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Nitric oxide (NO) is an essential signaling molecule with a number of biological functions and holds
great promise in biomedical applications. However, NO delivery technologies have been complicated
due to the inherent properties of NO which include short half-life and limited transport distance in
human tissues. In addition, the biofunctionality of NO is strongly dependent on its concentrations and
locations where it is delivered. To achieve controlled NO delivery, many studies have focused on
encapsulating NO donors into macromolecular scaffolds or using catalysts to realize in situ NO
generation from NO prodrugs. Successful applications have been shown, however NO donor-loaded
platforms experience the limitation of finite NO storage capacity. The present study reports the synthesis
of a catalyst, copper-doped zeolitic imidazolate framework ZIF-8 (Cu®*/ZIF-8), that is designed to
generate NO from naturally occurring endogenous NO donors. By tuning the copper doping percentages,
we achieved controlled NO generation from S-nitrosoglutathione (GSNO) and S-nitrosocysteine (CysNO).
Cu?*/ZIF-8 particles retained their catalytic potency after 5 NO generation cycles and we showed that our
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reports. As a proof-of-concept study, we demonstrated the ability of copper-doped ZIF-8 to disperse
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Introduction

Nitric oxide (NO), being recognized as a potent signaling
molecule, has been implicated to mediate a collection of
physiological processes, such as vasodilation, wound healing,
angiogenesis, inflammatory responses, and antimicrobial and
tumoricidal activities."™ As a result, an ever-growing interest
has focused on developing NO delivery systems for different
biomedical applications. Low molecular weight (LMW) NO
donors, such as organic nitrates, metal-NO complexes, S-
nitrosothiols (RSNOs), and diazeniumdiolates (NONOates),
are the first-generation of NO delivery platforms reported.®’
These donors carry NO moieties and can release them upon
activation (e.g. via physical stimulation or enzymatic activities).
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bacterial biofilms in the presence of GSNO.

However, the direct application of LMW NO donors in clinical
settings faces the issues of burst release and non-targeted
delivery. On this account, the second-generation of NO delivery
systems emerged and is constructed by encapsulating NO
donors into macromolecular scaffolds, including liposomes,
micelles, dendrimers, nanoparticles, and hydrogels.®** These
systems have been demonstrated to release NO in a controlled
manner to accommodate diverse biomedical applications, however,
there exists a challenge to render sustained NO delivery due
to the finite NO payloads, and hence they are not practical
for long-term utilization. Therefore, alternative systems have
been proposed and attested for controlled and sustained NO
delivery," that is, to catalyze endogenous NO prodrugs (i.e.
S-nitrosoglutathione (GSNO), S-nitrosocysteine (CysNO), and
S-nitrosoalbumin (AlIbSNO)) to achieve in situ NO generation
using enzyme mimics or catalysts."®

The Reynolds group is the first to report that copper-based
metal-organic frameworks (Cu-MOFs), namely CuBTC and
CuBTTri, were able to catalytically decompose endogenous
NO prodrugs to release NO.'*' Using CuBTTri as a model,
they revealed that the catalytic activities stemmed from the
presence of active Cu sites on the surfaces of these particles and
only a small fraction (1.3 £+ 0.4%) of total copper in these
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Scheme 1 Schematic illustration of the synthesis of Cu?*/ZIF-8 which serves as a catalyst for in situ NO generation from NO prodrugs, S-nitrosoglu-

tathione (GSNO) and S-nitrosocysteine (CysNO).

particles was catalytically active.”” Considering only a minute
amount of copper is needed for the NO catalysis reaction, we
hypothesize that the remaining non-active copper can be
replaced by other more biocompatible metals (e.g. Fe, Zn) to
reduce the potential risk of copper-induced cytotoxicity.>*>*
Herein, we doped copper ions into zeolitic imidazolate frame-
work (ZIF-8) due to its high biocompatibility, serving as a
catalyst for NO delivery. We envision that precisely controlled
NO generation can be achieved by simply tuning the copper
doping percentages.

In the present study, we: (i) synthesized copper-doped ZIF-8
particles (Cu®*/ZIF-8) and modulated the copper doping per-
centages by varying the molar ratios between the building
blocks; (ii) demonstrated controlled NO release by tuning the
concentrations of Cu”*/ZIF-8 particles and NO prodrugs (i.e.
GSNO and CysNO) (Scheme 1); (iii) examined the catalytic
stability of Cu>*/ZIF-8 particles by repeatedly using these par-
ticles to catalyze NO prodrugs and comparing the catalytic
efficiencies after each cycle; and (iv) illustrated the potential
of these particles for antimicrobial applications using an
in vitro biofilm model.

