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Abstract

Pulmonary arterial hypertension (PAH) is a progressive and debilitating condition. Despite promoting vasodilation, current drugs

have a therapeutic window within which they are limited by systemic side effects. Nanomedicine uses nanoparticles to improve drug

delivery and/or reduce side effects. We hypothesize that this approach could be used to deliver PAH drugs avoiding the systemic

circulation. Here we report the use of iron metal organic framework (MOF) MIL-89 and PEGylated MIL-89 (MIL-89 PEG) as suitable

carriers for PAH drugs. We assessed their effects on viability and inflammatory responses in a wide range of lung cells including

endothelial cells grown from blood of donors with/without PAH. Both MOFs conformed to the predicted structures with MIL-89

PEG being more stable at room temperature. At concentrations up to 10 or 30 mg/mL, toxicity was only seen in pulmonary artery

smooth muscle cells where both MOFs reduced cell viability and CXCL8 release. In endothelial cells from both control donors and

PAH patients, both preparations inhibited the release of CXCL8 and endothelin-1 and in macrophages inhibited inducible nitric

oxide synthase activity. Finally, MIL-89 was well-tolerated and accumulated in the rat lungs when given in vivo. Thus, the prototypes

MIL-89 and MIL-89 PEG with core capacity suitable to accommodate PAH drugs are relatively non-toxic and may have the added

advantage of being anti-inflammatory and reducing the release of endothelin-1. These data are consistent with the idea that these

materials may not only be useful as drug carriers in PAH but also offer some therapeutic benefit in their own right.
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Introduction

Pulmonary arterial hypertension (PAH) is a rare yet severe
disease characterized by increased pulmonary artery pres-
sure (PAP) leading to augmented workload on the right
side of the heart. If not treated, this ultimately results in
heart failure and death.1 The pathology of PAH is charac-
terized by proliferation of pulmonary artery vascular
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smooth muscle cells (PAVSMCs) within the vessel wall lead-
ing to vascular remodeling in small vessels resulting in loss
of lower vessel mass. In more severe cases, clonal endothelial
lesions, known as ‘‘plexiforms,’’ which consist of highly pro-
liferative endothelial cells can also develop in the lungs.2–4 A
deregulation of vasoactive mediators released by endothelial
cells in pulmonary arteries underpins PAH, with elevated
levels of the constrictor peptide, endothelin (ET)-1 being a
key therapeutic target in the treatment of the disease. In
addition, PAH is now established as an inflammatory dis-
ease associated with increased levels of cytokines, such as
CXCL8 and interferons.5

Current PAH therapies are based on manipulating or
mimicking endogenous vascular hormones that maintain
homeostasis.6 These therapies are categorized into four
classes of dilator drugs, each targeting a specific endogenous
pathway: (1) prostacyclin drugs;7,8 (2) phosphodiesterase
type 5 inhibitors;9,10 (3) ET receptor antagonists;11,12 and
most recently (4) soluble guanylate cyclase activators13

(Supplementary Table 1). However, these therapies are all
fundamentally limited by systemic side effects, which limit
the concentration of drug that can be used. This point is
illustrated by the findings in some preclinical in vivo stu-
dies,14 where PAH drugs, given at many times the dose
used in man, actually reverse disease in laboratory animals.
This raises the idea that current PAH drugs could work
better, even reverse disease, if they were to be delivered at
higher doses directly to the affected vessels. PAH is therefore
a prime candidate disease for targeted drug delivery directly
to the affected pulmonary vessels. In other diseases, such as
cancer, this has been achieved using nanomedicine technol-
ogy. We15 and others16 therefore suggest that targeted drug
delivery using nanotechnology will overcome the limitations
of current drugs and, we suggest, convert this fatal disease
into a chronic treatable condition.

