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ated harmonic nanoparticles
targeting fibroblast activation protein†
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Davide Staedler d and Sandrine Gerber-Lemaire *a

The recent progress in the engineering of nanosized inorganic materials presenting tailored physical

properties and reactive surface for post-functionalization has opened promising avenues for the use of

nanoparticles (NPs) in diagnosis and therapeutic intervention. Surface decoration of metal oxide NPs

with ligands modulating circulation time, cellular uptake, affinity and extravasation through active

targeting led to efficient cancer specific bioimaging probes. The most relevant cancer biomarkers

studied so far include surface and transmembrane cancer cell receptors. More recently, tumor

microenvironments and more specifically the fibroblastic element of the tumor stroma have emerged as

a valuable target for diagnosis and treatment of several types of cancers. In this study, a low molecular

weight ligand targeting fibroblast activation protein a (FAP), which is specifically expressed by activated

fibroblasts of the tumor stroma, was synthesized. This ligand demonstrated nanomolar inhibition of FAP

with high selectivity with respect to prolyl oligopeptidase (PREP) and dipeptidyl peptidase (DPP) IV, as

well as good biocompatibility toward a human lung tissue model. Bismuth ferrite (BFO) harmonic

nanoparticles (HNPs) conjugated to this ligand showed target-specific association to FAP as

demonstrated by reverse ELISA-type assay using Human Fibroblast Activation Protein alpha/FAP Alexa

Fluor® 594-conjugated Antibody and multiphoton multispectral microscopy experiments. These

functionalized HNPs may provide new nanocarriers to explore the role of FAP in tumorigenesis and to

target the fibroblastic component of the tumor microenvironment.
Introduction

The ability to produce inorganic and organic nanoparticles (NPs)
of tunable size and composition, combined with their high agent
loading capacity and surface properties suitable for tailored
chemical modications, have generated high expectations that
nanomaterials could provide unprecedented diagnosis and ther-
apeutic tools.1 In particular, inorganic nanostructures appear as
highly promising candidates for cancer diagnosis and therapy due
to their intrinsic optical and physical properties, as well as their
capacity to be transformed into multifunctional platforms for the
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co-delivery of multiple payloads.2 In addition, the opportunity to
activate modalities (e.g. photothermal and photodynamic effects)
can enhance and complement the chemotherapeutic effects.3

Major achievements in the eld were reported with silica-based
nanocarriers,4–7 magnetic NPs,8,9 gold nanocomposites10–15 and
quantum dots.16 While conventional chemotherapies are generally
poorly selective toward specic tissues, cells and intracellular
compartments, inorganic NPs benet from specic uptake by
macrophages of the reticuloendothelial system or from the
enhanced permeability and retention (EPR) effect.17 Substantial
advances in the design of NP-based delivery systems was achieved
by the introduction of targeting ligands at the surface of the
nanocarriers to promote specic interaction with cancer cell
biomarkers such as prostate specic membrane antigen, folate
receptor, vascular endothelial growth factor receptors, avb3 integ-
rin and epithelial growth factor receptors.18,19 However, addressing
malignant tumor cells only remains ineffective for several types of
cancer. Evidence has accumulated that the microenvironment of
a given tumor plays a crucial role in its progression,metastasis and
response to chemotherapeutic intervention. In particular, the
broblastic element of the tumor stroma, which is predominantly
characterized by the abundance of activated broblasts oen
designated as cancer-associated broblasts (CAFs), appears as
a promising target for both cancer diagnosis and treatment,20,21
RSC Adv., 2019, 9, 31659–31669 | 31659
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including the development of targeted nanotheranostic
systems.22,23 The tumor-stroma symbiotic cross-talk was even
proposed as a new cancer hallmark by Sverdlov in 2018.24 A specic
characteristic of CAFs is the expression of broblast activation
protein a (FAP), a transmembrane protease which is not found in
normal, healthy adult tissues, except in granulation tissue of
healing wounds.25–27 However, the mechanisms underlying the
physiological and pathological functions of FAP are not fully
elucidated.28 The development of NP-based diagnostic and delivery
systems targeting the proteolytic activity of FAP could contribute
both to a better understanding of the role of FAP activity in
modulating tumor behavior and to develop new anticancer treat-
ments acting against the cancer-stroma symbiotic interactions.29,30

Recently, harmonic nanoparticles (HNPs), which are based
on non-centrosymmetric metal oxide nanocrystals, have
emerged as promising nanomaterials for bioimaging applica-
tions31 due to several favorable properties,32–34 including their
efficient nonlinear response to excitation from the UV to mid-
IR,35 their long-term photostability under pulsed laser irradia-
tion and their spectrally narrow emission signal.36 Upon
screening of different types of HNPs, bismuth ferrite (BiFeO3,
BFO) HNPs demonstrated very high second harmonic effi-
ciency37,38 as well as excellent in vitro cell compatibility aer
surface modication with poly(ethylene glycol) (PEG) derived
coatings.39 These properties were exploited in various bio-
imaging applications, including stem cell tracking in tissue
depth40 exploiting multi-harmonic detection41 and in vitro lung
cancer cells imaging.42 Other applications of BFO HNPs include
contrast enhancement in magnetic resonance imaging and
computed tomography,43 and synergistic photothermal–photo-
dynamic combination for solid tumor ablation.44

Herein, we present the design and production of BFO-based
imaging HNPs targeting the broblastic elements of cancer
tumor stroma by covalent conjugation at the surface of PEG-
coated BFO NPs of a low molecular weight ligand containing
a highly selective inhibitor of FAP. First, we synthesized
a selective low nanomolar inhibitor of FAP containing cyano-
pyrrolidine and quinolinoyl subunits, as suggested by the SAR
study reported by Jansen et al.45 Further derivatization of this
inhibitor with a 4-dibenzocyclooctyne (DIBO) moiety provided
a targeting ligand for conjugation at the surface of coated BFO
HNPs through copper-free azide–alkyne [3 + 2] cycloaddition
(click reaction). Then, the resulting functionalized NPs were
assessed for their association with human recombinant (hr)
FAP, in the presence of a uorescently labelled anti-FAP anti-
body, by co-localization of the second harmonic signal of the
HNPs with the uorescent signal from the antibody. This work
enlarges the panel of multifunctional inorganic nanoparticles
for cancer imaging by targeting the broblastic components of
the tumor stroma rather thanmalignant tumor cell biomarkers.

