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Photoactive NO hybrids with pseudo-zero-order release kinetics
DOI: 10.1039/DOOB00564A
for antimicrobial applications

Yongfang Liao, Zizhen Ye, Meng Qian, Xing Wang, Yuda Guo, Guifang Han, Yuguang Song, Jingli
Hou*, Yangping Liu*

Bacterial infection is a major threat to health and life of human due to development of drug resistance, which is related to
biofilm formation. Nitric oxide (NO) has emerged as an important factor in regulating the biofilm formation. In order to
harness the potential benefit of NO and develop effective antibacterial agents, we designed and synthesized a new class of
NO hybrids in which active scaffold benzothienoazepine was tagged with a nitroso group and further conjugated with
quaternary ammoniums or phosphoniums. The temporal release of NO from these hybrids can be achieved by
photoactivation. Interestingly, the NO release follows a pseudo-zero-order kinetics, which is easily determined by
measurement of the fluorescent benzothienoazepine or NO. Compared to positive control ciprofloxacin, the NO hybrid
with triphenyl phosphonium (TPP) exhibited more effective activity against S. aureus biofilm in darkness. Irradiation of the
NO hybrid led to higher inhibition against S. aureus biofilm than the parental NO hybrid in darkness or the corresponding
NO-released product, indicating the combined effect of NO and the NO-released product. Therefore, this new class of NO
hybrids are very promising antimicrobial agents and this work provides a new way for design of highly effective

antimicrobial agents.

Introduction

Bacterial infection is a major threat to the health and life
of human from the onset of human existence. It has been
estimated that at least of 60% of bacterial infections currently
treated by physicians in the developed world are considered to
involve biofilm formation.? Once established, the biofilms are
extremely difficult to eradicate by antimicrobial treatment.
Clinically, biofilm infections represent an overwhelming issue,
because biofilms wusually cause persistent and chronic
infections due to drug resistance. Bacteria with biofilms are
highly (10-1000 fold) resistant to antimicrobials that are
effective in the treatment of these same bacteria in planktonic
growth mode.Z> However, there is a lack of effective
antibiofilm agents to eradicate biofilm-related infections.
Therefore, it is of great importance to develop new type of
medicines that target bacterial biofilm formation.

The signalling molecule nitric oxide (NO) has emerged as
an important factor in regulating biofilm formation.® It was
reported that nanomolar concentrations of NO prevent initial
biofilm formation and induce a transition from the biofilm to
the planktonic mode of growth via multiple mechanisms,
including cyclic-di-GMP signalling, nitric oxide signalling,
guorum sensing and so on.5° Moreover, low-dose NO is used
as targeted adjunctive therapy to disperse Pseudomonas
ageruginosa biofilm in cystic fibrosis.!® Consequently, NO
donors such as sodium nitroprusside and nitrofurazone exhibit
excellent activity to induce biofilm dispersal.> 1113
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Furthermore, NO hybrids with combined antibiofilm and
antibacterial activities had been developed to Kkill
Pseudomonas aeruginosa.'* Even with the promising results,
the therapeutic applications of NO donors are limited since
most of them lead to spontaneous generation of NO in
aqueous solution. In order to harness the potential benefits of
NO, it is extremely desirable to liberate NO at the local site
with precise concentration and specific duration. Photo-
induced NO donors are potential candidates to meet the needs
since they allow the release of NO in a precise spatial and
temporal mode by controlling the site, duration and intensity
of the light.

Various types of photo-induced NO donors have been
developed, such as metal nitrosyls,’® nitrobenzene® and N-
nitroso-amines,'’-1® which enable the NO release in a precise
spatial and temporal mode by controlling of the site, duration
and light intensity. Although significant progress has been
achieved in the development of photo-induced NO donors,
some challenges still remain. Particularly, the donors usually
release NO in a “fast-then-slow” manner, leading to the
fluctuation of NO concentrations. Since the therapeutic
consequence of NO-based drugs depends strongly on the
concentrations of NO delivered, effective NO-based therapies
should only deliver desirable NO doses. In this context, the NO
donors with constant release rates during the entire release
process are very appealing.

