a control with the highest evaluated
nanoparticle concentration in cell medium. This latter control
intended to assess eventual (and parasitic) MTT false readings
induced by unwashed, unspecifically adsorbed QD nanoparticles.*" In
our assays, such an effect was not observed: after the MTT reaction,
the absorbance of the only-QDs control was similar to the one of the
blank with only medium. At the end of the incubation period (24 h),
QD suspensions were removed and the cells rinsed once with cell
medium. The cells were further incubated for 2 h with 5 yL of MTT
solution (5 mg mL™" in water) in 100 uL cell medium to enable the
enzymatic conversion of the MTT reagent into water-insoluble, cell-
confined blue formazan crystals. Thereafter, the MTT solution was
aspirated and the wells were let to dry briefly. To resuspend the
formazan crystals, the cells were lysed by exposure to 100 L of a 9:1
isopropanol/Triton X-100 and 0.1% HCIl solution for 15 min.
Formazan concentration was determined via absorbance measurement
at 550 nm in a standard plate reader.

2.7. In Vitro Study of the Nanoprobe: Cellular Binding Tests.
These experiments were carried out into a 4-chamber Lab-Tek II #1.5
cover glass system as support. Two cell lines were tested CT26 mouse
carcinoma fibroblast cell line (overexpressing the integrin) and
NIH3T3 mouse fibroblast cell line as a control. Four different
modified-QDs were tested to demonstrate the specific targeting: (i)
P(SPP-4VIM) QDs; (ii) P(SPP-N;-4VIM) QDs; (iii) RGD-QDs; and
(iv) RAD-QDs; where (i) and (ii) are the QD surface chemistry
controls, (jii) is the specific positive peptide, and (iv) is the control/
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negative peptide. The working solutions of these QDs were prepared
in the cell culture medium (Dulbecco’s modified Eagle’s medium
supplemented with 10 vol % fetal bovine serum and 1 vol % of 10 000
U mL™" penicillin—streptomycin). Several optimizations of the test
were made to ensure the best conditions for the specific integrin
(tumor) targeting including concentration of the nanoprobe,
saturation step, incubation temperature and time, washing solution,
among others. The fluorescent images were taken in an Olympus IX71
wide-field epifluorescence microscope with a Cascade II 512 EMCCD
camera in the following configuration: 60X objective, 425/60 nm
excitation and 625/40 nm emission band-pass filters, 500 ms
exposition time, gain 3, intensifier 1. Finally, the images were analyzed
with Image] software.

The finally selected protocol is described below. The CT26 and
NIH3T3 cells were seeded (500 uL/well at 200 000 cells mL™") in the
4-chamber Lab-Tek II support and incubated 24 h at 37 °C, 5% CO,,
for their proliferation until confluence (70%). The media was sucked
up and 500 uL/well of the corresponding working solution were
added and incubated 1 h at 4 °C. After that, the solutions were
removed and the support was washed twice with the washing solution
(0.9% NaCl/1 mM CaCl,/0.05% Tween 20; 800 uL/well) and once
with washing solution free of Tween 20. Then, 500 uL/well of 4 vol %
paraformaldehyde in NaCl solution were added to fix the cells and the
support was incubated 10 min at 4 °C protected from the light. The
plate was washed twice with the washing solution free of Tween 20.
Finally, 500 uL/well of 0.9% NaCl solution was introduced, and
imaging was performed using the fluorescence microscope.