Results and discussion
Preparation of FAP inhibitor and targeting ligand for
conjugation to BFO HNPs

Among the family of human prolyl-specic proteases, FAP
presents the unique property to display both endo- and
31660 | RSC Adv., 2019, 9, 31659–31669
exoproteolytic activities, while other closely related proteases
are exclusively exopeptidases, such as amino-dipeptidyl
peptidase (DPP) IV, or exclusively endopeptidases such as
prolyl oligopeptidase (PREP).25 FAP, which is specically
associated to CAFs and stromal cells appears as a promising
target for anti-cancer therapy. Due to its adhesive properties,
DPP IV might also favor cancer progression. However, there is
no evidence for the efficacy of inhibiting DPP IV in tumor
growth reduction.46,47 The abnormal activity of PREP was
linked to neurological disorders in mammals. This enzyme
was thus identied as a potential target in neurodegenerative
disorders such as amnesia, Alzheimer's disease and depres-
sion.48,49 In view of the similar hydrolytic mechanisms and
kinetics characteristics of these three prolylpeptidases, the
design of selective inhibitors is key to the development of
therapeutic approaches based on their inhibition, to avoid
undesired off-target activities. Importantly, N-acyl-Gly-Pro
derived motifs were identied as key components to discrim-
inate between FAP and the other prolyl peptidases DPP IV, VII,
VIII, and IX.50 However, until the demonstration by Jansen
et al. that a (4-quinolinoyl)glycyl-2-cyanopyrrolidine motif
could avoid cross-inhibition of both DPPs and PREP,45 most of
reported FAP inhibitors were not entirely specic.51,52 We
investigated the functionalization of the quinoline ring's 6-
position of the (4-quinolinoyl)glycyl-2-cyanopyrrolidine core to
introduce a suitable spacer between the subunit targeting FAP
and the imaging BFO NPs. Based on previous work,42 covalent
conjugation to the surface of PEG-coated BFO NPs should be
performed in (1 : 1) EtOH : H2O medium to ensure efficient
copper-free azide–alkyne [3 + 2] cycloaddition. Therefore,
a PEG3 linker was selected to modulate the polarity of the
targeting ligand and a terminal acrylamide was envisaged for
cross-coupling to the 6-position of the quinoline ring (Scheme
1). Preparation of the 6-bromoquinoline core started from 5-
bromoisatin which was submitted to a Ptzinger reaction53 in
the presence of sodium pyruvate to produce the dicarboxylic
intermediate 2 in 97% yield. Microwave assisted selective
decarboxylation,54 followed by amide formation delivered 6-
bromoquinoline-4-caboxamide (3) in high yield. Condensation
with cyano-proline derivative 4 (synthesis described in ESI S-
3†) afforded intermediate 5 which constitutes the central unit
of the ligand targeting FAP. Introduction of the polar spacer
was achieved by Pd-catalyzed Heck reaction55 in the presence
of the acrylamide derivative 6 (synthesis described in ESI S-5†).
Activation of the terminal alcohol as 4-nitrophenyl carbonate
allowed condensation with the DIBO derivative 8 (synthesis
described in ESI S-8†) under mild conditions to generate
DIBO-PEG3-FAPi (68% yield, 2 steps), ready to be conjugated to
PEG-coated BFO NPs. To evaluate the FAP targeting ability of
this ligand, a similar pathway was applied on compound 9 to
introduce a biotin label in place of the strained cyclooctyne
moiety, affording Biotin-PEG3-FAPi (synthesis described in ESI
S-11†). Introduction of a biotin residue resulted in improved
solubility of the targeting ligand and allowed evaluation of its
inhibitory activity in absence of the sensitive cyclooctyne
subunit.
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis of DIBO-PEG3-FAPi, targeting ligand for conjugation to the surface of imaging NPs. Synthesis of Biotin-PEG3-FAPi for
evaluation of FAP targeting ability.

Table 1 Kinetic characteristics for the inhibition of human recombi-
nant prolyl-oligopeptidases

Compound

hrPREPa hrDPP IVa hrFAPa

IC50 (mM) IC50 (mM) IC50 (mM) Ki (nM)

5 >100 >100 0.03 � 0.005 12 � 1.8
Biotin-PEG3-FAPi >100 >100 0.0092 � 0.0006 3.8 � 0.23

a Enzymes were incubated with increasing concentrations (5, 10, 20, 50
and 100 nM) of compounds 5 and Biotin-PEG3-FAPi, for 30 min at 37 �C.
Then, the residual enzymatic activity was measured aer exposure to 50
mMof the appropriate substrates (Z-Gly-Pro-AMC for hrFAP and hrPREP,
H-Gly-Pro-AMC for hrDPP IV). The half maximal inhibitory
concentrations (IC50) were graphically determined and the inhibition
constants (Ki) were calculated.57
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Evaluation of the inhibitory activity on FAP, DPP IV and PREP

In order to assess the ability of the designed ligand to selectively
target FAP, compounds 5 and Biotin-PEG3-FAPi were assessed
for their inhibitory activity on human recombinant (hr) FAP,
DPP IV and PREP (Table 1). Compound 5 showed potent inhi-
bition of FAP and excellent selectivity with respect to PREP and
DPP IV, which remained unaffected (selectivity index (SI) higher
than 3300). Remarkably, addition of a PEG3 spacer signicantly
increased the potency against FAP as Biotin-PEG3-FAPi reached
IC50 and Ki values of 9.2 and 3.8 nM, respectively. Importantly,
a sharp selectivity with respect to PREP and DPP IV was
observed (SIFAP/DPP IV and SIFAP/PREP higher than 10 000), which
confers to Biotin-PEG3-FAPi a highly favorable affinity/
selectivity prole for the specic targeting of FAP.

