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ABSTRACT: A multifaceted study involving focused ion beam
scanning electron microscopy techniques, mechanical analysis, water
adsorption measurements, and molecular simulations is employed to
rationalize the nitric oxide release performance of polyurethane ﬁlms
containing 5, 10, 20, and 40 wt % of the metal−organic framework
(MOF) CPO-27-Ni. The polymer and the MOF are ﬁrst demonstrated
to exhibit excellent compatibility. This is reﬂected in the even
distribution and encapsulation of large wt % MOF loadings throughout
the full thickness of the ﬁlms and by the rather minimal inﬂuence of the
MOF on the mechanical properties of the polymer at low wt %. The
NO release eﬃciency of the MOF is attenuated by the polymer and
found to depend on wt % of MOF loading. The formation of a fully
connected network of MOF agglomerates within the ﬁlms at higher wt % is proposed to contribute to a more complex guest
transport in these formulations, resulting in a reduction of NO release eﬃciency and ﬁlm ductility. An optimum MOF loading of 10
wt % is identiﬁed for maximizing NO release without adversely impacting the polymer properties. Bactericidal eﬃcacy of released
NO from the ﬁlms is demonstrated against Pseudomonas aeruginosa, with a >8 log10 reduction in cell density observed after a contact
period of 24 h.
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■

INTRODUCTION
Nitric oxide (NO) has received much attention in recent years
because of its importance in many physiological and
pathological pathways in the human body. Low concentrations
(pM−μM) of NO are naturally produced in human cells by
nitric oxide synthase enzymes. In this concentration range, NO
plays an important role as a signaling molecule in promoting
wound healing,1 in preventing blood clots (antithrombosis),2
and in controlling blood pressure.3 Furthermore, NO has also
been highlighted as a potent antimicrobial agent.4,5 Exogenous
delivery of NO could therefore be very beneﬁcial in a
healthcare setting.6,7 An example of where such delivery could
be highly advantageous is in the ﬁght against Healthcare
Associated Infection (or HAIs). In the US alone, they
contribute to 98,000 fatalities each year and bring a signiﬁcant
ﬁnancial burden ($28−$45 billion) as a result of elongated
hospitalization periods and associated additional care.1,2
Urinary tract infections (UTIs) are the most common type
of HAIs and represent ∼36% of all infections. Of these, 80%
are associated with the use of a urinary catheter (infections
known as catheter-associated UTIs or CAUTIs). Even shortterm use of such devices (e.g., during surgical procedures
conducted under anesthesia) carries a risk of infection.8
Releasing NO locally from the surface of these devices in
© 2020 American Chemical Society

concentrations deemed to elicit an antibacterial eﬀect has the
potential to reduce such infections.
Metal−organic frameworks (MOFs) are a prominent class of
(nano-)porous materials that are composed of metal ions or
clusters linked via polydentate organic molecules. Their
exceptionally high porosity and surface area make them
potentially applicable to a wide range of innovative ﬁelds
such as gas storage9−11 and separation,12,13 catalysis,14,15
sensing,16,17 and drug delivery.18−22 Several research groups
have shown that MOFs are very eﬀective for the storage,
release, and/or catalytic production of NO.11,23−26 We have
shown that MOFs with coordinatively unsaturated sites
(CUSs) such as the CPO-27 (MOF-74) family display
promise as NO storage/release agents, capable of releasing
their payloads when exposed to moisture.11,23 This family of
MOFs is particularly suitable in this regard due to their high
density of CUSs27 and stability toward adsorbed water and
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toxic gases.28 Although CPO-27 can be prepared with many
diﬀerent metal species in its framework,29−31 the Ni analogue
aﬀords the most eﬃcient adsorption/storage/release cycle
proﬁle combined with the highest concentration of NO
released (∼7 mmol/g).11 One of the strengths of MOFs as NO
delivery agents compared to the likes of S-nitrosothiols and
NONOates is their ability to release larger concentrations of
NO.32,33 Insuﬃcient delivery by other agents is often a factor
that results in low, ineﬀective, and/or slow antimicrobial
eﬃcacy and necessitates the combination of NO with other
agents, for example, silver nanoparticles.34−37 Furthermore, the
concentration of NO that is released by MOFs is also highly
tunable,23 allowing for diﬀerent biological responses to be
targeted (e.g., vasodilation and anti-platelet aggregation).
MOFs, therefore, oﬀer the potential means to achieve local
NO release from medical device surfaces at a range of
biologically active concentrations, triggered by moisture, if they
can be incorporated eﬀectively into the devices.
Recently, we reported that NO can be successfully adsorbed
and released by stand-alone polyurethane (PU) ﬁlms
containing up to 15 wt % hydrothermally produced CPO-27Ni.38 Such ﬁlms act as models for device coatings (PU being a
commonly employed polymer in medical devices such as
catheters). Despite ﬁnding that the PU matrix reduced the
total quantity of NO adsorbed and released by the MOF, it was
shown that the concentration of NO released from CPO-27Ni-containing ﬁlms elicited a bactericidal eﬀect against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus).
Importantly, cytotoxicity analysis of the MOF/PU ﬁlms against
human umbilical vein endothelial cells recorded low toxicity
levels, and this toxicity was attributed to the released NO
rather than the MOF or its components. The study proved the
concept that NO-releasing MOFs may indeed oﬀer a route to
localized NO release from medical device surfaces, but it also
highlighted the non-trivial nature of NO adsorption and release
from MOFs embedded in a PU matrix. Further detailed
analysis of the fundamental properties and behavior of MOF/
polymer ﬁlms in the context of NO release is therefore
warranted, not least to help establish underlying factors that
inﬂuence performance.
In the present study, we seek to understand the fundamental
contributing factors governing MOF/polymer compatibility in
these composites and determine how they may relate to NO
release eﬃciency. We aim to examine in detail the interactions
of CPO-27-Ni with the model PU matrix, analyze the impact
the MOF has on polymer mechanical properties (which are
critical to end application), and explore any consequences of
increasing the MOF loading beyond 15 wt %. The MOF/
polymer interface has a crucial eﬀect on the overall
performance of the composite. In principle, the MOF can
interact in three diﬀerent scenarios with the supporting matrix.
In the realm of mixed matrix membranes (MMMs) for gas
separation, this is discussed as either “ideal”, “sieve in cage”, or
“plugged sieve” MMM. For an MMM to be ideal, the MOF is
highly compatible with the employed polymer and intermolecular forces between the MOF and the polymer result in a
supportive composite. However, if the MOF/polymer interface
is less supportive, the formation of (non-selective) macrovoids
is observed, which directly leads to loss in performance (socalled sieve in cage). In the case of plugged sieve MMMs, poor
performance results from full encapsulation of the MOF by the
polymer and blockage of the MOF pores. Probing the MOF/
polymer interface proves challenging as it often involves (more

than one) an advanced spectroscopic and/or microscopic
technique. Consequently, only a few studies have reported the
full characterization of the MOF/polymer interface; a
summary of which can be found elsewhere.39−41 In this
study, we employ for the ﬁrst time a novel combination of
force ﬁeld molecular dynamics (MD) simulations, mechanical
testing, advanced focused ion beam scanning electron
microscopy (FIB-SEM), and water adsorption measurements.
This detailed analysis is used to identify the optimum wt %
loading of MOF to achieve maximum NO release. As an
illustration of the eﬀectiveness of the optimal formulation, as
found in this study, we also report antibacterial eﬃcacy results
against Pseudomonas aeruginosa to augment the suite of
bacteria against which NO-releasing MOF/PU ﬁlms have
been tested. CPO-27-Ni was selected for the study as it has
proved to oﬀer high and eﬃcient NO release and is thus an
excellent model material. In contrast to our previous work, we
use CPO-27-Ni MOFs obtained through two diﬀerent
synthesis paths: a hydrothermal route involving tetrahydrofuran (THF) co-solvent and a purely water-based route
conducted at room temperature and ambient pressure. The
latter is of interest as it carries higher commercial upscale
potential.