2.8. In Vivo Study of Peptide-Modified NIR-QDs. These
experiments deal with the assessment of in vivo biodistribution,
specific targeting, uptake, kinetics, and clearance of the newly
developed optical imaging agents. The experiments were carried out
in two sets: (i) control no-peptide-NIR-QDs (passive targeting) and
(i) peptide-modified NIR-QDs (active/negative targeting). This work
has been submitted for ethical evaluation to the Paris-Descartes Ethics
Committee for Animal Research. It was approved by the Committee,
and its registered number is CEEA34.JS.142.12. To perform these
studies, healthy and tumor-induced BALBc/JR]J 6 week female mice
were used. To induce the CT26 tumor in the mice, two bilateral sub-
cutaneous imglantations of a fragment of CT26 tumor were performed
in the flank.>* Imaging experiments were performed after 14 days of
tumor growth using the photonIMAGER Optima instrument and
PhotoAcquisition software, both from Biospace Lab. After the
optimization for the collection of the fluorescent images, the
acquisitions were carried out in the following configuration: excitation
filter at 637 nm (bandpass filter), background filter at 487 nm
(bandpass filter), and emission filter at 800 nm (high-pass filter), with
a whole duration of S s. Before each experiment, the fluorescence
emission of the nanoprobe solution and an image of the mice before
injection were acquired (see the Supporting Information, Figure SS).
All the dilutions of the nanoprobe solution were made with
physiological serum. After the intravenous injection of the nanoprobe
via the tail vein (100 uL, 7 uM), the images were collected at the
following time intervals: 1, S, 15, 30 min, 1, 2, 3, 4, S, 6, and 24 h.
Images were postprocessed using M3 Vision Biospace software.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Zwitterionic
Block Co-Polymer P(SPP-N;-4VIM). A methacrylamide
monomer was prepared with a terminal azide function and a
three-ethylene glycol linker by the reaction of 11-azido-3,6,9-
trioxaundecan-1-amine with methacryolyl chloride (see the
Supporting Information). Then, this azide-terminated mono-
mer was used to prepare a P(SPP-N;-4VIM) block copolymer
by RAFT polymerization as shown in Figure 1. The first block
of this polymer is composed of a statistical copolymer of
sulfobetaine monomers (for solubilization and antifouling) and
azide monomers (for further click chemistry bioconjugation).
The second block is composed of imidazole monomers to

provide strong multidentate anchoring to the QD surface.”
GPC analysis yielded a number-average molar mass (M,,) of 14
kDa with a polydispersity index (PDI) of 1.1 for the first block
of the polymer P(SPP-N;). Considering the initial ratio
between both monomers for the polymerization and their
respective molecular weights, this result suggests that an
average of 39 monomers of SPP and 6 monomers of Nj; are
present in the final polymer chain (see calculations in the
Supporting Information). The analysis of the final polymer by
GPC is not possible because of interactions between the
imidazole block and the available stationary phase. All the steps
of the polymer synthesis as well as the final product were
analyzed by CZE to characterize the global charge density and
size homogeneity of the final polymer (results are collected in
the Supporting Information, Table S1). As the characterization
was performed in aqueous media at 25 °C, the equation of
Helmholtz—Smoluchowski (a modification of Henri’s equa-
tion) was used to calculate the {-potential using the mobility
values. The values of PDI were obtained by the increment of
mobility (Au) measured at 10% of signal intensity from the
background divided by the electrophoretic mobility measured
at the peak center. We note that P(SPP-4VIM) and P(SPP-N;-
4VIM) are comparable in size and that both have a slight global
negative charge under these experimental conditions given by
similar electrophoretic mobilities (6.0 + 0.7 and 6 + 1 X 10~
cm? V7! 7!, respectively). Addition of the azide monomer does
not significantly modify the mobility nor the {-potential, which
is in accordance with its structure. Even the polydispersity of
the sample characterized here by the PDI remains stable during
the process (going from 1.5 # 0.5 of the initial sulfobetaine
reagent to 2 = 1 of the final polymer) and being similar to that
obtained by GPC.