In order to verify the compatibility of the targeting ligand in
physiological environment, the effect of Biotin-PEG3-FAPi was
evaluated on a model of human functional lung epithelium
This journal is © The Royal Society of Chemistry 2019
(MucilAir™-HF) based on the co-culture of bronchial cells and
lung broblasts.56 MucilAir™-HF was submitted to repeated
doses of Biotin-PEG3-FAPi, at 10 or 100 mM concentration, over
RSC Adv., 2019, 9, 31659–31669 | 31661
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16 days. The cytotoxicity was measured by dosing Lactate
Dehydrogenase (LDH) released in the culture supernatant at
regular time points (Fig. 1A). At 10 mM concentration (3 basal
applications per week), the targeting ligand did not affect cell
viability in the tissue model. Cytotoxic effect started to be
noticeable at higher doses (100 mM) from day 8. Similarly, the
integrity and functionality of the epithelium, analyzed by trans-
epithelial electrical resistance (TEER) and cilia beat frequency
(CBF) measurements (Fig. 1B and C), were maintained upon
repeated applications of Biotin-PEG3-FAPi, at 10 mM. Damages
to the epithelium were only observed at high doses (100 mM) as
TEER was affected and cilia beat was lost aer day 8. These data
suggest the good compatibility of the designed ligand in
a concentration range which is relevant for labelling and
imaging applications.
Fig. 1 Evaluation of the cytocompatibility of the targeting ligand on
the human lung tissue model MucilAir™-HF. Tissue was exposed to
repeated doses (10 mM or 100 mM) of Biotin-PEG3-FAPi (day 0, 2, 4, 7,
9, 11 and 14) and measurements were made on different days (day 2, 4,
6, 8, 10, 12, 14 and 16). (A) Cytotoxicity was evaluated by dosing LDH in
the culture supernatant. (B) Trans-epithelial electrical resistance (TEER)
measurement. (C) Cilia beat frequency (CBF) measurement. Triton X-
100 was used as positive control; DMSO (1%) was used as negative
control.

31662 | RSC Adv., 2019, 9, 31659–31669
Conjugation of BFO NPs with targeting ligand

As previously established,39 BFO NPs were coated with a 1 : 1
mixture of linear PEG derivatives presenting end amino and
azido groups (for detailed protocol, see ESI S-29†). Resulting
PEGylated NPs were ultrasonicated in the presence of DIBO-
PEG3-FAPi (16 h, 40 �C) allowing covalent conjugation of the
targeting ligand through a 1,2,3-triazole moiety, under mild
conditions (Fig. 2A). Separation from unreacted ligand was
operated by cycles of emulsication in EtOAc followed by
centrifugation, to afford BFO-PEG-FAPi NPs which were char-
acterized for their size and surface charge. Their mean hydro-
dynamic diameter, measured by dynamic light scattering, was
50 � 15 nm (Fig. 2B) and their zeta potential averaged �17.7 �
1.6 mV. Aer coating and post-conjugation with the FAP tar-
geting ligand, the average size of the functionalization layer was
about 8 nm as measured on STEM images (ESI, Fig. S1†). The
FT-IR spectrum of BFO-PEG-FAPi featured the apparition of
bands at 1650 and 1375 cm�1, corresponding to alkene C]C
stretching and triazole C–N stretching (ESI, Fig. S2†). These data
support the conjugation of DIBO-PEG3-FAPi to the surface of
BFO-PEG NPs through a click reaction. According to the prin-
ciples of nanoparticles design for biomedical applications pre-
sented by Blanco et al.,58 the size range and surface charge of
BFO-PEG-FAPi NPs are expected to provide long-lasting systems
in physiological environment.
Association of BFO-PEG-FAPi NPs with FAP

The association of BFO-PEG-FAPi NPs with hrFAP, in compar-
ison with BFO-PEG NPs was evaluated aer incubation for 2 h at
37 �C of the functionalized or coated NPs with hrFAP, in the
presence of an excess of Human Fibroblast Activation Protein
alpha/FAP Alexa Fluor® 594-conjugated Antibody. The samples
were centrifuged to remove the NPs from the supernatant,
which was further analyzed on a uorescence spectrophotom-
eter (lex/lem ¼ 590/645 nm) (Fig. 3). The uorescence intensity
of the solutions containing the anti-FAP antibody with hrFAP at
the same concentrations than the ones used for the incubation
experiments, was taken as reference. The incubation of BFO-
PEG-FAPi NPs with hrFAP resulted in a signicant decrease of
the uorescence intensity compared with the controls and to
BFO-PEG NPs, indicating that the functionalized nanoparticles
associated with FAP via a target-specic interaction.

The association of BFO-PEG-FAPi NPs to FAP was further
analyzed by multiphoton microscopy. Aer incubation of hrFAP
with BFO-PEG NPs or BFO-PEG-FAPi NPs for 2 hours at 37 �C, in
the presence of the labeled anti-FAP antibody, the resulting
conjugates were imaged by detection of the second harmonic
(SH) signal from the NPs and of the uorescent emission from
the antibody, upon laser pulsed excitation at 840 nm (ESI,
Fig. S3†). The ratio of conjugates emitting in both SHG (420 nm)
and uorescence (580–650 nm) channels to all structures
emitting in the SHG channel was calculated in 4 different
regions of each sample and averaged (Fig. 4). The number of
conjugates generating both harmonic and uorescence signals
was signicantly higher in the presence of BFO-PEG-FAPi NPs
than in the presence of BFO-PEG NPs, thus conrming the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) Synthesis scheme of functionalized BFO-PEG-FAPi NPs; (B) dynamic light scattering analyses of functionalized nanoparticles.
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target-specic association of functionalized BFO HNPs with
FAP.