Research Article

■

MATERIALS AND METHODS
All chemicals used have been sourced from common suppliers
without further puriﬁcation (Table S1).
Synthesis and Characterization of CPO-27-Ni Powders. CPO-27-Ni was synthesized via two diﬀerent methods,
both previously reported in the literature: a hydrothermal
THF/water-based synthesis (CPO-27-Ni-HT)30 and a waterbased, room-temperature synthesis (CPO-27-Ni-RT).42 Synthesis of CPO-27-Ni-HT powder: In a Teﬂon liner (600 mL),
nickel acetate tetrahydrate (18.67 g, 75.0 mmol) was dissolved
in H2O (175 mL). A solution of 2,5-dihydroxyterephthalic acid
(dhtp) (7.43 g, 37.5 mmol) in THF (175 mL) was then added
and left to stir for 15 min. Subsequently, the autoclave was
sealed and reacted for 3 days at 110 °C. A mustard-yellow
powder was obtained with a yield of 92% (based on nickel).
Synthesis of CPO-27-Ni-RT powder: nickel acetate tetrahydrate (12.9 g, 50 mmol) was dissolved in water (150 mL). 2,5dhtp (5 g, 25 mmol) was dissolved in 1 M aqueous NaOH (25
mL) and added to the metal solution under stirring at room
temperature. The reaction was stopped after 6 h, and the
resulting precipitate was extracted via ﬁltration and washed
with water. After drying in air, a mustard-yellow powder was
obtained with a yield of 91% (based on nickel).
Powder X-ray diﬀraction (PXRD) analysis of large samples
(>1 g) was carried out on a Panalytical Empyrean
diﬀractometer in reﬂection mode. Smaller sample sizes were
packed in capillaries and analyzed on a STOE STADIP
diﬀractometer in transmission mode. Both diﬀractometers
operate with Cu Kα1 radiation monochromated with a curved
Ge(111) crystal. Thermogravimetric analysis (TGA) was
carried out on a Stanton Redcroft STA-780 simultaneous
TG-DTA, in air. The samples were heated from 20 to 700 °C
at a heating ramp rate of 5 °C/min. SEM analysis of the MOF
powders was carried out as described below. Nitrogen
isotherm data were collected on a Micromeritics ASAP 2020.
MOF powders were activated in vacuo for 16 h at 150 °C, at a
heating rate of 10 °C/min. Brunauer−Emmett−Teller (BET)
surface area was determined according to the Rouquerol−BET
theory43 using Micromeritics Active software (version
58264
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4.03.04). Particle size distributions (PSDs) of as-made and
dispersed MOFs were measured using a Malvern Mastersizer
2000 light scattering particle size analyzer, employing water as
the dispersion media. Three measurements were taken under
stirring (1800 rpm) and a further three were recorded (under
stirring) after a 3 min sonication cycle; each set of three
measurements were averaged.
Preparation and Characterization of CPO-27-Ni
Composites. A medical grade PU (chemical composition
speciﬁed in Table S1 and Figure S9) was dissolved in THF.
Prior to addition, the MOF was mechanically dispersed in
THF. The MOF dispersion was then added to the polymer
solution to obtain a certain wt % of MOF calculated per gram
of polymer. In this study, the range of composite materials
prepared via doctor blade casting contained 5, 10, 20, and 40
wt % of MOF. SEM micrographs were acquired using a FEI
Scios Dualbeam SEM, equipped with a FIB-Ga+ column.
Samples were placed on an aluminum stub with the aid of a
carbon-based conductive adhesive. To improve conductivity,
samples were brushed with a silver paste and sputter-coated
with gold using a Quorum Q150R ES apparatus, operating at
10 mA/30 s. For imaging, the acceleration voltage ranged from
2 to 5 kV at a working distance of 7 mm to ensure sensitive
mapping of the surface. Additional microstructural analyses
such as cross sections and 3D reconstructions were conducted
using a FIB-SEM. To protect the sample from high voltages
and currents, needed for FIB-milling, a thin platinum layer (20
× 2 × 1 μm) was deposited via ion beam induced deposition
on the region of interest. Subsequently, the FIB was employed
to mill cross-section trenches (20 × 15 × 7.5 μm) at >1 nA
current; the obtained cross-section was polished at <1 nA
current. The SEM column, oriented 52° to the FIB, could then
be used to image the microstructure revealed by the crosssection. 3D reconstructions were prepared by milling further
trenches on either side of a cross section of the area of interest.
Once isolated, the individual cross sections are compiled into a
3D reconstruction. Analysis and rendering of the reconstruction volume were conducted using the Thermo Scientiﬁc Avizo
Software 9.3.0 kit.
Activation of MOF Composites, Nitric Oxide Loading,
and Release Measurements. Each MOF composite was cut
into 2 × 2 cm samples, loaded into glass ampoules, and
activated for 16 h at elevated temperatures, in vacuo (80 °C,
10−4 mbar). After activation, the composites were bathed in a
NO atmosphere (2 bar absolute pressure) for 1 h. Two argon
ﬂushes (each extracted under vacuum) were applied to remove
excess and physisorbed NO, after which the ampoules were
ﬂame-sealed under dry argon to prevent premature release of
chemisorbed NO. Kinetic NO release measurements were
carried out within hours of loading the MOF composite
samples with NO. These data were recorded using a Sievers
NOA chemiluminescence analyzer as previously reported.38
The ampoules were snapped open, and the composites were
placed directly into a sample chamber under a ﬂow of N2 gas
with a relative humidity (RH) of 11%. Data acquisition was
stopped once the NO release concentration fell below 30 ppb,
as these levels are near the detection limit of the analyzer. The
NO analyzers record the amount of NO that is being released
from the material in ppm/ppb, producing a concentration
proﬁle of ppm/ppb versus time. By accumulating the values of
this concentration proﬁle, an integral (area under the curve) is
obtained that indicates the total release in units of mmol of
NO. These values are normalized to either the mass of the ﬁlm

