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ified nano CuMOFs used as a nitric
oxide carrier for prolonged nitric oxide release†
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Nitric oxide (NO) shows high potential in the cardiovascular system with anticoagulant and antibacterial

efficacy. Cu based metal organic frameworks with amino modification (CuMOFs) were found to have an

extraordinary high NO loading, but at the expense of framework stability in ambient moisture. Nano

CuMOFs was synthesized by hydrothermal method in this work, and treated with stearic acid (SA)

creating a hydrophobic form. It was found that the structure of the particles was not affected after

treatment with SA, and the treated CuMOFs had tunable hydrophobicity. Both CuMOFs and SA modified

CuMOFs adsorbed NO with the reaction of the amino group and NO to form a NONOate. SA

modification enhanced stability of the CuMOFs in phosphate buffer solution (PBS, pH ¼ 7.4), slowed

down the interaction between the NO loading unit and H2O, and thus NO releasing was prolonged. The

resulting NO-loaded CuMOFs inhibited platelet activation dramatically, prolonged the coagulation time

and displayed excellent antibacterial properties. They could be envisioned as a good candidate for

application in blood contacting implants.
1. Introduction

Nitric oxide (NO) is a critical biological signaling molecule,
which is endogenously produced and plays a central role with
different functions such as antibacterial, antithrombotic, and
wound healing.1–3 A large body of evidence2,4 shows that NO, in
addition to regulating vascular tone, has important anti-
vascular sclerotic effects, mainly in the form of anti-platelet
effects, among others.5 In addition, NO is a potent antibacte-
rial and antiviral agent. NO induces nitrosation and oxidative
stress to directly modify membrane proteins via reactive
substances, which are thought to play a crucial role in anti-
bacterial activity.6,7 Such reactive substances may include NO
radicals (NO), nitrogen dioxide (NO2), nitrous oxide (N2O3), and
peroxynitrite (ONOO�).8 In antimicrobial applications, NO is
effective in killing not only single strains of bacteria but also
mixed microbial strains. Therefore, NO is considered as
a potential therapeutic agent for anti-thrombotic and anti-
microbial applications.9,10

NO delivery technologies using solid storage materials are
increasingly signicant. Examples of NO carriers currently
investigated mainly include NONOates,11,12 metal exchanged
zeolites,13 and metal–organic frameworks (MOFs).14
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NONOates were among the rst compounds to be studied for
potential NO delivery, and are molecular species capable of
releasing chemically bound NO upon contact with water.
Alternatively, one of the most promising candidates for NO
delivery is currently the use of porous materials, especially
MOFs. MOFs represent a class of hybrid organic–inorganic
porous materials that have attracted a lot of interest because
of their chemical tunability, high porosities, and good
thermal stability. They can be activated in vacuum at high
temperature to obtain coordinatively unsaturated metal sites
(CUSs) on the walls of the pores, which are available for
binding of small molecules. Among the various MOFs, CuBTC
(also known as HKUST-1) is one of the highly studied MOFs
with CUSs, for which applications in NO delivery have been
demonstrated.15 Recently, the amino functionalized MOF,
Cu3(NH2BTC)2 (ref. 16) was used to load NO which showed
NONOate formation additional to the coordination of NO to
unsaturated copper centers.17

However, one of the major shortcomings of MOFs is their
instability in the presence of moisture, and some researchers
tried to enhance its stability in water or PBS. For example,
a modied CuBTC with plasma enhanced chemical vapor
deposition of peruorohexane was reported by Decoste et al. to
prevent the formation of water clusters around the Cu sites.18

Rani et al. reported that HKUST-1 post-synthetically modied
with amino acids showed transition behavior from hydrophilic
to hydrophobic, and thus had better stability in aqueous
environment.19 Moreover, for enhancing hydrophobic small
molecule capture, materials or solvents were tailored for
RSC Adv., 2022, 12, 2383–2390 | 2383
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increased hydrophobicity.20–22 To obtain a sustained NO
release, Mondal et al. reported a highly hydrophobic poly-
tetrauoroethylene particle immobilization on NO releasing
polymer to slow down interaction of NO releasing polymer
with water molecules.23