While many of the proteases involved in cancer development
and progression are expressed by both healthy and malignant
cells, FAP holds the unique property to be mostly present at
remodeling stroma in tumors and healing wounds.59 This
remarkable feature makes FAP a highly promising target for
both diagnosis and therapeutic intervention. While several
inhibitors of FAP based on a pyrrolidine-2-boronic acid scaffold
were evaluated as potential anti-cancer drugs, safety concerns
were raised during clinical trials due to the cross inhibition of
other related enzymes.60–62 Having previously disclosed the
efficiency of PEGylated BFO NPs for selective imaging and cell
tracking in tissue samples,40,42 we focused on the design and
synthesis of a targeting ligand which would exhibit selective and
high affinity for FAP while holding a suitable spacer to be
conjugated at the surface of BFO-PEG NPs. Functionalization of
a (4-quinolinoyl)glycyl-2-cyanopyrrolidine core by cross-
coupling on the 6-position of the quinoline ring allowed the
introduction of a small PEG spacer to modulate the polarity of
the ligand for further post-conjugation reaction in EtOH/H2O
medium. Conjugation of this inhibitory scaffold to N-(2-
This journal is © The Royal Society of Chemistry 2019
hydroxypropyl)methacrylamide copolymer was previously used
to vizualize and isolate FAP from cell lysates.63 Interestingly,
derivatization with a PEG spacer delivered Biotin-PEG3-FAPi
which displayed effective binding to FAP (Ki ¼ 3.8 � 0.20 nM),
high specic discrimination between FAP and its closely related
proteases DPP IV and PREP (selectivity indexes above 10 000),
and good biocompatibility with the human 3D tissue model
MucilAir™-HF.56 Combination of a N-acyl-Gly-Pro fragment
with a (4-quinolinoyl)glycyl-2-cyanopyrrolidine moiety and
a polar PEG spacer resulted in sharp specicity toward FAP. In
agreement with our previous report,42 the use of a DIBO moiety
allowed spontaneous azide to alkyne [3 + 2]-cycloaddition at the
surface of PEG-BFO NPs, under mild conditions, for covalent
coupling of the targeting ligand at the surface of the imaging
NPs. While coated NPs did not show any signicant interaction
with FAP, functionalized BFO-PEG-FAPi NPs displayed efficient
and stable association with FAP, assessed both by multiphoton
microscopy and reverse ELISA-type assay using Human Fibro-
blast Activation Protein alpha/FAP Alexa Fluor® 594-conjugated
Antibody. These results suggest the formation of a stable
complex between BFO-PEG-FAPi NPs and FAP despite the
potential reversibility of the covalent bond formation between
RSC Adv., 2019, 9, 31659–31669 | 31663
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Fig. 3 Association of BFO-PEG-FAPi NPs to FAP through target-
specific interactions. HrFAP (FAP, 100 ng) was incubated for 2 h at
37 �Cwith BFO-PEG-FAPiNPs (100 mg mL�1) or BFO-PEGNPs (100 mg
mL�1) in the presence of Human Fibroblast Activation Protein alpha/
FAP Alexa Fluor® 594-conjugated Antibody (anti-FAP) (dilution 1 : 50).
The samples were centrifuged (5 min, 10 000 rpm) and the superna-
tants were transferred into a flat bottom 96-well plate. Fluorescence
was measured in a multi-well plate spectrophotometer (lex/lem ¼
590/645 nm). HrFAP incubated with anti-FAP and BFO-PEG-FAPi NPs
incubated with anti-FAP were used as controls. Results were analyzed
using a Student's t-test. Fluorescence intensity of BFO-PEG-FAPi NPs
incubated with FAP and anti-FAP was significantly lower than BFO-
PEG NPs incubated with FAP and anti-FAP and the fluorescence
intensity of the controls (all comparisons ***p < 0.001).
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the cyanopyrrolidine moiety and FAP active site serine residue.51

The possibility to exploit the simultaneous acquisition of
second- and third-harmonic signals of BFO NPs for selective
Fig. 4 Association of BFO-PEG NPs and BFO-PEG-FAPi NPs to hrFAP
quantified bymultiphotonmultispectral microscopy. HrFAP (100 ng) was
incubated for 2 h at 37 �C with BFO-PEG NPs (100 mg mL�1) (A) or BFO-
PEG-FAPi NPs (100 mg mL�1) (B) in the presence of Human Fibroblast
Activation Protein alpha/FAP Alexa Fluor® 594-conjugated Antibody
(dilution 1 : 5). SH and fluorescence signals were epi-collected upon
focused excitation at 840 nm. The ratio of the area of conjugates
emitting in both SH and fluorescence channels to the area of SH emitting
structures was averaged from four distinct regions of each sample (635�
635 mm). Error bars represent standard deviation from n¼ 4 calculations.

31664 | RSC Adv., 2019, 9, 31659–31669
imaging in complex tissue samples41 combined with the stable
association of BFO-PEG-FAPi NPs with FAP make these func-
tionalized NPs promising nanodevices for cancer diagnosis
applications.

Conclusions

Based on a (4-quinolinoyl)glycyl-2-cyanopyrrolidine core, we
designed and synthesized a high affinity and selective targeting
ligand for FAP, which was covalently conjugated at the surface
of BFO-PEG NPs. The resulting BFO-PEG-FAPi nanoconjugates
demonstrated stable association with FAP, thus providing
promising labelling and imaging tools to study and target the
broblastic element of the tumor stroma rather than malignant
tumoral cells.

Experimental section
Materials and methods

Reagent-grade solvents (Fluka, Riedel-de-Haën) and chemicals
(Aldrich, Acros, Fluka, Sigma, Maybridge, TCI Chemicals,
Apollo and Fluorochem) were used without further purication.
BFO NPs (BF0011214) were obtained from TIBIO (Comano,
Switzerland). All reactions were performed in ame-dried
glassware under an inert atmosphere of nitrogen. All products
were dried under vacuum (10�2 bar) before analytical charac-
terization. Reactions were monitored by thin layer chromatog-
raphy (TLC) on pre-coated aluminum plates SiO2 60 F254
(Merck, Darmstadt, Germany). The compounds were visualized
by 254 nm light or stained with solutions of KMnO4, Pancaldi
reagent [(NH4)6MoO4, Ce(SO4)2, H2SO4, H2O], ninhydrin or
iodine vapors. Purications were performed by ash chroma-
tography (FC) on silica gel (Merck No. 9385 silica gel 60, 240–400
mesh, particle size 40–63 mm). NMR spectra were recorded on
Bruker Avance III-400, Bruker Avance-400 or Bruker DRX-400
spectrometers (Bruker, Billerica, MA, USA) at room tempera-
ture (rt), unless otherwise stated. 1H frequency is at 400.13 MHz,
13C frequency is at 100.62 MHz. Chemical shis are reported
downeld from tetramethylsilane. 1H signals are reported
in ppm with the internal chloroform signal at 7.26 ppm or the
internal DMSO signal at 2.50 ppm or the internal CH3CN signal
at 1.94 ppm, as internal references. 13C-NMR signals are re-
ported in ppm with the internal chloroform signal at 77.16 ppm
or the internal DMSO signal at 39.5 ppm or the internal CH3CN
signal at 118.26 ppm, as internal references. The resonance
multiplicity is described as s (singulet), d (doublet), t (triplet), q
(quartet), quin (quintet), m (multiplet). Broad signals are indi-
cated as br. Coupling constants (J) are given in hertz (Hz). IR
spectra were recorded on a Jasco FT/IR-4100 spectrometer
outtted with a PIKE technology MIRacle™ ATR accessory as
neat lms compressed onto a Zinc Selenide window. The
spectra are reported in cm�1 (w ¼ weak, m ¼ medium, s ¼
strong, sh ¼ shoulder). The qualitative accurate masses were
measured by ESI-TOF using the Xevo G2-S QTOF (Waters) and
nanoESI-FT-MS using the Elite™ Hybrid Ion Trap-Orbitrap
(ThermoFisher) mass spectrometer (more details in ESI S-
30†). For all new compounds, the following data are provided:
This journal is © The Royal Society of Chemistry 2019
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accurate mass, 1H and 13C NMR spectra (with peak assign-
ments), IR data. The purity of target compounds 5 and Biotin-
PEG3-FAPi was tested on Waters Acquity UPLC® (gradient 98 : 2
to 2 : 98$H2O containing 0.5% formic acid : ACN containing
0.45% formic acid in 4 minutes, ow rate 0.8 mL min�1) with
column Acquity UPLC® BEH C18 1.7 mm. The purity of all new
compounds is higher than 95%. Measurements of the dynamic
light scattering and zeta potential were obtained using a Mal-
vern NanoZ instrument (Malvern Instruments, Malvern, UK).
Centrifugations were performed on HERAEUS Biofuge 13 cen-
trifugator. Scanning transmission electron microscopy (STEM)
was performed at the Interdisciplinary Centre for Electron
Microscopy (CIME, EPFL, Lausanne, Switzerland) on a FEI Titan
Themis 60-300 microscope.
Synthesis protocols