Nanotechnology, applied in engineering, chemistry, or
medicine, is defined as the ability to use structures less than
100 nm to improve the properties and/or functions of com-
pounds.17,18 Several advantages in applying nanomedicine in
the treatment of PAH exist including: (1) targeted delivery,
avoiding systemic side effects; (2) controlled and sustained
drug release avoiding the need for continued infusions; and
(3) increased drug permeability and absorption which helps
to maintain a homogenous drug distribution in tissues.19

There are several types of nanoparticles that can be con-
sidered as carriers for PAH drugs. These include: (1) lipo-
somes; (2) micelles; (3) polymeric nanoparticles; (4)
nanocrystals and nanoprecipitates; (5) metal organic frame-
works (MOFs); (6) metal-organic polyhedra (MOPs); and
(7) inorganic nanoparticles such as gold clusters. Our
recent work has described a novel nanomedicine formula-
tion consisting of a nitrated polymer that releases nitric
oxide (NO) slowly in aqueous solution.20 However, this
molecule, while suitable as a vasodilator and potential
adjunct therapy, is limited to the NO pathway. Our current
study focuses on MOFs, which are microporous crystalline

materials, as potential carriers of all currently used PAH
drugs. A number of MOF materials from the MIL
(Materials of Institute Lavoisier) family, namely MIL-89,
MIL100, etc.21–25 have shown particular promise for appli-
cations as drug delivery platforms. This is because they: (1)
can be prepared in small (nano) particulate sizes; (2) are
biocompatible and biodegradable;26 (3) have a large internal
surface area and low density with commensurate high drug
loading capacity; (4) have reasonable thermal and mechan-
ical stability; and (5) have a long drug release period with
the ability to incorporate different functional groups.21–24

Of particular interest is the nanoMOF MIL-89 and its
PEGylated form MIL-89 PEG, which consist of iron-based
clusters as the metal-based building unit and trans-trans
muconic acid as the organic linking unit. MIL-89 PEG
differs from MIL-89 by addition of a alpha-methoxy-
omega-amino poly(ethylene glycol) (PEG-MW 5000 Da)
coating on the surface of the MIL-89 nanoparticle, which
allows the formation of a more uniformed nanoparticle
structure and prolongs the half-life of the nanoparticle.
MIL-89 and MIL-89 PEG can be prepared with a particle
size of 50–100 nm and have been shown to accommodate the
anti-cancer drug busulfan and the anti-viral drug cidofovir.24

Based on the calculated molecular dimensions of busulfan
and cidofovir, all of the current PAH drugs are theoretically
capable of fitting within the channels of the MOF, with the
smallest two quoted dimensions less than the cross-section of
the channels (Supplementary Table 1). Moreover, a signifi-
cant advantage of iron based MOFs, such as MIL-89, is that
they can be used as contrast agents for in vivo imaging using
magnetic resonance imaging24 allowing both the tracking of
drug distribution and progression of disease.

However, the effects of iron-based MOFs, such as
MIL-89, on functions of cells relevant to PAH are not
known. Thus, as a critical prelude to taking iron based
MOF formulations forward into PAH drug therapy, here
we investigated the influence of MIL-89 and MIL-89 PEG
on the viability and mediator release from a range of cell
lines including vascular cells cultured from patients with
PAH and tested the effects of MIL-89 on a range of toxico-
logical readouts in rats dosed for up to 14 days.

Methods

Preparation of MIL-89

MIL-89 was prepared as previously described.17–26 Briefly,
iron(III) chloride hexahydrate (FeCl3.6H2O) (MW¼ 270.3;
1mmol; Sigma Aldrich�, UK) and trans-trans muconic acid
(MW¼ 142.1; 1mmol; Sigma Aldrich�, UK) were mixed in
10mL of absolute ethanol (99.5%; Sigma Aldrich�-UK),
heated at 100�C for 15 h in a Parr reactor and the precipitate
recovered by centrifugation at 10,500 rpm for 15min. The
sample was purified by serial washes in deionized water and
air dried to retrieve the brown precipitate of MIL-89
(10mg), which was used in further studies.
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The PEGylated form of MIL-89 (MIL-89 PEG) was pre-
pared as above with the following modifications; FeCl3.6H2O
(MW¼ 270.3; 1mmol; Sigma Aldrich�, UK), trans-trans
muconic acid (MW¼ 142.1; 1mmol; Sigma Aldrich�, UK)
and alpha-methoxy-omega-amino poly(ethylene glycol)
(PEG-MW 5.000 Da; IRIS Biotech-Germany) were dissolved
in 10mL of absolute ethanol (99.5%; Sigma Aldrich�, UK),
heated to 100�C for 6h and centrifuged to retrieve the creamy
color precipitate. The sample was washed with deionized
water, air-dried, and ground to a fine powder (50mg) for
use in further studies (see below).

