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ABSTRACT: A novel bone-targeted prodrug, 1102−39, is discussed with the
aim of enhancing the therapeutic effects of methotrexate (MTX) within bone
tissues while minimizing systemic toxicity. Within the 1102−39 molecule, the
central linker part forms a cleavable ester group, with MTX being also linked by a
stable imine bond to the specially designed hydroxybisphosphonic (HBP) vector.
Synthesized through a convergent approach starting from MTX, this prodrug
advantageously modulates MTX’s activity by selective esterification of its α-
carboxyl group. In vitro tests revealed a 10-fold reduction in cytotoxicity
compared to standard MTX, in alignment with prodrug behavior and correlated
with gradual MTX release. In vivo in rodents, 1102−39 displayed preliminary
encouraging antitumor effects on orthotopic osteosarcoma. Furthermore, various
aspects of designing molecules for selective therapy in bone tissue based on bisphosphonate molecules as vectors for delivering active
compounds to the bone are discussed. The 1102−39 molecule exhibits strong affinity for hydroxyapatite and a progressive release of
MTX in aqueous environments, enhancing the safety and efficacy of bone-specific treatments and enabling sustained activity within
bone and bone joints in the therapy of tumor and inflammation.

■ INTRODUCTION
Methotrexate (MTX) is an antifolate drug with antiprolifer-
ative and anti-inflammatory effects. MTX proved to be the
most highly effective, fast-acting disease-modifying antirheu-
matic drug (DMARD), being widely used for the treatment of
rheumatoid arthritis (RA).
Methotrexate (MTX) [registered as Imeth, Novatrex, and

generics] is a crucial therapy agent, acknowledged as a
fundamental element in both cancer treatment1,2 and
rheumatology.3,4 MTX’s potency against cancer originates
from its strong inhibition of dihydrofolate reductase (DHFR),
leading to the depletion of essential tetrahydrofolates required
for purine synthesis and thymidylate synthase crucial for RNA
and DNA production.2 To overcome the development of
cancer resistance to MTX, it is often administered in high,
sometimes life-threatening, doses � particularly risky for
adults.5 Vigilant monitoring for signs of toxicity and timely
application of the rescue agent are essential.1 At the same time,
low-dose MTX could exhibit more anti-inflammatory than
antiproliferative effects on cells responsible for joint inflam-
mation in rheumatoid arthritis. This modulation arises from
inhibiting folate-dependent enzymes, potentially resulting in
immunosuppression.2 MTX can also inhibit leukocyte multi-
plication and function,6 reduce cytokine production, trigger the
release of anti-inflammatory adenosine, and hinder amino acid

interconversions.7 In the treatment of rheumatoid arthritis
(RA), MTX stands as the primary first-line disease-modifying
antirheumatic drug (DMARD). However, at common effective
doses, MTX induces significant systemic side effects in around
80% of patients, leading to a pause in therapy in about 35% of
cases.8 More recently, a double-blind, randomized, and
controlled versus placebo clinical trial (registered in the
A u s t r a l i a n N e w Z e a l a n d R e g i s t r y
(ACTRN12617000877381)), conducted on 202 patients
(aged 40 to 75) with osteoarthritis of the hand and synovitis
detected by MRI, showed that MTX (20 mg once a week for 6
months) had a moderate but potentially clinically significant
effect on pain reduction. However, despite MTX being
indicated in the treatment of psoriasis, psoriatic rheumatism,
and rheumatoid arthritis, overdoses (several times a week) and
drug interactions (with non-steroidal anti-inflammatory drugs
(NSAIDs) and proton pump inhibitors (PPIs)) are frequent,
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warns the health authorities, which reminds that MTX should
be administered only once a week.9

In addition, a meta-analysis based on relevant articles from
randomized controlled trials published until March 2022 in
PubMed, Embase, and Cochrane Library databases was carried
out in compliance with the PRISMA 2020 recommendations.
Overall, the available data on the effects of disease-modifying
antirheumatic drugs (DMARD) on the intensity of OA
symptoms are disappointing but points out that only
methotrexate could have an analgesic effect, especially in
gonarthrosis, justifying further studies.10

As a result, despite the effectiveness of MTX, its clinical use
is hindered by dose-related toxicity, linked to its short half-life
in the bloodstream and rapid and uniform tissue distribution.11

Future pharmacotherapy could be enhanced by directing
toxic agents to specific pathological sites, thus improving the
therapeutic index and preventing significant side effects.12

Approximately 20% of drugs approved post-2000 are prodrugs,
primarily engineered to reduce and overcome unfavorable
aspects such as absorption, distribution, metabolism, excretion,
and toxicity (ADMET).4

Different approaches to enhance the MTX therapeutic
profile through various nonbisphosphonic (BP) delivery
systems such as albumin,13,14 liposomes,8,15 microspheres,
chitosan nanoparticles,16 dendrimers,17 lipid nanoparticles,18

and nanostructured lipid carriers19 provide prolonged plasma
profile, and enhanced and specific activity in vitro and in vivo
in animal models.2 MTX conjugates with poly(L-lysine),
dextran,20 hyaluronic acid,3 and peptides,12,21,22 alongside
nanoparticles,23 phospholipids,24 and nanotubes25 have been
synthesized. MTX-loaded materials, such as acrylate cement
for local bone metastasis therapy, have also been reported.26,27

