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Abstract

A novel chemical-based orthogonal bioconjugation strategy to produce tri-functionalized nanoparticles (NPs) an chemotherapy drug,
doxorubicin (DOX), a near-infrared cyanine dye (Cy7) and CRGDK homing peptide, a peptide specifically binds to neuropilin-1 (Nrp-1)
overexpressed on triple negative breast cancer (TNBC) cells, has been validated. These theranostic NPs have been evaluated in vitro and in
vivo using an orthotopic xenotransplant mouse model using TNBC cells. In vitro assays show that theranostic NPs improve the therapeutic
index in comparison with free DOX. Remarkably, in vivo studies showed preferred location of theranostic NPs in the tumor area reducing the
volume at the same level than free DOX while presenting lower side effects. This multifunctionalized theranostic nanodevice based on
orthogonal conjugation strategies could be a good candidate for the treatment and monitoring of Nrp-1 overexpressing tumors. Moreover,
this versatile nanodevice can be easily adapted to treat and monitor different cancer types by adapting the conjugation strategy.
© 2020 Elsevier Inc. All rights reserved.
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Theranostic nanodevices are capable of both delivering therapy
and tracking disease through imaging. To produce these
nanodevices combining cancer therapy and disease monitoring,
synthetic methods for the effective multifunctionalization of NPs
with a therapeutic cargo together with a ligand for selective
delivery and a fluorophore to allow efficient tracking using
fluorescence based imaging detection have to be developed,
being this issue one of the challenges to produce theranostic
nanodevices.'> Most common approaches used for preparing
theranostic NPs comprise drugs and trackers to be heteroge-
neously encapsulated in the core of the NP while ligands for
targeted delivery are conjugated to the surface of the NP.**
However, the versatility of these systems can be compromised
due to incompatibilities between the conjugation chemistries and
the encapsulation protocols. Consequently, there is still a gap to
improve the loading efficiency of each component of the
theranostic nanodevices. Over the last decade, our group has
developed several strategies for preparing functionalized poly-
meric cross-linked polystyrene NPs, which are then covalently
conjugated to cargoes of different nature (fluorophores, small
drugs, proteins, nucleic acids and their mimics).S’6 The main
benefits of using polystyrene NPs are their robustness and
stability in the biological environment, their lack of cellular
toxicity during long term incubations’ and their compatibility
with standard multistep chemistries, allowing different orthog-
onal conjugation strategies. All of these features allow their easy
entry in a broad range of cell types.”*®*' Remarkably, gene-
expression profiling studies showed that these NPs did not
induce any significant alteration in nanofected cell
transcriptomes.'' Proteomic studies showed that no key
regulators of cell cycle were affected by the internalization of
these NPs (their intracellular localization has been proven).'?
Recently, the development of an efficient nanotechnology
fluorescence-based method to track cell proliferation to avoid
the limitations of current cell-labelling dyes has been reported. '
Additionally, the design of a straightforward strategy to
conjugate drugs via click chemistry to NPs as a novel tool to
study target engagement and/or identification inside living cells
was recently presented.'® All of these properties make these
polymeric NPs promising candidates for cancer theranostic
applications.

Herein, we report a chemical-based orthogonal strategy for
NPs multifunctionalization that opens the door for the design of a
versatile nanodevice that allows the covalent conjugation of a
therapeutic cargo, a ligand and a tracker in a controlled manner.
This strategy allows tuning the ratio between the amount of each
one of the components. This highly controlled strategy increases
the possibilities of developing more effective and reproducible
nanodevices for controlled released at the desired location, with
minimal off-target release that may compromise healthy tissue,
together with monitoring in real time. A significant advantage in
covalently linking therapeutic cargoes to a vehicle system over
conventional encapsulation approaches is the ability to have
better control over loading and drug release. In addition, the
covalent binding of the drug to the nanosystem tackle another
problem faced by current treatments, low water solubility and
leaking from the nanoencapsulation. The presence of a
fluorophore tracker on the theranostic nanoparticle allows

monitoring tumor location, disease evolution and treatment
efficiency. The tri-functionalized NPs carrying doxorubicin
(DOX), near-infrared cyanine dye (Cy7) and a homing peptide
(CRGDK), which can actively recognize the neuropilin-1 (Nrp-1)
receptor (overexpressed in triple negative breast cancer),'® were
evaluated in vitro using triple negative breast cancer cell line
(TNBC, MDA-MB-231) and in vivo using an orthotopic breast
cancer xenotransplant mouse model.

