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Chronic obstructive pulmonary disease (COPD) is a progressive respiratory disorder marked by persistent
lung inflammation and airway constriction. It presents a formidable global health challenge owing to its
high morbidity and mortality rates. It is often aggravated by infections from pathogens such as
Pseudomonas aeruginosa, a predominant pathogen that accelerates lung function deterioration and
triggers frequent exacerbations. Ensifentrine (ENF) exhibits strong anti-inflammatory effects and is
a selective dual inhibitor of the enzymes PDE3 and PDE4, which have been reported to be beneficial in
treating COPD exacerbation. This study examined the anti-pathogenic activity of ENF against P.
aeruginosa by adopting an innovative synthetic route. A series of intermediates were synthesized via the
novel route, optimizing the yield and integrity of ENF. Further investigations to determine the activity of
the compound against P. aeruginosa involved antibacterial and antibiofilm testing and identification of
the potential mechanisms of action. Preliminary results demonstrate that ENF and its intermediate ENF”
exhibit 50-60% robust biofilm-inhibition and biofilm-eradication effects at remarkably
concentrations of 3.9 uM and 7.9 uM, respectively. Furthermore, ENF disrupts quorum sensing, leading to

low

a 35% reduction in the production of pyoverdine and exopolysaccharide, which are two key virulence
factors of P. aeruginosa. Importantly, ENF exhibits synergistic activity with ciprofloxacin, further
enhancing its antimicrobial efficacy at a concentration of 0.25 pg mL™% This study focuses on the
innovative synthesis of ENF and its promising anti-pathogenic properties, which may make it an effective
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Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic
condition characterized by inflamed bronchioles and narrowed
air passages. COPD causes 3.2 million deaths every year, and the
number continues to rise. Tobacco smoking and smoking are
the primary causes of COPD. Patients affected by COPD expe-
rience cough, shortness of breath, and excessive phlegm
production, which causes wheezing. These patients are highly
prone to various pathogenic bacterial colonization and are at
a higher risk of developing severe illness. A major proportion of
the disease arises from recurrent exacerbations, which further
deteriorate health and worsen outcomes." The progression and
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adjunctive treatment for COPD caused by P. aeruginosa.

pathogenesis of COPD are caused by significant bacterial
infections. Among these pathogenic bacteria, Pseudomonas
aeruginosa, a Gram-negative, opportunistic microorganism, is
the major reason for lower respiratory tract infections because it
colonizes in the lungs.>?

The World Health Organization (WHO) classifies P. aerugi-
nosa as a priority pathogen in terms of antimicrobial resistance
(AMR) owing to its intrinsic resistance mechanisms, where it
acquires resistance through horizontal gene transfer and
mutations (WHO, 2024). The Centers for Disease Control and
Prevention reported that AMR in P. aeruginosa contributes to
over 32 600 deaths annually in the United States alone. By 2050,
the annual deaths caused by AMR-associated infections caused
by P. aeruginosa are projected to reach about 10 million if the
current trends persist.* Several reports have stated that P. aer-
uginosa has been isolated from 4% to 20% of patients experi-
encing acute COPD. This condition results from the
colonization of P. aeruginosa due to prolonged hospitalization
and long-term prognosis in patients."* Once the development of
colonized P. aeruginosa begins, it results in prominent adaptive
alterations in chronic airway infections. These infections
include resistance to antibiotics, increased synthesis of mucoid
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and mutation rate, loss of O antigen, and cell motility.”> Biofilm
formation is one of the key virulence factors responsible for the
pathogenesis of P. aeruginosa. Biofilms formed by notorious P.
aeruginosa can be formed on various surfaces, resulting in
increased antibiotic resistance and causing persistent infec-
tions. The innate and acquired immune defenses are disabled
by bacteria and form a biofilm once in the host. Additionally,
they have the potential to produce virulence factors that can
cause serious tissue damage. This biofilm formation has the
advantage of protecting and shielding bacteria from external
stress, including phagocytosis, allowing for long-term coloni-
zation and persistence in host cells.® This biofilm formation
encapsulates P. aeruginosa, which is essential for its survival,
persistence, and long-term colonization.® As a result of the
inherent antibiotic resistance and adaptability of P. aeruginosa,
regular antibiotics fail to function effectively, thereby resulting
in higher mortality rates. Owing to the inherent antibiotic
resistance and adaptability of P. aeruginosa, regular antibiotics
fail to work against it, resulting in higher mortality rates.”
Ensifentrine (ENF) is an FDA-approved drug with anti-
inflammatory properties against COPD and is a dual inhibitor
of phosphodiesterases 3 and 4.* In June 2024, the drug was
approved under the trade name Ohtuvayre. Existing FDA-
approved phosphodiesterase (PDE) inhibitors are selective
against either PDE3 or PDE4, and ENF exhibits an outstanding
clinical profile. It possesses excellent tolerability, effectiveness,
and safety by inhibiting both PDE3 and PDE4.° Airway hyper-
responsiveness is a prominent feature related to exacerbations
of COPD, which are reduced by the action of ENF.? PDEs regu-
late the functioning of the airway smooth muscle tone and
inflammation by regulating cyclic nucleotides. Because ENF is
a dual inhibitor of PDE3 and PDE4, it exhibits an additive or
synergistic phenomenon.* The mechanism of action that ENF
adapts is to elevate the levels of intracellular cyclic adenosine
monophosphate (cAMP), which leads to reduced inflammation
and enhanced mucociliary clearance.’