Materials and methods

Materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,0, 98%), 2-methylimidazole
(Hmim, 99%), r-cysteine (Cys, >98.5%), and hydrochloric acid
(HCI) were purchased from Sigma-Aldrich. Copper(u) nitrate trihy-
drate (Cu(NO3),-3H,0, 98.5%), potassium nitrite (KNO,, >96%),
sodium phosphate dibasic (Na,HPO,), potassium phosphate
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monobasic (KH,PO,), sodium chloride (NaCl), ammonium
chloride (NH,Cl), magnesium sulfate (MgSO,), calcium chloride
(CaCly,), glucose, and absolute methanol were purchased from
Chem-Supply. GSNO was purchased from Cayman Chemical.
Ultrapure water (18.2 OM cm resistance) was provided by
arium® mini Sartorius and used throughout the experiments.
All reagents were used as received without further purification.
Synthesis of Cu®*/ZIF-8 particles. Cu”*/ZIF-8 particles were
synthesized according to the protocol described by Schneider
et al®*® Hmim (660 mg in 11.3 mL methanol, 8 mmol) was
added dropwise into an equal volume of methanol solution
containing 1 mmol of Zn(NO3), and Cu(NOj3), using a syringe
pump with a flow rate of 0.5 mL s~ *. The mixture was allowed to
react under constant stirring (400 rpm) at room temperature for
1 h. After reaction, the precipitates were collected by centrifu-
gation (5000 rpm, 5 min) and washed with copious methanol,
followed by drying under ambient conditions. By this method,
we achieved a 29.56 & 0.85% yield of Cu®*/ZIF-8. The amount of
copper doped was tuned by varying the molar ratio between
Zn(NO;), and Cu(NO;), as shown in Table 1. The particles
prepared for 0%, 1%, 5%, 10%, and 20% theoretical copper
doping percentages will be denoted as ZIF-8, 1% Cu”*/ZIF-8, 5%
Cu”'/ZIF-8, 10% Cu”'/ZIF-8, and 20% Cu>*/ZIF-8, respectively.
Characterization of Cu’'/ZIF-8 particles. The crystalline
structure of the synthesized particles was confirmed using thin
film X-ray diffraction (XRD, PANalytical Empyrean 1 Thin-Film
XRD) at 40 kV and 40 mA with a Cu-Ka radiation source. To
prepare samples for XRD analysis, 20 puL of highly concentrated
particle suspension (in H,0, 1 mg mL™") was dropped onto a
glass slide, followed by drying at 60 °C for 4 h. The morphology
and elemental composition of Cu®'/ZIF-8 particles were
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Table 1 The molarities of building blocks used to synthesize ZIF-8
particles with different copper doping percentages

Theoretical

copper doping Hmim Zn(NOj),- Cu(NO3),

Sample percentage (%) (mmol) 6H,O (mmol) 3H,O (mmol)
ZIF-8 0 8 1.00 0

1% Cu®'/ZIF-8 1 8 0.99 0.01

5% Cu**/ZIF-8 5 8 0.95 0.05

10% Cu**/ZIF-8 10 8 0.90 0.10

20% Cu®'/ZIF-8 20 8 0.80 0.20

characterized by field emission scanning electron microscopy
(FESEM, FEI Nova NanoSEM 230) at an acceleration voltage of
5.0 kV and energy dispersive spectroscopy (EDS, Bruker SDD-
EDS) respectively. Sample preparation for FESEM imaging and
EDS analysis is described as follows. Briefly, 10 uL of 0.1 mg mL ™"
well-dispersed particle suspension was dropped onto silica wafers
and dried at 60 °C overnight. After drying, all samples were
coated with a thin layer of platinum (10 nm, for SEM imaging)
or carbon (15 nm, for EDS analysis) employing a Leica ACE600
sputter coater and a DCT Desktop carbon evaporator respec-
tively. Platinum coating was introduced to improve the electron
signal from the specimen to obtain high signal-to-noise images,
while the introduction of carbon coating was to avoid inter-
ference with other elements. To determine the actual copper
doping ratios, 10 mg of Cu®*/ZIF-8 particles were digested with
1 mL of concentrated nitric acid, followed by dilution with H,O
to achieve a final volume of 10 mL. Cu®" concentrations of the
obtained clear solutions were measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES, PerkinElmer
OPTIMA7300).