In this study, Cu based MOFs was tailored with amino
group and SA modication to obtain a super hydrophobic
form and sustained NO release (Fig. 1). A hybrid linker coor-
dinated CuMOFs was rst prepared by hydrothermal method,
which had amino group as a functional group to form NON-
Oates when contacting NO. Then it was post-synthetically
modied with stearic acid (SA) to obtain hydrophobic/super-
hydrophobic properties. Copper ion and NO release, and
anticoagulant and antibacterial properties in vitro were
evaluated.
2. Experimental
2.1 Materials

Copper(II) nitrate hydrate (Cu(NO3)2$3H2O), 1,3,5-benzene-
tricarboxylic acid (BTC, 98%), 2-aminoterephthalic acid (98%)
and stearic acid (SA) were all purchased from Sigma Aldrich.
Nitric oxide (99.9%) was purchased from Chengdu Shimao Gas
Co. In addition, dialysis bag with a molecular weight cut-off
MD44-300KD was used. Total Nitric Oxide Assay Kit (Beyotime
Biotechnology, Shanghai, China) was used to detect NO release
in vitro.
2.2 Preparation of CuMOFs and hydrophobic SA@CuMOFs

Nano CuMOFs was synthesized by a hydrothermal method. 1 g
of BTC and 1 g of 2-aminoterephthalic acid were added into
a solvent with 12 mL water and 30 mL anhydrous ethanol to
form the mixed ligand solution. Aer ultrasonic treatment for
20 min, 20 mL Cu(NO3)2 solution with a concentration of
33 mM in water/ethanol (1 : 10) was added subsequently. Then
it was ultrasonically treated for 20 min to obtain CuMOFs
precursor solution. The precursor solution was kept in an
autoclave for 1 h at 140 �C. Aer being taken out, the sample
was centrifuged at 4000 rpm for 5 min, then washed two times
Fig. 1 Schematic illustration of the preparation of CuMOFs, SA@CuMOF

2384 | RSC Adv., 2022, 12, 2383–2390
with ethanol and dried at 80 �C for 5 h to get the nal CuMOFs
nanoparticles.

400 mg of CuMOFs was dispersed in ethanol solution, and
SA was added to obtain a nal concentration of 0 mg mL�1,
0.625 mg mL�1, 2.5 mg mL�1 and 10 mg mL�1 respectively.
Aer being ultrasonically treated for 30 min, the samples were
centrifuged at 12 000 rpm for 10 min and dried for 5 h at 80 �C.
The obtained samples were referenced to as SA1@CuMOFs,
SA2@CuMOFs, SA3@CuMOFs which represented SA concen-
tration of 0.625 mg mL�1, 2.5 mg mL�1 and 10 mg mL�1

respectively.

2.3 NO loading and releasing

The CuMOFs and SA3@CuMOFs were activated under vacuum
at a temperature of 100 �C for 6 h for further NO loading. Aer
being cooled down to room temperature, the samples were
transferred to a NO lling device. The pressure of the device
chamber was rst evacuated with a vacuum pump for 30
minutes and then exposed to NO at 1 MP for 8 hours. The ob-
tained samples were labeled as NO@CuMOFs and NO@SA3@-
CuMOFs respectively.

NO release was measured using the total NO assay kit. NO
can be easily transferred into nitrite and nitrate in water. For
total NO assay, nitrate in the solution was reduced to nitrite by
nitrate reductase and the total nitrite was quantitatively
detected by classical Griess reagent. Details was as follows.
First, 1 M NaNO2 was diluted with PBS to 2, 5, 10, 20, 40, 60
and 80 mmol L�1 to get a standard curve. Second, 100 mg of
NO@CuMOFs and NO@SA3@CuMOFs was placed into the
prepared dialysis tape respectively, and then incubated in
100 mL PBS at 37 �C. At each of the preset time, the solution
was analyzed for NO release according to the total NO assay
kit.