Designation of the compounds refers to the chemical structures
presented in Scheme 1.

Preparation of 6-bromoquinoline-2,4-dicarboxylic acid (2).
To a suspension of 5-bromoisatin (1) (1 equiv., 22.2 mmol, 5 g)
in aqueous 2.5 M NaOH (53 mL), was added sodium pyruvate
(1.2 equiv., 26.6 mmol, 2.92 g) and the reaction mixture was
reuxed for 4 h. The mixture was cooled to rt and the pH was
corrected to 2 with a solution of 6 M HCl in water. The precip-
itate was ltered and washed with water (100 mL) to afford 2 as
a brown powder (21.5 mmol, 6.35 g, 97%). 1H NMR (400 MHz,
DMSO-d6) d 8.07 (1H, d, J ¼ 9.0, 2.2 Hz), 8.19 (1H, d, J ¼ 9.0 Hz),
8.54 (1H, s), 9.09 (1H, d, J ¼ 2.2 Hz). 13C NMR (101 MHz, DMSO-
d6) d 122.8, 123.9, 126.7, 127.8, 132.6, 133.8, 135.8, 146.6, 149.1,
165.5, 166.5. HRMS m/z [M + H-1]� calcd for C11H5BrNO4

�

293.9407; found 293.9406. IR (nmax, cm
�1): 2840 m, 2563 w,

1689 s, 1596 m, 1547 w, 1468 m, 1442 w, 1414 w, 1382 w, 1347 w,
1323 m, 1272 m, 1244 m, 1191 s, 1160 m, 1072 w, 1011 w, 923 m,
888 m, 837 m, 792 m, 746 w, 685 m. 1H-NMR, 13C-NMR spectra
and signal assignments (ESI S-16†).

Preparation of 6-bromoquinoline-4-carboxamide (3). A
suspension of compound 2 (1 equiv., 0.84 mmol, 250 mg) in
water (15 mL) was placed in a Pyrex pressure resistant tube and
treated by microwave irradiation for 10 min at 200 �C. The
mixture was slowly cooled down to rt and the precipitate was
ltered and washed with water (15 mL) to afford intermediate 6-
bromoquinoline-4-carboxylic acid as a brown powder
(0.71 mmol, 179 mg, 84%). To a solution of this intermediate (1
equiv., 0.99 mmol, 250 mg) in anhydrous CHCl3 (5 mL) was
added dropwise (COCl)2 (1 equiv., 0.99 mmol, 90 mL) and DMF
(cat., 2 drops) and the mixture was stirred for 1 h at rt. Aqueous
ammonia 25% (2 equiv., 1.98 mmol, 0.14 mL) was added
dropwise and the mixture was stirred for 2 h at rt. Water (1 mL)
was added and the volatiles were evaporated under reduce
pressure. The pH was corrected to 11 with an aqueous solution
of 3 M NaOH. The precipitate was ltered and washed with
water (10 mL) to afford 3 as a brown powder (0.87 mmol,
218 mg, 88%). 1H NMR (400 MHz, DMSO-d6) d 7.65 (1H, d, J ¼
4.3 Hz), 7.94 (1H, dd, J ¼ 2.3, 9.0 Hz), 8.03 (1H, d, J ¼ 9.0 Hz),
8.32 (2H, s), 8.46 (1H, d, J ¼ 2.3 Hz), 9.01 (1H, d, J ¼ 4.4 Hz). 13C
NMR (101 MHz, DMSO-d6) d 120.0, 120.5, 125.3, 127.6, 131.6,
This journal is © The Royal Society of Chemistry 2019
132.8, 140.6, 146.6, 150.9, 168.0. HRMS m/z [M + H]+ calcd for
C10H8BrN2O

+ 250.9815; found 250.9814. IR (nmax, cm
�1): 3343

m, 3122 w, 1945 w, 1910 w, 1668 s, 1622 m, 1577 m, 1496 m,
1449 m, 1398 m, 1337 s, 1300 w, 1200 w, 1135 w, 1060 w, 1011 w,
969 w, 862 s, 841 m, 827 m, 783 m, 757 w, 715 m, 685 m. 1H-
NMR, 13C-NMR spectra and signal assignments (ESI S-19†).