Methods
Preparation of theranostic nanoparticles (HP-Cy7-DOX-NPs (14))

All solvents and chemicals were purchased from Sigma-
Aldrich. Double PEGylated and bifunctionalized NPs (Fmoc-Dde-
NPs, 6) were obtained by using protocols previously described '®
(see S.I.). Next, DOX-NPs (9) were obtained by carboxy
functionalization and hydrazine treatment followed by DOX
conjugation (see S.I.) Then trifunctionalized NPs were generated
by treatment with Fmoc-lysine-Dde(OH) (15 equiv), Fmoc
deprotection and fluorophore conjugation (see S.I.). Finally,
COOH-Cy7-DOX-NPs (13) were activated with oxyma (15
equiv) and DIC (15 equiv) and were functionalized with a solution
of CRGDK homing peptide (see S.1.) in DMF and DIPEA at 25 °C
for 15 hours to obtain (HP-Cy7-DOX-NPs (14)).

Characterization of theranostic nanoparticles

Particle mean size, size distribution and zeta potential of HP-
Cy7-DOX-NPs (14) were determined by dynamic light scatter-
ing (DLS) and were measured on a Zetasizer Nano ZS ZEN 3500
(Malvern Panalytical) (see S.I.). The shape and morphology of
the NPs were observed using transmission electron microscopy
(TEM) and atomic force microscopy (AFM) (Park Systems)
using Xei data acquisition software. The conjugation of the Cy7
fluorophore to the NPs was checked by flow cytometry using
FACSCanto II (Becton Dickinson & Co.) and Flowjo® 10
software for data analysis.

Doxorubicin release profile

Analysis of drug release efficiency was carried out using high
performance liquid chromatography (HPLC) (Agilent 1200
series HPLC system) (see S.I.).

Cell cultures

Cell line was provided by the cell bank of the CIC of the
University of Granada. For this study, we used the triple negative
human breast cancer cell line MDA-MB-231. This cell line was
cultured in DMEM base medium (Gibco) supplemented with 10%
(v/v) fetal bovine serum, 1% L-glutamine and 1% penicillin/
streptomycin in a humidified incubator at 5% CO2 and 37 °C.

Nanofection of MDA-MB-231 cell line

MDA-MB-231 cells were incubated with different ratio cell/
NPs of HP-Cy7-DOX-NPs (14) at the established incubation
times. Aminomethyl NPs calls Naked NPs (1) and DOX-Cy7-
NPs (11) were used as control (at the specific ratio cell/NPs), and
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cells without NPs treatment. After that, it was detached and
washed with PBS 1x. Then, samples were fixed in 2%
paraformaldehyde and analyzed via flow cytometry and confocal
microscopy (see S.I).

Cell viability

The cellular cytotoxicity of NPs was evaluated using
resarzurin assay (see SI).

Orthotopic xenotransplant mouse model

All in vivo experiments were performed in female NOD scid
gamma mice (NSG, NOD.Cg-Prkdescid 112rgtm1Wjl/Sz)) pur-
chased from Charles River (Barcelona, Spain). Animal welfare and
experimental procedures were carried out in accordance with
institutional (Research Ethics Committee of the University of
Granada, Spain) and international standards (European Commu-
nities Council directive 86/609). Orthotopic xenotransplant model
was done as previously reported.'” (see SI).

Statistical analysis

The data are presented as the mean =+ the standard deviation
in the error bars. The sample size (n) indicates the experimental
repeats of a single representative experiment, with 3 being unless
otherwise specified. The results of the experiments were
validated by independent repetitions. Graphs and statistical
difference data were made with GraphPad Prism 6.0 (Graphpad
Software Inc.). Statistical significance was determined using
Student's t-test in paired groups of samples with known median
and 2-way repeated measures ANOVA followed by Bonferroni
test compared to more than two groups of samples. A p-value of
<0.05 was considered significant.