Chemical analysis of MOFs

The characterization and purity of the target MOFs was pri-
marily assessed using powder X-ray diffraction studies. For
both MOFs, MIL-89 and MIL-89 PEG, the number and
position of the peaks in the diffraction patterns
corresponded directly to literature reported values for
these materials.27,28 In addition, infrared/attenuated total
reflection (IR/ATR) spectroscopic studies were also in
agreement with literature reports.27,28 Thermogravimetric
analysis was undertaken on all samples. Scanning electron
microscopy (SEM) was used to determine the particulate
size of the MOFs with image data analyzed using Image J
Software.29

Cell lines

Here, using standard culture techniques we have described
previously, the following cell types were obtained: (1) endo-
thelial cells grown from human blood of either control
donors30 or patients with PAH;31 (2) human pulmonary
artery endothelial cells (PAECs; cultured according to sup-
pliers recommendations (PromoCell; UK); (3) human
PAVSMCs,31 human airway smooth muscle cells
(HASMCs),32 human type II pneumocytes (A549 cells),33

and murine J774 macrophages.34

Effects of MIL-89 and MIL-89 PEG cells in vitro

Endothelial and PAECs were plated at a seeding density of
10,000 cells/well whereas PAVSMCs, HASMCs, and A549
and J774 cells were plated at a seeding density of 100,000
cells/well in 96-well plates, respectively. After plating, all cell
types were incubated overnight before being treated with
MIL-89, MIL-89 PEG, or the starting materials for MIL-
89 (muconic acid, PEG, or FeCl3.6H2O). In some studies, to
induce inflammatory responses, cells were treated with LPS
(1 mg/mL) (Sigma-Aldrich, UK) for 24 h. Conditioned media
was collected at the end of the incubation period for the
measurement of NO by nitrite using the Griess assay as
we have described previously34 or CXCL8 and ET-1 both
by specific enzyme-linked immune assay (ELISA; R&D
Systems) or LDH (Abcam, UK) according to manufac-
turer’s instructions. Media was then replaced with

AlamarBlue� (Life Technologies, UK) solution for the
measurement of cell viability. In some experiments cell
number was assessed by imaging using a Cellomics VTi
HCS Arrayscanner (Thermo Fisher, Pittsburgh, PA, US)
as we have done previously.35 Cells were stained with 4’,6-
diamidino-2-phenylindole (DAPI) and the following param-
eters assessed: (1) the number of cells in each well (cell/field);
(2) the number of cells in the whole well (cell/well); and (3)
changes in nuclear shape of the cells in the whole well
(mean). Cells treated with 10mM H2O2 were used as
negative control (100% dead) in each single experiment. In
separate experiments assessment of apoptosis and necrosis
were made using Abcam’s Annexin V-FITC Apoptosis
Detection Kit (Reference: ab14085) according to the manu-
facturer’s instructions.

In vivo assessment of chronic administration of MIL-89

All animal work conformed to the Directive 2010/63/EU of
the European Parliament and the procedures were approved
by the institutional Ethical Committee (Comité de
Experimentación Animal de la Universidad Complutense
de Madrid). Male Wistar rats (250 g body weight; Harlan
Iberica) were randomly allocated into the following experi-
mental groups: control (n¼ 22) and MIL-89 (n¼ 20). Rats
were treated with vehicle (saline solution; 0.9% NaCl) or
MIL-89 (50mg/kg/day) by intraperitoneal injection (i.p.)
twice a week for up to two weeks. We selected the dose of
50mg/kg/day based on safety data reported in a similar
study by Baati et al.36 using the related iron MOFs MIL-
88 and MIL-100. In the Baati study, single one-off doses of
30, 50, 110, or 220mg/kg were administered to rats and
animals followed for up to 30 days with no long-lasting
toxic effects.36 In order to include a cumulative-dose
approach we opted for a protocol where single doses
and multiple doses could be compared. It should also
be noted that the i.p. route of administration for MIL-
89 was selected in this initial study rather than a more
direct, i.v. route for the following two reasons: (1) i.v.
administration iron-based nanoparticles are rapidly
cleared from the circulation37,38 whereas when adminis-
tered i.p. levels in the blood increase more slowly and
remain constant for longer periods of times;37 and (2)
i.p. injection of nanoparticles limit accumulation in the
liver, thereby limiting their potential side effects in this
organ. Body weight and animal behavior were monitored
every day. Two animals per group were killed at the fol-
lowing time points: single dose on days 1 and 3 and mul-
tiple doses on days 7, 10, and 14; data were pooled from
animals at days 1–3 and at days 7, 10, and 14. Plasma
samples and organs (lung, heart, liver, spleen, kidneys,
thymus, and brain) were collected, weighed, snap frozen,
and kept at –80�C until further analysis. One of the left
lung lobes was weighed and dried in an oven at 50�C for
24 h in order to determine pulmonary edema by calculat-
ing the wet to dry lung weight ratio.
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Lung histology