Considering that aromatic amine is an important moiety in
bioactive molecules, we focused on N-aryl-nitrosamines to
design a novel NO hybrid with high atom economy, which can
undergo homolytic cleavage of N-NO bond upon irradiation to
give NO and the corresponding aromatic amine derivative.?®
Similar strategy was used to design near-infrared
photoactivatable NO donors which enabled integrated
photoacoustic monitoring.® In order to develop antimicrobial-
based photoactivatable NO hybrids, an aromatic amine-
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containing antimicrobial is desirable for the attachment of
nitroso group. Benzothienoazepine derivatives had been
reported as respiratory syncytial virus inhibitors.?! In the initial
screening, its derivatives (ester form) displayed weak activity
against Gram-positive bacteria S. aureus (Fig. S10), thus
Benzothienoazepine was selected as an antimicrobial (Fig. 1).
In addition, its fluorescence properties are also appealing

because NO release can be monitored by fluorescence method.

To enhance the antimicrobial activity, the benzothienoazepine
was conjugated with quaternary ammonium or phosphonium
compounds (QACs or QPCs) that target bacterial cytoplasm
and caused the loss of the structural organization and
integrity.?2 These QACs and QPCs have been widely used to
prepare antibacterial materials due to their potent and broad-
spectrum activities.?> The final photoactivatable NO hybrids
were then constructed by N-nitrosation on the QACs/QPCs-
conjugated benzothienoazepine core (Figure 1). In this work
we demonstrated that this type of NO hybrids could achieve
NO steady release by light at a zero-order rate, evidenced by
the yielded fluorescent product and NO generation. In contrast
to the commonly used antibiotic drug ciprofloxacin, these
hybrids showed potent effects against S. aureus biofilm.

Irridiation at 313 nm Emission at 520 nm

\ quaternary ammonium or
phosphonium compounds
0 ﬂ- o, H Yield: ca. 40%
N— —
Linker

SN antimicrobial activity @

antibiofilm

N N
N, .

O NO release moiety H

Nonfluorescence Fluorescence

Figure 1. Design of light-induced NO hybrids from benzothienoazepine core and
quaternary ammonium/phosphonium moieties to kill or inhibit bacterial biofilm.

Results and discussion

Synthesis and characterization of NO hybrids

The key intermediate benzothienoazepine (5) was
obtained via 4 steps with a total yield of 50% from commercial
1,2,3,4-tetrahydro-benzo[blazepin-5-one (1) according to the
previously reported procedure (see SlI).2* Interestingly, the
benzothienoazepine (5) has a strong fluorescence emission at
500 nm which has not been revealed since its initial synthesis
in 1993 (Fig. S1). The fluorescence quantum vyield of 5 was
determined to be 0.79 in ethanol (Fig. S2) and a large Stokes
shift (130 nm) was observed with excitation/emission maxima
at 370/500 nm in phosphate buffered saline (PBS). Thus, the
compound 5 can be potentially used to develop photo-
calibrated NO donors which allow conveniently monitoring of
NO release in a real-time mode by fluorescence method. 1 25

2| J. Name., 2012, 00, 1-3

To study the antibacterial effect of the catiQnig. groups,
triphenyl phosphonium (TPP), trimethyl {GQHMOMGRYOAd
pyridinium groups were chosen. The cationic groups TPP and
trimethyl ammonium were directly connected to compound 5
via amide coupling reaction, followed by N-nitrosation of the
secondary amine to afford the corresponding NO hybrids (7a
and 7b, Scheme 1). The other NO hybrid bearing pyridinium
(7c) was obtained by linkage of the pyridine group to the
compound 5, followed by sequential N-methylation of the
pyridine and N-nitrosation. The target compounds (NO hybrids)
were characterized by 'H NMR, 3C NMR and HRMS. HPLC
analysis indicated good purity (>95%) and excellent stability of
these NO hybrids without observable decay in CH3CN in the
dark for 24 h (Fig. S3-4).
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Scheme 1. The synthetic routes of the NO hybrids.