Results

Preparation and characterization of NPs (HP-Cy7-DOX-NPs
(14)) as theranostic probes

A chemical strategy was developed to prepare multifunctiona-
lized polymeric NPs. A monodisperse population of aminomethyl
polystyrene cross-linked NPs were prepared by dispersion
polymerization using a previously reported protocol.'” Size
distribution was determined by DLS showing homogeneous size
and low polydispersity (460 nm with a PDI of 0.042). Zeta
potential value was 81.2 + 0.1 mV. The concentration of NPs
(4 x 10° NP/uL + 1.44 x 10™) was calculated according to the
method developed by our research group (see S.L).'* After
coupling reactions, their efficiencies were monitored by Kaiser
colorimetric test.'” Loading of starting aminomethyl NPs (1)
(54 umol/g) was calculated using the Fmoc test®® following
coupling of Fmoc-Gly-OH amino acid to these NPs (1).

To achieve the efficient covalent functionalization of three
different chemical structures to NPs an orthogonal strategy had
to be designed. Our strategy is based on the fully orthogonality
between Dde and Fmoc protecting groups.?'**

Aminomethyl NPs (1) were thus trifunctionalized as describe
in Figure 1. Firstly, NPs were double PEGylated”* Subsequently,
these NPs were bifunctionalized as previously described then

double PEGylation was again carried out to achieve Fmoc-Dde-
NPs (6) (see S.I.).21 Then, drug conjugation was carried out to
hydrazine functionalized nanoparticle through a pH labile
hydrazone bond obtaining the conjugates DOX-NP (9). Then,
a second Fmoc-Lys(Dde)-OH unit was coupled to the DOX-NPs
(9) to yield trifunctional NPs (10). Then, a near infrared cyanine
fluorophore (Cy7, Aexe = 750 nm, Ao, = 773 nm) was conjugat-
ed using its NHS derivative to give rise to the COOH-Cy7-DOX-
NPs (13), which can be tracked in vivo. Finally, CRGDK peptide
was coupled to NPs via chemoselective conjugation. In order to do
so, the N-terminal end of the CRGDK peptide was modified with an
aminooxy acetyl group (see S.I.), which allows immobilization of
the peptide to the COOH-Cy7-DOX-NPs (13), through the
formation of an N-alkoxyamide bond following activation of the
carboxylic group of the NPs with oxyma/DIC to obtain the final HP-
Cy7-DOX-NPs (14). Control NPs without conjugation of CRGDK
for targeted delivery were prepared (Cy7-DOX-NPs (11) (see SI).

Size distributions of the NPs were controlled after each key
conjugation step by DLS (Figure 2, A, Figure S10). It can be
observed that this multifunctionalization strategy did not affect
the NP size. These results confirm that trifunctionalized NPs
were stable and aggregation did not occur. These DLS size
results were corroborated by TEM analysis (Figure 2, B) and by
AFM (Figure 2, C).

Figure 2, A shows the zeta potential values in aqueous
environments at pH 7.4 which shown negative values of HP-
Cy7-DOX-NP (14). These results also confirm the ability of zeta
potential measurements to monitor the success of the chemical
modifications of NPs.**

In order to measure the labelling level of the theranostic
nanoparticles, HP-Cy7-DOX-NPs (14) was analyzed by flow
cytometry, confocal microscopy (Figure 2 D-E) and UV spectros-
copy (Figure S1). The conjugation efficiency was 74.1%. Taking into
account the number of NPs used in this assay (5.2 x 107 NPs/uL), we
can estimate a final concentration of 9.5 x 10~ nmol of Cy7/NP
that correspond to 5.7 x 107 molecules of Cy7/NP.

The efficiency of conjugation of the CRGDK homing peptide
to the theranostic NPs (HP-Cy7-DOX-NPs (14)) was determined
by measuring the initial and final peptide concentration in the
reaction vessel by BCA test.”” The absorbance values obtained
at 562 nm were translated into concentration using a standard
calibration curve (Figure S2). The obtained results show a
conjugation efficiency of 80.7%. Taking into account the
number of NPs used (1.83 x 108 NPs/uL), we can estimate a
final concentration of 8 x 107 nmol of CRGDK /NP that
correspond to a density of 5.23 x 107 CRGDK molecules / NP.