Tumor-targeting methotrexate-antibody conjugates demon-
strated partial success and faced limitations of low charge
with MTX.1 Periodically, the solubility of the final methotrex-
ate conjugates and MTX release are unsuitable.28 Structurally,
polymer-supported MTX lacks the strict organization and
composition that individual molecules possess; however, they
do highlight the utility of MTX vectorization.
All the mentioned MTX vectorizations do not target bone

tissue, despite its frequent involvement in tumoral and articular
inflammatory pathologies. MTX distribution within bones and
bone joints is hindered by low blood flow and the blood−bone
marrow barrier, constituted of lining cells.29 Selective MTX
targeting toward pathological bone sites through vectorization
could slow its metabolism, enhance therapeutic effectiveness,
reduce administered doses (quantity and frequency), minimize
systemic exposure, and increase local effective concentra-
tions.30,31 This is particularly important, as diseases like
osteosarcoma exhibit poor responses to conventional metho-
trexate doses but are responsive to high-dose methotrexate.32

Bone targeting offers a means to improve the therapeutic index
and allows less frequent administration.33,34

The strong affinity of bisphosphonates to bone tissue35 and
their application in developing bone-targeting medications
have been confirmed by numerous studies in the fields of
oncology, infectious diseases, and inflammatory pathologies.
Indeed, after intravenous administration of a bisphosphonate,
approximately 50−75% of the injected dose binds to exposed
bone mineral, with half-lives in the blood circulation in the
range of 0.5−6 h in humans depending on the bisphosphonate
and administered dose. Table 1 provides an overview of
reported bisphosphonic (BP) and hydroxybisphosphonic

(HBP) prodrugs containing potentially cleavable API-releasing
groups.
Bisphosphonates are nonhydrolyzable pyrophosphate ana-

logs with a high affinity for hydroxyapatite (HA) in bone
tissue. They can inhibit osteoclast activity and bone resorption,
with the efficacy depending on their structure.30,72 An
important feature of bisphosphonates is that the uptake in
pathological bone tissue can be 10−20 fold higher than in
healthy bone tissue.47 This is particularly relevant in cases of
cancerous and inflammatory processes, which lead to
accelerated bone remodeling, often establishing a positive
feedback loop favorable for the pathology development.73

Additionally, these processes involve extracellular matrix
formation73 and osteolysis,74 resulting in the exposure of a
significantly active HA bone surface that effectively binds
bisphosphonates.30

Bisphosphonate (BP) conjugates containing anti-inflamma-
tory active pharmaceutical ingredients (APIs) have a limited
presence in the literature. Only a few examples of such
conjugates have been reported, which include methotrexate
(MTX) derivatives,75−77 cortisone,45 ibuprofen,61,68 diclofe-
nac,46,47 and meloxicam.67 Notably, the last two cases highlight
the release of APIs and the in vivo anti-inflammatory
effectiveness (iv administration) without the typical gastro-
intestinal side effects associated with nonsteroidal anti-
inflammatory drugs. In the diclofenac case, this achievement
is accompanied by a substantial 4-fold reduction in the molar
therapeutic dose, while in the meloxicam case, a single
injection achieves sustained efficacy for one month, eliminating
the necessity of daily dosing.67

The reported anticancer effects of BP MTX derivatives75

and the HBP ALN-PEG-MTX dendrimer29 encourage further
investigation into bone-targeting BP MTX derivatives.
Within the scope of this work, we present the synthesis of a

methotrexate hydroxybisphosphonate (HBP) prodrug, desig-
nated as a 1102−39 molecule (Figure 1). This prodrug is
designed for localized MTX release within bone tissue,
intended to treat osteo-articular pathologies, including bone
cancer and bone joint inflammation.

■ RESULTS AND DISCUSSION
Despite the long-known bone affinity of bisphosphonates, the
number of bisphosphonate molecules capable of releasing
active substances in the bone/bone joint remains relatively
limited, as shown in Table 1. This shortage can be largely
attributed to the challenges in producing complex cleavable
polar and chelating bisphosphonate molecules, as well as their
difficult manipulation and purification. Some of these
molecules were previously reviewed.31,37,74 In recent pub-
lications, we emphasized the effectiveness of the HBP-
vectorized doxorubicin molecule 12B8064 in rodent models65

and canine models.78 Additionally, we reported on the HBP-
vectorized NSAID meloxicam cleavable 18A184 molecule,
which exhibited sustained antiarthritic activity in rats without
side effects67 and demonstrated a safe toxicity profile in dogs
(unpublished data).
Molecules with a noncleavable API-vector bond are more

readily accessible synthetically, and therefore they were
historically among the first explored. Although these stable
molecules cannot serve as prodrugs and typically lack activity,
they may rarely exhibit nonspecific effects, as in the case of
vectorized alkylating agents,79,80 or even interactions with a
target.81 Noncleavable molecules can hold interest, like in
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instances where HBP vectorized cyclodextrin is charged with
an API and can release it.82 As a result, nearly the only-possible
strategy is the use of cleavable molecules, which implies the
release of active compounds from prodrug vectors to induce a
biological response through specific target interactions. Often,
it proves to be more effective than the standalone API as it is
the case of BP-vectorized diclofenac,46,47 gemcitabine,38−40

fluoroquinolones,55,57,58 or HBP-vectorized nucleotide ana-
logs,42,62 as well as HBP-vectorized doxorubicin65,78 and
NSAID meloxicam.67

The rate of API release is crucial to ensure activity59 and
should be checked even in the case of such theoretically
cleavable API-binding groups as ester, carbamate, imine, and so
on, as it may be insufficient depending on the characteristics of
both the active molecule and the linker-vector part.51,54−56,69

Cleavable API-BP derivatives are more explored in vivo,
while API-HBP cleavable molecules have limited representa-
tion (Table 1), including our contributions based on eight
publications.60,61,64,65,67,78,83,84 Among the reported API-HBP
cleavable molecules, only few have undergone in vivo studies,
especially one clinical Phase I trial62 and two involving rodents
and dogs.65,67,78 This difference between BP and HBP arises
from the greater synthetic accessibility of BPs compared to that
of HBPs. Over the years, we have been actively working on
developing new synthetic methods (as previously indicated) to
create multifunctional HBP molecules, thus, expanding their
availability for research and practical applications.
Synthesis and Structure. Structure and Concept. The