2.4 Characterization

The surface morphological features of samples were studied
using the JSM-7800F eld emission scanning electron micro-
scope (SEM). The composition and crystal structure were char-
acterized by using X-ray powder diffraction (XRD). The
hydrophilic and hydrophobic properties were evaluated by
s and NO@SA@CuMOFs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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using a JC2000 contact angle test system with 5 mL water droplet
chosen as the test liquid. The information on functional groups
and chemical bonds were detected aer materials were well
mixed and ground with KBr via FTIR. All the tests were per-
formed at ambient temperature. All optical videos and photos
were obtained by using a digital camera.
2.5 Anticoagulation and antibacterial biology of CuMOFs

Platelet-rich plasma (PRP) was obtained by centrifuging fresh
anticoagulant rabbit blood at 1500 rpm for 15 minutes. 10 mg
of CuMOFs and NO@SA3@CuMOFs were added in a Millipore
transwell chamber respectively, and placed in the wells of a 24-
well cell culture plate. Then 1 mL of PRP was added to each
well. Aer incubation at 37 �C for 60 min, the plates were
washed three times with PBS (pH ¼ 7.4) and then xed with
2.5% glutaraldehyde overnight. Aer gradient dehydration,
prepared samples were examined by SEM. Each sample was
tested in triplicate.

For coagulation time test, 500 mL fresh whole blood without
anticoagulant and 10 mg of CuMOFs or NO@SA3@CuMOFs
were simultaneously added into a 24-well cell culture plate.
Aer incubation for a preset time (20 min, 40 min and 60 min)
at 37 �C, 2mL of physiological saline was added. The coagulated
clots will precipitate and 50 mL supernatant was transferred to
a new plate. Aer 2 mL of physiological saline was added,
absorbance at 545 nm was detected.

The antibacterial potency of CuMOFs, NO@CuMOFs and
NO@SA3@CuMOFs against E. coli and S. epidermidis was
investigated by the minimal inhibitory concentration estima-
tion and growth inhibition assay. The minimal inhibitory
concentration of NO@SA3@CuMOFs was evaluated as follows.
The optical density (OD) of the cultures was adjusted to 0.2 at
a wavelength of 600 nm (1.5 � 108 CFU mL�1). Samples was
rst diluted with saline into series of concentration, and
10 mL of the series of diluted solution and 10 mL of agar
medium was added into a Petri dish. Aer solidication, 2 mL
of bacterial suspension was seeded and then incubated in
a bacterial incubator at 37 �C for 24 hours. The minimal
inhibitory concentration was determined by the highest dilu-
tion showing complete inhibition of the tested strain. For
growth inhibition assay, the pre-cultured E. coli and S. epi-
dermidis were diluted 100 times to obtain a test inoculum with
a concentration of 1.5 � 106 CFU mL�1 5 mL of the test inoc-
ulum was added into a tube, then 12.5 mg samples were
added. Aer incubation at 37 �C for 24 hours, the surviving
bacteria were collected into a new Petri dish by washing with
10 mL sterilized saline. Then 30 mL of 1.5 � 105 CFU mL�1

inoculum was seeded on agar to count the colonies aer 24 h
culture. The antibacterial rate was calculated according to the
following formula

R ¼ Nc �Ne

Nc

� 100% (1)

where R stands for antibacterial rate, Nc is the number of
colonies on the blank and Ne is the number of colonies on the
tested samples.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussions
3.1 Characterization of CuMOFs and SA@CuMOFs
nanoparticles

The as-synthesized CuMOFs and SA@CuMOFs were character-
ized using SEM, FTIR, and XRD. As shown by SEM, the
synthesized CuMOFs exhibited a laminar structure with an
average size of 100–200 nm (Fig. 2a). In this work, mixed linkers
of BTC and 2-aminoterephthalic acid (NH2TPA) were used to
prepare the amino group functionalized CuMOFs. CuBTC
(HKUST-1) and Cu(NH2TPA) was also prepared by using mono
linker respectively under the same condition. The morphology
of CuBTC is a three-dimensional octahedral structure, and that
of Cu(NH2TPA) is laminar structure similar with the as-
synthesized CuMOFs (ESI Fig. S1†). 2-Aminoterephthalic acid
is a linker similar with terephthalic acid (TPA). It was also
mentioned that HKUST-1 is always coordinated in three
dimensions, whereas CuTPA appears to have a lamellar geom-
etry that forms two-dimensional tunnels.24 The mix of NH2TPA
linker disturbed the space coordinates, thus resulted in
a laminar structure. Aer SA post modication of the CuMOFs,
it showed that the morphology did not change (Fig. 2a).