In order to evaluate the conjugation efficiency of DOX to
theranostic NPs (HP-Cy7-DOX-NPs (14)) the unconjugated drug
which remains in the supernatant of the reaction was measured by
UV spectroscopy. A calibration curve, with lineal ratio between the
optic density of DOX and its concentration, was previously
performed (Figure S3). The conjugation efficiency was calculated
to be 72%. As the number of NPs used in this assay were 5.2 x 107
NPs/uL, we can estimate a final concentration of 1.4 x 107® nmol
DOX per NP that correspond to 8.4 x 107 molecules of drug per
NP. It is remarkable the fact that the final amount of each
component is in the same range (107 molecules per nanoparticle) to
achieve each of the specific functions of this nanosystem.
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(ii) 20% piperidine, DMF, 3 x 20 min; (iii) Fmoc-Lys (Dde) -OH, oxyma (15 equiv), oxyma (15 equiv), DIC
(15 equiv), DMF. 2 h, 60 °C; (iv) Hydroxylamine HCI, Imidazole, NMP, 2x | h, 25 °C; (v) Succinic
anhydride (15 equiv), DIPEA (15 equiv), 2 h., 60 °C; (vi) Activation COOH group with oxyma (15 cquiv),
DIC (15 equiv), 2 h, 25 °C; (vii) hydrazine, 55% v/v (15 equiv), 15 h, 25 °C; (viii) DOX, PBS pH 6, 15 h, 25
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Figure 1. General scheme of synthesis of theranostic nanoparticles (HP-Cy7-DOX-NPs (14)).
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A)
NPs Diameter Mean PDI Zeta potencial
(nm) (mV)

Amino methyl NP (1) 460+0.4 0.042 81.2+0.2
Fmoc-Dde-NP(6) 462.3+1.0 0.1 -37,8 £0.62
Hydrazine NP (8) 463.3+1.6 0.085 31.4+0.3
DOX-Cy7-NP (11) 466 0.7 0.013 -17+1.4
DOX-HP-Cy7-NP (14) 462.8+1.2 0.015 -18.6+0.6
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Figure 2. Physicochemical characterization of theranostic NPs (HP-Cy7-DOX-NPs (14)). A) Table with particle size distribution (nm) and zeta potential; B)
TEM; C) AFM; D) Confocal microscopy, Scale bar, 10 pm; E) Representative overlay dot plot obtained after flow cytometry analysis of naked NPs (1) (blue)
and HP-Cy7-DOX-NPs (14) (green); F) Cumulative DOX release. The results have been expressed with the values of the mean + SEM.

The efficiency of DOX release from HP-Cy7-DOX-NPs (14)
was determined by performing UV spectroscopy of the buffers in
which HP-Cy7-DOX-NPs (14) were incubated and using a HPLC
system (Figure S4 and Figure S11). HP-Cy7-DOX-NPs (14) where
incubated at pH 5.2 (phosphate buffer) at which pH sensitive
hydrazone bonds are reversible cleaved. A significant drug release
of 44% =+ 0.1 after 24 hours of incubation at pH 5.2 was observed.
Then, a sustained release occurs up to 168 hours incubation,
achieving a maximum release value of 73%. In contrast, there is no
significant loss of DOX conjugated to NPs when incubation is
carried out in 7.4 pH PBS (Figure 2, F). Consequently, an efficient
and selective drug release at acidic pH has been achieved.

Cellular uptake of theranostic nanoparticles is due to a
receptor-mediated binding mechanism

To initially investigate the effect of conjugation of the different
bioactive cargoes on cellular uptake, these theranostic NPs (HP-
Cy7-DOX-NPs (14)) were evaluated using a triple negative breast
cancer cells (TNBC, MDA-MB-231) that are characterized by

rapid grow rate and to be remarkable aggressive and metastatic.
These cells are thus a perfect candidate to evaluate these theranostic
nanodevices for two reasons: (i) they overexpress Nrp-1, which is
the targets of the CRGDK homing peptide*® and, (ii) DOX is a
drug of choice for the treatment of triple negative breast cancer. 2

