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Recently, the focus has been shifting toward Quorum sensing inhibitors which reduce Pseudomonas
aeruginosa virulence factors, alleviating infections. In this work, me-ta-bromo-thiolactone (mBTL), a
potent quorum and virulence inhibitor for the Pseudomonas aeruginosa strains, were formulated in cal-
cium alginate nanoparticles (CANPs). Alginate is used as nutrients and as backbone virulence aspect
for Pseudomonas and therefore was chosen. mBTL-loaded-CANPs were characterized for particle size,
polydispersity index, zeta potential, morphology visualized by Transmission Electron Microscopy
(TEM) and drug release profile. Chemical and physical analysis of formulated mBTL-loaded-CANPs were
evaluated using Fourier transform infrared Spectroscopy (FTIR) and differential scanning calorimetry
(DSC) and Physical stability of mBTL-loaded-CANPs assessed at various temperature 25 ± 1 �C, 4 ± 0.5 �
C and �30� ± 1 �C over a period of 4 and 9 months. Synthesized CANPs showed nano-size particles rang-
ing from 140 to 200 nm with spherical particles for plain CANPS and irregular shape for mBTL-loaded-
CANPs with a sustainable release profile over 48hrs. FTIR showed stable structure of loaded-mBTL and
DSC displayed no interaction between mBTL and polymer. State of released mBTL from CANPs kept at
25 �C, 4 �C and �30 �C over 4 and 9 months showed stable formula at room temperature which kept
as a goal of nanoparticles storage. The findings of this study revealed successful preparation of mBTL-
loaded-CANPs.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pseudomonas aeruginosa is a widespread opportunistic patho-
gen that is predominant in soil and water and can infect patients
with preexisting conditions, as immunosuppression, wounds,
burns, or indwelling medical devices. P. aeruginosa was found to
be a major lung infectious pathogen in cystic fibrosis (CF) patients
(Gellatly and Hancock, 2013). P. aeruginosa possesses a large num-
ber of genes that are involved in regulation, and controlling their
virulence which can be attributed to the remarkable ability of this
bacterium to adapt a wide range of environmental niches (Lee
et al., 2006). P. aeruginosa not only secrete alginate as a major vir-
ulence factor but also alginate can be utilize as nutritional material
(Monday and Schiller, 1996). There are several advantages that
alginate confers on P. aeruginosa as facilitating cells attachments
and colonization and protects P. aeruginosa from phagocytic clear-
ance and shields them by scavenging the free radicals released by
the activated macrophages (Govan and Deretic, 1996). In addition,
alginate enhances fighting to antimicrobial agents by deterring the
passage of these compounds to the bacteria, by binding the com-
pounds and/or by deactivating them (Bayer et al., 1991, Bayer
et al., 1992). There are a number of studies indicating that the bio-
film formation and structure in different P. aeruginosa species
affected by alginate overproduction (Baselga et al., 1993, Yildiz
and Schoolnik, 1999, Danese et al., 2000).

The emergence of antibiotic-resistant strains of P. aeruginosa is
a major concern in public health and is associated with high mor-
tality rate (Gellatly and Hancock, 2013). Virulence and colonization
as well as multidrug-resistant behavior in P. aeruginosa controlled
by quorum sensing (QS) which is the cell-to-cell communication
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that can be regulated by using small molecules known as quorum
sensors inhibitors (Hentzer et al., 2003, Amara et al., 2009,
O’Loughlin et al., 2013). Previous study has reported that synthetic
moleculesmeta-bromo-thiolactone (mBTL) have inhibited P. aerug-
inosa QS receptors LasR and RhlR (O’Loughlin et al., 2013) and pro-
vide the uppermost activity of inhibition of QS system. The mBTL is
the most potent compound against P. aeruginosa bacteria (Smith
and Iglewski, 2003, O’Loughlin et al., 2013), not only prevents vir-
ulence factor expression and biofilm production but also protects
Caenorhabditis elegans and human A549 lung epithelial cells from
QS–mediated killing by Pseudomonas strain (O’Loughlin et al.,
2013). Their findings demonstrated the potential therapeutic uti-
lization of mBTL as a modulator of quorum sensing. Taking into
considerations that mBTL is a very potent QS inhibitor, and more
importantly the ability of this bacterium to secrete and use algi-
nate; it was proposed that a successful generation of calcium algi-
nate loaded mBTL nanoparticles would facilitate the mBTL uptake
by the P. aeruginosa.

2. Materials and methods

2.1. Chemicals

Compound 4-(3-bromophenoxy)-N-(2-oxotetrahydrothiophen-
3-yl)butanamide (mBTL) (Fig. 1) was synthesised according to
the procedure described previously (O’Loughlin et al., 2013).