Photo-response of NO hybrids

To investigate the photo-response of 7a-c, the UV-vis
absorption spectra of each compound (40 uM) in PBS (20 mM,
pH = 7.4, containing 5% DMSO) were recorded intermittently
during irradiation. The maximum absorption of 7a is located at
313 nm with a molar absorption of 17650 cm* M. Upon
irradiation 7a with UV light (313 £ 10 nm, 6 W LED light) in
quartz cuvette, the absorption of 7a at 313 nm was weakened,
accompanied with the increase in the absorption of 6a at 365
nm. A linear relationship between the concentration of 6a and
time was observed upon irradiation (Fig. 2a), indicating that
the photo-induced denitrosation of 7a follows pseudo-zero-
order kinetics. The denitrosation rate of 7a was determined to
0.24 uM min-t. Similarly, the photo-triggered denitrosation of
7b and 7c were also observed with irradiation at 313 nm and
followed pseudo-zero-order decomposition kinetics, with the
rates of 0.18 uM min? for 7b and 0.23 uM min? for 7c,
respectively (Fig. 2b, c). Therefore, it can be concluded that the
three NO hybrids have the similar photo-triggered
denitrosation rates, and the cationic group has little effect on
their denitrosation.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (3, b, c): The time course changes of UV-vis absorption of 7a, 7b and 7c solution (40 uM) upon irradiation by light 313 nm; Inset: The dynamic relationship
between the concentrations of product (6a-b and 6d) and exposure time to irradiation by fitting the absorption at 365 nm, respectively.

To check if the photo-triggered denitrosation of 7a-c can
be monitored by fluorescent spectroscopy, we first measured
the fluorescent spectra of the NO hybrids (7a-c) as well as their
precursors (6a-b and 6d). All the NO hybrids are essentially
non-fluorescent with the fluorescence quantum yields (®) of
0.0022, 0.0033 and 0.0013 for 7a, 7b and 7c, respectively (Fig.
S2), while the precursors, except for 6d, show strong
fluorescence emission at around 520 nm. The quantum vyields
were estimated to be 0.557 and 0.564 for 6a and 6b in ethanol,
respectively. The tremendous difference in fluorescent
intensities of the NO hybrids and precursors suggests that the
denitrosation reaction of the hybrids can be monitored by

fluorescence method. Subsequently, we investigated the
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fluorescent stabilities of the hybrids (7a-b) and their
precursors (6a-b) to ensure the detective reliability. As
indicated in Fig. 3, only negligible changes in fluorescence
intensity were observed for hybrids (7a-b) and precursors (6a-
b) in the presence of different pH buffer (5.0-8.0), various
cations (K*, Na* and Zn?*), and amino acids, such as arginine
(Arg), cystein (Cys) and glutathione (GSH ) and so on. The
results indicated there are no unexpected fluorescence
changes from hybrids and NO-released products. The above
properties ensured the reliability of fluorescence based
calibration method to monitor the denitrosation reaction of
NO hybrids.
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Figure 3. The fluorescence stability of NO hybrids and their precursors. (a) pH effect on fluorescence intensity; (b) fluorescence interference from amino acids and
cations. The NO hybrids and their precursors were prepared at the concentration of 5 uM. Ae, = 375 nm, Aer, = 520 nm, slit = 5 nm/5 nm.

As shown in Fig. 4a, the fluorescence intensities in the
solution of 7a (5 uM) increased in a time-dependent manner
upon irradiation at 313 nm. To confirm the generation of 6a
from the denitrosation reaction of 7a, the reaction mixture
was subjected to HPLC analysis. In addition to the peak of 7a at
10.11 min, a new peak appeared at 6.01 min in the reaction
mixture, which is the same as that of the authentic 6a (Fig. S5).
The generation of 6a from the denitrosation reaction of 7a was
further verified by high resolution mass spectrometry (HRMS)
studies (Fig. S5). In addition, a good linear relationship was
observed between the fluorescent intensities of 6a and its
concentrations in the range of 0 ~ 5 uM (Fig. S6). Based on this
relationship, the concentration of 6a generated from 7a upon
irradiation was conveniently calculated. The results showed

that the photo-triggered generation of 6a from 7a was linearly
correlated with time and the rate of the pseudo-zero-order
kinetics was calculated to be 0.23 uM min (Fig. 4a), in good
agreement with the value obtained by UV-vis absorption
method. Moreover, we also plotted the fluorescence intensity
changes for 7b as a function of the irradiation time and the
generation rate of 6b was calculated to be 0.21 uM min (Fig.
4b). Due to the weak fluorescence of 6d (Fig. S7), its
generation rate from 7c could not be obtained using the
fluorescence method. Taken together, the photo-triggered
denitrosation reactions of 7a and 7b can be also monitored by
fluorescence method, indicating that NO release could be
convenient detected by the fluorescence increase.
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Figure 4. The time course changes of fluorescent spectra of 7a (a) and 7b (b) solutions (5 uM) by light irradiation; Ae = 375 nm, Aey = 520 nm, slit = 5 nm/5 nm. Inset:
The linear relationship between the concentrations of the product (6a or 6b) and irradiation time.