Several assays were carried out to determine the number of
HP-Cy7-DOX-NPs (14) required to achieve an efficient uptake
by flow cytometry analysis. As a first approach, a range of
concentrations of NPs from 50 to 20,000 NPs/cells were
evaluated following 24 h of incubation. Then, cells were
detached, fixed and analyzed by flow cytometry. Untreated
cells and cell treated with Naked NPs (1) and NPs without
CRGDK, Cy7-DOX-NP (11) were used as controls. Figure 3
shows results obtained by flow cytometry. It can be observed that
uptake of theranostic NPs (HP-Cy7-DOX-NPs (14)) is very
efficient and concentration dependent (Figure 3, A and B). Efficient
uptake was corroborated by confocal microscopy (Figure 3, F). It
is interesting to highlight the lower internalization of HP-Cy7-
DOX-NPs (14) compared to Cy7-DOX-NP (11). Additionally,
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Figure 3. Evaluation of cellular uptake of theranostic NPs (HP-Cy7-DOX-NPs (14)) and control NPs without homing peptide (Cy7-DOX-NPs (11)) in the MDA
MB 231 cell line. Analysis of cellular uptake versus NPs concentration at 24 hours (A) % cells containing NPs and (B)) B) Analysis of cellular uptake versus
time by AMFI C) Bar representation to compare nanofection cellular between NPs 14 and 11 at different times; D) Bar representation to compare AMFI between
NPs 14 and 11 at different times. Statistical significance was determined by 2-way repeated measures ANOVA followed by Bonferroni test, n = 6, (*P <0.05,
##k% P <().0001. The results have been expressed with the values of the mean + SEM; E) Competitive binding assay with CRGDK homing peptide; F) Confocal
microscopy of the cellular uptake behavior of theranostic NPs (HP-Cy7-DOX-NPs (14)).
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Figure 4. Evaluation of theranostic NPs (HP-Cy7-DOX-NPs (14)) as targeted drug delivery by the CRGDK homing peptide in the MDA MB 231 cell line. A)
Half maximal inhibitory concentration (ICso) (nM); B) Cytotoxic effect on cell viability when added 500 nM of theranostic NPs (14)) compared to control NPs
((1)) and free DOX (500 nM). The results have been expressed with the values of the mean + SEM.

when the mean fluorescence intensity is analyzed (Figure 3, B), we
can observe that nanofection keep increasing until cell saturation is
reached (when 10,000 NPs are added per cell).

To evaluate the influence of the incubation time on the
internalization, HP-Cy7-DOX-NPs (14) were compared with Cy7-
DOX-NPs (11) (without ligand) for selective release during a
period of 72 hours, at different time intervals (3, 6, 24, 48 and 72
hours), using 5000 NPs/cell. As we can see in Figure 3, C and D,
after 3 hours of incubation, maximum nanofection was achieved,
with a clear difference between both types of NPs, with Cy7-DOX-
NPs (11) reaching 75% of the nanofection compared to 15% of the
HP-Cy7-DOX-NPs (14). These results corroborate the nonspecific
entry of NPs in absence of CRGDK.

Although the data reported so far could suggest a selective
uptake of these theranostic NPs (HP-Cy7-DOX-NPs (14)) due to
specific cell targeting, we also proceed with a deeper study that
could provide more relevant information. Hence, the specificity of
the cellular uptake was further investigated by competitive binding
experiments with free CRGDK homing peptide. Cells were
preincubated with CRDGK for 6 hours and afterwards treated with
HP-Cy7-DOX-NPs (14) and Cy7-DOX-NPs (11) for 15 hours.
Cell binding sites were effectively blocked by the free homing
peptide, reducing significantly the uptake of the theranostic NPs
(HP-Cy7-DOX-NPs (14)) (Figure 3, E). Furthermore, uptake
levels of tested Cy7-DOX-NPs (11) remained consistent despite
free homing peptide treatment. These data also support the
specific and receptor-mediated binding mechanism of HP-Cy7-
DOX-NPs (14) and its significantly enhanced targeting activity
with Nrp-1 overexpressing cancer cells.

Theranostic NPs increase in vitro therapeutic efficacy of
doxorubicin in triple negative breast cancer cells

The cytotoxic effect of DOX conjugated to theranostic NPs
(HP-Cy7-DOX-NPs (14)) was evaluated by measuring the cell-
mediated reduction of sodium resarzurin, a standard colorimetric
and quantitative method that determines the cell viability on

MDA-MB-231 cells.?® Half maximal inhibitory concentration
(ICsp) was determined and compared with cell incubation with
free DOX. A range of different NPs concentrations were
incubated for 96 hours with MDA-MB-231 cells. ICs, value
for theranostic NPs (HP-Cy7-DOX-NPs (14)) was calculated to
be 41 nM (Figure 4, A), which correspond to 2250 NPs/cell
(Figure S5, B). As previously reported, free DOX completely
inhibited cell growth at 1000 nM, having an ICs of 120 nM in
MDA MB 231 cells (Figure S5, A). These values indicated that
DOX conjugated to the NPs reduced the ICs, value with respect
to free DOX. As result, this nanosytem offers a three-fold
reduction of the amount of DOX required to have the same effect
than free DOX in tumor cells. These finding demonstrate that
HP-Cy7-DOX-NPs (14) could effectively target tumor cells
overexpressing Nrp-1 receptors and subsequently enhance the
tumor selective therapeutic effect of DOX.