The right lung was inflated in situ with 10mL of 4% paraf-
ormaldehyde (PFA), removed, and embedded in paraffin for
sectioning. To visualize iron deposits, lung sections (5mm)
were stained with Prussian blue using the Accustain� Iron
Stain kit (Sigma-Aldrich).39 Sections were examined by light
microscopy and the number of iron particles was counted in
a blinded fashion. In some sections, a double staining of von
Willebrand Factor (vWF) and Prussian blue was conducted
following antigen retrieval in sodium citrate buffer.40

Staining of endothelial cells was performed using a rabbit
anti-vWF antibody (1:200 dilution) and developed following
the manufactures’ instructions (Chemicon Blood Vessel
Staining Kit ECM590). Once the desired color intensity
was reached, the slides were subjected to the Prussian blue
staining protocol described above.

Measuring oxidative stress

Oxidative stress in plasma samples was determined by mea-
suring the static and capacity oxidation-reduction potential
(ORP) using the RedoxSYSTM diagnostic system
(Colorado, USA), following manufacturer’s instructions.

Markers for organ failure

Circulating levels of proteins (total protein, albumin, globu-
lin, and AG ratio) and the following markers were measured
in plasma by Catalyst Dx� Chemistry Analyzer (IDEXX
Laboratories; UK): urea, creatinine, alanine transaminase-
ALT, alkaline phosphatase-ALK, gamma glutamyl transfer-
ase-GGT), total bilirubin, cholesterol, inorganic phos-
phorus, calcium, and glucose.

Measuring iron levels in plasma and tissue homogenates

Iron levels in plasma and tissue homogenates were measured
using the ferrozine reagent as described previously.39 Iron
(0–128 mg/mL) and MIL-89 (0–1280 mg/mL) were used as
standards.

Statistical analysis

Data are the mean� SEM and statistical significance (taken
as P< 0.05) was determined using GraphPad Prism 5 as
described in each figure legend.

Ethics statement

Blood was collected for this study under ethical approval
from the National Institute of Health Research. Informed
consent was acquired for collection of human blood from
control volunteers (NRES reference 08/H0708/69) and
patients with PAH (NRES reference 10/H0504/9).

Results

Chemical characterization of MIL-89 and MIL-89 PEG

Preparation of the MOFs MIL-89 and MIL-89 PEG was
undertaken as described previously24 and the chemical com-
position and structure verified using IR/ATR, powder X-ray
diffraction, and SEM, respectively.27,28 SEM analysis
showed MIL-89 to form fine spherical nanoparticles of a
diameter of 76� 35 nm while MIL-89 PEG forms a more
crystalline nanoparticle with an average diameter of
100� 38 nm (Fig. 1, Supplementary Fig. 1). The powder
diffraction pattern for MIL-89 was indexed successfully in