1102−39 molecule consists of three key parts: the central
linker forms a cleavable ester releasing group with MTX and is
connected from the other side to the vector through a stable
imine bond (Figure 2).
Only two groups of researchers have presented a few

bisphosphonic MTX-derivative structures.75−77 In the latter
case, only a 5 mg yield of the final product is documented, with
no exploration of its physicochemical or biological properties.
All mentioned compounds are amide-linked bisphosphonates
at the γ-carboxyl group of MTX. Among them, the most
promising compound primarily targeted the bone tissue85 and
demonstrated greater in vivo anticancer activity compared to
MTX alone. However, it also exhibited increased systemic
toxicity.75,76 This strategy of BP vectorization was supposed to
result in several-fold higher levels of conjugated methotrexate
at the bone site.85 This supports the potential of such an
approach. Based on several aspects as described below, 1102−
39 is a newly modified and improved MTX molecule that
targets bones (Figure 1).
First, we used a hydroxybisphosphonate vector instead of the

bisphosphonate derivative (Figure 2). Hydroxybisphospho-
nates are recognized for their stronger bone affinity compared
to bisphosphonates, attributed to the formation of a more
potent tridentate complex, distinct from the bidentate complex
observed with BP.30,86,87 The introduction of a nitrogen atom
in the vector’s lateral chain enhances HA affinity through
hydrogen bonding with surface hydroxyl groups, consequently
rendering its zeta-potential more positive and attractive for
negatively charged HBP binding.30 Additionally, the naturally
polar hydroxybisphosphonate group enhances the aqueous
solubility.
Second, we obtained an α-carboxyl substituted derivative of

methotrexate (Figure 2), which appears more suitable for the
prodrug role due to its inactivity until cleavage. α-carboxyl
substituted MTX derivatives are known to lose MTX activity,15T
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the α-carboxyl acting as the essential structural determinant for
MTX, aiding its transport into cells88 and its binding with
DHFR.89 In contrast, γ-carboxyl substituted derivatives
maintain better MTX activity,90,91 probably due to the γ-
carboxyl of folate compounds being positioned outside the
active site cavity of the target DHFR enzyme.1 This fact could
explain the antitumor activity of the mentioned γ-carboxyl
substituted amide BP-MTX derivative,75 where no evidence
indicates MTX liberation by the amide group, known to be
excessively stable for producing free active compounds,48,58,92

This observation aligns with its in vitro activity, similar to
MTX,75 while in a prodrug context, it typically shows lower
activity compared to native API, as demonstrated in the case of
the HBP-doxorubicin,64,65,67 and the NSAID HBP-melox-
icam67 prodrugs.
Third, we developed a method to synthesize HBP ester

derivatives of methotrexate, allowing release.

Therefore, an α-carboxyl-substituted MTX ester-linked
prodrug could exhibit reduced systemic activity compared to
the γ-substituted one, owing limited cell uptake and local
cytotoxicity through hydrolysis-mediated MTX liberation.93

This strategy was validated through in vitro tests of the 1102−
39 molecule, demonstrating a 10-fold reduction in activity
compared to that of MTX, indicating significantly lower
prodrug cytotoxicity and gradual MTX release.
The mentioned γ-substituted amide BP-MTX compound75

was obtained via total synthesis of the methotrexate segment,
ensuring unambiguous MTX substitution. Our efficient
synthesis is based on the use of methotrexate itself as the
starting material. Described here, the 1102−39 molecule is the
first example of ester-bonded bisphosphonate MTX deriva-
tives.

Convergent Synthesis Strategy. The bifunctional HBP
molecules can be constructed using both linear60,68 and
convergent61,64,65,67,68 strategies. The latter approach was
preferred due to its greater convenience and suitability for
complex multifunctional APIs. We employed the strategy of
forming a stable imine bond with a specially developed
hydroxybisphosphonate vector in the final step. In general, the
imine strategy provides versatility, serving as both a releasing
group, as previously described,64,65 and a stable bond that
facilitates the construction of complex molecules, as used in
this work. We have previously demonstrated the effectiveness
of this strategy in vectorizing various therapeutic mole-
cules.61,64,67

This approach enables the direct use of bisphosphonate
vector without requiring protective groups. Employing the
common Cu-based click chemistry with unprotected bi-
sphosphonates is complicated due to copper chelation with
bisphosphonates.68,94 Although protective groups are conven-
ient for bisphosphonates,48 they are less suitable for
hydroxybisphosphonates, which tend to form phosphonate-

Figure 1. Synthesis scheme of the 1102−39 molecule.

Figure 2. Improved concept of the 1102−39 molecule structure.
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phosphate byproducts involving the free HBP C−OH group,
especially in the presence of a base, high temperature, and
sometimes column purification.68,95−98 While the protection of
the HBP C−OH group is known, it complicates seriously the
synthesis.97 Therefore, in summary, employing ester protection
for the HBP group poses notable challenges.97 Additionally,
the deprotection methods for the BP group (even mild ones
like TMSI54,87 and particularly TMSBr99,100 or catalytic
hydrogenation) should be compatible with the final com-
pound’s stability, which is not always possible.53,69

Consequently, performing the final imine formation
involving unprotected hydroxybisphosphonates is a good
alternative. This can be achieved for our MTX-HBP 1102−
39 molecule in both aqueous media61 and anhydrous solvents,
as demonstrated in this study. We specifically designed HBP
vectors,61,64,67 to efficiently accommodate the imine synthesis
approach. Classic hydroxybisphosphonates like zolendronate,
pamidronate, or alendronate are unsuitable for this strategy
and might also initiate unwanted excessive antiosteoclastic
activity if used in a one-to-one ratio with the vectorized API.
We previously demonstrated the synthetic efficacy of our
vectors with doxorubicin,64 meloxicam,67 and other APIs61

HBP derivatives. The HBP vector used in this study displayed
favorable in vivo biological profiles when used in the HBP-
vectorized Doxorubicin 12B80 prodrug molecule,65 having
moderate antiosteolytic activity and a gentle enhancement of
the primary therapeutic effect. This finding could facilitate the
treatment of bone disorders influenced by cancer and
inflammation.49 As a result, we can fine-tune the bone
affinity/antiosteoclastic activity ratio of the prodrug molecule.