3.2. Synthesis, Solubilization, and Biofunctionaliza-
tion of QDs. Two kinds of QDs were used in this work,
namely visible-emitting CdSe/CdS/ZnS and NIR-emitting
ZnCulnSe/ZnS core/shell QDs. As mentioned above, NIR-
QDs were selected for in vivo experiments to overcome the
limitations of vis-QDs, such as the poor penetration degth and
strong tissue autofluorescence in the visible range.”> Their
syntheses were performed in high boiling point organic
solvents. After their purification, they were stored in hexane
before being transferred to an aqueous phase via a two-step
ligand exchange procedure (see the Supporting Information).
Their optical emission properties as well as their size were
measured as indicators of the synthesized QD quality (see
Figure S1). Fluorescence spectra were centered at 620 nm for
vis-QDs and 800 nm for NIR-QDs, with average radius around
7 and 4 nm, respectively, as observed by transmission electron
microscopy.

QDs were coated with P(SPP-4VIM) or P(SPP-N;-4VIM)
using a two-step ligand exchange process and purified by
ultrafiltration and ultracentrifugation. The hydrodynamic radii
were 12 and 9 nm, respectively, for vis-QDs and NIR-QDs, as
measured by DLS. These water-soluble QDs have typical
fluorescence quantum yields of 40—50% for visible-emitting
QDs and 15—25% for NIR-QDs. These QDs show an excellent
stability for several months in pH 7 buffer when stored at 4 °C,
as well as for 24 h at 37 °C in various biologically relevant saline
buffers (pH 6—8) and in culture medium (colloidal stability >
95% and fluorescence stability > 80%, see Figure S1). These
QDs show multiexponential fluorescence decay kinetics, with
lifetimes of the largest component ca. 20 ns for visible QDs and
260 ns for NIR QDs , as expected for these QD composition

DOI: 10.1021/acsami.8b04708
ACS Appl. Mater. Interfaces 2018, 10, 17107—17116


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04708/suppl_file/am8b04708_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b04708

ACS Applied Materials & Interfaces

Research Article

A)

5

¥ =0,1499x - 0,018
R?=0,9991

0D @550 nm/ a.u.
AT P

=
s 1

10
DBCO-Cy3 [ uM

a
o
-
m
g
o
@
a
o

=

15 20 25

B)

oD /au

Excess of DECO-Cy3

0.8

0.7 1
05 1
0,5

04 4
03 4
021
01 1

— P-DECO
— Poly-DBCO_S
...... Poly-DBCO_10
- = Poly-DBCO_20
Poly-DBCO_50
Poly-DBCO_100
Poly-DBCO_200

TR TR

0,1 {
0,2 + T T 1
400 550 600 700)

wavelength / nm

Figure 2. Proof of concept of click chemistry coupling between QDs and DBCO-Cy3. (A) Calibration curve of DBCO-Cy3. (B) Deconvoluted
absorption spectra (Cy3 contribution) of different QD/DBCO-Cy3 conjugates. (C) Evolution of the number of Cy3 per QD as a function of the
initial DBCO-Cy3/QD molar ratio. Error bars correspond to experimental deviations from three independent replicates. The inset image shows a
picture of the solutions corresponding to different DBCO-Cy3/QD molar ratios (from left to right: BP-DBCO; $, 10, 20, 50, 100, and 200). Note

that the BP-DBCO was done with the highest excess of the dye.

and sizes (Figure S1). Finally, further characterization of these
QDs and their bioconjugates were carried out by capillary
electrophoresis and are discussed below in a special section.

Click chemistry reaction is a Huisgen’s [3 + 2] thermal
cycloaddition between organic azides and alkynes to create
stable covalent bindings by the formation of 1,2,3-triazoles
rings.”® Normally, this reaction is performed using Cu(I) as the
catalyst and has already shown its potential for the
functionalization of NPs.***° However, Cu(I) efficiently
quenches the fluorescence emission of QDs.*® To avoid the
use of Cu(I), cyclooctyne and derivatives have been reported in
previous publications as a successful alternative to perform the
click chemistry working with QDs.**"** Those reported QD
conjugates were not used for tumor active targeting or in vivo
specific targeting studies; they, however, demonstrated the
effectiveness of cyclooctine for bio-orthogonal coupling of
biomolecules. Herein, we used dibenzocyclooctyne (DBCO), a
stretched activated alkyne which reacts with azide group in
copper-free conditions to prepare QD nanoprobes, for specific
active tumor targeting in vitro and in vivo (a reaction scheme is
presented in Figure S4).