Fig. 1. Predicted 3D structure of hydrated and dehydrated MIL-89. Images were obtained using CrystalMaker software 9.2 and data from Serre

et al.27 The structures are ‘‘viewed’’ down the z-axis. The orange polyhedra represents iron atoms while red, black, and green spheres represent

oxygen, carbon, and chlorine atoms, respectively.
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the hexagonal cell with a¼ 13.44(3) Å, c¼ 17.11(1) Å, and
V¼ 2675 Å3 which is within the range of previously reported
cell volumes24 for MIL-89 (1470–3900 Å3). IR/ATR for
MIL-89 showed sharp peaks at 1600, 1370, 1000, and 850
�(cm–1) while IR/ATR for MIL-89 PEG showed peaks at
1690, 1650, 1360, 1250, and 850 �(cm–1). Thermogravimetric
analysis showed both MIL-89 and MIL-89 PEG to be ther-
mally stable up to at least 250�C (Supplementary Fig. 1). At
room temperature, MIL-89 PEG was stable for at least three
months with no observable changes in the powder diffrac-
tion pattern over this time, while MIL-89 was less stable
with observable loss of crystallinity after two months.

Effect of MIL-89 and MIL-89 PEG on macrophage via-
bility and iNOS activity

At concentrations of up to 10 mg/mL, neither MOF prepar-
ation affected cell viability (respiration), measured using
AlamarBlue�, in murine macrophages under control culture
conditions or when inflammation was induced by the add-
ition of LPS (1mg/mL) (Fig. 2). Both MOFs reduced

macrophage viability at high concentrations with statistical
significance noted for MIL-89 at 30 mg/mL and for MIL-89
PEG at 100 mg/mL (Fig. 2). Both MOFs inhibited LPS-
induced iNOS activity in mouse macrophages. Whereas
the effects seen with MIL-89 were in line with those on via-
bility, the inhibitory effects of MIL-89 PEG at 30 mg/mL on
iNOS activity were seen to be independent of changes in
viability (Fig. 2). It should be noted that the starting mater-
ials used to make MIL-89 and MIL-89 PEG had no effect
on cell viability or on iNOS activity (Supplementary Fig. 2).

Effect of MIL-89 and MIL-89 PEG on endothelial cell
viability, cell cytotoxicity, inflammatory response, and ET-1
release: comparison of cells from donors with or without
PAH

At concentrations up to 30 mg/mL, neither MOF prepar-
ation affected viability (respiration), measured using
AlamarBlue�, of endothelial cells from donors with or with-
out PAH (Fig. 3). However, at very high concentrations

Fig. 2. Effect of MIL-89 and MIL-89 PEG on J774 mouse macrophage cell viability under control (a) and inflammatory (LPS 1mg/mL) (b)

conditions and iNOS activity in the absence (c) and presence (d) of LPS. Data are mean� SEM for n¼ 6 determinations; cells were treated for

24 h. Statistical analysis for effects between each MOF was determined by two-way ANOVA (#P< 0.05) and for each MOF compared to the

relevant controls by one-way ANOVA followed by Dunnett’s Multiple Comparison Tests (*P< 0.05).
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(100mg/mL), MOFs caused a small but statistically signifi-
cant reduction in viability of cells from both groups of
donors. Neither MIL-89 nor MIL-89 PEG induced cytotox-
icity (measured by LDH release) at the concentrations tested
(Supplementary Table 2). Similarly, MIL-89 preparations at
concentrations up to 30 mg/mL did not affect cell number or
nuclear shape (Supplementary Table 2). However, both
preparations of MIL-89 inhibited the release of the inflam-
matory chemokine, CXCL8, in cells from both groups of
donors, in a concentration dependent manner, with MIL-
89 PEG being more potent than MIL-89 in cells from
donors with PAH (Fig. 3). Importantly, both preparations

of MOF inhibited release of ET-1 from endothelial cells,
cultured from donors with or without PAH (Fig. 3).

Effect of MIL-89 and MIL-89 PEG on PAVSMCs viability
and inflammatory response

At concentrations up to 3 mg/mL, neither MOF preparation
affected PAVSMCs viability. However, at higher concentra-
tions (�10 mg/mL) MIL-89 and MIL-89 PEG caused a
concentration dependent reduction in cell viability and at
100mg/mL cell number was reduced (Fig. 4,
Supplementary Table 2). In addition, in PAVSMCs both

Fig. 3. Effect of MIL-89 and MIL-89 PEG on endothelial cell viability (a, b), release of CXCL8 (c, d) and endothelin (ET)-1 (e, f). (a, c) Data from

control donors (n¼ 6, three donors) and (b, d) from donors with PAH (n¼ 6 from three donors). Data are the mean� SEM; cells were treated

for 24 h. (a–d) Statistical analysis for effects between each MOF was determined by two-way ANOVA (#P< 0.05) and for each MOF compared to

the relevant controls by one-way ANOVA followed by Dunnett’s Multiple Comparison Tests (*P< 0.05). (e, f) Data were analyzed using two-way

ANOVA followed by Bonferroni post-tests (*P< 0.05).
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preparations of MIL-89 inhibited the release of the inflam-
matory chemokine CXCL8 (Fig. 4).