Preparation of (S)-6-bromo-N-(2-(2-cyanopyrrolidin-1-yl)-2-
oxoethyl)quinoline-4-carboxamide (5). To a solution of
compound 3 (1.05 equiv., 1.98 mmol, 500 mg) in DMF (10 mL),
KOH (2.5 equiv., 4.95 mmol, 56 mg) was added portion wise and
the mixture was stirred for 1 h at rt. A solution of 4 (1 equiv.,
1.89, 410 mg) in DMF (2 mL) was added dropwise and the
mixture was stirred for 1.5 h at rt. The solvent was evaporated
under reduced pressure and the residue was dissolved in DCM
(10 mL). A sat. aqueous solution of NH4Cl (20 mL) was added to
reach pH 5. The aqueous layer was extracted with DCM (3 � 10
mL). The combined organic layers were dried over MgSO4,
ltered and concentrated in vacuo. The crude product was
puried by FCC (DCM/MeOH 25 : 1) to afford 5 as a brown foam
(1.76 mmol, 682 mg, 89%). Analytical UPLC: Rt ¼ 1.58 min. 1H
NMR (400 MHz, chloroform-d) d 2.19–2.43 (4H, m), 3.51–3.59
(1H, m), 3.69–3.76 (1H, m), 4.26 (1H, dd, J ¼ 3.6, 17.8 Hz), 4.41
(1H, ddd, J¼ 2.8, 4.9, 17.8 Hz), 4.79 (1H, d, J¼ 5.2 Hz), 7.18 (1H,
s), 7.54 (1H, d, J ¼ 4.3 Hz), 7.83 (1H, dd, J ¼ 2.2, 9.0 Hz), 8.00
(1H, d, J ¼ 9.0 Hz), 8.49 (1H, d, J ¼ 2.2 Hz) 8.95 (1H, dd, J ¼ 2.3,
4.4 Hz). 13C NMR (101 MHz, chloroform-d) d 25.2, 30.1, 42.6,
45.8, 46.9, 117.9, 119.6, 122.4, 125.7, 127.8, 131.7, 133.8, 139.8,
147.5, 150.3, 166.9, 167.0. HRMS m/z [M + H]+ calcd for
C17H16BrN4O2

+ 387.0451; found 387.0450. IR (nmax, cm
�1): 3297

w, 3058 w, 2954 w, 2168 w, 2156 w, 2022 w, 2880 w, 1655 s, 1586
w, 1537 w, 1493 w, 1430 m, 1407 m, 1305 m, 1345 w, 1263 m,
1194 w, 1157 w, 1043 w, 978 w, 913 w, 867 w, 846 w, 830 w, 783 w,
730 m, 723 m, 702 w. 1H-NMR, 13C-NMR spectra and signal
assignments, UPLC trace (ESI S-21†).

Preparation of (S,E)-N-(2-(2-cyanopyrrolidin-1-yl)-2-oxoethyl)-
6-(3-(((1-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl)-1H-
1,2,3-triazol-4-yl)methyl)amino)-3-oxoprop-1-en-1-yl)quinoline-
4-carboxamide (7). To a solution of compound 5 (1 equiv.,
0.72 mmol, 280 mg) and compound 6 (2 equiv., 1.1 mmol, 355
mg) in degassed DCM (2.8 mL) in a Pyrex pressure resistant
tube, were added Pd(OAc)2 (10 mol%, 0.07 mmol, 16 mg), PPh3

(40 mol%, 0.29 mmol, 76 mg) and NEt3 (5.5 equiv., 4 mmol).
The solution was stirred for 7 h at 110 �C. The solvent was
evaporated in vacuo and the crude product was puried by FCC
(DCM/MeOH 25 : 1 then 10 : 1) to afford 7 as a white oil
(0.29 mmol, 185 mg, 41%). 1H NMR (400 MHz, chloroform-d)
d 2.17–2.38 (4H, m), 3.48–3.62 (11H, m), 3.64–3.72 (2H, m),
3.70–3.76 (1H, m), 3.83 (t, J ¼ 5.0 Hz), 4.26 (1H, dd, J ¼ 4.8, 17.3
Hz), 4.37 (1H, dd, J ¼ 5.4, 17.3 Hz), 4.50 (2H, t, J ¼ 5.0 Hz), 4.55
(2H, dd, J ¼ 3.7, 5.6 Hz), 4.79–4.84 (1H, m), 6.69 (1H, d, J ¼ 15.7
Hz), 7.37 (1H, t, J¼ 5.6 Hz), 7.42 (1H, d, J¼ 4.3 Hz), 7.59 (1H, d, J
¼ 15.6 Hz), 7.68 (1H, dd, J¼ 1.8, 8.9 Hz), 7.72 (1H, t, J¼ 5.2 Hz),
7.82 (1H, s), 7.94 (1H, d, J¼ 8.8 Hz), 8.40 (1H, d, J¼ 1.5 Hz), 8.79
(1H, d, J ¼ 4.3 Hz). 13C NMR (101 MHz, chloroform-d) d 25.3,
29.9, 35.1, 42.5, 45.9, 47.0, 50.4, 61.6, 69.5, 70.3, 70.5, 70.60,
70.62, 72.6, 118.4, 119.6, 123.0, 123.8, 124.4, 125.1, 129.1, 130.2,
134.3, 139.8, 141.6, 144.7, 148.8, 150.4, 165.9, 167.46, 167.51.
RSC Adv., 2019, 9, 31659–31669 | 31665
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HRMS m/z [M + Na]+ calcd for C31H38N8NaO7
+ 657.2756; found

657.2762. IR (nmax, cm
�1): 3307 w, 2929 w, 2873 w, 3057 w, 1711

w, 1658 m, 1577 w, 1535 w, 1428 w, 1410 w, 1366 w, 1310 w, 1266
w, 1210 w, 1196 w, 1120 m, 1103 m, 1062 m, 1036 w, 983 w, 934
w, 918 w, 862 w, 832 w, 732 s, 702 m, 665 w. 1H-NMR, 13C-NMR
spectra and signal assignments (ESI S-23†).