Biofilms are associated with more than 80% of chronic
bacterial infections, and there is a high need to combat biofilm-
related infections." The overuse of antibiotics causes the
emergence of resistant strains, and alternative strategies are
required to prevent the biofilm formation of P. aeruginosa.
Hence, the development of novel antibiotics, quorum sensing
(QS) inhibitors, bacteriophages, and anti-biofilm agents is
underway.’> However, these strategies possess several chal-
lenges, including high costs, regulatory hurdles and the
potential for resistance development. Drug repurposing focuses
on identifying a new therapeutic application for an existing
drug, which is believed to be cost-effective and solves these
obstacles.” Although ENF has been shown to enhance the
function of the lung and the quality of life in COPD patients, its
potential anti-pathogenic effects, particularly against P. aerugi-
nosa, remain underexplored. To bridge this gap, our study
focuses on a novel synthetic route for ENF that involves the
synthesis of multiple intermediates. This will help improve the
yield and purity of the final product. More importantly, we
tested these intermediates for their individual anti-pathogenic
properties, providing insight into the roles they might play in
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the overall efficacy of ENF. By leveraging the safety profiles and
established pharmacokinetics of approved drugs, repurposing
offers a faster transition from bench to bedside than de novo
drug development. The rationale for investigating ENF con-
cerning biofilm inhibition stems from emerging evidence that
PDE inhibitors can influence bacterial signaling pathways and
biofilm dynamics.** Specifically, in this study, we hypothesize
that ENF and its intermediates may interfere with the key
pathways involved in the formation of biofilms in P. aeruginosa,
thereby reducing its pathogenicity.

Results and discussion
Synthesis and characterization

Synthesis begins with the reaction of 2-(3,4-dimethoxyphenyl)
ethanamine and urea under acidic conditions to produce 1-(3,4-
dimethoxyphenethyl) urea (ENFV). This compound then reacts
with diethyl malonate in the presence of sodium ethoxide and
ethanol to form 1-(3,4-dimethoxyphenyl) barbituric acid (ENF-
barbituric acid). Next, ENF-barbituric acid is chlorinated using
phosphorus oxychloride, yielding 2-chloro-9,10-dimethoxy-6,7-
dihydro-4H-pyrimido[6,1-aJisoquinolin-4-one (ENF®). The ENF®
intermediate subsequently undergoes a substitution reaction
with 2,4,6-trimethylaniline (2,4,6-TMA), resulting in the forma-
tion of 9,10-dimethoxy-2-(2,4,6-trimethylphenylimino)-3,4,6,7-
tetrahydro-2H-pyrimido[6,1-ajisoquinolin-4-one (ENF"). Subse-
quently, ENF" reacts with 2-(2-bromoethyl) phthalimide to
produce 9,10-dimethoxy-2-(2,4,6-trimethylphenylimino)-3-(2-N-
phthalimidoethyl)-3,4,6,7-tetrahydro-2 H-pyrimido[6,1-a|
isoquinolin-4-one (ENF). The ENF® intermediate was then
treated with hydrazine hydrate, resulting in the formation of
9,10-dimethoxy-2-(2,4,6-trimethylphenylimino)-3-(2-amino-
ethyl)-3,4,6,7-tetrahydro-2H-pyrimido[6,1-alisoquinolin-4-one
(ENF?). Finally, ENF* is converted to the finished ENF drug in
the presence of sodium cyanide and water. All the above inter-
mediates (ENFY, ENF-barbituric acid, ENF®, ENF', ENF’, and
ENF”) and the drug ENF were confirmed through 'H, *C NMR,
HRMS and IR data.

Antibacterial activity

The rise of AMR in bacterial strains emphasizes the limitations
of single-targeted drugs. Novel alternative therapeutic measures
must be taken to tackle this silent pandemic, AMR." To over-
come this issue, our study relied on an understanding of the
bifunctional effect of ENF as a bronchodilator and an anti-
biofilm agent. There are no published data currently available
that report on the antimicrobial activity of ENF. Our current
study demonstrates the antimicrobial activity of ENF and its
intermediates. The results of this study provide critical insights
into the antibacterial activity of the compound, showing that
ENF and its intermediates (ENF*, ENF", ENF', ENF’, and ENF®)
do not exhibit any significant growth inhibition effect against
the tested strain across varying concentrations ranging from
500 uM to 0.25 pM. The figure in the ESI{ shows the dose-
dependent graphs for all the compounds with varying concen-
trations against the percentage of inhibition. As these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds did not show growth inhibition effects, we evalu-
ated the potential of all these compounds in retarding the
biofilm formation (Fig. 1).