Finally, the ICq( of HP-Cy7-DOX-NPs (14) against MDA-MB-
231 cells was determined. The value of ICyy was 500 nM that
correspond to 20,000 NPs/Cell. It was observed that the reduction
of cell viability was enhanced by using HP-Cy7-DOX-NPs (14)
when compared to free DOX (Figure 4, B). Cell viability was
reduced from 26% to 15% by using NPs. It is important to remark
that the Naked NPs (1) without DOX have not effect on the cell
viability of the MDA MB 231 cell line (Figure 4, B).

Theranostic NPs have in vivo targeted therapeutic efficiency
against triple negative breast cancer avoiding side effects of
doxorubicin and tracking treatment response in real time

To investigate in vivo therapeutic and tracking efficiency of
these theranostic NPs (HP-Cy7-DOX-NPs (14)), comparative
efficacy studies were carried out. An orthotopic xenotransplant
of the triple-negative human breast cancer cell line MDA-
MB231 was performed in immunosuppressed female NSG mice.
The mice (5 per group) were divided into 3 groups and treated in
accordance with the protocol approved by the Institutional
Committee for Animal Care and Use (IACUC) of the University
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Figure 5. In vivo evaluation of therapeutic efficacy of intravenous administration of theranostic NPs (HP-Cy7-DOX-NPs (14)) in comparison with free DOX and
PBS in NSG mice with tumors induced in the breast by inoculation of MDA-MB-231 cells in matrigel. A) Representation of relative change of tumor volume
(mm3) over time of each group of mice during 43 days of treatment. Each point and vertical line represent the mean = SEM (n = 5 per group). Statistically
significant differences between PBS and free DOX treated groups *P < 0.05; **P < 0.01; and PBS vs. HP-Cy7-DOX-NPs *P < 0.05; *P < 0.01 on the same
day after treatment (2-way repeated measures ANOVA followed by Bonferroni test). B) Images of orthotopic tumors in the breast of untreated mice (top image)
and those treated with trifunctionalized NPs (bottom image) where a lower tumor volume is observed. C) In vivo fluorescence analysis (IVIS) of nanoparticle

detection compared to negative controls in mice and isolated tumors.

of Granada and the Andalusian Regional Government in
accordance with the European Directive for the protection of
animals used for scientific purposes (2010/63/EU) and the
Spanish law (Royal Decree 53/2013) (see SI). The treatment with
PBS, free DOX and theranostic NPs (HP-Cy7-DOX-NPs (14))
was administered during 43 days, considering time zero when
the tumor reached a size of 100 mm?>. Periodic intravenous
administrations were done to each group of mice every 3 days.
Figure 5 represents the changes in the relative tumor volume as a
function of the treatment time. Mice treated with free DOX
showed a significant tumor growth inhibition after 3 weeks. This

therapeutic effect was evident for theranostic NPs after 28 days,
where a decrease in tumor volume was observed arriving on day 43
to be similar to mice treated with free DOX (Figure 5, A and B).
These results show that HP-Cy7-DOX-NPs (14) have a clear
therapeutic effect similar to that of free DOX. Remarkably,
fluorescence intensity analysis by IVIS showed that the trifunctio-
nalized NPs (HP-Cy7-DOX-NPs (14)) were effectively tracked
in vivo thanks to the conjugation of the fluorophore onto the
nanoparticle and selectively accumulated in the mammary tumor
mass and not in the rest of organs thanks to the functionalization
with the CRGDK homing peptide (Figure 5, C).
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Figure 6. Evaluation of the toxicity of the theranostic nanosystem. A) Kaplan—-Meier survival curve B) Comparative study of external signs of toxicity in mice
treated with free DOX and theranostic NPs. C) Analysis of weight variation during treatment. Each point and vertical line represent the mean + SEM (n = 5 per
group). D) Analysis of activity based on the movement capacity (24 hours) of the treated mice versus control mice without treatment. Statistically significant
differences between PBS and free DOX treated groups **P < 0.01; and HP-Cy7-DOX-NPs vs. Free DOX "P < 0.05 (2-way repeated measures ANOVA

followed by Bonferroni test).