3.2.1. Proof of Concept of the Click Chemistry: Coupling
with DBCO-Cy3. The optimization of this specific and selective
reaction was first made using the DBCO-Cy3 as the proof of
concept. This conjugate was selected because of its similarity in
size with our peptide—DBCO (see its structure in Figure S3D)
and because it has a distinct absorbance/fluorescence signature
from QDs that allows to follow the reaction. Thus, different
molar excess of the DBCO-Cy3 (5, 10, 20, 50, 100, and 200)
were incubated with P(SPP-N;-4VIM)-QDs overnight at room
temperature to characterize the saturation of the QD surface N
sites. A control sample consisting in incubating P(SPP-4VIM)-
QDs (azide free) with the highest molar excess of DBCO-Cy3
was also tested. After purification from unbound dyes by
ultrafiltration, the absorption spectra of each QD/DBCO-Cy3
conjugate were collected and compared to calibration curves of
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QD and DBCO-Cy3 alone (Figure 2A). The number of Cy3
per QD was estimated by deconvoluting absorption spectra and
measuring the absorbance of the dye contribution (Figure 2B).
Saturation is reached for >50 DBCO-Cy3/QD initial molar
excess and corresponds to ca. 13 molecules of DBCO-Cy3
conjugated per QD (Figure 2C). Note that in the case of the
control QDs without azide functions (black line in Figure 2B)
no signal from the DBCO-Cy3 was observed, indicating the
absence of nonspecific reaction between P(SPP-4VIM)-QDs
and DBCO-Cy3 at the highest concentration tested. This is
corroborated by visual inspection of the purified QD solutions
after the reaction (Figure 2C, inset).

3.2.2. Peptide Derivatization with DBCO. The selected
target peptides c-(RGDfK) and c-(RADfK) were functionalized
with DBCO to enable coupling to azide-QDs. To this end,
coupling with DBCO-NHS ester was selected because of the
easy and effective coupling reaction with the primary amine
present in the lysine residue (K) of the peptides, following the
protocol described in the Materials and Methods section. The
effectiveness of the coupling was confirmed by the ESI-MS
analysis of the DBCO-RAD-modified peptide with a m/z of the
molecular ion [M + H]* of 905.6 Da and for the ion [M + Na]*
of 927.9 Da, both in agreement with the expected theoretical
molecular weight 904.4 Da. '"H NMR spectra also show peaks
coming from both molecules in the final conjugate (see Figure
S6), supporting the effective formation of the DBCO—peptide
product.

3.2.3. Biofunctionalization of QDs and Characterization
by CE. Copper-free click chemistry was then used for the
biofunctionalization of P(SPP-N;-4VIM)-QDs with the two
DBCO—peptides, following the protocol described in the
Materials and Methods section, leading to RAD-QDs and
RGD-QDs. Before biological applications, the four types of
nanoprobes [P(SPP-4VIM)-QDs, P(SPP-N;-4VIM)-QDs,
RAD-QDs, and RGD-QDs] were characterized by CZE to
better understand their behavior under physiological conditions
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and nonspecific interactions with plasma proteins. In a first
attempt, using the 10 mM carbonate buffer (Na,CO;/
NaHCO;) + 20 mM NaCl (pH 9.5) as the BGE, a colloidal
stability study was done. Whereas the electrophoretic mobility
of the P(SPP-4VIM)-QDs is —15.7 + 0.1 X 10° cm* V' 57},
the electrophoretic behavior of the different nano-objects shows
that the addition of azide monomer or peptides to the polymer
diminishes the global surface charge density, [—13.90 + 0.06
and —14.2 + 0.1 X 10° cm® V™! s7* for P(SPP-N;-4VIM)-QD
and RGD-QD, respectively]. No difference in mobility between
RGD-QDs and RAD-QDs was observed, and the slight
difference in mgp observed between P(SPP-N;-4VIM) and
RGD/RAD-QDs could be explained by the inherent charges
present on the peptide. The behavior of the different nano-
objects was evaluated at different ionic strengths (30, 50, 70,
and 120 mM). They present a classical electrophoretic
behavior, with a decrease in the electrophoretic mobility
while increasing the ionic strength, because of counter-ion
electrostatic interactions (see Figure S7 in the Supporting
Information). These results indicate that the zwitterionic
polymers enable a good QD colloidal stability and size
monodispersity at pH 9.5 in the 30—100 mM ionic strength
range. Similar results were obtained in a 40 mM MOPS + 20
mM NaCl (pH 7.4) BGE, mimicking physiological conditions.
These observations confirm the excellent colloidal stability of
the QDs in different media (Figure S1).