Effect of MIL-89 and MIL-89 PEG on PAECs, HASMCs,
and A549 viability and inflammatory response

Neither MIL-89 nor MIL-89 PEG reduced PAEC viability
at concentrations up to 3 mg/mL and did not cause a detect-
able cytotoxic effect or changes in nuclear shape despite a
reduction in cell number at concentrations above 30 mg/mL
(Supplementary Table 2). HASMCs were more sensitive to
the effects of the MOFs which caused a reduction in viability
and cell number at concentrations >30 mg/mL but without a
noticeable change in the nuclear shape (Supplementary
Table 2). In contrast, viability of human lung epithelial
cells (A549) was not affected by either MIL-89 or MIL-89
PEG (Supplementary Table 2). Neither MIL-89 nor MIL-89
PEG caused apoptosis when measured using the Annexin V
FITC staining method in any of the human lung cell lines
studied (Supplementary Figs. 4 and 5).

In vivo assessment of MIL-89

Administration of MIL-89 (50mg/kg, twice a week) for up
to two weeks did not affect total body weight
(Supplementary Fig. 3) or notably affect animal behavior
or condition. On the whole, gross iron levels were not
increased in the plasma (Supplementary Table 3), lung
(Fig. 5), or organs of animals treated with MIL-89. Levels
of iron were increased in the spleen and the liver but only
transiently and normalized after animals were treated with
MIL-89 for 7–14 days (data not shown). However, measur-
ing iron levels in tissues provides only a gross estimate and
does not distinguish endogenous levels or specific state of
the iron. By contrast to gross levels of iron, immunohisto-
logical analysis revealed detectable levels of the MOF

particles within the lung (Fig. 5). As shown in Fig. 5e,
immunostaining of the endothelial marker vWF revealed
that iron particles accumulated mainly in alveolar capillaries
although positive staining was also observed in small pul-
monary arteries. Importantly, presence of MIL-89 in the
lung had no effect on gross lung morphology and did not
cause edema (Fig. 5). It should also be noted that particles
were evident within the peritoneal cavity with an obvious
presence in the great omentum consistent with excess MIL-
89 accumulating at the site of injection (Supplementary
Fig. 3).

MIL-89 did not cause oxidative stress or change the anti-
oxidant capacity of plasma (Supplementary Table 3) or
affect any of the following markers of organ failure or meta-
bolic balance: urea, creatinine, total protein, albumin,
globulin, albumin/globulin ratio (AG ratio), total bilirubin,
cholesterol, glucose, calcium or inorganic phospholipids,
alanine aminotransferase (ALT), alkaline phosphatase
(ALK) (Supplementary Table 4). While MIL-89 did affect
gamma-glutamyl transpeptidase, a marker of liver toxicity,
when analyzed across multiple dosing (data not shown), it
did produce a transient increase evident at day 7 that
resolved by day 14 and was not seen throughout the rest
of the dosing regime (Supplementary Figure 6).

Discussion

PAH is a progressive and fatal disease that would benefit
from a more targeted drug delivery approach which may
limit side effects and potentially increase therapeutic expos-
ure. In addition to vasodilator therapy, targeted drug deliv-
ery would enable cytostatic drugs such as Imatinib to be
delivered directly to pulmonary vessels thereby evading the
clinically limiting side effects associated with this drug.41

Here we have made and characterized nano-formulations
of MOF MIL-89 to assess their suitability as carriers for

Fig. 4. Effect of MIL-89 and MIL-89 PEG on pulmonary artery smooth muscle cell viability (a) and CXCL8 release (b). Data are mean� SEM for

n¼ 6 from three control donors; cells were treated for 24 h. Statistical analysis for effects between each MOF was determined by two-way