NO release from NO hybrids

To confirm NO release from the photo-induced
denitrosation of 7a, the EPR spin trapping reagents N-methyl-
D-glucamine dithiocarbamate-iron (ll) Fe?*-(MGD), was
employed. MGD-Fe traps NO efficiently to form NO-Fe-MGD
complex, which has a typical triplet signal with a nitrogen
hyperfine coupling constant (ay) between 12.5-13.2 G. All the
samples were subjected to irradiation in a quartz EPR tube. As
shown in Fig. 5a, the typical signal was not observed in the
dark after addition of 7a (40 uM) to the Fe?*-(MGD), solution.
Upon irradiation, a typical triplet signal (ay= 12.95 G) for NO-
Fe-MGD complex appeared and increased with the irradiation
time, indicating that substantial amount of NO was produced
from 7a. Moreover, the photo-induced generation of NO-Fe-
MGD from 7a increased linearly in 0.5 h and then reached a
plateau. The time course of EPR signal intensities showed a
pseudo-zero-order kinetics for the NO generation with the rate
of 1.20 uM mint. Note: the rate is much higher than the values
(0.23-0.24 puM min) obtained by UV-vis and fluorescence

0.0 25 50 7.5 100
Time / min

methods due to the different irradiation condition used: 7a
solution was irradiated in quartz EPR tube (1.0 mm, id) for EPR
experiments, but in 1-cm quartz cuvette for UV-vis and
fluorescent experiments. The NO release rates for 7b and 7c
was similar to that of 7a, with the value as 1.40 and 1.25 uM
min! respectively (Fig. S8). It was worth mentioning that the
zero-order kinetics ensured constant release of NO unlike the
previous NO donors with one-order kinetics?® 27. The
accumulative concentration of NO released from 7a (40 uM)
was calculated to be about 17.2 uM, based on TEMPO
standard curve.?® The yield of NO from 7a was about 43%. This
result was further confirmed by the Griess method in which
nitrite (NO;7), the final product of NO in air, was measured.?®
The yield of NO, formation was about 38%, 37% and 38% by
Griess method for 7a, 7b and 7c respectively (Fig. S8). These
results support that NO is released from these NO hybrids by
light irradiation.

154 n n [ [ n

(MGD),-Fe-NO (uM)©
°© w o © B

0 2 4 6 8 101214 16 18
Time / min

Figure 5. (a) The EPR spectra of [(MGD),-Fe-NO] in the presence of 7a (40 uM) with or without irradiation at 313 nm; EPR spectra were recorded after photo-irradiation
for 0, 2, 4, 6, 8 and 10 min with a modulation frequency of 100 KHz, a modulation amplitude of 1 G and a microwave power of 10 mW; inset: the relationship between
NO generation and irradiation time; (b) NO-capture curve of 7a under 313 nm light irradiation for different on/off cycles. Samples contained 5 mM of MGD and 1 mM

of (NH4),Fe(S04),.

Next, we examined whether NO release from 7a could be
controlled with temporal precision by light irradiation. A
buffered solution containing 7a and Fe2*-(MGD), was exposed
to the triggering light (313 nm). As shown in Fig. 5b, the EPR
signal for the NO adduct [(MGD),-Fe-NO] increased immediately
upon irradiation, while the signal remained unchanged when

Antibacterial activities of the NO hybrids

the irradiation was stopped. The re-irradiation by light led to
the increase of the EPR signal again. Similar results were also
observed in 7b and 7c (Fig. S9). The “on/off” feature of the
photo-triggered NO generation indicated that temporally
precise manipulation of NO release from these NO hybrids can
be achieved.
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Subsequently, we tested the antibacterial activities of the
NO hybrids and their precursors against planktonic bacteria.
Positive-gram bacteria S. aureus ATCC12600¢F was selected
which is sensitive to cationic disinfectants. Minimum inhibitory
(MIC) and bactericidal (MBC) concentrations were detected to
evaluate the antibacterial activity of the NO hybrids and their
precursors. The results indicated that the TPP-bearing hybrids
7a and its NO precursor 6a exhibited superior antibacterial