or mass of the MOF within the ﬁlm to allow direct comparison
between samples. The resulting graphs therefore depict total
NO release in mmol per gram of the ﬁlm or MOF versus time.
Each measurement was recorded in duplicate. For the purposes
of calculating the mass of the MOF present in each ﬁlm, it was
assumed that the wt % of the MOF within the 2 × 2 cm sample
was equal to that added to the polymer dispersion during ﬁlm
fabrication and equal for each replicate of given wt %. The
mass of the MOF present was therefore calculated from the
mass of each ﬁlm sample. It was also assumed that, by
employing a 2 × 2 cm sample, any potential variation in NO
release between samples caused by any local (i.e. micron-scale)
variation in MOF distribution would be rendered negligible.
Water Adsorption Isotherm Data. Water adsorption
isotherms were recorded on a DVS Advantage (Surface
Measurement Systems Ltd.). The composite (∼30 mg) was
placed on a stainless-steel (UltraBalance high mass) pan
microbalance (resolution 1 μg). Prior to the experiment, each
as-synthesized sample was degassed for 4 h at 80 °C in a dry
atmosphere in order to standardize each sample. The sample
was then subjected to a series of relative humidities (0−95%
RH) under automatic control. At each RH, the sample mass
was monitored, and a data point was recorded at equilibrium;
that is, when the rate of change fell below an arbitrarily deﬁned
level of 0.001% per min and remained below that value for at
least 10 min.
Modelling of the CPO-27-Ni/PU Composite. The CPO27-Ni/PU composite model was built by combining separate
MOF surface and polymer models, following a methodology
developed previously.44 First, the {101} surface model of the
CPO-27-Ni material was cut from the crystal structure and
reconstructed so as to ensure dipole neutrality along the z-axis.
The ﬁnal slab, consisting of 10 “layers”, was further geometryoptimized at the density functional theory (DFT) level using
the Perdew−Burke−Ernzerhof functional45 and DFT-D3
dispersion corrections46 as implemented in the Quickstep
module of the CP2K software.47 An atomistic model of PU was
constructed in silico by means of a force-ﬁeld-based MD
strategy previously reported with the use of polymatic48
software. A representative model of this polymer was built by
considering the isocyanate together with di(propylene glycol)
as a single polyol. A scheme of the repeat unit containing the
isocyanate and the polyol is provided in Figure S9. Both
bonded and non-bonded energy contributions to the force ﬁeld
were considered. Van der Waals interactions were modelled by
12-6 Lennard-Jones (LJ) terms with parameters taken from the
TraPPE-UA49 force ﬁeld and Coulombic contributions with
charges extracted using the restrained electrostatic potential
(RESP) method.50 GAFF was considered to describe the
bonded energy terms.51 The resulting polydisperse polymer
model contains chains with sizes ranging between 15 and 46
monomers totaling 148 monomers. The model was validated
by computing the polymer density after equilibration, which
was found to be 1.14 g/mL, in good agreement with the
experimental value of 1.18 g/mL. The polymer model was then
put into contact with the CPO-27-Ni {101} surface model, the
MOF surface being located in the middle of the box. All atoms
of the MOF framework were maintained in their initial
positions. The resulting MOF/composite system was equilibrated by a cycle of force ﬁeld-based MD simulations in the
NVT and NPnT ensembles, where Pn is the pressure normal to
the MOF surface (z-direction). A modiﬁed version of
DLPOLY classic52 was used for the interface generation and
58265
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production simulations. MOF/polymer interactions were
modelled by the sum of 12-6 LJ terms and electrostatic
terms. Crossed LJ parameters were determined by applying the
Lorentz−Berthelot mixing rules. The LJ parameters of the
CPO-27-Ni surface were taken from UFF53 and DREIDING54
force ﬁelds for the inorganic nodes and organic linkers,
respectively, while the charges were derived from the previous
set of RESP charges calculated for the bulk crystal.55 To
circumvent sampling issues, seven diﬀerent initial composite
conﬁgurations were optimized and further analyzed with
production runs 10 ns long each. This procedure was used
and validated by comparing with biased potential dynamics
results in our previous work, where the methodology for
building MOF/polymer interfaces was ﬁrst developed.44 The
properties of the composites discussed below are averaged over
this whole set of conﬁgurations. All details of the computational methodology and parameters are provided in the
Supporting Information.
Mechanical Testing. Uniaxial tensile tests were performed
using a Hounsﬁeld desktop universal testing machine equipped
with a 250 N load cell. The gauge length and width of the ﬁlm
specimens were 10 and 5 mm, respectively. The thickness of
the ﬁlms was typically ∼100 μm. Specimens of the 5 diﬀerent
MOF-loadings were tested (0, 5, 10, 20, and 40 wt %), and a
constant displacement rate of 10 mm/min was applied. The
raw data recorded were tensile force as a function of uniaxial
extension, from which the nominal stress (=force/original
cross-sectional area) and nominal strain (=extension/original
gauge length) were calculated. Mechanical toughness of the
ﬁlm was characterized by evaluating its fracture energy (J/m2),
obtained by integrating the area under the stress−extension
curve.56
Antibacterial Testing. Antibacterial activity of MOF
composite ﬁlms (typically ∼100 μm thickness) was tested
against P. aeruginosa ATCC 15442. The composite ﬁlms (N =
6) were cut into 2 × 2 cm samples and placed into individual
wells of a 12 well plate. The single strain of P. aeruginosa was
inoculated in 10 mL of tryptone soya broth (TSB) and
incubated overnight at 37 °C/125 rpm in an orbital shaking
incubator. The obtained Pseudomonas aeruginosa(P. aeruginosa)
culture was adjusted with TSB to achieve a bacterial density of
∼1 × 106 CFU/mL. The adjusted inoculum (0.5 mL) was
directly pipetted onto the surface of the ﬁlms, which were then
incubated for 5 and 24 h, respectively at 37 °C. After each time
point, the ﬁlms were transferred to Dey England neutralizing
broth and vortexed brieﬂy. Aliquots were then serial diluted
with phosphate saline buﬀer and pipetted (50 μL) onto
tryptone soya agar in a Petri dish. The plates were incubated at
37 °C overnight after which the bacterial counts were
enumerated; the results are expressed as bacterial density
(CFU/mL).

ature and highly scalable method (material referred to as CPO27-Ni-RT) to compare their respective interactions with PU.
On comparing the PXRD patterns of both CPO-27-Ni-HT
and CPO-27-Ni-RT with that of a pattern simulated from
single crystal PXRD data for CPO-27-Ni, we can conclude that
both synthesized materials are pure phase (Figure S1a). As
reported previously,42 the MOF aﬀorded from the hydrothermal synthesis displays narrower and sharper PXRD
reﬂections and is thus of higher crystallinity. It is also evident
from BET analysis (Figure S2) that the material prepared
hydrothermally possesses a greater surface area; BET areas of
902 and 283 m2/g were recorded for CPO-27-Ni-HT and
CPO-27-Ni-RT, respectively. For any industrial application,
the stability of all materials throughout the entire product
fabrication process is crucial. The stability of the synthesized
MOFs toward mechanical dispersion and storage in THF
(employed in this study to process the polymer ﬁlms) and
water (as the ﬁnal application is in moist media) was therefore
also tested. Dispersions of CPO-27-Ni-RT in THF and water
were stored for six months. Aliquots were removed after 12 h
and 6 months, dried in air, and analyzed by PXRD in
transmission mode. Each of the collected PXRD patterns
(Figure S1a) is consistent with that of the starting material,
suggesting that CPO-27-Ni-RT is stable in water and THF
even after an ageing period of 6 months.
To unlock the functionality of CPO-27-Ni, solvent
molecules that are bound to the metal centers in the asmade material must be removed. This process, which is often
referred to as activation, is typically conducted through heat
treatment and therefore the thermal stability of the MOF must
be considered. Figure S1b shows the thermogravimetric
proﬁles for both MOFs, which display almost identical thermal
behavior that is consistent with previous reports.42 A
signiﬁcant mass loss of 32% is observed in the range of 20−
150 °C. This is frequently observed for this type of MOF and
is commonly attributed to the loss of water and/or solvent
employed in the synthesis.23,30,57 Both materials are stable up
to 270 °C (beyond which decomposition occurs), giving a
wide thermal processing window, where CUSs are available
and the framework remains intact. Figure S1c,d depicts the
representative SEM micrographs of the as-made MOF
powders. The micrographs indicate that both materials
comprise agglomerated microcrystalline powder. PSDs measured in water suggest d(0.5) values of 13.10 and 9.45 μm for
CPO-27-Ni-HT and CPO-27-Ni-RT, respectively, with a
broader overall distribution for CPO-27-Ni-RT (Table S2).
Preparation and Characterization of CPO-27-Ni
Composites. The connectivity of the components employed
to prepare functional composite materials such as MMMs has
proved to be highly important to overall performance.39 Good
dispersion and limited agglomeration of the MOF particles in
the polymer matrix are important in controlling the
eﬀectiveness of the ﬁnal composite, and as such good
compatibility between the MOF and the polymer is desirable.
This is the case when smaller, uniform particles and
morphologies are used for the composite material.41 Of
course, altering the architecture and composition of the
MOF itself to tune the interaction between the MOF and guest
adsorbate can also be a powerful means to control the
properties of the composite. For the purposes of this study,
however, we focus on the interactions between the MOF and
polymer.