HBP Vector Synthesis. Traditional techniques involving
heating an appropriate carboxylic acid with phosphorus acid
and phosphorus trichloride at temperatures reaching around
100 °C, followed by hydrolysis, have proven to be impractical
for vector synthesis due to their harsh conditions, complex
procedures, and restricted reproducibility.72,87 Consequently,
we initially employed the efficient and mild one-pot
catecholborane method that we had previously discovered.83,84

This method’s effectiveness is demonstrated in various
works.60,61,64,67,68,101 We used the nucleophilic tris-
(trimethylsilyl)phosphite, as suggested by Lecouvey et al., for
HBP synthesis.102 However, the conventional acylchloride
activation described in this work102 was blocked due to the
presence of the basic nitrogen atom within our vector. When
synthesizing analogous nitrogen-containing HBP derivatives,
the same research group previously had to use the amine
protection before the synthesis,103 which is not feasible for
tertiary amines, like in our vector. In contrast, our
catecholborane method allows this transformation directly
within a one-pot synthesis at room temperature, eliminating
the need for protective groups for all amine types (and even
−OH groups), as the amine nitrogen atom forms a robust
complex with catecholborane, which also serves as the carboxyl
group activator.83,84 Subsequently, we discovered and used a
low-temperature HBP synthesis method involving mixed
anhydride with pivaloyl acid as we described earlier.64 This
strategy resulted in increased yields and scalability of the
Vector,65 though with limited generality for HBP synthesis
compared to catecholborane method.

MTX Derivatization Selectivity. The MTX molecule, with
multiple reaction sites, often yields several substituted MTX
isomers during synthesis, posing challenges in their separation
on a preparative scale.104 This often necessitates to carry out

the full synthesis of the substituted MTX moiety from
unambiguously protected glutamic acid.21,25,75,76,88,91,93,105,106

γ-Carboxyl MTX substituted derivatives are the most
explored due to their synthesis being facilitated by using
bulky carboxyl group activators like TBTU, which slow down
the reaction on the hindered α-carboxyl group of MTX.28,89
We developed the synthesis of the α-substituted derivative
based on the higher acidity of the α-carboxyl group (pKa 3.36
vs 4.70 for γ-carboxyl) in methotrexate,107 enhancing the
selectivity of N-acylglutamic moiety substitution in the
presence of base.108,109 To achieve this, we coupled MTX
sodium salt with benzylbromide derivative 2, creating the ester
MTX-releasing group. This chemical reaction avoids the use of
reactants like DCC resulting in MTX racemization, as
observed in MTX carboxyl activation case.20,93,105 Despite
improved selectivity, a mixture of mono-, di-, and trisubstituted
products still forms. These isomers prove challenging to purify
using traditional eluents like DCM-MeOH on silica gel
columns, as noted in our earlier work.61 In this study, we
found effective separation conditions utilizing a gradient
elution from DCM/Et2O to a triple DCM/Et2O/MeOH
mixture, yielding pure final product 5 at 37% yield. This step
was successfully scaled to 1 g. Further, we optimized reaction
conditions for the selective hydrazinolysis of the phenyl ester
in the presence of the alkyl ester MTX releasing group, leading
to the precipitation of hydrazide 6 in 88% yield.

Imine Formation Step. The last stage of imine formation in
coupling with HBP vector was initially carried out in water, the
only solvent compatible with the vector.61 However, multiple
attempts to reproduce this approach, especially during scale-
up, produced a modest 32% average yield, lower than expected.
Our current study, however, revealed Vector’s remarkable
solubility in 1−5% TFA in DMSO, which allowed a twofold
raise in the reaction yield, improving reproducibility and
ensuring scalability in the final step. Subsequently, the final
product was neutralized and purified on C18 column, ensuring
the best purity. Obtained as a highly water-soluble sodium-
neutral salt, compound 1102−39 allowed a detailed explora-
tion of its physicochemical and biological properties.
Earlier we reported a glycol hydrazide analogue 8 of the

1102−39 compound61 (Figure 3). It lacked an aromatic cycle

in its linker part and was obtained by using the same scheme.
However, its stability during production was lower, possibly
due to intramolecular cyclization within the linker fragment.

Structure. In certain cases, MTX substitution remains
hypothetical in the literature or is only indirectly linked to
the physicochemical properties. On the contrary, certain
studies have definitively confirmed substitution through the
complete synthesis of the MTX moiety, starting from partially
protected glutamic acid.110 We found a convenient way to
prove the structure of the resulting 1102−39 compound
through a 2D NMR HMBC experiment, which allows the

Figure 3. Glycol hydrazide analogue of the 1102−39.
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determination of the atomic environment for each MTX
carboxylic group. Key HMBC correlations are depicted in the
Figure 4.

Binding of 1102−39 to Hydroxyapatite (HA). Mineral
binding is crucial for drug retention in bone.72 In a
biodistribution study of the MTX-BP conjugate,75 roughly
20% of the administered dose accumulated in mouse skeletal
tissue was observed and was comparable to BP-vector alone.85

The in vitro tests performed at RT demonstrated rapid (within
30 min) and high binding of 1102−39 to HA around 92%
(Figure 5).