T T T T
0 5 10 15 20 25
Time (h)

Journal Name

activities than the hybrids with quaternary ammogjums;{eb,.6d,
and 7b-c), evidenced by the remarkabl@redddedoO0QF09%8rd
the lower MIC (ca. 30 pug/mL) and MBC (ca. 60 ug/mL) value
(Fig.6 and Table S1). It was consistent with the previous report
that phosphonium-bearing polymers showed better
antibacterial activity than the polymers containing the
guaternary ammonium salt.22 30,31

Ta

10 15 20 25
Time (h)

Figure 6. (a, c) Optical density measurements for S .aureus ATCC12600% in the presence of different concentrations of 6a and 7a (7.5-120 ug/mL). The error bars
represent the standard deviations of three independent measurements. (b, d) Pictures of Agar plated solutions (30, 45, 60 and 120 pg/mL) which were used to
determine the minimum bactericidal concentrations (MBC) after 24-h treatment in the dark. MBC was determined by agar dilution method as being the lowest
concentration of drug to kill 99.9% of bacteria which produce no colonies on the plate.

The biofilm formation of S. aureus protects the bacterium
against antibiotic assault and enhances its recalcitrance.3? 33
Therefore, we tested the antimicrobial efficacy of the most
potent compounds 7a and 6a against S. aureus bioflim. After
48-h growth, S. aureus biofilm was exposed to 7a, 6a or
antibiotic drug ciprofloxacin at 37°C. Fig. 7 showed the viable
cell counts in the biofilm after treatment with 6a, 7a and
ciprofloxacin for different times. Clearly, both 7a and 6a were
very effective against biofilm cells and showed the similar
efficacy. 4-log colony forming units (CFUs) were reduced after
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treatment with 7a or 6a at the concentration of 60 pg/ mL for
8 h, while only 2-log reduction in the CFUs count was observed
for ciprofloxacin at the concentration of 100 pg/mL after
incubation for 8 h (Fig. S11). Although only a slight reduction in
CFUs count was detected at lower concentration (30 and 45
ug/mL), increasing the concentration (120 or 180 ug/mL) led
to further reduction of the CFUs count (more than 6-log). At 24
h, the effect became weaker, and 2-log reduction in CFUs was
detected at the concentration of 60 pg/mL.
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Figure 7. The antimicrobial efficacy of 6a and 7a at various concentrations against 48-h-old S. aureus biofilm after incubation at 37 °C in the dark for ({i/fgalr%nt ingg”‘wzé

4, 8, 24 h). Data are expressed as means + S.D. over three independent experiments; ***P <0.0001.

NO is identified as a key mediator of biofilm dispersal
conserved across microbial species34. Subsequently, we carried
the experiment with light-irradiation to test the effect of NO
on biofilm. UV irradiation could damage the mammalian cells
due to the formed reactive oxygen and nitrogen species3,
although UV irradiation has been used as a therapeutic agent
for various skin diseases3®. It was reported that UVA (315-400
nm) induces erythema after 24 h, whereas the erythema
develops 4-6 h after the treatment of UVB (280-315 nm)3°.
Therefore, we set the irradiation time as 4 h to maximize NO
release but minimize the potential toxic effect. To rule out any
effect of the light irradiation itself on bacterial biofilm, a set of
control experiments (PBS) with up to 4 h exposure to light (313
nm) were conducted. Our results showed no light-induced
reduction in bacterial biofilm. In the experimental groups, it is