Histological analysis of orthotopic xenograft tumor tissues
further confirmed the therapeutic efficacy of HP-Cy7-DOX-NPs
(14). As shown in Figure S6, xenograft tumors of the control group
were composed of tightly packed and proliferative tumor cells
(Figure S6, A). However, in xenograft tumors from treatment
groups, the cellularity was significantly decreased, with typical
apoptotic features such as small nuclear fragments surrounded by a
rim of clear cytoplasm were observed more frequently in theranostic
NPs-treated than DOX-treated tumors (Figure S6, B and C).

These in vivo findings demonstrate the efficient targeted
delivery and enhanced therapeutic activity of these theranostic
NPs in Nrp-1 overexpressing triple negative breast cancer tumors.
Previously, CRGDK peptide-functionalized nanomedicines were
also reported to afford good targetability to MDA-MB-231 cells in
vitro and in vivo.?*°

Additionally, a series of experiments were carried out to
monitor the in vivo toxicity of the treatment. First, a comparative
analysis of the survival of mice treated with the theranostic
nanoparticles (HP-Cy7-DOX-NPs (14)) versus mice treated with
free DOX and untreated control mice (PBS) was carried out
during the treatment period (43 days). In Figure 6, A it can be
observed as the percentage of survival during the treatment
period was 100% for both the mice treated with NPs and those
that control group. However, treatment with DOX caused a high
impact on survival. After 30 days of treatment there was a drastic
decrease in the percentage of survival (30%). This effect could be
attributed to the inherent systemic toxicity of this antitumor
drug31 and to the serious side effects of this conventional
chemotherapy treatment. Indeed, an analysis of the physical
appearance of the treated mice corroborates this result. Figure 6,
B shows a representative image of a mouse treated with free
DOX where evident external signs of toxicity are observed in
comparison with a mouse form the group treated with theranostic
nanoparticles (HP-Cy7-DOX-NPs (14)). The main external side
effects observed in mice treated with free DOX were weight loss,

piloerection, behavior disorders and damaged tail, among others.
The most striking side effect was the high cutaneous toxicity
produced in the tail of the mice treated with DOX (Figure 6, B,
top image). Also, a significant weight reduction was found in
mice treated with free DOX in comparison to weight in both
control untreated or theranostic NPs-treated mice (Figure 6, C).
Additionally, to observe the toxic effect of the treatment at the
level of the central nervous system, a standardized protocol to
test movement was carried out at day 30 in a cage with a camera
prepared for this purpose. This camera analyzes the distance
traveled by the mouse during 24 hours. Treatment with HP-Cy7-
DOX-NPs (14) did not affect the motor activity being
comparable to that of the untreated mice; however, free DOX
caused a significant decrease of mice mobility (Figure 6, C). In
metastatic breast cancer, DOX treatment has several adverse
effects including cardiotoxicity, skin and hematological toxic-
ities due to lack of selectivity, which subsequent provoke the
therapeutic failure.®” .Our results suggest that DOX loaded to
theranostic NPs significantly avoids important side effects.

Discussion

In this study, we reported for the first time a successfully
developed theranostic nanodevice based on orthogonal conju-
gation strategies for the multifunctionalization of polymeric NPs.
Theranostic NPs (HP-Cy7-DOX-NPs (14)) containing controlled
amount of each one of the components has been successfully
prepared. A selective receptor-mediated release of DOX has
been successfully achieved in TNBC cells overexpressing Nrp-1
by CRGDK peptide conjugation.

We used an orthogonal strategy to achieve the efficient
covalent tri-functionalization of NPs. This included PEGylation
to increase the half-life of the circulating NPs and to reduce the
unfavorable interactions between the different molecules
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conjugated to the NPs, but also to evade opsonization and
subsequent phagocytosis.23 Moreover, DOX was bound to the
NPs through a pH labile hydrazone bond to allow the release of
DOX via the pH sensitive hydrazine linker in a sustained manner
in both tumor cells (lysosomes: pH 4-5, endosomes: pH 5-6)
and tumor microenvironments (pH 6.5-7.2), which present lower
pH values due to hypoxia if compared with that in bloodstream
(pH 7.4).% The sustained drug release of HP-Cy7-DOX-NPs
(14) up to 168 h at pH 5.2 suggests that in acidic tissues such as
tumoral tissues could be a very beneficial feature to prolong and
improve the therapeutic efficacy of NPs and validates the drug
release strategy selected for this study.