MTX release from the 1102−39 molecule fixed on HA
under DPBS (varying pH 7.4 and 6.4) and in a cell
conditioned medium (pH around 7.0). While the ester group
can effectively release the active molecule,36,48 the cleavage
must be confirmed,74 as sometimes the ester group can be
stable.51,54,55 The gradual release of MTX from the
hydroxyapatite-fixed 1102−39 was confirmed by comparison
with the native MTX HPLC-UV profile. The MTX release
from the HA-fixed molecule in DPBS (pH 7.4 and 6.4) and in
a cell-conditioned medium (pH around 7.0) was quite similar:
10% over a period of 461 h (approximately 1% per 24 h
period) (Figure 5).

Stability of 1102−39 in a DPBS Solution Stored at Room
Temperature (RT). Based on measured HPLC-UV purity at
308 nm, 1102−39 in Dulbecco’s phosphate-buffered saline
(DPBS) (pH 7.4) solution stored at RT is stable at least 24 h
(purity >90%) with a degradation process reaching around
10% over a period of approximately 70 h (Figure 6).
If the cleavage rate is optimal, it will be determined through

in vivo testing, as this parameter is molecule specific. The local
pathological microenvironment (pH, enzymes) may accelerate
the cleavage rate, but even passive hydrolysis may be sufficient
if its rate remains lower than the short transport time to the
bone site.30,54

In Vitro Cytotoxic Activity of the 1102−39 Compound. In
vitro evaluations of 1102−39 (HBP-MTX) as well as native
MTX were conducted through several studies on multiple cell
lines as presented on Figure 7.
These in vitro studies confirmed the prodrug nature of

1102−39 by demonstrating its 10-fold lower cytotoxicity
compared to that of MTX, which aligns with typical in vitro
behavior for prodrug molecules (IC50 = 10−50 nM for MTX
and 100−500 nM for 1102−39).
This reduction in activity correlates with the API release

capacity.36,44 A similar decrease in in vitro activity was
observed for Camdronate (camptothecin-ester-BP),36 the
12B80 molecule (HBP-vectorized doxorubicin)65 and the
18A184 prodrug (NSAID HBP-meloxicam),67 which exhibited
substantial activity in rodents and dogs.65,67,78 Based on this

profile, the 1102−39 molecule appears well-matched for in
vivo applications.

In vivo toxicity: determination of the maximal tolerated
dose (MTD) in rats and mice for 1102−39 administered per
IV route. The MTD was evaluated in vivo in male mice after
repeated IV administration (Figures 8 and 9).
Body weight was monitored and expressed as percentage

body weight gain versus Day 0 following repeated while
increasing dose IV injection of 1102−39 on D0, D7, D13, and
D20 in C57BL6 mice (n = 1 mouse administered per
treatment regimen type).
Body weight (mean ± SD, n = 3 per time point) was

monitored following repeated IV injection of 1102−39 on
Swiss mice at D0, D7, D14, D18, and D24.
1102−39 was well tolerated in mice up to 104 mg/kg and up

to 31.2 mg/kg in repeated administration once a week over 5
weeks.
The MTD was evaluated in vivo in male rat after repeated

IV administration (Figure 10).
Preliminary studies showed that a single IV administration of

1102−39 above 10.4 mg/kg (i.e., 20.8 and 31.2 mg/kg) was
not tolerated in male Sprague−Dawley rats (data not shown).
Body weight was monitored and expressed as percentage

body weight gain versus Day 0 following repeated IV injection
of 1102−39 on D0, D7, and D14 in Sprague−Dawley rats (1
rat per tested condition).
1102−39 was well tolerated in rats up to 10.4 mg/kg

following single IV administration (data not shown) and up to
5.2 mg/kg in repeated administration once a week over 3
weeks.

In Vivo Efficacy of 1102−39 in Osteosarcoma Model in
Mice. Efficacy of treatment with repeated injections of 1102−
39 was evaluated in the LM8 osteosarcoma model. Mice were
injected weekly with 1102−39 (20 mg/kg) for three
consecutive weeks. Antitumor efficacy of 1102−39 was
correlated to injection cumulative dose, with an increase of
efficacy from D13, D20, D27, and D34 (Figure 11A). Survival
at 34 days was identical in both groups (90%). Treatment with
1102−39 reduced tumor volume by 44% compared to DPBS
vehicle-treated mice but did not achieve statistical significance
primarily due to the high variability of tumor growth in the
untreated group. Nevertheless, at euthanasia (D34) tumor
weight (Figure 11B) in the 1102−39 treated group (mean: 1.2
g/SD: 0.6 g/median: 1.2 g/range [0.4−2.5]) statistically differs
from control group (mean: 2.9 g/SD: 2.4 g/median: 1.8 g/
range [0.8−6.4]. In addition, the para osseous LM8
osteosarcoma model has the characteristic to easily metastasize
in soft tissues. 1102−39 slightly decreased metastatic cells
observed in lungs (44%), kidneys (33%), and liver (11%)
versus in the lungs (50%), kidneys (40%), and liver (20%) in
the DPBS control group.

■ CONCLUSIONS
The 1102−39 consists of three building blocks: the
methotrexate bound by the linker to the bone targeted HBP
Vector through imine bonds. The innovation was based on a
hydroxybisphosphonate methotrexate prodrug using a cleav-
able ester-releasing group. Developed approach led to a reliable
synthesis, doubling the overall yield of the 1102−39
compound and increasing purification efficiency and synthesis
scalability. The prodrug nature of 1102−39 was demonstrated
through cytotoxicity tests performed on various established cell
lines and a progressive release of methotrexate. Additionally, it

Figure 4. Key HMBC correlations proving the 1102−39 molecule
structure.
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exhibited high affinity for hydroxyapatite and a good stability in
solution at ambient temperature. 1102−39 (20.8 mg/kg)
promoted important antitumor effects on mice orthotopic
osteosarcoma while slightly reducing metastasis in soft tissues
(lungs, kidneys, liver) and significantly decreasing the tumor
weight at euthanasia (D34). These findings make the 1102−39
substance suitable for upcoming studies, and its profile looks

promising for other in vivo treatments specific to the

osteoarticular system in the therapy of tumor and inflammation

diseases. Furthermore, the developed chemical methodology

makes more efficient the development of new HBP-vectorized

therapeutic prodrugs.