Finally, to prove the antifouling properties of the designed
polymer, nonspecific interactions of the nanoprobes with BSA
protein molecules, a major constituent of blood serum, were
evaluated by two different electrokinetic methods. ACE
methodology is suitable to characterize fast interactions. It
consists in the injection of the nanoprobe in a BGE containing
the protein of study (BSA). Interactions were characterized at
different BSA concentrations (0, 2, 10, and 20 uM),
corresponding to similar studies carried out by other
groups,””*” keeping constant the concentration of P(SPP-Nj-
4VIM)-QDs at 6.5 uM. The BSA concentration is lower than
the HSA concentration in blood (typically 500—750 M), but
this provides nonetheless useful information about QD-—
albumin interactions. In case of interactions, a shift in the
electrophoretic mobility of QDs should be evidenced. Our
results, however, do not show any change in the nanoprobe
mobility, which remains similar to the mobility of the
nanoprobes alone at —29.1 + 0.3 X 10° ecm* V7' s7". No
other peaks were observed, indicating that the QD population
remained homogeneous. We can therefore conclude that there
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are no significant fast interactions between the QDs and BSA at
the BSA concentration range evaluated.

We then tested slow adsorption of albumin onto the QDs.
Here, the nanoprobes were incubated in a 50 M BSA solution
during different times (0, 0.5, 1, 1.5, 2, and 3 h), and the
solutions were then analyzed by CZE using a BGE (40 mM
MOPS + 20 mM NaCl pH 7.4) enriched with 10 uM BSA.
Under all experienced conditions, the absorbance and
fluorescence peaks corresponding to the QDs overlapped and
provided similar mobilities (see Figure S8). The QDs showed a
small shift toward more negative electrophoretic mobility with
increasing incubation time, up to |Aul = 1.7 X 10° cm®> V™' 57"
after 3 h, corresponding to a ~6% shift (Figure 3). The peak
corresponding to free BSA remained unchanged (mgp = —14.3
+ 0.3 X 10° cm® V™! s71), and no new peak corresponding to
QD/BSA aggregates appeared. This suggests that there should
be a quite weak interaction between P(SPP-N;-4VIM)-QDs
and BSA under these experimental conditions. The very slight
increase in the absolute mobility could indeed indicate a slight
increase in the global surface charge density coming from the
interaction with the BSA. This study highlights the remarkable
antifouling properties of the zwitterionic polymers as was also
observed for other similar polymers.””*” These results also
demonstrate the great potential of CE as a reliable analytical
tool to characterize protein—nanoparticle interactions as has
been also demonstrated and revised in recent studies.*"** Thus,
CE has an interesting place in this field because an increasing
number of studies demonstrate that dynamic interactions of
serum proteins with nanoprobes (so-called soft coronas) define
their biological identity.