ANOVA (#P< 0.05) and for each MOF compared to the relevant controls by one-way ANOVA followed by Dunnett’s multiple comparison post-

test (*P< 0.05).
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drugs to treat PAH. MIL-89 and MIL-89 PEG were synthe-
sized according to the procedure described previously by
Horcajada et al.24 and structures were confirmed using a
powder X-ray diffraction, SEM, and IR/TGA. Both
MOFs (MIL-89 and MIL-89 PEG) displayed particulate
sizes in the range of 50–150 nm, with the majority of the
particles having a size of 100� 38 nm, which fits well with
the original published report on these compounds.24 The
predicted structure of MIL-89 is consistent with the litera-
ture where MIL-89 is able to shrink and close its pores when
placed in dry environments42 while expanding and opening
its pores when placed in an aqueous environment, a

phenomenon often referred to as ‘‘breathing’’ (Fig. 1). The
unit cell parameters (and hence pore size) for the MIL-89
MOF prepared in this work are similar to those reported for
MIL-ht27,42 where the open form of MIL-89 was solvated
with lutidine. PEGylating the MIL-89 improved uniformity
of shape and also improved stability of the MOF material
for up to three months at room temperature.

In their original publication, Horcajada et al. showed
that MIL-89 was relatively non-toxic when assayed on
mouse macrophages.24 Here we have performed similar
protocols to assess the effects of the MOFs that we prepared
on viability in the same cell type. As previously shown,

Fig. 5. Effects of in vivo administration of MIL-89 on lung (a) gross total iron levels, (b) edema and (c–e) particle deposition. Effects of MIL-89 on

iron levels in whole lung homogenates (a) and wet to dry lung weight ratio (b) following administration of single (1–3 days) or multiple (7–14 days)

doses of MIL-89. (c, d) Representative images of lung sections stained with Prussian blue and annotated with arrows to show MIL-89 particles

(�40; scale bar¼ 50mm) from rats treated with vehicle or multiple dose of MIL-89. (e) Co-staining of the endothelial cell marker von Willebrand

Factor (vWF; dark brown) and Prussian blue in lung sections from rats treated with MIL-89 for 14 days. The arrow denotes positive endothelial

staining in a small pulmonary artery and the arrowhead in an alveolar capillary. (f) Quantification of the number of iron particles in the lungs from

rats treated with MIL-89 with single (1–3 days) and multiple (7–14 days) doses are shown as the mean� SEM from n¼ 4–6 rats at each time point.

Statistical significance was analyzed by two-way ANOVA followed by Bonferroni post-test (**P< 0.01).
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MIL-89 had little or no effect on the viability of mouse
macrophages at concentrations up to 10 mg/mL. In our
study, we also tested the effect of MIL-89 PEG on mouse
macrophages and found that the PEGylated form was less
toxic in these cells. PAH is now thought of as an inflamma-
tory condition. In order to better understand how MOFs
might affect viability under inflammatory conditions, we
tested the effects of MIL-89 and MIL-89 PEG in J774
mouse macrophages activated with LPS. Again, both
MOFs were relatively non-toxic. J774 mouse macrophages
release elevated levels of NO as a result of the inducible
form of the enzyme that makes NO, iNOS, under inflamma-
tory conditions, including those induced by LPS. Our data
showed that both MIL-89 and MIL-89 PEG reduced iNOS
activity, which in the case of MIL-89 was approximately in
line with effects on viability. However, the effects of MIL-89
PEG on iNOS activity occurred at lower concentrations than
those associated with reduced viability in the presence of
LPS, which might suggest that this form of MOF has add-
itional anti-inflammatory properties. The effects of MOFs on
viability and on inflammatory responses were then explored
in human lung cells including those directly relevant to PAH.