Figure 5. Determination of MTX release from HA-bound 1102−39 by HPLC-UV at 308 nm. A: HPLC-UV chromatogram of methotrexate; B:
HPLC-UV chromatogram of 1102−39; C: HPLC-UV chromatogram of the remaining solution after 30 min of 1102−39 fixation on HA reveals
residual product in solution, confirming HA saturation; D: HPLC-UV chromatogram of methotrexate gradual liberation from 1102-39-HA (T =
288 h, DPBS); E: release of methotrexate from saturated HA with 1102−39 investigated by HPLC-UV in DBPS at two pH (6.4 and 7.4) and in
conditioned medium (prepared using medium from cells that have been grown with a minimum of 80% confluency and without medium
replacement for three consecutive days).
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■ EXPERIMENTAL PROCEDURES
Synthesis. Compound 3. The mixture of phenol 1 (169

mg, 1.8 mmol, 1 equiv) and 4-bromomethyl benzoyl bromide
2 (500 mg, 1.8 mmol, 1 equiv) was fused and agitated at 90 °C
under reduced pressure during 20 min. After cooling, the
crystalline solid 3 was obtained, 520 mg, yield 99%. 1H NMR
(CDCl3, 400 MHz): δ 8.21 (d, 2H), 7.56 (d, 2H), 7.46 (t,
2H), 7.31 (t, 1H), 7.24 (d, 2H), 4.56 (s, 2H). Additional
details are provided in the Supporting Information.

Compound 5. DMF (6 mL) was added to the mixture of
methotrexate (4) (600 mg, 1.32 mmol, 1 equiv), 3 (460 mg,
1.58 mmol, 1.2 equiv) and Na2CO3 (140 mg, 1.32 mmol, 1
equiv) and the resulting mixture was stirred during 16 h at RT.
The reaction mixture was directly purified on silica gel column
in gradient DCM/Et2O = 1/1 → DCM/Et2O/MeOH = 1/1/
2, TLC: DCM/Et2O/MeOH = 2/6/1. The solvent was
removed under reduced pressure, and pure 5 was obtained,
327 mg of yellow solid, yield 37%. MS: [M + H]+ m/z = 665.7.

Figure 6. Stability of 1102−39 in solution in DPBS over a period of
70 h.

Figure 7. Assessment of the cytotoxicity of 1102−39 compared to MTX in viability assays conducted on established cell lines. K7M2: osteoblast
from the bone of a mouse with osteosarcoma; L929: mouse fibroblasts; LM8: mouse osteosarcoma; OSRGa: rat osteosarcoma; SaOS2: human
osteosarcoma; TC-71: human Ewing’s sarcoma.
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1H NMR (CDCl3-MeOD, 400 MHz): δ 8.31 (s, 1H), 7.90 (d,
2H), 7.49 (d, 2H), 7.24 (2H), 7.17 (t, 2H), 7.02 (t, 1H), 6.93
(d, 2H), 6.53 (d, 2H), 5.02 (s, 2H), 4.54 (s, 2H), 4.46 (m,
1H), 2.96 (s, 3H), 2.18 (t, 2H), 2.03 (m, 1H), 1.89 (m, 1H).
Additional details are provided in the Supporting Information.

Compound 6. Hydrazine hydrate (1 M in THF, 1.54 mL,
1.15 equiv) was added to the solution of 5 (890 mg, 1.34
mmol, 1 equiv) in the mixture of DCM (54 mL) and MeOH
(14 mL) under stirring and all the solution was evaporated at

40 °C under reduced pressure, and at the moment, when the
last quantity of the solvent disappears completely, the mixture
of hydrazine hydrate (1 M in THF, 1.54 mL, 1.15 equiv),
DCM (54 mL), and MeOH (14 mL) was added and all the
solution was evaporated at 40 °C under reduced pressure until
the moment, when the last quantity of the solvent disappears
completely, when THF (5 mL) was added at RT followed by
the water (3 mL) under sonication until the transparent
solution formation. Then MeOH (50 mL) was added gradually

Figure 8. Systemic toxicity of repeated administrations while increasing the dose of 1102−39 on the body weight of C57BL6 male mice.

Figure 9. Systemic toxicity of repeated administrations of 1102−39 on the body weight of SWISS male mice.
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with agitation resulting in the solid formation. Ether (125 mL)
was added gradually with agitation and after 5 min of stirring at
RT the solid was filtered, washed with ether and dried under
reduced pressure. The 6 was obtained, 710 mg of yellow
powder, yield 88%. MS: [M + H]+ m/z = 603.8. 1H NMR
(MeOD, 400 MHz): δ 8.60 (s, 1H), 7.69 (m, 4H), 7.46 (d,
2H), 6.88 (d, 2H), 5.27 (d, 1H), 5.23 (d, 1H), 4.83 (s, 2H),
4.50 (dd, 1H), 3.22 (s, 3H), 2.31 (m, 2H), 2.19 (m, 1H), 2.10
(m, 1H). Additional details are provided in the Supporting
Information.