■

RESULTS AND DISCUSSION
Synthesis and Characterization of CPO-27-Ni Powders. MOFs are often made under relatively harsh conditions
using organic solvents such as dimethylformamide or THF to
improve crystallinity. For commercial upscaling, synthesis
procedures employing less energetically intensive and timeconsuming conditions and more environmentally friendly
solvents would be desirable. In this study, we use CPO-27Ni MOFs obtained through both approaches: a THF-based
hydrothermal method (material referred to as CPO-27-NiHT) and a previously disclosed water-based, room temper58266

Research Article

https://dx.doi.org/10.1021/acsami.0c17937
ACS Appl. Mater. Interfaces 2020, 12, 58263−58276

ACS Applied Materials & Interfaces

www.acsami.org

Prior to preparing the composite materials, the MOF
powders were mechanically dispersed in THF to achieve
narrower and more uniform PSDs compared to those oﬀered
by the as-made material. PSD analysis (Table S2 and Figure
S3) indicates that the mechanical dispersion process helps to
generate smaller particle sizes. While the distribution obtained
from CPO-27-Ni-RT is narrow and unimodal (centered at
∼2.5 μm), the distribution of CPO-27-Ni-HT is bimodal with
populations centered at ∼ 0.12 and 1.5 μm. The growth of a
particle population below 1 μm in both samples upon
application of sonication inside the particle size analyzer
chamber suggests that the distributions of particles obtained by
mechanical dispersion and recorded without sonication are still
agglomerates of primary particles, albeit they are much smaller
than the agglomerates of the as-synthesized materials. It is
believed from SEM analysis that the true primary particles of
both samples are in the nanometer range. Particles of such
dimensions are notoriously diﬃcult to sustain in dispersion
without agglomerating, and it is evident that the dispersions
employed to prepare the ﬁlms comprise agglomerates. It
should be noted that only sheer forces (from mechanical
stirring) were employed during the preparation of the ﬁlms;
therefore, the dispersions introduced to the ﬁlms were deﬁned
as “dispersed” in Table S2.
Composite materials comprising 5, 10, 20, and 40 wt % of
CPO-27-Ni-HT and CPO-27-Ni-RT were prepared using a
medical-grade PU as outlined above. The composite materials,
cast as thin ﬁlms, act as a proxy for a thin catheter coating. The
ﬁlms are self-supporting, pliable, and soft to the touch and
appear to have a smooth surface to the eye.38
SEM micrographs were recorded to investigate the surface of
the CPO-27-Ni-HT and CPO-27-Ni-RT composite ﬁlms
containing 5 wt % (Figure S4), 10 wt % (Figure 1a,b), 20 wt %

densely packed MOF, as would be expected. PXRD analyses of
the full range of MOF ﬁlms showed that the MOF’s
crystallinity is retained throughout the preparation of the
MOF polymer composites (Figure S6), indeed with increasing
wt % loading, there is an increase in intensity of the peaks
attributable to CPO-27-Ni.
The highly eﬃcient and reversible nature of NO storage and
release exhibited by powder-form CPO-27-Ni has been widely
reported.11,42 However, to safely realize the potential of these
materials as NO-releasing agents within medical devices,
functionality must be achieved not in the powder form but
when formulated and shaped into polymeric articles.38,58,59
This creates an additional challenge in that the composite
formulation and activation/NO loading conditions must be
compatible. Traditionally, the activation of CPO-27-Ni is
conducted at temperatures above 100 °C, as indicated by the
TGA proﬁle. However, as the PU employed in producing the
ﬁlms is thermoplastic with a softening point of 85 °C, such
activation temperatures could not be used. Instead, activation
was carried out at 80 °C in vacuo. PU ﬁlms are clear and
colorless but take the color of the employed MOF when
prepared as MOF composite ﬁlms (yellow-brown in the case of
CPO-27-Ni, Figure S7a). It has been observed previously that
the MOF powder changes color to a darker brown/black upon
adsorption of NO.42 This change in color is a result of the
coordination of NO to the CUSs created upon activation.60 A
similar color change is observed here for the composite
materials and serves as visual conﬁrmation that the activation
and NO-loading was successful. As expected, the intensity of
this visual eﬀect varies with the MOF loading level (Figure
S7b).
NO release performance of the full range of activated and
NO-loaded composite ﬁlms was recorded under 11% RH and
is illustrated in Figure 2. Data are plotted per gram of ﬁlm and
per gram of MOF within the ﬁlms. Exact NO release levels and
the duration of release for each composite can be found in
Table S3. NO release was recorded using a gas-phase system as
outlined earlierthat is, a humid atmosphere triggers the
release of NO, which is carried to the analyzer by ﬂowing
nitrogen. Although this method employs a lower RH than
would be experienced by the materials under physiological
conditions, it allows for all released NO to be detected.
Methods employing 100% RH (i.e. submersion) may underestimate the quantity of NO released due to its low water
solubility. Although the employed RH is lower than that of
physiological conditions, employing a low RH allows for
release to be triggered in a more controlled manner and
provides the opportunity to identify nuances in release proﬁles
that may be lost due to faster kinetics under higher humidity.
Such control is preferable in the present study which seeks to
analyze fundamental relationships between ﬁlm properties.
The shapes of the release proﬁles of the composites are
consistent with those of CPO-27-Ni powder (reported
elsewhere),38,42 albeit the release kinetics are retarded, and
concentrations attenuated by the polymer matrix. This is in
agreement with our previous ﬁndings and emphasizes the
importance of the polymer matrix in relation to achieving the
desired performance; in order for NO to be released from the
ﬁlms, water must permeate the polymer matrix before reaching
the NO-loaded MOF. Although the temperature of activation
(80 °C) was much lower than those traditionally employed,
and lower than what might be expected to be necessary in
order to activate the MOF, the release of NO by the ﬁlms

Figure 1. SEM micrographs of the surface of MOF composite ﬁlms.
(a) CPO-27-Ni-HT10 wt % MOF, (b) CPO-27-Ni-RT10 wt %
MOF, (c) CPO-27-Ni-HT40 wt % MOF, and (d) CPO-27-NiRT40 wt % MOF.