rticle

DOI: 10.1039/DO0OB00564A

clear that 7a at a low concentration of 45 pg/mL still gave a
significantly larger reduction in biofilm CFUs (ca. 3-log) at 8 h
compared with 6a (ca. 0.3-log) under light irradiation or 7a
without irradiation (ca. 0.3-log) (Fig. 8). At the concentration of
60 ng/mL, 6-log reduction in CFUs was observed for 7a at 8 h
under irradiation, which is about 2-log reduction than 6a or
non-irradiated 7a. Taking into account the possibility of the NO
formation from 7a under irradiation, as well as known anti-
biofilm activity of a number of NO donors, we can conclude
that the enhanced anti-biofilm activity of 7a under irradiation
is due to the combined effect from the photo-generated NO.
However, the efficacy difference between the irradiation and
non-irradiation group disappeared after 24 h (Fig. 8d). Taken
together, 7a is a “two-in-one” hybrid with good antimicrobial
efficacy on S. aureus biofilm cells.
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Figure 8. The antibiofilm activities of 7a (45 and 60 pug/mL) against 48-h-old S. aureus biofilm. The biofilm was incubated with 7a and then exposed to light irradiation
(313 nm) for 4 h to allow the NO release. Subsequently, the antibiofilm effect was evaluated at different times (2, 4, 8, 24 h). Data are expressed as means + S.D. over

three independent experiments;*** p<0.0001.

It has been reported that QACs and QPCs are able to kill
bacteria by damaging cell walls and membrane.?2 To
investigate structural modifications of S. aureus biofilm-
detached cells after treatment with 7a and 6a in the dark, the
morphology of the S. aureus bacteria was analyzed by scanning
electron microscopy (SEM). As shown in Fig. 9, S. aureus
biofilm cells looked round in the PBS-treated group and
exhibited an undamaged normal smooth lining. After
treatment with 7a or 6a (60 pg/mL) for 24 h in the dark, the
morphology of the bacteria underwent a transformation from
their initial round and smooth surfaces to irregular structures.
Since NO release from 7a can be induced by light, we

6 | J. Name., 2012, 00, 1-3

investigated the combined effect of NO and cationic groups on
the morphology of the bacteria. No difference in cell walls was
found for the bacteria only exposed to light or in the dark
(control and 6a groups), indicating that the light irradiation has
no contribution to bacterial biofilm. In contrast, exposure to
light in the presence of 7a led to more significant damage of
the cell walls as compared to the treatment in the dark,
supporting that NO and cationic groups have the combined
effect on the bacterial biofilm. The change in the morphology
of the cell walls was considered to be detrimental to the
bacteria, accounting for the antibacterial activity of 7a.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



https://doi.org/10.1039/d0ob00564a

Page 7 of 8

Published on 01 July 2020. Downloaded on 7/2/2020 5:20:42 AM.

Control

Light

Organic & Biomolecular Chemistry

View Article Online
DOI: 10.1039/DOOB00564A

Figure 9. Scanning electron microscope photographs of S. aureus biofilm treated with 6a or 7a (60 pg/mL) for 24 h after exposure to light for 4 h or in the dark. The

control group was treated with sterile PBS in the same condition. Scan bar =3 um

In addition, we also assessed the selectivity of the NO
hybrids for bacterial over mammalian cell membranes by
conducting hemolytic assay on sheep red blood cells. As shown
in Fig. S12, very low haemolysis (less than 1%) was observed
for all the hybrids (7a-c) and their corresponding NO-released
products (6a-b, 6d) at the concentration range from 300 to
600 pg/mL. Comparatively, QPCs 7a and 6a showed slightly
higher haemolysis compared to QACs 7b and 7c possibly due
to the high hydrophobicity of the TPP group, which facilitated
their insertion into the red blood cell membrane. These results
indicated that these compounds have high hemocompatibility.

Conclusions

We have designed and synthesized a new type of
multifunctional NO hybrids based on benzothienoazepine
scaffold and quaternary phosphoniumor ammonium. NO
release from the NO hybrids is controlled with temporal
precision by light irradiation and calibrated by the generated
fluorescence from the NO-released product. In addition, light
irradiation of the NO hybrids leads to the generation of NO at
nearly zero-order release rate and ensures constant release of
NO, unlike the previously reported NO donors which have one-
order release kinetics. Upon photoactivation, such “two-in-
one” hybrids release active gas molecule NO and the
conjugates of  benzothienoazepine  with  quaternary
phosphonium or ammonium, enabling potent activity against
gram-positive bacteria S. aureus biofilm. Our work provides a
new strategy for design of controllable NO hybrids and new
antibacterial compounds.
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