Antibiofilm activity and visualization

The colonization of bacteria and the formation of biofilms play
a crucial role in evading the host immune response. The
development of biofilms in the COPD patient's lungs even
worsens the condition. P. aeruginosa is known for its ability to
form biofilms and complex microbial communities embedded
in a self-produced extracellular polymeric substance (EPS)
matrix, contributing to its antibiotic resistance and persistence
in the host.* The biofilm inhibition ability of the compounds
was determined by employing a CV assay. A significant dose-
dependent biofilm inhibition of 50-60% was observed in ENF
and ENF* across varying concentrations ranging from 7.9 to 0.9
uM. Our results indicate that ENF and its intermediates did not
significantly inhibit growth at different concentrations, but they
showed considerable anti-biofilm activity, especially for ENF
and ENF”. The other intermediates (ENFY, ENF', ENF’, and
ENF€) do not exhibit any significant biofilm inhibition across
the same concentration. These findings align with the growing
literature, indicating that biofilm inhibition can occur without
directly impacting bacterial growth in planktonic culture."” The
two potent compounds ENF and ENF* were chosen with their
lowest biofilm inhibition concentrations for further experi-
ments. Fig. 2 is a combined graph of the MIC and MBIC of the
compounds ENF and ENF* at varying concentrations ranging
from 500 uM to 0.25 pM.
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Fig. 2 Determination of the minimum inhibitory concentration and
minimum biofilm inhibitory concentration of ENF and ENF” at varying
concentrations against PAOL.

The qualitative analysis results substantiated the data ob-
tained from the quantitative analysis of biofilm inhibition.
Significant biofilm retardation was observed through the CV
staining of the compounds ENF and ENF* across varying
concentrations ranging from 7.9 pM to 0.9 uM (Fig. 3). A dense
network of biofilm was observed in the control, and upon
treatment with the respective compound, the development of
biofilm was inhibited significantly. The remaining intermedi-
ates did not show significant biofilm inhibition, indicating the
specificity of the anti-biofilm activity of ENF and ENF”. The
biofilm inhibition observed suggests that these compounds
interfere with the early stages of biofilm formation rather than
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Fig. 1 Synthesis of ENF and its intermediates (ENF”, ENF®, ENFY, ENFT, ENF®, and ENF©).
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Fig. 3 Qualitative analysis of biofilm inhibition at varying concentra-
tions of ENF and ENF” performed using the crystal violet assay and
visualized under a stereomicroscope.

simply disrupting pre-existing biofilms, as confirmed by biofilm
visualization under a stereo microscope. This finding aligns
with those of previous studies, showing that biofilm inhibition
can occur via the disruption of bacterial adhesion or extracel-
lular matrix production. P. aeruginosa biofilms developed
within the lung cavities of patients suffering from COPD are
prone to exacerbate the disease process and result in worse
clinical outcomes due to increased resistance to both host
immunity and conventional antibiotics.™

Effect on pyoverdine production

Biofilm formation is largely facilitated by the production of EPS
and virulence factors, such as PVD, a siderophore critical for
iron acquisition and biofilm maturation. PVD is a low-
molecular-weight siderophore involved in the QS regulating
pathways of P. aeruginosa. This PVD complex enhances P. aer-
uginosa virulence not only by facilitating iron uptake but also by
triggering inflammation and oxidative damage in the host
through its redox-cycling activity.**** The production of PVD
upon treatment was quantified for the compounds ENF and
ENF* across various concentrations ranging from 3.9 to 0.9 uM.
A significant reduction of 30-35% was observed in the treat-
ment of ENF, and a 40-45% reduction was observed after the
treatment with ENF*, as shown in Fig. 4. This shows that PVD
could be a target of ENF in inhibiting biofilm formation. This
leads to inflammation in the host during chronic Pseudomonas
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infections in COPD patients. Numerous studies have been
carried out, and recent approaches to fighting P. aeruginosa
have focused on exploiting its iron homeostasis mechanisms,
turning its greatest strength into a provable weakness.”**
Moreover, there was a reduction in PVD production after ENF
and ENF* treatment, with ENF* causing a slightly higher
reduction in PVD (45% compared to 35% for ENF). As PVD is
implicated in the QS pathways of P. aeruginosa, it implies that
ENF and ENF* may control the P. aeruginosa QS pathway, which
is highly renowned for its mechanism of biofilm development
and maintenance. The inhibition of PVD synthesis can thus be
taken as an indirect QS inhibitor marker that further contrib-
utes to the effectiveness of these compounds in anti-biofilm
activity.”

Effect on the EPS production

Capitalizing on the encouraging outcomes of the PVD quanti-
fication assay, the test compounds ENF and ENF* were also
examined owing to their ability to lower EPS production by
PAO1. The matrix of the EPS comprises polysaccharides,
proteins, and extracellular DNA. This protects the bacterial cells
against environmental stress and prevents antimicrobial pene-
tration. Further studies are needed to understand the exact
mechanism by which ENF and its intermediate prevent biofilm
formation. At the tested concentration (from 7.9 uM to 1.9 pM),
ENF and ENF* resulted in a significant reduction in EPS
production, achieving a 35-40% decrease compared to the
control. The highest amount of EPS inhibition was observed at
1.9 uM. Early findings suggest that the compounds can disrupt
the QS pathways of P. aeruginosa, such pathways being critical
for biofilm development. P. aeruginosa needs QS to control the
production of EPS, which forms the structural matrix of bio-
films. Disruption of QS signaling can lower EPS production and
compromise the integrity of the biofilm, rendering healthy
bacterial cells more vulnerable to antimicrobial therapies.?® Our
findings indicate that the ENF and its intermediate ENF* may
be modulators of the QS system, and this needs to be verified
through additional molecular gene expression analysis (Fig. 5).
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Fig. 4 OD value of the PAOL cell suspension and its supernatant
containing pyoverdine measured at 405 nm using a spectrophotom-
eter (n =3, ***p < 0.0001, ****p < 0.0001 compared with the control).