(Figure S5), and 40 wt % (Figure 1c,d). As anticipated from
the PSD analysis, the micrographs reveal that the MOF is
present as agglomerates. Importantly, these agglomerates are
distributed across the length and breadth of the ﬁlms, fully
embedded by the matrix with no particles exposed. They are
also of dimensions akin to those recorded above following
mechanical dispersion, which indicates that no further
signiﬁcant agglomeration has occurred as a result of being
incorporated into the PU. Composite materials with 5 and 10
wt % MOF loading appear to have areas of “empty” polymer,
while those containing higher MOF loadings exhibit a more
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Figure 2. Kinetic NO release proﬁles expressed as total number of mmol of NO released per gram of ﬁlm: (a) CPO-27-Ni-HT and (b) CPO-27Ni-RT and per gram of MOF: (c) CPO-27-Ni-HT and (d) CPO-27-Ni-RT composite ﬁlms with varying MOF loading levels. Measurements were
stopped once the concentration of NO release fell below 30 ppb.

Indeed, other works on MOF membranes for gas separation
have found that the composite thickness is an important factor
that directly inﬂuences permeability of the ﬁnal composite.61,62
In our case, it may be assumed that penetrating water will
contact MOF particles close to the surface of the ﬁlms ﬁrst.
Therefore, the release characteristics of MOF particles close to
the ﬁlm surface may be quite diﬀerent to those of particles in
the center of the ﬁlm. These aspects will be discussed in a later
report.
By considering the release data in units of total mmol NO
released per gram of ﬁlm, the NO release of the ﬁnal
composites can be compared, see Figure 2a,b. Intuitively, and
as we have reported previously for ﬁlms containing 1, 5, 10,
and 15 wt % MOF,38 we would expect that higher MOF
loading levels in the composites would translate to higher NO
release concentrations. Indeed, this trend is observed up to a
MOF loading of 20 wt %. However, the data show that the
higher loading of 40 wt % releases much less NO than would
be expected and releases less NO per gram of the ﬁlm than
ﬁlms containing 20 wt %. This is true for composites
containing both types of CPO-27-Ni HT and RT. This is
the ﬁrst time NO release has been characterized in ﬁlms
containing greater than 15 wt % CPO-27-Ni, and the results

conﬁrms that the MOF therein had indeed been successfully
activated at the lower temperature. This was a surprising result
and indicates that activation of these materials warrants further
investigation. Generally, composite materials containing CPO27-Ni-HT release slightly more NO compared to those
containing CPO-27-Ni-RT, though it should be noted that
the concentrations of NO released from all ﬁlms are suﬃcient
to elicit biological responses. This contrasting behavior may be
attributed to the higher crystallinity and surface area of the
hydrothermal material. It is possible that the more crystalline
the material, the more accessible are the metal sites in the unit
cell and the more eﬃcient is the storage and release cycle of
NO in the composite material (see Figures S1a and S2). It is
interesting to note, however, that the diﬀerence between the
quantities of NO released by the materials is not
commensurate with the diﬀerence between their BET surface
areas. Poor correlation between BET surface area and NO
adsorption/release performance has been noted previously.42
At present, we propose this phenomenon is due to the
diﬀerences between the conditions employed and mechanisms
involved in the adsorption of nitrogen versus the adsorption
and release of NO, though this does require further
investigation. A further aspect, i.e., the subject of ongoing
investigation is the inﬂuence of ﬁlm thickness on NO release.
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Figure 3. (a) Representative snapshot of the modelled CPO-27-Ni/PU interface. The MOF atoms are represented by a light-tone stick/polyhedra
model, while an opaque ball and stick model represents the polymer. Color code: C (black), O (red), H (white), N (blue), and Ni (blue
polyhedra). (b) Atomic density for PU (black) and CPO-27-Ni (red) as a function of the direction normal to the MOF surface. (c) Relevant
average radial distribution functions between the surface OCPO‑27‑Ni and the amide HPU (left panel) and HCPO‑27 from surface water molecules and
the amide OPU (middle panel). In the right panel, the most relevant interaction for the bulk is shown: HCPO‑27‑Ni from inner water molecules with
OPU (for force ﬁeld atom types see Supporting Information). The average distances between the sites are highlighted in each case.

such as vasodilation.5 Therefore, the true “optimum” wt % is
rather dependent on the targeted end application.
Comparing the quantity of NO stored to the quantities
released per gram of MOF from the ﬁlms analyzed here
indicates that not all stored NO is released over the time
period studied. This is reﬂected by the ﬁlm retaining a brown
coloration, which is indicative of residual NO bound to CUSs
within the MOF. This suggests that NO release could continue
at a low level (below 30 ppb) for a further signiﬁcant length of
time.
It is observed that the proﬁles for the 5 wt % composites
show a fast burst release of NO for a short duration. On
increasing the MOF loading level, the duration of release is
signiﬁcantly prolonged, indeed composite ﬁlms containing 20
and 40 wt % can sustainably release at least 30 ppb of NO over
many days. These concentrations of NO are deemed to be
biologically active. These data indicate that the amount of total
NO and the duration (i.e., kinetics) of its release can be tuned
by controlling the loading content of active material inside the
supporting matrix.
The phenomenon of optimal loading inside a polymeric
matrix is often observed in MMMs for gas separation,41,63,64 as
agglomeration at high loadings and how the ﬁller is embedded
in the polymeric matrix have an impact on the permeability
and diﬀusivity of the MMM.58,59,65 Furthermore, good
compatibility between the inorganic ﬁller and polymeric matrix
is crucial to optimize the performance of composites.
Therefore, to investigate the possible reasons for the observed