The CuMOFs and SA modied CuMOFs were dispersed in
ethanol and a uniform coating was prepared on titanium foil by
dipping and pulling for 5 times. Water contact angle was
detected and it showed the surface with CuMOFs was super-
hydrophilic. The topography of the microstructure of the
nanoparticle combined with surface charge of Cu(II) may both
contributed to the super wettability. Whereas surfaces SA1@-
CuMOFs, SA2@CuMOFs, and SA3@CuMOFs presented hydro-
phobic and superhydrophobic behavior with the contact angles
of 62�, 109�, and 154� respectively (Fig. 2b). To reduce the
interaction between water and the loaded NO cargo in the
nanoparticles, SA3@CuMOFs with superhydrophobic proper-
ties was chosen for the following studies.

FTIR spectra were recorded for the studied nanoparticles
before and aer SA modication. The distinct changes in FTIR
spectra aer SA modication are discussed below. The two
characteristic peaks at 2919 and 2853 cm�1 assigned to C–H
stretching of SA were apparently increased (Fig. 2c).25 Vibration
of functional group –NH2 was overlapped with –OH of carbox-
ylic group, which formed a wide absorption instead of a sharp
peak around 3400–3500 cm�1 for both samples.

The crystallographic structure of the as-prepared samples is
analyzed by powder X-ray diffraction (XRD). The X-ray diffrac-
tion (XRD) results showed signicant diffraction peaks within
5–50� of 2q and the position and relative intensity of the
diffraction peaks of SA3@CuMOFs and NO@SA@CuMOFs were
mainly consistent with the typical HKUST-1 (ref. 26) (Fig. 2d).
The CuMOFs has extremely intense diffraction peaks at 6.7�,
9.6�, 11.6� and 13.5�, which correspond to the (200), (220), (222),
(400) lattice planes of HKUST-1 respectively. However, the other
diffraction peaks of HKUST-1 at 16.6�, 19.1�, 24.3�, 26.1�, 29.5�

and 35.5� are very weak, which correspond to the (422), (440),
(220), (551), (731), (751), (951) planes, respectively.27 There was
rarely little change compared with the simulated HKUST-1,
RSC Adv., 2022, 12, 2383–2390 | 2385
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Fig. 2 Material characterization results of CuMOFs. (a) SEM images of CuMOFs, SA1@CuMOFs, SA2@CuMOFs, SA3@CuMOFs, at 40 000�
magnification; (b) contact angle measurements of CuMOFs, SA3@CuMOFs; (c) FTIR spectra of CuMOFs, SA3@CuMOFs, (d) XRD analysis of
CuMOFs, SA3@CuMOFs, with 2q varied from 5 to 20�; the patterns were contrasted with the simulated HKUST-1 and CuTPA pattern.
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View Article Online
indicating the CuMOFs and SA modied CuMOFs were HKUST-
1 liked crystallographic structure.
3.2 NO loading and releasing

The FTIR spectra show only one signicant difference for the
NO-loaded MOFs compared to the unloaded MOFs: in the IR
spectra of the NO-loaded MOFs samples a new peak at
1040 cm�1 is present (Fig. 3a and b). In addition, further
changes of the NO-loaded status in their respective IR spectra
can be revealed. It can be seen that the shoulder at 1292 cm�1 is
slightly more pronounced in the NO-loaded MOFs which rep-
resenting N]N stretching of the NONOate group.28 Further-
more, a shi of absorbance at 940 cm�1 to 932 cm�1, and the
shoulder at 1683 cm�1 increased and sharped aer NO loading.
The signal around 1683 cm�1 is a characteristic of a –N]N–O
group and therefore would indicate the formation of NONOate
groups inside the MOFs.16 The FTIR results indicated CuMOFs
and SA3@CuMOFs both can load NO via NONOate formation.