Compound 1102−39. Vector (7) (132 mg, 0.29 mmol, 1.3
equiv) and 6 (132 mg, 0.22 mmol, 1 equiv) were solubilized in
1%TFA/DMSO (6.6 mL) gently heating up to 60 °C if
necessary. After 15 min, the reaction mixture was diluted with
0.5 M NaHCO3 (130 mL) under stirring at RT and filtered.
The obtained yellow solution was introduced in C18 column
and eluted in gradient: 3% MeOH → 30% MeOH. The pure
fractions were concentrated at reduced pressure at 25−35 °C
up to 5 mL and diluted under agitation with MeOH (50 mL)
followed by Et2O (250 mL), and the precipitate was filtered
and dried under reduced to give pure 1102−39, 140 mg, yield
62%. MS: [M + H]+ m/z = 996.6. 1H NMR (5%TFA-D/
DMSO−D6, 400 MHz): δ 8.72 (s, 1H), 8.43 (s, 1H), 7.90 (d,
2H), 7.76 (d, 2H), 7.50 (d, 2H), 7.36 (m, 2H), 7.03 (d, 1H),
6.83 (d, 2H), 5.21 (s, 2H), 4.87 (s, 2H), 4.48 (dd, 1H), 4.13
(br tr, 2H), 3.57−3.24 (m, 4H), 3.24 (s, 3H), 2.83 (s, 3H),
2.38−2.22 (m, 4H), 2.15 (m, 3H), 2.00 (m, 1H). 31P NMR
(5%TFA-D/DMSO−D6, 162 MHz): δ 18.06 (t). Additional
details, including the13C NMR spectrum, are provided in the
Supporting Information.

Safety. As for cytotoxic agents, methotrexate and 1102−39
were handled with care using gloves, masks, lab coats, and
glasses for solutions and under chemical fume hood in addition
for powder.

Physicochemical Characterization. Flash chromatography
purification was conducted using a Gilson PLC2020 system
and C18 cartridges from Macherey Nagel. Thin layer
chromatography (TLC) was performed on Merck Silica Gel
60 F254 plates, and the developed plates were visualized under
a UV lamp at 254 nm. NMR spectra were recorded at 400
MHz for 1H, 101 MHz for 13C and 162 MHz for 31P at 303 K
on samples dissolved in the appropriate deuterated solvent.
Used references were the deuterated solvent signal for residual
1H. Chemical displacement values (δ) are expressed in parts
per million (ppm), and coupling constants (J) are in hertz
(Hz). HPLC-UV studies were conducted using Waters system
with a Phenomenex Luna Column 5u C18(2) 100 Å 150 × 4.6
mm. Chromatographic conditions were as follows: flow 1.0
mL/min; mobile phase A�ammonium acetate 20 mM and
0.02% EDTANa2 and NH4OH (pH = 8.7), B�acetonitrile,
injection volume 20 μL; gradient, initial mobile phase 5% B,
0−10 min increased to 70%, 10−12 min 70%B, 12−14 min
decreased to initial mobile phase. UV detection was performed
at a wavelength of 308 nm. All reagents were purchased from
Sigma-Aldrich or TCI and were used as supplied by the
manufacturer.

The Binding Efficiency of the 1102−39 Molecule to
Hydroxyapatite (HA). Hydroxyapatite was purchased from
Biorad. The solution of 1102−39 molecule in DPBS (1 mg/
mL (i.e 0.96 mM)) was added to HA powder (50 mg). The

Figure 10. Systemic toxicity of repeated administrations of 1102−39 on the body weight of Sprague−Dawley male rats.
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obtained mixture was agitated on a rotary shaker for 30 min at
RT. Subsequently, the supernatant was collected and the
powder was washed twice with DPBS (5 mL each), followed
by filtration. The powder was further washed with ethanol and
dried under reduced pressure. The supernatant was collected,
stored at −20 °C and analyzed by HPLC-UV at 308 nm to
determine the concentration from % area using a calibration
curve and then to calculate the rate of binding (difference
between the initial concentration of 0.96 mM and the final
concentration of unbound molecule in the supernatant): the
binding rate was set at 92.2%.

MTX Release from 1102-39 Molecule Fixed on HA under
pH 6.4, 7.4, and Conditioned Medium (pH 7.0). The MTX
release was evaluated in DPBS (pH 7.4 and pH 6.4) and a
conditioned medium on HA-fixed 1102−39. Conditioned
medium was prepared by using medium from cells grown to a
minimum of 80% confluency without medium replacement for
3 days and separated from the cells by centrifugation at 2000 g
for 10 min. The supernatant (conditioned medium) was stored
at +4 °C until beginning of the test. Five mg of HA-bound BP-
MTX powder was placed into a Greiner tissue culture 24-well
plate with Transwell inserts of 0.4 μm pore size, translucent
PET membrane. 500 μL of liquid (medium or DPBS) was

added and incubated at +37 °C. Analyses were performed by
collecting 20 μL of medium or DPBS replaced by 20 μL of
medium or DPBS at 24, 48, 125, 288, and 461 h in triplicate by
HPLC-UV at 308 nm.

Cell Line. The established cell lines K7M2 (osteoblast from
the bone of a mouse with osteosarcoma), LM8 (mouse
osteosarcoma), OSRGa (rat initially radioinduced osteosarco-
ma), and SaOS2 (human osteosarcoma) were grown in
DMEM cell culture medium supplemented with 10% fetal
bovine serum in a humidified 5% CO2 chamber at +37 °C.
L929 (mouse fibroblasts) and TC-71 (human Ewing’s
sarcoma) cells were grown in RPMI cell culture medium
supplemented with 10% fetal bovine serum in a humidified 5%
CO2 chamber at +37 °C.