suggest the possible existence of an optimum formulation for
maximizing the total concentration of NO released.
To gain insight into the NO release eﬃciency of the MOF
inside the polymer matrix, the NO release data are further
analyzed per gram of the MOF inside the ﬁnal composite
(Figure 2c,d). Our previous analysis indicated that PU ﬁlms
containing CPO-27-Ni-HT adsorb the same quantity of NO
per gram of the MOF regardless of wt % loading (as would be
expected).38 Intuitively, there is no reason to predict that the
MOF’s ability to release its adsorbed payload should vary with
wt % loading either. However, the values reported in Figure
2c,d suggest that this is not the case. Using this interpretation
of the data, it is evident that the NO release eﬃciency of ﬁlms
containing 10 wt % MOF is higher than that of ﬁlms
containing 5, 20, and 40 wt % MOF. Although we had
previously reported that the eﬃciency of release of ﬁlms
containing 10 wt % was higher than that of ﬁlms containing 5
wt %,38 it is surprising to observe here the dramatic reduction
in release eﬃciency at MOF loadings of 20 and 40 wt %. It
seems, therefore, that an optimal MOF loading for maximum
NO release concentration is reached at around 10 wt % (under
the conditions used in this study) and that higher MOF
loadings result in reduced release eﬃciency. This would appear
to be the case regardless of which powder CPO-27-Ni material
is used; it must be realized, however, that although high NO
concentrations are required for antibacterial applications, lower
concentrations are more appropriate to trigger other responses
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relationship between NO release and MOF loading, we have
conducted an investigation into the interaction between the
MOF and polymer, the distribution and agglomeration of the
MOF within the polymer, and how the MOF inﬂuences the
mechanical and water adsorption properties of the composite
ﬁlm.
MD Simulations on the CPO-27-Ni/PU Composite.
MD simulations were performed in order to gain insight into
the MOF/polymer compatibility at the molecular scale. A
typical simulation snapshot featuring the interface between
CPO-27-Ni and PU within the composite was analyzed
(Figure 3a). In the simulation, PU is found to adapt its
structure to the morphology of the MOF surface, and no
interfacial voids could be detected. In addition, the simulation
suggests that the polymer penetrates the pores of the MOF at
the MOF surface. This qualitative analysis suggests that CPO27-Ni exhibits good compatibility with the chosen PU. A more
detailed picture may be obtained from the atomic density of
CPO-27-Ni and PU at the interface along the direction that is
normal to the MOF surface (in this case, the z-direction of the
simulation box) (Figure 3b). The MOF’s density centered in
the middle of the simulation box, depicted in red, exhibits
evenly spaced peaks due to the regularity of its structure. The
density proﬁle for PU (black line) oscillates around a constant
value closer to the endpoints of the simulation box and decays
when the MOF density becomes non-zero. Interestingly, there
is a region in z-space where both densities are non-zero, which
represents the overlap/interpenetration of the two components
at the interface. This region extends to a length of 14 ± 4 Å
averaged over the seven independent MD runs, with the error
set to the standard deviation of the data. The extent of MOF/
polymer overlap is signiﬁcantly greater than that found for all
other MOF/polymer composites modelled at an ambient
temperature in the past, such as poly(vinyl alcohol)/
HKUST-1,59 poly(ethylene glycol), and poly(vinylidene
ﬂuoride)/UiO-6665 (11.5, 5 and 6 Å respectively). These
ﬁndings conﬁrm the excellent compatibility between the two
phases. The high degree of MOF/polymer overlap is a
signature of the presence of favorable interactions between the
two components. Analysis of radial distribution functions
(RDFs) can shed light on these interactions. Figure 3c shows
the RDFs for the most relevant of these pair interactions.
Strong H-bonds between the oxygen atoms OCPO‑27‑Ni (atom
type O_s) at the MOF surface and the hydrogen atoms of the
amide group of PU HPU (atom type HP1, see Figure 3c left
panel) is observed, with a characteristic short separating
distance of 1.6 Å and a high intensity peak. The hydrogen
atoms of the water molecules at the MOF surface HCPO‑27‑Ni
(atom type hws) also interact with the oxygen-atom of the
amide group OPU (atom type OP1, see Figure 3c middle
panel) associated with a characteristic separating distance of
2.5 Å. Since the polymer penetrates the porosity of the MOF,
there are additional interactions between the oxygen atoms of
the amide group OPU and the HCPO‑27‑Ni that correspond to the
coordinated water molecules at the inner pore wall (atom type
hw, see Figure 3c right panel), with a characteristic separating
distance of 2.7 Å. These simulations reveal that PU adapts its
conformation to the morphology of CPO-27-Ni and
participates in strong H-bonding interactions with atoms at
both the MOF surface and inner pore wall. Taken together,
these properties result in the two components being highly
compatible in forming composites. While compatibility of all
components is a crucial condition for an eﬀective composite

material with desirable mechanical properties, the remarkably
high compatibility of our chosen polymer with the structure of
CPO-27-Ni could lead to a partial blockage of the pores and
metal centers.65 This may be a contributing factor to the lower
NO release values recorded for the ﬁlms, when compared to
the MOF powders (Table S3).
Mechanical Behavior. To experimentally conﬁrm the
good compatibility between CPO-27-Ni and PU predicted
computationally, uniaxial tensile tests were carried out on a set
of CPO-27-Ni-HT composite ﬁlms containing 0, 5, 10, 20, and
40 wt % MOF loading levels. Tensile strength (TS) is the
maximum stress that the ﬁlm can endure in the stress−strain
curve, while ductility is given by the maximum strain (%) of
the stretched-out ﬁlm at the point of failure. In this analysis,
small strips of the composite materials were mechanically
elongated to failure point under a uniaxial load; the mechanical
behavior of the ﬁlms is depicted in Figure 4.

Research Article

Figure 4. Mechanical testing results conducted on blank PU ﬁlm
(purple) and CPO-27-Ni-HT composite ﬁlms containing 5 wt %
(black), 10 wt % (red), 20 wt % (green), 40 wt % (blue), and NOloaded 10 wt % (mustard star) MOF loading levels. (a) Ductility and
(b) Tensile strength (TS) (left axis) and toughness (right axis).

The blank polymer ﬁlm and composites of lower MOF
content (0−10 wt %) display a remarkable ductility with a high
strain tolerance in the range of ∼480−600% (due to the
rubbery behavior of PU). However, with higher MOF loadings
(20 and 40 wt %), the composites do become more brittle as
evidenced by the reduction in strain tolerance (Figure 4a).
Interestingly, the TS (Figure 4b) of the as-made composites
remains high (∼30 MPa) up to a threshold of 10 wt %, beyond
which the TS decreases signiﬁcantly for 20 and 40 wt %
composites. For the 10 wt % MOF composite, this results in a
high fracture energy of ∼900 kJ/m2 indicative of high
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mechanical toughness. The 10 wt % composite was also tested
after an activation/NO-loading/release cycle had taken place.
While the changes in TS are negligible, the ductility of the
material slightly increased to 600%, making the NO-loaded
composite slightly more elastic. The maximum in fracture
energy (at 10 wt % MOF loaded composite) occurs at the
same MOF loading that releases the highest total NO
concentration (per gram of MOF), and both NO release and
mechanical toughness follow the same trend with respect to
MOF loading. These ﬁndings point to a possible correlation
between NO release performance and mechanical properties,
governed by MOF wt %. Overall, the excellent mechanical
endurance of the composite ﬁlms clearly conﬁrms the
prediction that the MOF/polymer compatibility is very good.
FIB-SEM Analysis. To further analyze MOF/polymer
compatibility at the microscopic level and to investigate the
morphology and three-dimensional distribution of MOFs
within the ﬁlms, FIB-SEM-assisted cross-sections were
performed for the ﬁrst time on the composite ﬁlms.
The micrographs in Figure 5 depict the obtained crosssections of composites prepared using both CPO-27-Ni-HT

Figure 6. Rendered volume of 3D reconstruction experiment of
CPO-27-Ni-HT composite ﬁlms. (a) CPO-27-Ni-HT10 wt % and
(b) CPO-27-Ni-HT40 wt % MOF. Cuboids with the dimensions
7.52 × 3.47 × 4.72 μm and 8.24 × 6.33 × 4.44 μm were analyzed for
the 10 and 40 wt % ﬁlms, respectively.
Figure 5. SEM micrographs of cross-sectional areas of CPO-27-Ni
composite ﬁlms. (a) CPO-27-Ni-HT10 wt % MOF, (b) CPO-27Ni-RT10 wt % MOF, (c) CPO-27-Ni-HT40 wt % MOF, and
(d) CPO-27-Ni-RT40 wt % MOF.