13056 | RSC Adv, 2025, 15, 13053-13063

Concentration (uM)
ENF ' ENFA

Fig. 5 Quantification of EPS in PAO1 treated with ENF and ENF” at its
varying biofilm inhibitory concentration (n = 3, ***p < 0.0001, ****p <
0.0001 compared with the control).
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Checkerboard assay

This suggests that there is an urgent requirement for alternative
approaches that need to enhance the efficacy of the available
antibiotics. This study assessed the combinatory potential of
ENF with ciprofloxacin (CIP) using a checkerboard assay; then,
the results were subjected to the Bliss independence model.
According to this model, a Bliss score greater than 0 indicates
synergy, a score less than 0 denotes antagonism, and a score of
0 reflects an additive effect. It was observed that there was
a synergistic interaction between ENF and CIP at certain
concentrations, suggesting the potential of ENF to enhance the
antimicrobial activity of CIP against P. aeruginosa. This combi-
nation was the most effective. Fig. 7 shows 65-70% inhibition
when ENF was used at a concentration of 3.9 uM in the presence
of 0.25 pg per mL CIP. The Bliss score at this combination was
54.13, which is considered to be quite a significant synergy
given that it complements the action of CIP and enhances its
bactericidal effect at lower concentrations. Apart from CIP, the
combinatorial activity of ENF was tested with several antibi-
otics, such as doxycycline, ceftazidime, amoxicillin and carba-
penem. However, they did not show any significant synergistic
activity when combined with ENF. This combinatory effect is
particularly useful in reducing the dose of antibiotics needed,
thereby reducing the associated side effects and slowing the
development of resistance in pathogenic bacteria. The under-
lying mechanism of this synergy may be related to the disrup-
tion of the biofilm structure by ENF, which enhances the
penetration and efficacy of CIP. Biofilms act as protective
barriers that limit the diffusion of antibiotics, reducing their
potency. ENF's antibiofilm activity likely contributes to the
observed enhancement of CIP's effectiveness. In addition, the
interaction between ENF and CIP might affect bacterial meta-
bolic pathways, further potentiating their combined antimi-
crobial action. Interestingly, although ENF clearly
demonstrated synergy with CIP, its intermediate compound,
ENF*, did not. This distinction indicates that the particular
structural features of ENF are important for its synergy with CIP.
Further structural and mechanistic studies are required to
clarify these differences and optimize the combinatory potential
of ENF derivatives. Thus, an adjuvant role of ENF may be
observed in enhancing CIP's activity, offering an innovative
approach toward combating biofilm-associated infections. This
finding is consistent with earlier studies that highlight the
benefits of using biofilm-disrupting agents in combination with
antibiotics that counteract the protective barrier developed by
biofilms (Fig. 6).

Effect on biofilm eradication

The ability of P. aeruginosa to form robust pre-formed biofilms
challenges the management of lung infections, especially in
COPD patients. Biofilms are notoriously resistant to conven-
tional therapies, reducing the efficiency of drugs and contrib-
uting to persistent infections. This study aims to investigate the
potential of ENF and its intermediate, ENF*, to eradicate bio-
films at their respective biofilm inhibitory concentrations (from
7.9 uM to 1.9 uM). A well-defined biofilm network was observed

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

with fluorescence microscopy and live-dead staining in the
control, which indicated the resilience and structural
complexity of P. aeruginosa biofilms. Although the degree of
biofilm reduction varied among the different concentrations,
eradication was observed at all tested concentrations compared
to the control. However, there was a maximum reduction in
biofilm formation after treatment with ENF and ENF*, signifi-
cantly at a concentration of 7.9 uM. This result shows that ENF
and ENF* possess dose-dependent antibiofilm activity, where
higher concentrations result in a more significant effect. More
importantly, as depicted in Fig. 7, the fluorescence microscopy
results correlate with the quantitative data obtained from the
biofilm inhibition assays, thus enhancing the validity of our
observations. The dual action of disruption of the biofilm
structure and the killing of bacteria can explain the efficacy of
ENF and ENF*. The penetration of live cells by acridine orange
(AO) and the staining of dead cells by propidium iodide (PI)
with well-defined visual feedback of biofilm eradication estab-
lished fluorescence microscopy as an excellent tool for assess-
ing antibiofilm activity. The decreased biomass of biofilm
formation explains the ability of these compounds to penetrate
beyond the protective barriers of a biofilm, making them more
effective therapeutics. These results confirm the potential of
ENF and its derivatives as antibiofilm agents in the fight against
P. ageruginosa. Nevertheless, more studies need to be carried out
to understand the exact molecular mechanisms behind their
actions and to evaluate them in vivo. This work advances the
literature by finding new approaches to treat biofilm-related
infections, especially targeting vulnerable populations, such
as those with COPD.