Cell Viability Assay. Cell viability was quantified by
measuring metabolic activity with the WST-1 assay (Roche).
Briefly, cells were plated into 96-well-plates at an initial density
of 2000 cells/well (OSRGa and TC71), 1500 cells/well
(K7M2, SaOS2, and LM8) and 1000 cells/well (L929). Cells
were grown in a humidified 5% CO2 chamber at +37 °C in
their respective cell culture media (RMPI or DMEM
supplemented with 10% FBS). After 24 h, cells were treated
for 72 h with methotrexate (dissolved in DPBS added with 1%
Na2CO3) or with 1102−39 (dissolved in DPBS) at
concentrations ranging from 5 nM to 50 μM, or with their
respective control solvent. Cell viability was assessed after 72 h
by measuring the reduction of tetrazolium salt WST-1 to
formazan at +37 °C. Absorbance of the reduction reaction was
read at 420 and 480 nm with a microplate reader (Multiskan
Go, 5111 9200, Thermofisher). Measure was stopped when
the absorbance of solvent treated cells reached a value between
1.5 and 2. The mean optical density (OD, absorbance) of three
wells in the indicated treated condition was used to calculate
the percentage of cell viability as follows: percentage of cell
viability = (Atreatment − Ablank)/(Acontrol − Ablank) ×
100% (where A = absorbance) ± standard deviation (SD)
expressed in %.

Animals. All procedures and experimental protocols used
were in compliance with the 2010/63/EU directive of the
European Parliament for the protection of animals used for
scientific purposes. All experiments were approved by the
French Research Ministry (project authorization
MESR#01489.01) and were in accordance with the institu-
tional guidelines of the Regional Ethical Committee for animal
experiment (CEEA PdL06). Mice and rats were purchased
from Janvier Laboratories and were acclimatized for a
minimum of 7 days prior to the beginning of the study; 5-
to 6-week-old male Swiss mice, C3H or male C57BL/6, and
12-week-old male Sprague−Dawley rats were included in
protocols. All animals were housed in pathogen-free and
controlled conditions (temperature 22 ± 2 °C, humidity 55 ±
10%) on a 12 h light-dark cycle, in cages of 3 to 5 animals. All
animals had free access to 0.2 μm of filtered water and were fed
ad libitum with a commercial chow. Animals were identified by
individual ear tags and monitored every day for their clinical
status. As a general measure of gross toxicity, body weight
monitoring was performed twice a week. Euthanasia was
performed by cervical dislocation under isoflurane inhalation
anesthesia.

Treatment of Rodents. 1102−39 powder was solubilized in
DPBS. Male mice and rats were treated once a week with
intravenous bolus injection of 1102−39 in the tail vein (as

Figure 11. 1102−39 efficacy in mice measurement of the tumor
volume (mm3). A: 1102−39 treatment reduced tumor growth in the
osteosarcoma model over time. Orthotopic paratibial LM8 tumors
were implanted on D0 in C3H mice and IV treatment with 1102−39
or DPBS vehicle were administered every week for 3 weeks from D13.
n = 10 mice per group. Mean ± SEM B: 1102−39 was potent in
inhibiting terminal osteosarcoma tumor weight. Orthotopic paratibial
LM8 tumors were implanted in C3H mice. Mice received IV
treatment with DPBS vehicle or 1102−39 on D13, D20 and D27. n =
9 mice per group. Statistical analysis on D34: Mann−Whitney test. *
p < 0.05.
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slowly as possible) using a 29G insulin syringe at 1 up to 10
mL/kg (mice) and 0.5 up to 5 mL/kg (rats).
For MTD evaluation with repeated while increasing dose,

C57BL6 mice (6 weeks old at treatment start) were treated
with 1102−39 (0.26−104 mg/kg) on D0, D7, D13, or D20
and were euthanized on D20 or D23.
For MTD evaluation with repeated doses, Swiss mice (5

weeks old at treatment start) were treated with 1102−39 (20.8
up to 52 mg/kg) or with DPBS (vehicle control group) on D0,
D7, D14, D18, and D24 and were euthanized on D29 at the
latest.
For MTD evaluation with repeated doses, Sprague−Dawley

rats (12 weeks old at treatment start) were treated with 1102−
39 (0.52 up to 31.2 mg/kg) or with DPBS (vehicle control
group) on D0, D7, and D14 and were euthanized on D23.
For antitumor efficacy, LM8 tumors were inoculated on

CH3 mice (5 weeks old on D0), mice (7 weeks old) received
injection of 1102−39 (20.8 mg/kg (20 μmol/kg), volume rate
10 mL/kg) once a week for 3 weeks (on D13, D20, and D27)
and were euthanized on D34 (7 days post last dosing).

Experimental Osteosarcoma Model. Osteosarcoma model
was induced by injection of LM8 mouse osteosarcoma cell line
to male C3H mice. Two ×106 cells in 15 μL of DPBS were
injected in close contact with the right tibia, after light periost
scratching, on mice anesthetized by isoflurane inhalation (air
0.5 L/min and isoflurane 2%). Tumor volume was quantified
twice a week by measuring two perpendicular diameters with a
Vernier caliper and calculated with the formula: (l2 x L)/2 (l,
the smallest, and L, the largest diameter). Based on our
historical data at Atlanthera, this experimental mouse model of
osteosarcoma showed an incidence of 90% for the develop-
ment of a mineralized tumor mass which can be measured
from Day 8 and reached a volume of 500−800 mm3 on D34,
with lung and liver metastases; 90% of tumors were measurable
(on D12) and randomly distributed between control and
1102−39 treated group. Mice with tumor volume below 50
mm3 on randomization day were excluded from protocol. Mice
with tumor volumes exceeding 2500 mm3 were sacrificed.

Statistical Methods. In vitro cell viability studies were
performed in triplicate and presented as mean ± SD. In vivo
studies of MTD were conducted on 1 or 3 animals per group
and time point; body weight was presented in mean ± SD, but
no analysis was performed on these small samples. In vivo
studies of efficacy were conducted on 10 mice per group and
tumor volumes were presented as mean ± SEM. Statistical
analysis was presented for the terminal weight of the tumor at
D34, by Mann−Whitney test. Statistical analysis was
performed using Prism and Excel software’s. Probability values
of less than 0.05 (two-tailed) were used as the critical level of
significance. Mean values were annotated with an asterisk
symbol (*p-value <0.05).
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