Synthesis of CysNO. CysNO was synthesized following a
previous report by Peterson et al.>” with slight modifications.
Briefly, 0.5 mL of 5 mM cysteine was mixed with an equal
volume of 5 mM KNO,. Both of the reagents were dissolved in
0.1 M HCL The reaction was allowed to proceed at room
temperature with constant stirring (300 rpm) for 5 min. Light
exposure is avoided throughout the experiment. After reaction,
more than 90% of cysteine was converted into CysNO.>” CysNO
was freshly prepared before use as it is easy to be oxidized.

Nitric oxide generation. To monitor NO generation from
endogenous S-nitrosothiols in real time, a free radical analyzer
(TBR4100, World Precision Instrument) equipped with an NO
sensitive probe (ISO-NOP, World Precision Instrument) was
employed. TBR 4100 measures NO kinetics using the ampero-
metric detection principle, that is, changes in current are
recorded and converted into NO concentrations based on a
calibration curve. In detail, the ISO-NOP sensor was first
polarized overnight, then calibrated by adding 25 pM KNO,
in 10 mL of 0.1 M H,SO, + 0.1 M KI solution at 37 °C. At least
five proportional increasing volumes of KNO, were added each
time after a stable current baseline was obtained. The calibration
curve was derived based on 1:1 NO generation by different
amounts of KNO, added. To follow the NO generation profiles of
RSNOs, the NO electrode was firstly immersed into 3.95 mL
particle suspensions (0.01-0.1 mg mL~") in 10 mM PBS for 1 h at

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

37 °C. Then, when the system reached a stable baseline, 50 uL of
RSNO (i.e. GSNO or CysNO) solutions were added into the
suspensions to achieve a final concentration of 1-50 uM. The
changes in current were monitored over time and the entire
reaction was conducted at 37 °C in dark under constant stirring
(400 rpm).

Catalytic stability of Cu®*/ZIF-8 particles. The catalytic sta-
bility of Cu**/ZIF-8 particles to generate NO was evaluated using
a free radical analyzer. In brief, the NO-sensitive electrode was
immersed into 3.95 mL Cu®'/ZIF-8 suspensions (0.1 mg mL ™).
50 UL GSNO solutions (50 uM) were then added into the particle
suspension and changes in current were recorded over time. This
process was repeated 5 times when the current signals decayed
back to a stable baseline. The whole experiment was conducted at
37 °C in dark under constant stirring (400 rpm). The catalytic
efficiency was calculated based on the following equation:

A .
% catalytic efficiency = A—' x 100
0

where A, is the peak NO concentration generated from the first
GSNO dosage, 4; is the peak NO concentration generated from the
following cycles (i = 2™, 3™, 4™, and 5™ cycles).

Biofilm dispersal study. The laboratory strain Pseudomonas
aeruginosa PAO1 was used to grow biofilm. In all assays, a
single colony of PAO1 was inoculated in 10 mL of Luria Bertani
medium (LB 10) at 37 °C with shaking at 180 rpm overnight.
The overnight culture was diluted 1:200 in freshly prepared
M9 minimal medium containing 48 mM Na,HPO,, 22 mM
KH,PO,4, 9 mM NacCl, 19 mM NH,C], pH 7.0, supplemented
with 2 mM MgSO,, 100 uM CaCl, and 20 mM glucose. The
bacterial suspension was then aliquoted 1 mL per well of tissue-
culture treated 24-well plates (Costar, Corning®™). The plates
were incubated at 37 °C with shaking at 180 rpm in an orbital
shaker (model OM11, Ratek, Australia) and the biofilm cultures
were allowed to grow for 6.5 h. To characterize the effect of
catalytic and controlled NO generation of Cu®'/ZIF-8 on the
biofilm dispersal, preformed PAO1 biofilms were treated with
Cu?*/ZIF-8 particles in the presence or absence of GSNO and
incubated for 30 min. Biofilm biomass was quantified using the
crystal violet (CV) staining method. Briefly, after treatment, the
culture supernatant was removed and the biofilm on the well
surfaces was washed once with 1 mL of PBS, followed by the
addition of 1 mL 0.03% CV stain made from a 1:10 dilution of
CV (BD) in PBS. The plates were incubated on the bench for
20 min before the wells were washed twice with PBS. The CV
stained biofilms were mixed with 1 mL 100% ethanol and the
biofilm biomass was quantified by measuring the ODso5 of the
homogenized suspension using a microtiter plate reader
(FLUOstar Omega, BMG Labtech). The biofilm dispersal was
calculated by the following equation:

A, — A,
% biofilm dispersal = pT x 100

p

where A, is the absorbance of control without particles or
GSNO, 4; is the absorbance of the tested samples. All assays
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Fig. 1 XRD patterns of ZIF-8 and 1%, 5%, 10%, and 20% Cu?*/ZIF-8.

included two replicates and were repeated in three independent
experiments.

ZIF-8

Si Zn

5
@FZIE)

View Article Online

Journal of Materials Chemistry B

Results and discussion
Characterization of Cu?*/ZIF-8

Cu®'/ZIF-8 particles were synthesized by reacting Cu(NO;),,
Zn(NOj3),, and 2-methylimidazole in methanol. The theoretical
levels (0, 1, 5, 10, and 20%) of copper doping were tuned by
varying the molar ratio between Cu(NO;), and Zn(NO;),. All
types of particles were firstly analyzed using XRD to confirm
their crystalline structures. As shown in Fig. 1, all samples
display characteristic peaks of (011), (112), and (222) which can
be indexed to the noncentrosymmetric cubic ZIF-8 pattern
(space group I43m; a, = 16.9910 A, V= 4905.2 A* 2%), In addition,
all particles exhibit high crystallinity as evidenced by the sharp
peaks. These suggest that copper doping did not compromise
the crystal structure of the host material, in this case, ZIF-8. The
next step, we characterized all particles using ICP-OES to
determine the actual amount of copper ions doped. As shown
in Table 2, the final copper loadings in Cu**/ZIF-8 particles are
0.08 + 0.00%, 0.28 + 0.04%, 0.47 £+ 0.05%, and 0.76 £ 0.06%
for reactions performed in the presence of 1, 5, 10, and 20%
Cu(NO3), respectively. The actual doping percentages are lower
than the theoretical values, which is consistent with the pre-
vious studies.”*>'

ICP-OES reveals the presence of Cu®" ions in ZIF-8 particles
with controllable copper levels. To further support this conclu-
sion, all particles were characterized using energy-dispersive

b)15
Cu?*/ZIF-8
C Si
N
10
E (@]
n
g Cuzn
5_

Fig. 2 EDS spectra of (a) ZIF-8 and (b) 20% Cu?*/ZIF-8. (c) Elemental mapping of 20% Cu?*/ZIF-8. Images shown are secondary electron (SE) image,
elemental distribution of zinc (pink), copper (blue), carbon (red), nitrogen (green), and oxygen (yellow).
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Table 2 Theoretical and actual copper doping and zinc percentages in
each sample. The as-synthesized particles were washed and dried (to
remove any excess and free copper ions) prior to digestion with concen-
trated nitric acid for ICP-OES analysis

Theoretical
copper doping

Actual copper

doping Actual zinc

Sample percentage (%)  percentage (%) percentage (%)
ZIF-8 0 0.00 £ 0.00 12.70 &+ 0.27
1% Cu®'/ZIF-8 1 0.08 £ 0.00 13.10 &+ 0.73
5% Cu®"/ZIF-8 5 0.28 £ 0.04 12.89 + 0.70
10% Cu**/ZIF-8 10 0.47 £ 0.05 12.83 £+ 0.67
20% Cu**/ZIF-8 20 0.76 & 0.06 12.96 + 0.76

X-ray spectroscopy to identify their elemental composition.
Fig. 2a and b show the EDS spectra of pristine ZIF-8 and 20%
Cu”*/ZIF-8 particles, respectively. Besides the characteristic
peaks of Zn positioned at 8.6 and 9.6 keV, an additional Cu
peak at 8.0 keV was observed for 20% Cu’*/ZIF-8 particles,
indicating successful copper inclusion. The detected C and N
peaks were generated from organic linkers, O peaks from
residual NO;~ from the metal salts, and Si peaks from silica
wafers. Furthermore, elemental mapping using SEM for the
20% Cu®*/ZIF-8 particles showed that Zn and Cu elements were
uniformly distributed (Fig. 2c).