Experimental

Synthesis and characterization

ENFY (intermediate) and 1-(3,4-dimethoxyphenyl) barbituric
acid (ENF-barbituric acid) were synthesized from the reported
procedures.

For ENFY

White powder. "H NMR (400 MHz, CDCl3) 6 6.80 (d, J = 7.9 Hz,
1H), 6.75-6.71 (m, 2H), 4.74 (s, 1H), 4.43 (s, 2H), 3.85 (d, J =
3.8 Hz, 6H), 3.41 (dd, J = 12.8, 6.7 Hz, 2H), 2.76 (t, ] = 6.8 Hz,
2H).

3C NMR (101 MHz, CDCl3) 6 158.60 (s), 149.02 (s), 147.66 (s),
131.55 (s), 120.73 (s), 112.07 (s), 111.43 (s), 55.92 (d, J = 4.9 Hz),
41.83 (s), 35.74 (s).

IR (UATR) vpmay: N-H (3446, 3335), C=0 (1646), C-N (1256),
and C-O (1231) em ™"

HRMS (ESI) caled for C;,H;6N,0; [M + Na]" 247.1070; found
247.1059.

For ENF-barbituric acid

Beige powder. "H NMR (400 MHz, CDCl;) 6 8.23 (s, 1H), 6.75-
6.69 (m, 3H), 4.00 (dt, = 14.5, 6.2 Hz, 2H), 3.80 (d, ] = 10.2 Hz,
6H), 3.54 (s, 2H), 2.82-2.76 (m, 2H).

3C NMR (101 MHz, CDCl;) 6 164.93 (s), 164.09 (s), 150.11 (s),
149.02 (s), 147.93 (s), 130.04 (s), 120.96 (s), 112.12 (s), 111.30 (s),
55.93 (d, J = 1.9 Hz), 42.56 (s), 39.25 (s), and 33.53 (s).
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Fig. 6 Effect of ENF in enhancing the bactericidal activity of CIP. (A) Synergy plot illustrating the combined effect of ENF and CIP at varying
concentrations against PAOL. (B) Potentiation of CIP was observed at a minimum concentration of 0.25 ug mL™%, with ENF maintained at
a constant concentration of 3.9 uM for PAO1 (n = 3, ***p < 0.0001, ****p < 0.0001 compared with the control).

IR (UATR) ¥pmay: NN-H (3385), mC = O (1662), sC-O (1269),
sC-N (1207) em™".

HRMS (ESI) caled for C14H;6N,O5 [M + Na]* 315.0961; found
315.0957.

Step 1 (ENF-barbituric acid to ENF®).>*° 1-(3,4-Dimethox-
yphenyl) barbituric acid (IN-II) was refluxed with phosphorus
oxychloride for 2.5 h. Upon warming, the excess phosphorous
oxychloride was eliminated by distillation (20 mmHg). The
residue on cooling was formed into a slurry in dioxane and
slowly added to a forcefully shaken ice/water solution. Chloro-
form was added to the mixture after basification with a 30%
sodium hydroxide solution. Before extracting the aqueous
phase with chloroform, the organic layer was separated. The
organic extracts were combined and washed with water, dried
over magnesium sulfate, and concentrated in vacuo to give
a tacky residue. This was shaken with methanol for a few
minutes, filtered and washed with methanol and diethyl ether,
and dried in vacuo at 40 °C to give the title compound as
a yellow/orange solid.

Yellow/orange solid, yield: 62%. "H NMR (400 MHz, CDCl;)
6 6.73 (s, 2H), 6.04 (s, 1H), 4.10-4.06 (m, 2H), 3.95 (s, 3H), 3.92
(s, 3H), 2.95 (t, ] = 6.3 Hz, 2H).

BC NMR (101 MHz, CDCl;) 6 163.62 (s), 152.14 (s), 151.72 (s),
149.18 (s), 148.56 (s), 130.72 (s), 119.24 (s), 111.40 (s), 109.53 (s),
95.65 (s), 56.40 (s), 56.24 (s), and 27.26 (s).

IR (UATR) v C=N (1664), C=0 (1641), C-N (1260), C-O
(1153) em™ ™.

HRMS (ESI) caled for Cy4H;5CIN,O; [M + Na]" 315.7245;
found 315.0633.

Step 2 (ENF® to ENF").?**2 2-Chloro-9,10-dimethoxy-6,7-
dihydro-4H-pyrimido[6,1-a]isoquinolin-4-one  (IN-III), which
was prepared, was stirred and refluxed in propan-2-ol with 2,4,6-
trimethylaniline under a nitrogen atmosphere for 24 h. The
solution was cooled to room temperature and evaporated in
vacuo, and the residue was then purified by column chroma-
tography on silica gel using CH,Cl,/MeOH as the eluent,
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initially 98:2, which was altered to 96:4 once the product
started to elute from the column.