Preparation of ligand DIBO-PEG3-FAPi. To a solution of
compound 7 (1 equiv., 0.016 mmol, 10 mg) in anhydrous DCM
(0.5 mL), were added 4-nitrophenyl chloroformate (2 equiv.,
0.032 mmol, 6.5 mg) and anhydrous Py (2 equiv., 0.08 mmol, 6.5
mL). The solution was stirred for 16 h at rt. The solvent was
evaporated in vacuo and the crude product was puried by FCC
(DCM/MeOH 10 : 1) to afford intermediate (S,E)-2-(2-(2-(2-(4-((3-
(4-((2-(2-cyanopyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-
yl)acrylamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)
ethoxy)ethyl (4-nitrophenyl) carbonate as a white solid
(0.011 mmol, 8.7 mg, 68%). To a solution of this intermediate (1
equiv., 0.063 mmol, 50 mg) in anhydrous DMF (2 mL), were
added NEt3 (3 equiv., 0.19 mmol, 26 mL) and DIBO derivative 8
(1.1 equiv., 0.069 mmol, 21 mg). The solution was stirred for 5 h
at rt. The solvent was evaporated in vacuo and the crude product
was puried by FCC (DCM/MeOH 15 : 1) to afford DIBO-PEG3-
FAPi as a white oil (0.063 mmol, 61 mg, quant.). 1H NMR (400
MHz, acetonitrile-d3) d 2.05–2.24 (4H, m), 2.75 (1H, dd, J ¼ 4.0,
15.0 Hz), 3.07–3.18 (5H, m), 3.39–3.53 (11H, m), 3.62–3.69 (1H,
m), 3.79 (2H, t, J¼ 5.1 Hz), 4.03 (2H, t, J¼ 4.7 Hz), 4.20 (2H, dd, J
¼ 2.1, 5.7 Hz), 4.44 (2H, t, J ¼ 5.0 Hz), 4.51 (2H, d, J ¼ 5.8 Hz),
4.68–4.75 (1H, m), 5.28 (1H, s), 5.92 (1H, s), 6.26 (1H, s), 6.77
(1H, d, J ¼ 15.7 Hz), 7.19 (1H, t, J ¼ 5.8 Hz), 7.24–7.39 (7H, m),
7.44–7.55 (3H, m), 7.63 (1H, d, J ¼ 15.7 Hz), 7.76 (1H, s), 7.86
(1H, dd, J ¼ 1.9, 8.9 Hz), 8.00 (1H, d, J ¼ 8.8 Hz), 8.54 (1H, d, J ¼
1.9 Hz), 8.86 (1H, d, J¼ 4.3 Hz). 13C NMR (101MHz, acetonitrile-
d3) d 25.9, 30.6, 35.8, 41.6, 41.8, 43.0, 46.7, 47.0, 47.7, 50.9, 64.8,
70.0, 70.1, 71.0, 71.1, 71.2, 77.1, 110.7, 113.5, 120.1, 120.6, 121.8,
124.15, 124.20, 124.3, 125.0, 125.5, 126.78, 126.84, 127.1, 128.1,
128.2, 129.27, 129.34, 131.1, 131.2, 135.0, 140.1, 143.2, 145.8,
149.8, 151.8, 152.4, 153.3, 156.8, 166.3, 168.2, 168.5. Two Cq are
not resolved. HRMS m/z [M + Na]+ calcd for C51H54N10NaO10

+

989.3917; found 989.3920. IR (nmax, cm
�1): 3319 w, 3061 w, 2922

w, 2878 w, 2159 w, 1716 m, 1657 m, 1521 m, 1443 w, 1431 w,
1288 w, 1260 m, 1121 m, 1105 m, 1053 w, 1037 w, 981 w, 916 w,
860 w, 832 w, 764 m, 733 s, 699 m, 1970 w, 1840 w. 1H-NMR, 13C-
NMR spectra and signal assignments (ESI S-26†).

Characterization of ligand Biotin-PEG3-FAPi. Analytical
UPLC: Rt ¼ 1.32 min. 1H NMR (400 MHz, chloroform-d) d 1.42–
1.67 (6H, m), 1.93–2.07 (2H, m), 2.19–2.37 (4H, m), 2.49 (1H, d, J
¼ 12.8 Hz), 2.69 (1H, dd, J ¼ 4.9, 13.0 Hz), 2.86–2.93 (1H, m),
3.30–3.51 (2H, m), 3.50–3.67 (11H, m), 3.74–3.82 (1H, m), 3.81–
3.92 (3H, m), 4.14 (1H, t, J ¼ 6.4 Hz), 4.32 (2H, dd, J ¼ 2.3, 5.5
Hz), 4.47–4.54 (2H, m), 4.58 (2H, t, J ¼ 6.7 Hz), 4.78–4.85 (1H,
m), 5.16 (1H, s), 6.63 (1H, s), 6.75 (1H, d, J¼ 15.7 Hz), 7.22 (1H, t,
J¼ 5.5 Hz), 7.47 (1H, d, J¼ 4.4 Hz), 7.67 (1H, d, J¼ 15.6 Hz), 7.78
(1H, dd, J ¼ 1.8, 8.9 Hz), 7.91 (1H, s), 8.01–7.97 (1H, m), 8.03
(1H, d, J¼ 8.7 Hz), 8.44 (1H, s), 8.56 (1H, t, J¼ 5.5 Hz), 8.87 (1H,
d, J ¼ 4.3 Hz). 13C NMR (101 MHz, chloroform-d) d 25.4, 25.6,
28.2, 28.4, 29.8, 34.9, 35.8, 39.5, 40.6, 42.4, 46.1, 47.1, 50.4, 55.6,
60.0, 61.9, 69.4, 70.0, 70.3, 70.6, 70.7, 118.3, 119.5, 123.1, 124.0,
31666 | RSC Adv., 2019, 9, 31659–31669
124.8, 125.0, 129.6, 130.3, 134.2, 139.8, 141.7, 144.8, 149.0,
150.6, 163.9, 166.2, 168.2, 168.3, 173.6. HRMS m/z [M + Na]+

calcd for C41H53N11NaO8S
+ 882.3691; found 882.3713. IR

(nmax, cm
�1): 3300 (m), 2925 (m), 2870 (m), 2110 (w), 2099 (w),

1940 (w), 1887 (w), 1801 (w), 1656 (s), 1544 (m), 1440 (m), 1323
(m), 1307 (m), 1265 (m), 1088 (m), 1037 (m), 976 (w), 920 (w), 867
(w), 834 (w), 760 (w). Detailed synthetic procedure, 1H-NMR,
13C-NMR spectra and signal assignments, UPLC trace (ESI S-
13†).

Functionalization of BFO-PEG NPs

To a suspension of BFO-PEG NPs (4 mg) in EtOH (4 mL) was
added distilled water (4 mL). A solution of DIBO-PEG3-FAPi
(17.4 mmol, 17 mg) in DMF (200 mL) was added and the
suspension was ultra-sonicated for 16 h at 40 �C. The mixture
was then divided into eppendorfs and centrifuged (10 min,
13 000 rpm). The supernatant was discarded and the NPs were
resuspended in EtOAc (1 mL) and centrifuged (10 min, 13 000
rpm). The procedure was repeated 3 times. BFO-PEG-FAPi NPs
were stored in EtOH at a concentration of 1 mg mL�1. A sample
(10 mL) was diluted with distilled water (1 mL) and ultra-
sonicated for 30 min, before being analyzed with a Malvern
NanoZ instrument to determine mean hydrodynamic diameter
by dynamic light scattering and zeta potential.