SEM analysis was performed to investigate the morphology
of the particles synthesized. Regardless of the doping percen-
tages, all types of particles exhibited the typical rhombic
dodecahedron morphology of ZIF-8 particles®® (Fig. 3a-i),
implicating that the influence of copper doping on the micro-
structures of the host ZIF-8 particles is negligible. Particle sizes
were measured using Image] software from the SEM images
recorded and the particle size distribution was determined
using Origin software (Gaussian fitting). As shown in Fig. 3bj,
compared to pristine ZIF-8 particles (87.3 £+ 7.8 nm), the average
diameters for particles with copper doping are 103.6 £ 11.2 nm
for 1% Cu*'/ZIF-8, 112.3 + 9.4 nm for 5% Cu?'/ZIF-8, 119.4 +
9.6 nm for 10% Cu®>*/ZIF-8, with a slight increase in particle size
observed for 20% Cu**/ZIF-8 (139.9 4 14.0 nm).

Controlled NO generation by Cu”*/ZIF-8 particles

It has been well studied that copper ions can catalyze RSNOs to
release NO through the copper-catalyzed S-N bond cleavage in
GSNO.***> Therefore, in the next step, we examined the ability
of Cu*'/ZIF-8 particles to decompose GSNO, a commercially
available endogenous NO prodrug, to release NO. A NO-sensitive
electrochemical probe with a detection limit of 1 nM was utilized
to monitor the NO release profiles in real time. In our experi-
ments, the NO probe was immersed and equilibrated in sus-
pensions of ZIF-8 particles with different copper doping levels
(pH 7.4, 37 °C), followed by the administration of 50 uM GSNO.
NO release kinetics was monitored over time using the asso-
ciated LabScribe2 software. As shown in Fig. 4a, NO generation
was observed for ZIF-8 particles with higher copper doping
ratios and NO peaked at concentrations of 1.01 + 0.01 uM (5%),
1.51 4 0.01 uM (10%), and 2.99 =+ 0.03 uM (20%). The peak NO
levels for pristine ZIF-8 (0.49 + 0.03 uM) and 1% Cu®'/ZIF-8

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

ZIF-8
Av. diameter
87.3+£7.8nm

4

60 80 100 120 140 160 180 200
Diameter (nm)
1% Cu?*/ZIF-8
Av. diameter
103.6 + 11.2 nm

.

60 80 100 120 140 160 180 200
Diameter (nm)

C!
N
i

Relative Frequency (%)
o - n w
P PP

=
2]
o

5% Cu®/ZIF-8
Av. diameter
1123+ 9.4 nm

2 o
£ 2

Relative Frequency (%)
N w
22

60 80 100 120 140 160 180 200
Diameter (nm)

h) 60
10% Cu?/ZIF-8
50+ Av. diameter
119.4 £ 9.6 nm
40+

N oW
?

Relative Frequency (%)
2

o
I

500.nna:

o

60 80 100 120 140 160 180 200
Diameter (nm)

o
o

20% Cu®/ZIF-8
50- Av. diameter
139.9 + 14.0 nm

Relative Frequency (%)

60 80 100 120 140 160 180 200
Diameter (nm)

Fig. 3 SEM images and size distributions of (a and b) ZIF-8, (c and d) 1%
Cu?*/ZIF-8, (e and f) 5% Cu?*/ZIF-8, (g and h) 10% Cu?*/ZIF-8, and (i and j)
20% Cu®*/ZIF-8. Scale bars: 500 nm.