Yellow solid, yield: 67%. "H NMR (400 MHz, CDCl;) 6 11.62 (s,
1H), 6.92 (d, J = 6.6 Hz, 2H), 6.74 (s, 1H), 6.68 (s, 1H), 5.44 (s,
1H), 4.11 (t,] = 6.5 Hz, 2H), 3.89 (s, 3H), 3.72 (s, 3H), 2.98 (t, ] =
6.5 Hz, 2H), 2.26 (s, 3H), 2.21 (s, 6H).

C NMR (101 MHz, CDCl3) 6 157.27 (s), 154.66 (s), 154.37 (s),
148.95 (s), 146.91 (s), 139.15 (s), 135.33 (s), 132.29 (s), 129.67 (s),
129.06 (s), 117.45 (s), 110.96 (s), 109.70 (s), 83.50 (s), 56.71 (s),
40.34 (s), 21.06 (s), 18.25 (d, J = 11.4 Hz).

IR (UATR) vpmax: N-H (3347), C=N (1688), C=0 (1635), C-N
(1271), and C-O (1217) em™".

HRMS (ESI) caled for C,3H,6N3;0; [M + H]™ 392.2007; found
392.1974.

Step 3 (ENF' to ENF®).*%2 A solution of (IN-IV), potassium
carbonate, sodium iodide and N-(2-bromoethyl)phthalimide in
2-butanone was heated under reflux with stirring under
nitrogen for 4 days. The mixture was cooled to room tempera-
ture, and the filtrate was evaporated under a vacuum. The
residue was treated with methanol, and the solid was filtered
off, washed with methanol and recrystallized from ethyl acetate
to produce the compound as a pale yellow solid. Evaporation of
the mother liquor and column chromatography of the residue
over silica gel (CH,Cl,/MeOH 95 : 5) gave the final product.

Pale yellow solid, yield: 46%. "H NMR (400 MHz, CDCl;) 6 7.81
(dd,J = 5.4, 3.0 Hz, 2H), 7.72-7.64 (m, 2H), 6.85 (s, 2H), 6.73 (s,
1H), 6.61 (s, 1H), 5.47 (s, 1H), 4.65-4.59 (m, 2H), 4.26-4.21 (m,
2H), 3.88 (s, 3H), 3.79 (d,J = 6.0 Hz, 2H), 3.76 (s, 3H), 2.77 (t,] =
6.1 Hz, 2H), 2.26 (s, 3H), 2.06 (s, 6H).

3C NMR (101 MHz, CDCl;) 6 168.64 (s), 152.11 (s), 151.63 (s),
148.53 (s), 148.29 (s), 144.07 (s), 142.14 (s), 133.67 (s), 132.42 (s),
129.82 (s), 128.55 (d, J = 8.6 Hz), 120.03 (s), 110.42 (s), 108.83 (s),
89.24 (s), 56.47 (s), 56.02 (s), 40.85 (s), 40.11 (s), 25.37 (s), 20.75
(s), 18.29 (s).

IR (UATR) 7o C=O (1774, 1725 (phthalimide), (1640),
C=N (1688), C-N (1385, C-O (1210) cm .

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Merged

Fig.7 Merged fluorescence images of the PAO1 biofilm stained with AO/PI, depicting live cells in green and dead cells in red after treatment with

different biofilm eradication concentrations, with the untreated control.

HRMS (ESI) caled for C33H;,N,05 [M + H]" 565.6401; found
565.2452.

Step 4 (ENF® to ENF*).2>2 A solution of 9,10-dimethoxy-2-
(2,4,6-trimethylphenylimino)-3-(2-N-phthalimidoethyl)-3,4,6,7-
tetrahydro-2H-pyrimido[6,1-alisoquinolin-4-one and hydrazine
hydrate in chloroform and ethanol was stirred at room
temperature under nitrogen for 18 h. Additional hydrazine

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrate was added, and the mixture was stirred for a further 4 h.
After ice/water cooling, the solid was filtered off, and the filtrate
was evaporated in vacuo. The residue was dissolved in
dichloromethane, and the insoluble material was filtered off.
The filtrate was dried over MgSO, and evaporated under
vacuum to give the title compound as a yellow foam.
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Yellow foam, 96%. "H NMR (400 MHz, CDCl;) 6 7.85 (dd, J =
5.4, 3.1 Hz, 1H), 7.71 (dd, J = 5.4, 3.1 Hz, 1H), 6.91 (s, 2H), 6.68
(s, 1H), 6.65 (s, 1H), 5.51 (s, 1H), 4.15 (t, ] = 6.0 Hz, 2H), 3.90 (s,
3H), 3.73 (s, 3H), 3.19 (s, 2H), 2.98 (t, J = 6.0 Hz, 2H), 2.28 (s,
3H), 2.18 (s, 6H).

IR (UATR) 7,0 N-H (3380), C=N (1697), C=0 (1623), C-N
(amide, 1262), C-O (1210) cm ™.

HRMS (ESI) caled for C,5H;oN,0; [M + H]" 435.5413; found
435.2304.