denser network of MOF particles with high connectivity and
very few discrete particles is observed (note the monotone
render in Figure 6b highlighting widespread connectivity
between agglomerates). The second phase (polymer) was
omitted in both reconstructed volumes to allow for a more
accurate calculation of the volume occupied by the MOF. The
MOF within the 40 wt % composite occupies 30.5% of the
overall volume, whereas the MOF within the composite of 10
wt % occupies only 3.5%. These analyses reveal for the ﬁrst
time that as the wt % of the MOF in the ﬁlms increases, MOF
particles form a connected network within the polymer. This
phenomenon is also described by the mathematical theory of a
percolation threshold, which deﬁnes a maximum loading of the
inorganic ﬁller, above which a highly connected main
component is formed within the composite system. This has
previously been discussed in the realm of MMMs for gas
separation.63 In our study, this higher connectivity and denser
packing at higher loading could lead to overall fewer accessible
MOF centres66 and more complex gas transport behavior
within the ﬁlm. Both of these factors could contribute to the
reduction in NO release concentration and may also be a
contributing factor in the observed reduction in the ductility of
these samples.
Water Adsorption Isotherms. To further probe the
theory of more tortuous guest transport in ﬁlms containing
higher MOF wt %, water adsorption analysis was also

and CPO-27-Ni-RT at 10 and 40 wt %. Cross-sections of
composites containing 5 and 20 wt % MOF are provided in
Figures S4 and S5, respectively. In each case, MOF
agglomerates are observed to be distributed throughout the
entire depth of the ﬁlm. Overall, a fairly similar agglomerate
size is observed for both HT (Figure 5a,c) and RT (Figure
5b,d) MOFs with a range of 0.5−2.0 μm for CPO-27-Ni-HT
and 0.5−3.5 μm for CPO-27-Ni-RT, respectively. Comparing
the cross-sections of ﬁlms containing 10 wt % with those of
ﬁlms containing 40 wt %, it becomes apparent that the polymer
matrix is occupied by the MOF to a higher extent at higher
MOF loadings, as might be expected. To visualize the
distribution of the particles within the polymer, 3Dreconstruction experiments were carried out using the CPO27-Ni-HT-10 wt % and CPO-27-Ni-HT-40 wt % composite
ﬁlms. Figure 6 depicts the rendered volume that MOF particles
occupy in each ﬁlm.
As illustrated in Figure 6a, MOF particles are present as
discrete agglomerates in the ﬁlm containing 10 wt % MOF.
Each new color represents an individual, discrete agglomerate.
In contrast, in the case of higher 40 wt % loading, a much
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conducted on the samples. Water was selected because of its
direct relevance to the mechanism of NO release; that is, an
eﬃcient NO storage and release cycle is achieved when the
bound NO is replaced by water and all of the released NO is
driven out of the material.11 However, the main purpose of the
experiment was to provide evidence of guest transport
characteristics.
Figure 7 illustrates water adsorption isotherms for ﬁlms
containing CPO-27-Ni-RT. The water uptake for the blank

technique. First, it must be noted that NO release data
reported above were recorded at 11% RH, therefore
corresponding water adsorption values must be compared
under this same level of RH. Second, water adsorption
isotherm data points are recorded under equilibrium
conditions, and the isotherms do not directly yield information
regarding the kinetics of adsorption [although we may infer
some kinetic information from the total duration of each water
adsorption experiment (Table S4)]. Third, the data do not
indicate to which location the water has adsorbed within the
composite material (each adsorbed water molecule may not
necessarily exchange for NO at a CUS site). Finally, any
comparison to NO release data must be made to data reported
per gram of ﬁlm (i.e. Figure 2b).
At 11% RH, the water uptake does not scale signiﬁcantly
with rising MOF content in the composites. Indeed, increasing
the MOF content from 5 to 10 wt % loading does not result in
a doubling of the water uptake. Furthermore, adsorption of
water increases only slightly from 5 to 10 to 20 wt % MOF and
is similar for 20 and 40 wt % ﬁlms. Bearing the above factors in
mind, the water isotherm data at 11% RH show a similar trend
to the total NO release data expressed per gram of ﬁlm
illustrated in Figure 2b and listed in Table S3, where the total
quantity of NO released is greatest (and equal) for ﬁlms
containing 20 and 40 wt % MOF and lowest for those
containing 5 wt % MOF. With regard to NO release kinetics,
some correlation may be indicated between the overall water
adsorption experiment duration and the time taken for the NO
release to fall below 30 ppb for each ﬁlm (see Table S4). In
both cases, the length of time increases with MOF wt %, which
again may indicate a more complex gas transport for composite
ﬁlms with higher MOF loadings.
Antibacterial Tests. As mentioned earlier, each particular
biological response to NO requires delivery of a speciﬁc
concentration. The concentrations released from many of the
ﬁlms analyzed in this study appear to be in the correct region
to be antibacterial when compared to results of our previous
studies.38 To test this assumption, ﬁlms containing 10 wt %
(i.e. the most eﬃcient formulation) were tested for
antimicrobial activity against P. aeruginosa. This bacterial
species is the most common cause of CAUTIs and is
notoriously diﬃcult to treat with antibiotics. It is therefore a
good candidate with which to prove the concept. Testing was
carried out using a blank PU ﬁlm, a 10 wt % CPO-27-Ni-RT
composite ﬁlm, and a 10 wt % CPO-27-Ni-RT composite ﬁlm
loaded with NO. Antibacterial performance was assessed after
5 and 24 h incubation periods. This time span is relevant to
short-term catheter use, for example, during surgical
procedures. It is also applicable to catheters employed over
much longer time periods as it is believed that the most critical
point in the deployment of a catheter is the initial insertion. At
this time, bacteria can easily be carried into the body on the
catheter surface and lead to infection. Table S5 lists the
obtained cell densities of all samples tested, and the data are
illustrated in Figure 8.
Figure 8 shows that during the test periods (5 and 24 h),
bacterial growth was observed in the wells containing P.
aeruginosa only, blank polymer ﬁlm, and composite ﬁlm
containing 10 wt % CPO-27-RT without NO. These data
suggest that neither the polymer nor MOF imparts
antibacterial eﬃcacy toward P. aeruginosa. This is as expected
given that the employed polymer is of medical grade and that
previously reported studies show low toxicity of this MOF

Figure 7. Water adsorption isotherms for blank PU and CPO-27-NiRT composite ﬁlms containing 5, 10, 20, and 40 wt % MOF loading
levels. Closed symbols refer to adsorption and open symbols to
desorption.

polymer ﬁlm is minimal; only 1.12 wt/wt % uptake was
recorded, indicating that this polymer is somewhat hydrophobic. However, with increasing MOF loading in the
composite, the total uptake of water increases. This is not
surprising as CPO-27-Ni-RT powder itself adsorbs 41.15 wt/
wt % of water (Figure S8). The data indicate that, as reported
previously for NO adsorption,38 incorporating the MOF into a
polymeric matrix also attenuates its water adsorption capacity.
This is likely caused by the polymer blocking access to MOF
porosity.
For the isotherms of composites containing 5 and 10 wt %
MOF, a continuous uptake of water is observed. However, the
isotherms of the 20 and 40 wt % composites exhibit a step-like
proﬁle where a sharp water uptake at low RH is followed by a
small plateau in the isotherm before a second adsorption step
at ∼40% RH. This behavior is most pronounced in the
composite ﬁlm with 40 wt % MOF loading and is suggestive of
staggered pore ﬁlling. The change in pore ﬁlling behavior at
higher wt % loadings coincides with changes in MOF packing
discussed above, which is also reﬂected by the presence of a
hysteresis gap between adsorption and desorption in these
water isotherms (exact values are listed in Table S4). Although
the exact reason for this remains unclear, it could indeed be
consistent with more complex guest transport through these
composites of high MOF content, but any deﬁnitive
conclusion about guest transport derived from these data
must be made with caution.
In view of the relationship between NO release and water
adsorption, it is tempting to draw comparisons between these
data sets. While this is possible to an extent, the following
considerations are necessary, not least due to the fundamental
diﬀerences in the conditions and methodologies of each
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MOF/PU ﬁlms has been demonstrated against one Gram
positive and two Gram negative bacteria.38 These results
clearly illustrate the great potential of NO-releasing MOFs for
antibacterial applications and provide a valuable proof of
concept. Although wider antimicrobial analysis should be
conducted (e.g., involving a broader range of bacterial species,
fungi and yeast at various and longer time points) to conﬁrm
antimicrobial eﬃcacy as part of any end-application development, these results suggest that MOFs could indeed potentially
oﬀer an eﬀective solution to catheter-related HAIs.