(0.66 + 0.02 pM) particles are comparable to that of GSNO
alone (0.49 £ 0.02 uM), indicating a doping level of 5% and
higher is required to promote GSNO decomposition. The NO
peak observed for GSNO only is possibly attributed to GSNO
self-decomposition as shown by previous studies.**® Peak NO
concentrations and copper doping percentages exhibited a
linear relationship (R*> = 0.97) (Fig. 4b). Owing to its highest
catalytic efficacy, 20% Cu®’/ZIF-8 particles were selected for
the following experiments. To demonstrate tunable and
controlled NO generation, NO release from GSNO solutions at
a wide range of concentrations (1-50 uM) was measured in
the presence of 0.1 mg mL "' of 20% Cu”*/ZIF-8 particles.
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Fig. 4 (a) Representative NO generation profiles and (b) peak NO concentrations from GSNO (50 uM) in the presence of Cu?*/ZIF-8 (0.1 mg mL™) with
different copper doping percentages (0-20%). (c) Representative NO generation profiles and (d) peak NO concentrations from catalytic decomposition
of GSNO (1-50 uM) by 20% Cu®*/ZIF-8 (0.1 mg mL™%). All reactions were performed in PBS at 37 °C. Values represent mean + standard deviation, n = 3.
Statistical significance relative to control tests was calculated, **p < 0.01, ***p < 0.001 (one-way ANOVA followed by Tukey post hoc test).
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Fig. 5 (a) Representative NO generation curves and (b) peak NO concentrations from GSNO (50 pM) by 20% Cu®*/ZIF-8 (0.01-0.1 mg mL™}).
(c) Representative NO generation curves and (b) peak NO concentrations from CysNO (50 uM) by 20% Cu®*/ZIF-8 (0.01-0.1 mg mL™?). Values represent
mean =+ standard deviation, n = 3. Statistical significance relative to control tests was calculated, **p < 0.01, *** p < 0.001 (one-way ANOVA followed by

Tukey post hoc test).
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Fig. 6 (a) Catalytic efficiencies of 20% Cu?*/ZIF-8 particles (0.1 mg mL™?) after continuous addition of GSNO solutions (50 uM). Values represent mean +
standard deviation, n = 3. Statistical significance relative to the first dosage was calculated, **p < 0.01 (one-way ANOVA followed by Tukey post hoc test).

(b) EDS spectrum of 20% Cu?*/ZIF-8 after reaction with GSNO.

As expected, we observed a dose-dependent NO generation
from GSNO (Fig. 4c and d), that is, NO levels peaked at 0.20 +
0.04 uM, 0.73 % 0.06 uM, 1.14 =+ 0.28 pM, 1.50 + 0.13 uM, and
2.99 £+ 0.32 uM for 1, 5, 12.5, 25, and 50 pM GSNO, respectively.
Compared with previous studies that demonstrated the generation
of NO with peak concentrations of ~0.1 uM in the presence
of CuBTTri and 20 pM GSNO,”**" copper-doped ZIF-8
particles reported in this work produce a 10-fold increase in
NO generation. It is important to note that NO release measure-
ments in the previous studies were performed using a
chemiluminescence-based NO analyzer, while in this work we
used an electrochemical method.>**

Alternatively, we varied the concentrations of 20% Cu®'/ZIF-
8 from 0.01 to 0.1 mg mL " while maintaining the level of
GSNO at 50 uM (Fig. 5a). Surprisingly, a surge of 1.09 & 0.10 pM
NO was generated even though only 0.01 mg mL™" Cu**/ZIF-8
particles were used, indicating the strong catalytic efficiency of these
particles towards GSNO (Fig. 5b). When 0.05 and 0.1 mg mL~" of
Cu”*/ZIF-8 particles were utilized, the amount of NO produced was
2.07 + 0.24 uM and 2.99 + 0.32 uM respectively.

Following the same experimental procedures, the NO-
generating activity of Cu®"/ZIF-8 was also examined against
another class of endogenous NO prodrugs, CysNO. On the
one hand, we found that higher NO levels were achieved from
CysNO as the concentrations of Cu®**/ZIF-8 increased (Fig. 5c
and d). On the other hand, at the same catalyst concentration, a
significantly higher decomposition rate was observed for
CysNO compared to GSNO. For instance, the peak NO concen-
trations for CysNO were 7.47 £+ 1.50 uM, 12.88 + 1.23 uM, and
15.73 + 1.73 pM in the presence of 0.01, 0.05, and 0.1 mg mL ™"
Cu”*/ZIF-8 respectively, which is ~ 6 times higher than those of
GSNO. This attribute shows that GSNO is more stable than
CysNO and it is easier to decompose the latter using Cu>*/ZIF-8
under physiological conditions (pH = 7.4, 37 °C).*"*?