Step 5 (ENF* to ENF).>** A dropwise addition of a water
solution of sodium cyanate was made into a stirred solution of
9,10-dimethoxy-2-(2,4,6-trimethylphenylimino)-3-(2-amino-
ethyl)-3,4,6,7-tetrahydro-2 H-pyrimido[6,1-alisoquinolin-4-one.
The aforesaid solution was a stirred solution of mixing water
and 1 N HCI at 80 °C and stirred for 2 h. The ice-bath-cooled
mixture was basified with 2 N NaOH. Extraction with
dichloromethane was followed by drying with magnesium
sulphate and in vacuo evaporation. The yellow foam obtained
was column chromatographed on silica gel using CH,Cl/MeOH
(97:3) as the eluent and triturated with ether to give the title
compound a yellow solid.

Yellow solid, yield: 54%. "H NMR (400 MHz, DMSO-d) 6 ppm:
6.97 (s, 1H), 6.86 (s, 2H), 6.67 (s, 1H), 6.11 (t,/ = 5.8 Hz, 1H), 5.46
(s, 2H), 5.33 (s, 1H), 4.19 (t, J = 6.8 Hz, 2H), 3.92 (t, /] = 6.0 Hz,
2H), 3.81 (s, 3H), 3.62 (s, 3H), 3.18 (d, J = 5.2 Hz, 1H), 2.91 (t, ] =
5.9 Hz, 2H), 2.23 (s, 3H), 1.98 (s, 6H).

3C NMR (101 MHz, DMSO-dg) 6 ppm: 159.10, 152.19, 151.45,
148.64, 148.29, 144.53, 142.78, 131.07, 130.77, 128.86, 128.20,
119.36, 111.84, 109.05, 88.17, 56.55, 56.20, 41.97, 37.36, 27.50,
20.91, and 18.49.

IR (UATR) vpay: N-H (3386), C=N (1660), C=0 (1647), C-N
(1270), C-O (1206) cm™".

HRMS (ESI) calcd for C,6H3;N50,4 [M + H]" 478.5733; found
478.2401.

Evaluation of the anti-pathogenic effects

Pathogen preparation and culture conditions. The PAO1
strain of P. aeruginosa was employed as the model bacterial
strain for the experimental investigations. The overnight culture
was prepared by transferring aliquots (10 uL) of culture from the
glycerol stock to the tubes containing 2 mL of Tryptic soya broth
(TSB) and incubated at 37 °C for 18-24 hours. After incubating
for 24 hours, the overnight culture was centrifuged at 6000 rpm
for 10 min and resuspended in fresh TSB broth. The resus-
pension was swabbed onto Tryptic Soya Agar (TSA) and incu-
bated for 18-24 h at 37 °C. The plates were stored at 4 °C for
future use. All the required chemical reagents and media were
purchased from Hi Media, Mumbai.

Antibacterial assay. The minimum inhibitory concentration
values for ENF and its intermediates ENF*, ENF", ENF", ENF*,
and ENFC were determined by broth microdilution assay. When
the fresh colonies of the PAO1 strain were grown in TSB broth,
the culture was maintained at 37 °C for 18-24 hours. Each
compound was prepared in DMSO solvent to give a stock solu-
tion of 30 mg mL™". Then, 100 pL of the stock solution was
serially diluted two-fold in TSB media in 96-well microplates to
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give a final concentration of 500-0.25 pM for each compound.
The overnight bacterial culture was diluted to 1:100 in fresh
TSB. 10 pL of the bacterial suspension was added to the wells
containing the diluted compounds. The microplate was then
incubated at 37 °C for 18-24 h. The optical density was measured
at 595 nm (ODsy5) using BioRadi-Mark after incubation. MIC was
defined as the minimal concentration of the compound exhib-
iting no visible growth of the organisms. The microdilution assay
was performed in triplicate for reliable results.*

Antibiofilm assay. The biofilm inhibition ability of ENF and
its intermediates was tested against strain PAO1 using a crystal
violet assay. According to the MIC protocol, the PAO1 overnight
culture was diluted and then added to a 96-well plate containing
serial dilutions of ENF and its intermediates (from 500 pM to
0.9 uM). The TSB medium supplemented with 0.2% glucose was
used as the culture medium. The optical density at ODso5 of the
planktonic cells was determined after incubation at 37 °C for
24 h. The plate was then lightly tapped to remove non-adherent
planktonic cells, washed twice with 1% PBS, and allowed to air-
dry for 5-10 minutes. Then, the cells were stained with 150 pL of
0.2% crystal violet for 15-20 minutes. Following incubation, the
surplus stain was removed by washing with water, and the stain
bound to the biofilm was eluted with 200 pL of 33% acetic acid.
The OD was measured at 595 nm.** This procedure was per-
formed in triplicate to obtain reliable results.

Crystal violet staining. Crystal violet staining was used to
visually evaluate the inhibitory ability of ENF and ENF* in bio-
film formation. The overnight culture of PAO1 was diluted at
a 1:100 ratio. The culture was plated in a 24-well plate con-
taining 1 mL of TSB supplemented with 0.2% glucose. The plate
was treated with different biofilm inhibitory concentrations
(ranging from 7.9 puM to 0.9 pM) of ENF and ENF*. Wells
without any treatment served as the control. After incubation
for 24 h at 37 °C, unattached planktonic cells were carefully
aspirated and the wells were washed twice with PBS and air-
dried for 5-10 minutes. Then, 500 pL of 0.2% CV was added
and incubated for 15-20 min to stain the cells. Excessive
staining was removed by rinsing with deionized water, and the
plate was allowed to dry in the air. Stereo microscopy (IVESTA3
Stereomicroscope) was employed to observe the biofilm retar-
dation on the 24-well plate.