■

CONCLUSIONS
In this study, we have reported a multifaceted investigation of
the formulation of CPO-27-Ni into a model PU within the
context of NO delivery for medical device applications.
Through the analysis of NO release proﬁles across a range of
formulations, we have revealed that the eﬃciency of NO
release by the MOF changes with wt % loading and reaches a
maximum at 10−20 wt %. Indeed, the wt % MOF loading has
been shown to be an eﬀective tool to tune both the released
quantity and release duration. The analysis of mechanical
properties reveals that the composite materials endure
remarkable mechanical stress and strain akin to neat PU and
that no detrimental eﬀect occurs at loading levels up to 10 wt
%. We propose that guest transport is more tortuous in
composites containing greater than 10 wt % MOF, as indicated
by the water adsorption analysis, and that this may explain the
variation in eﬃciency with MOF loading and particularly the
reduction in eﬃciency demonstrated by the ﬁlms containing 40
wt % MOF. 3D reconstructions of the MOF distribution
within the ﬁlms suggest that extensive connectivity between
MOF agglomerates at high loading levels creates a continuous
network of MOF particles. This phenomenon may be
responsible for the more complex guest transport and may
also be the reason why the ductility and toughness of the ﬁlms
are observed to decrease dramatically above 10 wt %.
Therefore, we conclude that the optimum loading level for
achieving highest NO release concentration from this MOF
without detriment to polymer properties is 10 wt %. However,
as diﬀerent biological responses are triggered by diﬀerent
concentrations of NO, the wt % of MOF must be carefully
selected depending on the targeted end application. We have
shown for the ﬁrst time through MD simulations and advanced
FIB-SEM analysis the excellent compatibility between CPO27-Ni and PU, revealing a strong physical and chemical
interaction between the phases and a high degree of pore
penetration by the polymer. These ﬁndings oﬀer a potential
explanation for the attenuation of the MOF NO release
performance by the polymer, although an in-depth study of the
gas transport of NO and H2O would help to further
understand the underlying dynamics. The antibacterial analysis
results corroborate our earlier ﬁndings that biologically active
levels of NO are released from CPO-27-Ni-PU ﬁlms, even after
attenuation by the polymer. Indeed, results conﬁrm that
despite the lower surface area exhibited by CPO-27-Ni
produced by the water-based room temperature method and
the slightly lower levels of NO released by this material, its
performance is still more than adequate for a potential end
application. This study has focused on CPO-27-Ni and, of
course, other MOFs should be analyzed to prove the generality
of its ﬁndings. Nevertheless, it has revealed the remarkable
compatibility of this MOF and PU and many critical factors
that contribute to the function of these materials. The ﬁndings

Figure 8. Results of antibacterial testing of CPO-27-Ni-RT10 wt %
composite (MOF/PU) and CPO-27-Ni-RT10 wt % composite
NO loaded (NO loaded MOF/PU) against Gram negative bacteria P.
aeruginosa ATCC 15442 (P. a. only) following incubation times of (a)
5 and (b) 24 h. Error bars represent the standard error of the mean, N
= 6. The control was a blank PU ﬁlm.

toward human cell lines.38,67 Figure 8a shows that at the short
contact time of 5 h, there was suﬃcient release of NO from the
10 wt % loaded composite to signiﬁcantly reduce the bacterial
cell density count. At this time-point, a log10 reduction of 2.8 is
recorded, which indicates that the surface of the composite is
bacteriostatic, that is, the total accumulated release of NO is
inhibiting the growth of the bacteria (note a log10 reduction of
3 is an industrially recognized standard to show antibacterial
eﬃcacy).68 Further delivery of NO from the surface of the
composites leads to a complete destruction of all bacteria, as
indicated in Figure 8b (24 h time period). This equates to a
log10 reduction of 8.2 and can be regarded as being
bactericidal. The mechanism of action of NO is therefore
found to be time-dependent. A similar time-dependent
response was observed in our previous studies against E. coli
and S. aureus, though subtle diﬀerences exist between the
precise responses to each bacteria. These results indicate that
the bactericidal activity demonstrated by NO-loaded ﬁlms is
attributable to the released NO. They also conﬁrm for the ﬁrst
time that NO-loaded CPO-27-Ni-RT represents a novel,
promising agent for the delivery of biologically relevant
concentrations of NO from the surface of PU formulations.
By combining these results with our previously presented
antibacterial analysis, bactericidal eﬃcacy of NO-releasing
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will be pertinent to the further development of NO-releasing
MOFs for healthcare applications.
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Metal−Organic Frameworks for Corrosive and Coordinating Gas
Capture. Nat. Rev. Mater. 2019, 4, 708−725.
(29) Rosi, N. L.; Kim, J.; Eddaoudi, M.; Chen, B.; O’Keeffe, M.;
Yaghi, O. M. Rod Packings and Metal−Organic Frameworks
Constructed from Rod-Shaped Secondary Building Units. J. Am.
Chem. Soc. 2005, 127, 1504−1518.
(30) Dietzel, P. D. C.; Morita, Y.; Blom, R.; FjellvÅg, H. An In Situ
High-Temperature Single-Crystal Investigation of a Dehydrated
Metal-Organic Framework Compound and Field-Induced Magnetization of One-Dimensional Metal-Oxygen Chains. Angew. Chem., Int.
Ed. 2005, 44, 6354−6358.
(31) Rosnes, M. H.; Pato-Doldán, B.; Johnsen, R. E.; Mundstock, A.;
Caro, J.; Dietzel, P. D. C. Role of the Metal Cation in the Dehydration
of the Microporous Metal−Organic Frameworks CPO-27-M. Microporous Mesoporous Mater. 2020, 309, 110503.
(32) Lowe, A.; Chittajallu, P.; Gong, Q.; Li, J.; Balkus, K. J. Storage
and Delivery of Nitric Oxide via Diazeniumdiolated Metal Organic
Framework. Microporous Mesoporous Mater. 2013, 181, 17−22.
(33) Jen, M. C.; Serrano, M. C.; van Lith, R.; Ameer, G. A. PolymerBased Nitric Oxide Therapies: Recent Insights for Biomedical
Applications. Adv. Funct. Mater. 2012, 22, 239−260.
(34) Pant, J.; Goudie, M. J.; Chaji, S. M.; Johnson, B. W.; Handa, H.
Nitric Oxide Releasing Vascular Catheters for Eradicating Bacterial
Infection. J. Biomed. Mater. Res., Part B 2018, 106, 2849−2857.

(35) Homeyer, K. H.; Goudie, M. J.; Singha, P.; Handa, H. LiquidInfused Nitric-Oxide-Releasing Silicone Foley Urinary Catheters for
Prevention of Catheter-Associated Urinary Tract Infections. ACS
Biomater. Sci. Eng. 2019, 5, 2021−2029.
(36) Choi, M.; Park, S.; Park, K.; Jeong, H.; Hong, J. Nitric Oxide
Delivery Using Biocompatible Perfluorocarbon Microemulsion for
Antibacterial Effect. ACS Biomater. Sci. Eng. 2019, 5, 1378−1383.
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