In PAH, endothelial cells and vascular smooth muscle
become dysfunctional. Endothelial cells release increased
constrictor mediators including ET-1 and inflammatory
mediators including CXCL8. PASMCs, which are hyper-
proliferative in PAH, can also become activated and release
inflammatory mediators, including CXCL8 in models of
PAH. In this study, we took advantage of recent advances
in stem cell technology that allow for endothelial cells to be
successfully grown out from the blood of human donors, the
so-called ‘‘blood outgrowth endothelial cells.’’43–46 Our
group31 and others47 have recently applied this technology
to study endothelial cell phenotypes in patients with PAH.
Neither MOF preparation, at concentrations up to 30 mg/
mL, affected endothelial viability in cells from either control
donors or from patients with PAH. Similar results were seen
in PAECs where a reduction in cell viability was seen at
concentrations >10 mg/mL without an increase in cell cyto-
toxicity at the tested concentrations suggesting that the
reduction in cell viability is due to reduction in cell metab-
olism and not caused by cell death. As we have noted before,
endothelial cells from PAH patients released increased levels
of the inflammatory chemokine CXCL8, consistent with the
idea that PAH has an inflammatory component. Both MOF
preparation inhibited CXCL8 release by endothelial cells, an
effect that was more prominent with MIL-89 PEG.
Interestingly, as with CXCL8, both MOF preparations
reduced ET-1 release, again MIL-89 PEG was more effective
than authentic MIL-89, in endothelial cells from both con-
trol donors as well as from patients with PAH.

Whil MOFs had little effect on viability in endothelial
cells, both MIL-89 and MIL-89 PEG induced cytotoxic
effects in PASMCs with a reduction in cell viability and
cell number and, at similar concentrations, release of
CXCL8. Similar results were seen in HASMCs. In contrast,

the lung epithelial cell line, A549 cells, were relatively
insensitive to both MOF preparations.

The evaluation of the in vivo effects of MIL-89 revealed
that this particular MOF is well tolerated, at least in the
short term. Administration of MIL-89 for up to two
weeks had no effect on body weight, lung edema, or
plasma markers of organ failure and oxidative stress.
However, increases in iron content in the spleen and the
liver were found in this study, accompanied by a transient
change in GGT, which returned to normal values by the end
of the study. These data are in line with those reported by
Horcajada et al.24 and suggest that the liver is the main place
where MIL-89 is being cleared following i.p. administration.
Importantly, histological analysis confirmed that MIL-89
was able to reach our target organ, the lung, without causing
any detectable damage. Nonetheless, longer-term dosing
and profiling of MIL-89 in a rodent PAH model is an essen-
tial progressive step before any application of this technol-
ogy can be made in man.

In summary, we have successfully studied two MOF can-
didate materials with predicted cavity size compatible with
the molecular sizes of drugs used to treat PAH. We have
validated the structures and toxicity of these materials using
methods described in the original publication by Horcajada
et al.24 We went on to show that neither MIL-89 nor
MIL-89 PEG is particularly toxic to endothelial cells,
including those cultured from patients with PAH.
However, the PEGylated form, MIL-89 PEG, was more
stable and displayed anti-inflammatory effects at the level
of CXCL8 and ET-1 release. In addition, in vascular smooth
muscle cells, the MOFs induced toxicity. Since ET-1 is a
therapeutic target in the treatment of PAH and because
inhibition of vascular smooth muscle remodeling is a critical
target to treat PAH, these properties, while at very high
concentrations, could be considered as a therapeutic benefit.
Finally, we have confirmed that MIL-89 is well-tolerated in
the short term in vivo and accumulates in lung tissue. These
findings form an essential part of the experimental process,
further research now needs to be completed where PAH
drugs are loaded into nanomedicine preparations and
tested for toxicity and efficacy in longer-term and in PAH
in vivo models. Our data suggest that MIL-89, and particu-
larly MIL-89 PEG, should be considered as suitable candi-
dates that would not only provide a drug carrier but also
provide added therapeutic benefit.48 This work serves as a
first step in the translation to a new drug formulation for
PAH. Now knowing that MOFs such as MIL-89 are viable
starting points the next steps would be to load the structures
with a drug and to devise a specific delivery strategy to
affected pulmonary vessels. One approach to this would be
to use an antibody-drug conjugate. Here it would first be
necessary to identify a specific antigen expressed locally
within pulmonary vessels and manufacture and humanize
the antibody, another possible targeting scheme is by
using the homing peptide CAR as described previously.49

These steps remain the subject of ongoing research.
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