Exopolysaccharide assay. The compounds that showed
significant biofilm retardation were chosen for further assays
(ENF and ENF?). PAO1 cells were grown in a 24-well microtiter
plate containing 1 mL of TSB and 0.2% glucose to induce bio-
film formation. The wells were treated with and without ENF
and ENF* at concentrations ranging from 7.9 uM to 0.9 uM
using a modified protocol described in a previous study,* and
the plate was incubated for 24 h at 37 °C. EPS was quantified by
a total carbohydrate assay. After 24 h of incubation, the wells
were washed with 1x PBS (0.5 mL) and treated with an equal
volume of 5% phenol along with five volumes of concentrated
H,S0,. The culture plate was incubated in the dark for 1 h, and
the absorbance was recorded at OD 9, using a Thermo Scientific
Evolution 201 UV-vis spectrophotometer.

Pyoverdine assay. A fresh casamino acid medium was inoc-
ulated with a 1:100 dilution of an overnight culture of PAO1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using modifications based on the protocol described by."” TSB
was used as the culture medium, and biofilm inhibitory
concentrations of ENF and ENF* ranging from 3.9 uM to 0.9 uM
were given as treatment. After incubation for 24 h at 37 °C, the
pyoverdine (PVD) from the culture was extracted by centrifu-
gation, and the absorbance of the supernatants was measured
at 405 nm using a Thermo Scientific Evolution 201 UV-vis
spectrophotometer.

Checkerboard assay. The ENF-CIP synergistic activity was
confirmed by the checkerboard assay. Briefly, ENF was serially
double diluted in wells containing 100 pL of TSB starting at
their biofilm inhibitory dose of 7.9 uM to 0.9 uM. The CIP doses
in the wells varied from 0.25 to 0.001 pg mL™'. Individual
concentrations of both compounds were also tested separately
as controls. Following the MIC assay protocol, an overnight
culture of PAO1 was diluted to a 1:100 ratio and added to 96-
well plates. The well plates were incubated at 37 °C for 24 h, and
the optical density was measured at 595 nm to determine the
percentage of growth inhibition. SynergyFinder Plus was used
to evaluate the data obtained using the Bliss independence
model, which predicts the combined effect as the product of the
individual effects, expressed by the formula Ei = EA x EB
output.®®

Biofilm eradication assay. Fluorescence microscopy imaging
was used to evaluate the biofilm eradication ability of ENF and
ENF* using the dilution method. Briefly, the overnight culture
of PAO1 was prepared and diluted to 1:100 by following
a modification of the procedure described by Kim et al.** 200 uL
of the inoculum was added to a six-well plate containing 2 mL of
TSB prepared with 0.2% glucose. Sterile coverslips were placed
in all the wells. The spent culture medium was replaced with
fresh TSB every 24 h, and the cultures were incubated at 37 °C
under static conditions to allow biofilm development for 48 h.
After the respective incubation, the pre-formed biofilms were
treated with biofilm inhibitory concentrations of ENF and ENF*
(ranging from 7.9 uM to 1.9 uM) for 24 hours at 37 °C. Wells
without treatment served as controls. Following the treatment,
the planktonic cells were removed by aspiration, and the
coverslips over the wells were washed twice with 1x PBS to
ensure that only adherent biofilms remained. Biofilms that
adhered to the coverslips were stained using 2 pg mL™" of AO
and PI dyes. The stained coverslips were kept in the dark for
10 min. The surplus stain was aspirated and rinsed with 1x
PBS. Then, the coverslips were mounted onto sterile glass
slides, and the fluorescence images were acquired at 40x
magnification using a Nikon Eclipse Ts2 microscope.

Statistical analysis. Statistical analysis was carried out using
GraphPad Prism software version 8.0.2 (GraphPad Software
Inc., San Diego, CA, USA). The level of statistical significance
was assessed using Student's t-test with a cutoff p = 0.05. The
findings were presented as averages along with the standard
deviation.

Conclusion

In summary, the results of this study hold promise because the
compounds ENF and ENF* effectively act as antibiofilm agents

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

in the inhibition of biofilm development in P. aeruginosa. Its
interference in the QS and surface adhesion steps during bio-
film formation may provide a great therapeutic opportunity to
combat chronic bacterial infections. Further studies must be
conducted to elucidate the mechanisms of action and optimize
the pharmacological properties of these compounds. ENF,
a dual PDE3/PDE4 inhibitor, possesses promising anti-biofilm
activity against P. aeruginosa. Though mainly applied to respi-
ratory diseases, its capacity to interfere with bacterial signaling
could lead to antipathogenic activity against a range of patho-
gens. Cytotoxicity is low at therapeutic concentrations, but
systemic uses need to be considered further. As an adjunct
therapy, ENF may augment antibiotic activity by enhancing the
penetration of the biofilm and reducing inflammation.
However, more in vivo pharmacokinetic and toxicity experi-
ments must be conducted to validate its viability for antibac-
terial use.
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