Inhibition of hrFAP, hrDPP IV and hrPREP

The human recombinant enzymes were purchased from
commercial sources: hrDPP IV and hrPREP (Enzo Life Sciences,
Lausen, Switzerland), hrFAP (R&D systems, Abingdon, UK). The
enzymatic activities were measured in at bottom 96-well plates
(Costar) containing in each well 0.01 mg of the enzymes and 50
mM of the appropriate substrates: Z-Gly-Pro-AMC for hrFAPa
and hrPOP; H-Gly-Pro-AMC for hrDPP IV (both substrates from
Bachem, Vionnaz, Switzerland) diluted in their respective assay
buffers (50 mM Tris, 1 M NaCl, 1 mg mL�1 BSA, pH 7.5, for
hrFAP; 50 mM Tris, 1 mg mL�1 BSA, pH 7.5, for hrPREP; 25 mM
Tris and 1 mg mL�1 BSA, pH 8.0 for hrDPP IV). The enzyme
solutions were incubated for 30 min at 37 �C with increasing
concentrations (5, 10, 20, 50 and 100 nM) of compounds 5 or
Biotin-PEG3-FAPi. The residual enzymatic activity was deter-
mined by measuring uorescence increase for 60 min at 37 �C
in a uorescence multi-well plate reader (lex/lem ¼ 360/460 nm,
Synergy HT). Experiments were conducted in triplicate wells
and repeated twice. The half maximal inhibitory concentrations
(IC50) were graphically determined and the inhibition constants
(Ki) were calculated.49

Evaluation of cytocompatibility onMucilAir™-HF tissue samples

Airway cells were obtained from patients undergoing surgical
polypectomy. All experimental procedures were explained in full,
and all subjects provided informed consent. The study was con-
ducted according to the declaration of Helsinki on biomedical
research (Hong Kong amendment, 1989), and received approval
from local ethics commission (Commission cantonale d'́ethique
de la recherche scientique de Genève [CCER]). Airway epithelia
co-cultured with broblasts were isolated from a mixture of
This journal is © The Royal Society of Chemistry 2019
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human airway cells from 14 different donors (MucilAir™-Pool-
HF) and maintained at the air–liquid interface (ALI) in
MucilAir™ culture medium (EP04MM), ready-to-use, chemically
dened, serum-free (Epithelix Sàrl, Geneva, Switzerland), in 24-
well plates with 6.5 mm Transwell® inserts (cat #3470, Corning
Incorporated, Tewksbury, USA). Biotin-PEG3-FAPi was rst solu-
bilized inDMSOand diluted to reach targeted concentrations (i.e.
10 mM and 100 mM) in MucilAir™ culture medium (EP04MM)
with a xed 1% DMSO for each dilution.

Trans-epithelial electrical resistance (TEER) measurement.
Aer addition of 200 mL of MucilAir™ culture medium to the
apical compartment of the tissue cultures, resistance was
measured across cultures with an EVOMX Volt-Ohm-Meter
(World Precision Instruments, Sarasota, US). Resistance
values (U) were converted to TEER (U cm2) by using the
following formula: TEER (U cm2) ¼ (resistance value (U) �
100(U)) � 0.33 (cm2), where 100 U is the resistance of the
membrane and 0.33 cm2 is the total surface of the epithelium.

Cytotoxicity measurement. For the lactate dehydrogenase
assay, 100 mL from the basolateral medium was incubated with
the reaction mixture of the Cytotoxicity Detection KitPLUS,
following manufacturer's instructions (Sigma, Roche; ST Louis,
USA). To determine the percentage of cytotoxicity, the following
equation was used (A ¼ absorbance values): Cytotoxicity (%) ¼
(A (exp. value) � A (low control)/A (high control) � A (low
control)) � 100. The high control value corresponds to a 10%
Triton X-100 treatment applied to the culture for 24 hours.

Cilia beat frequency measurement. Cilia beating frequency
set-up system consists of three parts: a Sony XCD V60 camera
connected to anOlympus BX51microscope and PCI card. The cilia
beating frequency is expressed as Hz. 256 Images were captured at
high frequency rate (125 frames per second) at room temperature,
cilia beating frequency was then calculated using CiliaX soware.
It should be pointed out that CBF values may be subject to uc-
tuations due to parameters such as temperature, mucus viscosity
or liquid applied on the apical surface of MucilAir™-HF.
Evaluation of the association of BFO-PEG-FAPi NPs with FAP

The protocol refers to the data presented in Fig. 3. Human
Fibroblast Activation Protein alpha/FAP Alexa Fluor® 594-
conjugated Antibody was purchased from R&D systems
(Abingdon, UK). Incubations were carried out in hrFAP buffer
(50 mM Tris, 1 M NaCl, 1 mg mL�1 BSA, pH 7.5) in 1.5 mL
Eppendorf® tubes at 37 �C. The following combinations were
evaluated in a nal volume of 200 mL: (1) anti-FAP antibody
(1 : 50 dilution), hrFAP (100 ng) in buffer (control); (2) anti-FAP
antibody (1 : 50 dilution), BFO-PEG-FAPi NPs (100 mg mL�1) in
buffer (control); (3) anti-FAP antibody (1 : 50 dilution), hrFAP
(100 ng), BFO-PEG NPs (100 mg mL�1) in buffer; (4) anti-FAP
antibody (1 : 50 dilution), hrFAP (100 ng), BFO-PEG-FAPi NPs
(100 mg mL�1) in buffer. The Eppendorf® tubes containing the
mixtures were incubated under gentle shaking for 2 h. The
mixtures were centrifuged (5 min, 10 000 rpm). The superna-
tants were collected and transferred to a at bottom 96-well
plate. The intensity of the uorescent emission of the labelled
anti-FAP antibody was measured on a uorescence multi-well
This journal is © The Royal Society of Chemistry 2019
plate reader (lex/lem ¼ 590/645 nm, Synergy HT). Experiments
were conducted in ve replicates. Results were analyzed using
a student's t-test (all comparisons ***p < 0.001).
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