3.3. Probing Zwitterionic Polymer-Capped QDs as
Optical Imaging Agents. 3.3.1. Cellular Viability Test: MTT.
Before envisioning a biological application, we performed an
MTT metabolic assay on HeLa cells to evaluate the potential in
vitro toxicity of both visible- and NIR-emitting QD nanop-
robes. The metabolic activity of the cells was not significantly
affected after 24 h of incubation even at high QD
concentrations (Figure S9 in the Supporting Information, S
uM: 119 + 18% for vis-QDs and 100 + 20% for NIR-QDs).
This encouraging result enabled us to move to the in vitro and
in vivo assays.

3.3.2. In Vitro Study of the Nanoprobe: Cellular Binding
Test. Different parameters were evaluated to optimize the
protocol for the specific targeting of cell membrane receptors
(a,p; integrin), including (1) the concentration of the
nanoprobe (50, 200, and 500 nM of QDs); (2) incubation
time (30 min, 1 h, and 2 h) and temperature (37 and 4 °C);
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and (3) modulation of the nanoprobe surface chemistry to
avoid nonspecific interactions. Additionally, several controls of
the nanoprobe (RGD-QDs) were tested: as surface chemistry
controls, BP-QDs and polyN;-QDs, and as peptide control,
RAD-QDs, maintaining the same concentration in QDs for all
of them.

The first attempt was focused on the selection of the
concentration of QDs. As it is shown in Figure SI0A of the
Supporting Information, the fluorescence signal from QDs after
2 h of incubation at 37 °C is observed at the three tested
concentrations. The selected concentration was 200 nM as it
allowed us to visualize the fluorescent emission from the QDs,
minimizing their internalization into the cells (phenomena
which is clearly observed in the case of S00 nM). To figure out
if it was possible to avoid the internalization of QDs, different
incubation times and temperatures were explored. The optimal
conditions were estimated for an incubation at 4 °C during 1 h
(see Figure S10B), for the specific targeting of the a,f3; integrin
receptor, avoiding the internalization of the nanoprobe into the
cells. However, nonspecific interactions of the nanoprobe
surface chemistry with cells were observed. A possible
hydrophobic interaction between the azido-bearing appendages
and the cell membrane could be responsible of this fact. Thus, a
blocking step of the azido function was incorporated into the
preparation protocol of the nanoprobe. This blocking step
consists in the saturation of the nanoprobe with the DBCO-
NHS to finally obtain a carboxylic function at the surface of the
nanoprobe. Once the azido function was blocked, the arms now
incorporating a hydrophilic and negatively charged function, no
non-specific interactions were observed anymore (see Figure
S10C), highlighting the specific signal from the active
nanoprobe RGD-QDs and allowing for improving the design
of this nanoprobe.

Figure 4 shows the specific targeting of the @, f; integrins in
both kinds of cellular lines (CT26 and NIH/3T3, carcinogenic
and control cell lines, respectively) after 1 h of incubation with
the nanoprobe at 4 °C, following the optimized protocol
described in the Materials and Methods section. The a,f;
integrin membrane receptor is overexpressed in the case of
tumor cells, and consequently, a higher fluorescent emission
signal is observed. As it is mentioned before, following this
protocol, the nonspecific interactions from the polymer or the

control peptide (RAD) with cell membrane are minimized. An
active specific in vitro targeting is thus demonstrated, allowing
us to pass to the in vivo study of the nanoprobe.