Catalytic stability of Cu®*/ZIF-8 particles

The catalytic stability of Cu>'/ZIF-8 particles is of great impor-
tance, especially for long-term applications. To investigate
this, we repeatedly spiked 50 pM GSNO solutions into the

This journal is © The Royal Society of Chemistry 2021

same Cu”'/ZIF-8 suspension and compared the catalytic efficiencies
after each addition. As shown in Fig. 6a, Cu®*/ZIF-8 particles
retained 100% and 75% of their original catalytic potency after 2
and 5 cycles respectively, confirming that their biocatalytic
performance can be well-maintained suitable for repeated use.
Our results are comparable to those reported by Reynolds et al. In
their study, a water-soluble Cu-MOF (CuBTTri) was embedded
into chitosan to formulate NO-generating films. The catalytic
efficiencies of these films towards GSNO were completely pre-
served after 4 cycles of reuse.”® In addition, to investigate the
stability of copper ions in Cu”>*/ZIF-8, we performed EDS analysis
on 20% Cu®'/ZIF-8 particles after reaction with GSNO. In brief,
20% Cu”*/ZIF-8 particles were suspended in PBS, followed by the
addition of 50 pM GSNO. After 24 h incubation at 37 °C, the
particles were collected by centrifugation and EDS analysis was
performed. As shown in Fig. 6b, we observed a clear Cu peak at
8.0 keV, indicating there was no noticeable copper leakage during
the timeframe we investigated. The additional P, Cl, and K peaks
originated from residuals of PBS buffer. Furthermore, we inves-
tigated the morphology of 20% Cu®'/ZIF-8 particles after the
reaction with GSNO. We observed that the particles changed
their morphology from the pristine rhombic dodecahedron
shape to a less regular form (Fig. S1, ESIT), similar to morphology
changes of ZIF-8 described in previous publications.**** 1t is
worth noting that Cu>*/ZIF-8 particles maintained their catalytic
capacity for NO generation after 5 cycles of reuse as shown in
Fig. 6a, indicating the morphological transformation plays a
minor effect on the catalytic stability of these particles.

Biofilm dispersal activities of Cu>*/ZIF-8 particles

As illustrated above, by tuning the concentrations of Cu>*/ZIF-8
particles and NO prodrugs, we could achieve uM levels of NO at
which NO has been proven to exhibit antimicrobial activity.***®
Therefore, in the following experiments, we aim to demonstrate
the potential of Cu®*/ZIF-8 particles for antimicrobial applica-
tion (i.e. to disperse biofilms). P. aeruginosa is a Gram-negative
bacterium that contributes to an estimated 10-20% of all
hospital-acquired infections*” and hence is selected for our
studies. Preformed P. aeruginosa biofilms were incubated
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Fig. 7 The ability of 20% Cu?*/ZIF-8 particles (0.3 mg mL™}) to disperse P.
aeruginosa biofilms in the presence of 1 mM GSNO. All values are normal-
ized to the biofilm biomass without GSNO or Cu?*/ZIF-8 treatment
(control). Values represent mean + standard deviation, n = 3. Statistical
significance relative to control tests was calculated, ***p < 0.001 (one-
way ANOVA followed by Tukey post hoc test).

with Cu**/ZIF-8 particles in the presence or absence of GSNO
and the remaining biomass of the biofilms was measured
using crystal violet assay. As shown in Fig. 7, there was no
noticeable reduction in biomass for biofilms solely treated with
Cu**/ZIF-8 (0.3 mg mL™") or GSNO (1 mM). On the other hand,
the administration of both components (Cu**/ZIF-8 and GSNO)
led to a 45% reduction in the biomass of P. aeruginosa biofilms,
indicating the essential role of Cu>*/ZIF-8 patrticles to catalyze
GSNO for NO generation and hence to exert antibiofilm activity.

Conclusions

In conclusion, we reported a catalyst, namely Cu®*/ZIF-8 particles,
for controlled NO generation. NO levels of biologically relevant
can be achieved by tuning the copper doping percentages and
varying the concentrations of Cu®*/ZIF-8 particles and RSNOs.
Cu**/ZIF-8 maintained 75% of its original catalytic efficiency after
5 cycles of NO generation, indicating their potential for long-term
biomedical use. Using a P. aeruginosa biofilm model, we observed
that the co-administration of Cu®'/ZIF-8 particles and GSNO
resulted in a 45% reduction in biofilm biomass, making these
particles candidates for antimicrobial applications. Future studies
may focus on designing multifunctional catalysts using Cu>*/ZIF-8
particles as a template, specifically, to load enzymes/drugs into
ZIF-8 to take advantage of their high surface areas.
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