In addition, CRGDK (Cys-Arg-Gly-Aps-Lys) homing pep-
tide was coupled the NPs via chemoselective conjugation to
target TNBC cells overexpressing Nrp-1. This transmembrane
receptor glycoprotein is involved in nervous system develop-
ment and angiogenesis and, also, is overexpressed on the surface
of a wide variety of tumors and it has a crucial role in TNBC
tumorigenesis and metastasis. Nrp-1 is a useful targeting site for
tumor-specific drug delivery and selective anti breast cancer
strategies.34 In fact, CRGDK-mediated targeting has been
widely demonstrated to be able to increase the affinity for
tumor cells and facilitate the drug-loaded NPs to efficiently enter
the cells through ligand-receptor mediated endocytosis.>> >’ Our
in vitro results showed the nonspecific entry of NPs in absence of
the homing peptide and after the selective blockage of receptor,
supporting the specific and receptor-mediated binding mecha-
nism of HP-Cy7-DOX-NPs (14) and its significantly enhanced
targeting activity with Nrp-1 overexpressing cancer cells.
Moreover, cytotoxicity assays showed three-fold reduction of
the amount of DOX required to have the same effect than soluble
DOX in MDA-MB-231 cells, which indicate the ability of our
targeted theranostic nanosystem to increase the antitumor
potency of DOX.

In agreement with these results, CRGDK peptide-
functionalized nanomedicines were also reported to afford good
targetability to MDA-MB-231 TNBC cells in vitro and in vivo.
2930 Nowadays, several reports have demonstrated that attaching
this peptide to different types of NPs, they are capable of
specifically recognize the Nrp-1 receptor and increase the in vivo
cytotoxic effect of vehiculized drugs.?>%*°

To investigate the in vivo therapeutic and tracking efficiency
of these theranostic NPs (HP-Cy7- DOX-NPs (14)), compar-
ative efficacy studies were carried out. An orthotopic
xenotransplant of the MDA-MB231 TNBC cell line was
performed in immunosuppressed female NSG mice while not
appreciable side effects were observed. These in vivo
experiments demonstrate the efficient targeted delivery and
enhanced therapeutic activity of these theranostic NPs in Nrp-1
overexpressing TNBC tumors. Remarkably, in vivo fluores-
cence tracking analysis showed the preferable location of
theranostic NPs in the tumor area reducing the volume in a
similar grade than free DOX. The choice of a near infrared
tracker (Cy7 fluorophore) allowed and efficient monitoring by
fluorescence analysis with low background and high signal-to-
noise ratio. These properties make near infrared fluorescent
dyes of great interest for bioimaging applications.*' A
comparative analysis of the survival of mice treated with the

theranostic nanoparticles (HP-Cy7-DOX-NPs (14)) versus
mice treated with free DOX and untreated control mice (PBS)
was carried out during the treatment period, showing lower
survival rates for free DOX (30%) than those treated with
theranostic NPs (100%). The effect of free DOX could be
attributed to the inherent systemic toxicity of this antitumor
drug®' and to the serious side effects of this conventional
chemotherapy treatment. Indeed, an analysis of the physical
appearance of the treated mice corroborates this result. In
metastatic breast cancer, DOX treatment has several adverse
effects including cardiotoxicity, skin and hematological
toxicities due to lack of selectivity, which subsequent provoke
the therapeutic failure.*> Our results suggest that DOX loaded
to theranostic NPs significantly avoids important side effects.

In summary, we reported for the first time a successfully
developed theranostic nanodevice based on orthogonal conju-
gation strategies for the multifunctionalization of polymeric NPs.
Theranostic NPs (HP-Cy7-DOX-NPs (14)) containing controlled
amount of each one of the components has been successfully
prepared. Remarkably, near infrared fluorescent labeling (Cy7
tracker) allows efficient in vivo tracking of the nanodevice. In
addition, this mutifunctionalized theranostic platform is a potent
candidate for the treatment of Nrp-1 overexpressing tumors and
it is also a good system to avoid the adverse effects associated
with traditional chemotherapy.

It is important to note that several modifications can be made
in this novel nanosystem that broaden the range of applications
of this prototype such as binding of different drugs, alternative
use of other tracker molecules depending on the detection
technique used and conjugation of other specific peptide
sequences for different tumors and even for different patholog-
ical areas. In the near future, further studies will be carried out to
evaluate the versatility of this theranostic nanodevice.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nan0.2019.102120.
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