3.3.3. In Vivo Tumor Targeting. After the in vitro tests, we
then tested the in vivo stealthiness of the nanoprobes which is
an essential feature for potential tumor targeting. For such
purpose, the tumor imaging capacity of QDs capped with the
proposed surface chemistry was evaluated in a CT26 cancer
mouse model. Three different NIR-emitting QD samples were
prepared, namely nonfunctionalized P(SPP-N;-4VIM)-, RGD-,
and RAD-QDs. As mentioned before, based on our
observations on cultured cells, residual N; functions were
capped with DBCO—COOH linkers to reduce nonspecific
interactions due to surface N3 moieties. QDs were injected in
the mouse tail vein. Fluorescence signals from normal tissue
regions displayed exponential decays on the order of 120 + 15
min (Figure S11), which we attribute to prolonged circulation
of QDs in the blood stream. They finally accumulated in the
liver because of normal capture by macrophages. The kinetics
of liver uptake is recorded and is on the order of a few hours
(Figure S12), which is consistent with the complementary
observed circulation time in blood. This circulation time is
considerably longer than for commercially available QDs, which
are captured in a few minutes postinjection,u_14 thanks to the
very low nonspecific interactions of our QDs with proteins and
cell membranes. This stealthiness feature of such nanoprobes is
mandatory for further targeting studies and is therefore fulfilled
by the developed QDs. We also note that the total whole-body
fluorescence signal remained constant for a few days (Figure
S13), which demonstrates the high chemical stability of these
QDs in vivo. However, these results show a limited excretion of
the nanoprobes that are preferentially accumulated in the liver,
attributable to the capture by macrophages. This does not
represent a strong limitation in the framework of applications in
small animal models. Translating these probes to the clinical
field would however require faster clearance of these nanop-
robes.

Tumor uptake of RGD-functionalized QDs was visible
initially, starting from S min postinjection and slowly decreased
in the following hours and days (Figure S). However, no
significant differences in tumor uptake were observed between
RGD-, RAD-, and nonfunctionalized-QDs. This suggests that,
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in this model, passive uptake is the main route by which QDs
enter the tumor. This is also consistent with the observation
that CT26 tumors grow fast and form leaky vessels prone to
enhanced permeation and retention (EPR) effects.””*>** This
underscores the complexity of in vivo active tumor targeting:
despite the demonstration of effective and specific in vitro
recognition of the overexpressed a,f; integrin by RGD-QDs
and the prolonged circulation of these QDs in the blood
stream, active RGD/integrin recognition was overwhelmed by
the strong passive tumor accumulation in vivo. This
accumulation is attributable to a strong EPR effect in this
highly vascularized tumor model, in agreement with other
studies on CT26 tumors using different nanosystems.”> Many
physiological parameters may influence the active uptake of
targeted nanoparticles into a solid tumor, including vasculariza-
tion, blood vessel integrity, tumor microenvironment, etc. This
stresses the importance of carefully designed control experi-
ments to characterize active in vivo tumor targeting.

4. CONCLUSIONS

We have synthesized a novel clickable zwitterionic-imidazole
block copolymer for the functionalization of visible and NIR-
emitting QDs. We demonstrated the excellent stability and
antifouling behavior of these probes, as well as easy bio-
orthogonal conjugation to small molecules or peptides. In
addition, we have shown the potential of CE for the

characterization of NP—biomolecule interactions, mimicking
physiological conditions and allowing differentiation between
weak and strong interactions. RGD-functionalized QDs can
actively label tumor cells overexpressing @, f;-integrin in vitro.
For the first time, the in vivo blood circulation kinetics and
tumor accumulation of sulfobetaine polymer-capped NIR-QDs
were evaluated in mice. These QDs exhibit prolonged
circulation in the blood stream and enable efficient fluorescence
detection. Passive tumor labeling due to enhanced permeability
and retention effect but no further specific RGD/integrin
recognition was observed in vivo. These findings stress out the
importance of taking into account angiogenesis and vasculariza-
tion when designing actively targeted probes.

In a context where nanoparticle-based targeted drug delivery
or theranostics into solid tumors is actively pursued, the optical
properties of these QDs, their stability, and easy bioconjugation
offer a novel tool to improve our understanding of in vivo
active targeting. Furthermore, these clickable-zwitterionic
copolymer capped-QDs can constitute a general platform for
the design of original nanoprobes enlarging their applicability
to the whole biomedical field thanks to their low toxicity,
excellent antifouling properties, easy bioconjugation, and
tunable fluorescent emission.
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