For sustained NO release, the stability of CuMOFs in PBS is
critical. The CuMOFs and SA3@CuMOFs were incubated in PBS
for preset times, and Cu2+ ions concentration was measured.
2386 | RSC Adv., 2022, 12, 2383–2390
From the experimental results of Fig. 3c, the degradation rate of
SA3@CuMOFs in aqueous solution for the rst 7 days was
signicantly decreased. The superhydrophobic property of
SA3@CuMOFs reduced the interaction between water and the
MOFs to some extend, and delayed the degradation compared
with that before SA modication.

NO release was shown in Fig. 3d. It can be seen that the bare
CuMOFs particles loading with NO can release for about 72 h.
Aer 72 h, the NO release of NO@CuMOFs is signicantly
slowed down and nearly not released. A total of 1.19 mmol of
NO was released per gram of NO@CuMOFs. For NO@SA3@-
CuMOFs, although there was no signicant difference for the
rst three days, however, it kept sustained NO release for 7 days.
The cumulative release amount was 1.52 mmol per gram. It
indicated SA may have the role of solubility enhancement of NO
via hydrophobic interaction thus the loading amount increased.

The release time is one of concerned performances in the
research of NO releasing materials. Many researches focused on
improving the release time of NO. The comparison of the
performance of NO releasing MOFs was showed in Table 1. It
can be seen that NO@SA3@CuMOFs investigated herein offer
the highest released amount with a sustained NO release about
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of NO loading and releasing. (a) FTIR patterns of CuMOFs before and after loading NO; (b) FTIR patterns of SA3@CuMOFs
before and after loadingNO; (c) cumulative release of copper ions fromCuMOFs, SA3@CuMOFs in PBS (pH¼ 7.4, 37 �C); (d) cumulative release of
NO from CuMOFs, SA3@CuMOFs in PBS (pH ¼ 7.4, 37 �C) NO detected by the Griess assay. Values are expressed as mean � standard deviation
(SD) (n ¼ 3).
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168 h. The duration of NO release mainly depends on two
factors. One is the stability of the frameworks, the other is the
reaction rate of NO loading unit with H2O. In the present study,
Table 1 Comparison of the performance of NO releasing MOFs

Material Release conditions R

CuMOFs PBS 1
NO@SA3@CuMOFs PBS 1
UiO-66-NH2 PBS/acid 1
HKUST-1 11% relative humidity 0

Cu-TDPAT
(diazeniumdiolated MOF)

85% relative humidity, room
temperature

0

NOF-11 (with bis-N-nitroso)
moiety

Light irradiation 1

MIL-100 (Fe) 11% relative humidity, 200
mL min�1

0

UHM-37 11% relative humidity 0

© 2022 The Author(s). Published by the Royal Society of Chemistry
SA modication not only enhanced the stability of the frame-
works but also slowed down interaction of NO loading unit with
water molecules. Both contributed to the long NO duration.
eleased amount Duration of NO release Ref.

.19 mmol g�1 �72 h This work

.52 mmol g�1 �168 h This work

.1 mmol g�1 �4 h 29

.001 mmol g�1 Nearly complete aer
20 min, continues for up to
60 min

30

.175 mmol g�1 Initial burst in the rst 3 h,
then continued slower
release in 168 h

31

.0 mmol g�1 3600 s 32

.55 mmol g�1 Primarily released in rst
2.5 h continues up to 25 h

33

.0644 mmol g�1 �6 h 34

RSC Adv., 2022, 12, 2383–2390 | 2387
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Fig. 4 In vitro anticoagulation evaluation of CuMOFs and SA3@CuMOFs nanoparticles. (a) SEM images of platelet adhesion; (b) statistics analysis
of platelet activation rate; (c) dynamic coagulation time of whole blood when contacting the samples.
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3.3 Biological evaluation of the NO releasing CuMOFs

Up to now, the NO-releasing MOFs were mostly focused on NO
loading and releasing, and few were about the biological func-
tion. Anticoagulant and antibacterial functions of the NO
releasing MOFs of CuMOFs and SA3@CuMOFs were evaluated
in this research to explore the potential biological applications.

We tested the anticoagulation property of the as synthesized
nanoparticles in vitro. Platelet adhesion on cell culture plate
well was done, and samples were added in a Millipore transwell
chamber which incubated within the PRP. As shown in Fig. 4a,
Fig. 5 Antimicrobial activity of CuMOFs particles and SA3@CuMOFs. (a) T
with samples incubation; (b) antibacterial rate of the samples against E. c

2388 | RSC Adv., 2022, 12, 2383–2390
the morphology of adhered platelets in both the blank and the
CuMOFs groups displayed a spreading and fully spreading
state, and the activation degree in the CuMOFs group was more
pronounced. In contrast, most adhered platelets in the
NO@CuMOFs and NO@SA3@CuMOFs groups kept round or
a little spreading state, which indicated that NO release from
the samples and acting as an important platelet activation
inhibitor. According to the statistics of activation rate, about
87% of the adhered platelet were activated in the blank group,
while only 20% and 18% were activated with NO@CuMOFs and
ypical photographs of the bacterial colony of E. coli and S. epidermidis
oli and S. epidermidis. Data are presented as the means � SD (n $ 4).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NO@SA3@CuMOFs incubation respectively. But there is no
signicant difference in NO@CuMOFs and NO@SA3@CuMOFs
groups, this may be because that NO release in both groups for
the rst 1 h is approximately the same according to the exper-
imental results in Fig. 4b.

Dynamic coagulation test is another indicator to evaluate the
hemocompatibility of the material. Aer incubating the
samples with fresh blood for 20, 40 and 60 minutes, 2 mL PBS
was added and the supernatant was transferred to detect
absorbance at 545 nm. When it was coagulated and precipi-
tated, the supernatant changed transparent and the absorbance
decreased. The results were showed in Fig. 4c, the absorbance of
supernatant in both NO@CuMOFs and NO@SA3@CuMOFs
groups was signicantly higher than that of the blank group,
verifying that the NO loaded samples have an anticoagulant
effect. Also, the anticoagulant capacity of NO@CuMOFs and
NO@SA3@CuMOFs is no signicant difference.

The minimum inhibitory concentration of NO@SA3@-
CuMOFs sample against Gram-negative E. coli and Gram-
positive S. epidermidis was detected (ESI Fig. S2†). It is both
2.5 mg mL�1 for E. coli and S. epidermidis. Fig. 5 shows the
inhibitory effect of the different nanoparticles on E. coli and S.
epidermidis. CuMOFs without SA modication showed a weak
antibacterial efficacy at the concentration of 2.5 mgmL�1. It can
be seen that both NO loading groups had an signicantly
increased antibacterial function. The antibacterial rate of
NO@SA3@CuMOFs against E. coli was about 90%, and the
antibacterial rate of NO@CuMOFs against E. coli was above
95%. While both reached almost 100% against S. epidermidis.
The antibacterial rate of NO@CuMOFs against E. coli was
slightly higher than that of NO@SA3@CuMOFs, which may be
because more initial Cu2+ release in this sample without SA
modication.

Therefore, the results of this study indicate that the as
synthesized NO-releasing CuMOFs have good anticoagulant
and antibacterial activities, which are promising in application
for blood contacting devices.
4. Conclusion

A hybrid linker with amino group was used to synthesize nano
CuMOFs, and subsequent it was modied with SA for increased
hydrophobicity. SA modication simultaneously enhanced
stability of the CuMOFs in water and allowed for sustained NO
releasing. FTIR results revealed that NONOates formation
within NO loading in SA modied CuMOFs. NO releasing from
the nanoparticles not only dramatically inhibited platelet acti-
vation in vitro but also signicantly increased the antibacterial
activity. It can be loaded in the coating of blood contact
biomaterials in future to achieve excellent anticoagulant and
antibacterial properties.
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