2.2. Preparation of calcium alginate nanoparticles (CANPs) and
loading CANPs with mBTL

The CANPs prepared in this study were synthesized using emul-
sification method (Christiani et al., 2016). Sodium alginate solution
of concentration 2% w/v was prepared by dissolving sodium algi-
nate in deionized water. Sodium alginate solution was homoge-
nized using a mechanical stirrer at 1300 rpm for 30 min, then
Tween 20 and canola oil were added to produce the desired emul-
sion. Calcium chloride at a concentration of 2% w/v was added
dropwise to the emulsion at a flow rate of 0.01 ml/s to produce
the desired calcium alginate nanoparticles. The emulsification sys-
tem was left at 1 h for Ca2+ crosslinking at water/oil interface. The
pellet of CANPs were collected by high centrifugation using mini-
centrifuge (Fisher 05–090-100,UK) at 14000 rpm for 30 min at
4 �C. The nonformula was re-suspended in acetone (1:0.5) followed
by centrifugation at 14000 rpm for 15 min at 4 �C to remove resid-
ual canola oil and tween 20 also, for cleaning, precipitation and
dehydration to form white pellet CANPs (Christiani et al., 2016).
For loading mBTL, it was added at 0.4% w/v into aqueous sodium
alginate and was emulsified after tween 20 and canola oil were
added and followed for preparation of drug loaded CANPs.

2.3. Measurement of Nanoparticle size and Zeta potential (f potential)

The average particle size (PS), surface charge existent on CANPs,
and polydispersity (PDI) index were determined (in triplicate)
using a zetasizer, (Nano ZS90 Malvern Instruments Ltd, UK) at
Fig. 1. Chemical structure of 4-(3-bromophenoxy)-N-(2-oxotetrahydrothiophen-3-
yl)butanamide (mBTL).
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25 �C at a 90�scattering angle, and was analyzed by ‘DTS nano’ soft-
ware (Liu et al., 2018).

2.4. Transmission electron Microscopy (TEM)

Morphology of CANPs was visualized and determined of particle
diameter using TEM (Li et al., 2008). A drop of CANPs formulation
was placed onto grid after suitable dilution. The grid was air dried
after excess formulation was removed using filter paper within
10 min, then image of vesicles was taken and analyzed via JEM-
1400, JEOL (Tokyo, Japan).

2.5. Determination of mBTL-loaded CANPs encapsulation efficiency (EE
%)

The encapsulation efficiency (EE%) of the mBTL-loaded CANPs
formulation was determined by indirect method (Yan et al.,
2020). Briefly, after preparing of fresh mBTL-loaded CANPs it was
separated from aqueous medium containing free mBTL in super-
natant by centrifugation at 14000 rpm for 30 min at 4 �C. After a
suitable dilution with distilled water, the amount of free mBTL in
supernatant was analyzed by UV–Visible/spectrophotometric at
kmax 280 nm (Biochrome libra S22, Thermo-Fisher Scientific, Wal-
tham MA, USA). The encapsulation efficiency was determined as
follows:

EE ð%Þ ¼ Total amount of mBTL� amount of the free mBTL
Total amount of drug

� 100
2.6. In vitro release of mBTL-loaded CANPs

The in vitro drug release from CANPs formulation was carried
out using dialysis technique (Thomas et al., 2019). Dialysis cellu-
lose membrane with a molecular weight cut-off (MWCO) 14 K Dal-
ton (Da) was soaked in phosphate buffered saline (PBS). Aliquots
(1 ml) of mBTL-loaded CANPs (containing 4 mg/ml of mBTL) was
placed in the membrane. Then dialysis membrane was suspended
in 50 ml beaker containing 30 PBS (pH 7.4). The test was performed
using shaker water bath at 100 rpm at 37 ± 0.5 �C. The samples
were withdrawn at per-determined time intervals (0.5,
1,2,3,4,5,6,7,8,24, and 48 h) and replaced by PBS (pH 7.4) solution,
and the mBTL content calculated.

2.7. Fourier transform infrared Spectroscopy (FTIR)

IR spectrum was performed by Perkin Elmer FTIR Spectrum BX
apparatus (Perkin Elmer, USA) in Chemistry Department, College of
science, King Saud University. The structural composition of pre-
pared nanoparticles was analyzed by FTIR (Sarmento et al., 2006,
Gomathi et al., 2017). The FTIR spectra of sodium alginate powder,
calcium chloride powder, Pure mBTL, lyophilized plain CANPs and
lyophilized mBTL-loaded CANPs were prepared by conventional
potassium bromide (KBr) disc method (2 mg sample in 98 mg
KBr) and examined in the transmission mode. KBr disc was pre-
pared at pressure of 10 ton. The wavelength range for IR scan
was from 4000 to 400 cm�1 at a resolution of 2 cm�2 and the dif-
ferent wavelengths of the spectrum was recorded and compared to
literature to determine the different functional groups in samples.

2.8. Differential scanning calorimetry (DSC)

Thermal analysis of Physical mixtures of CANPs components
(sodium alginate and calcium chloride), pure mBTL, plain CANPs
and mBTL-loaded CANPs were recorded and performed using DSC
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analysis (Perkin Elmer, USA) in the Research Center, College of
Pharmacy, King Saud University, Saudi Arabia. The tested samples
equivalent to 2–2.5 mg were placed and sealed in an aluminium
DSC pan. Then, each sample was heated from 30 to 300 �C at a rate
of 10 �C/min individually under N2 atmosphere (50 ml/min flow
rate). Blank aluminium pan was used as a reference (Sarmento
et al., 2006, Bhatt et al., 2020).

2.9. Stability test

Particle size, PDI and f potential are the key parameter used to
evaluating the physical stability of formulated CANPs under differ-
ent temperature conditions at room temperature 25 ± 1 �C, 4 ± 0.
5 �C and �30� ± 1 �C. The samples were tested at predetermined
time intervals,4 months and 9 months (Libo et al., 2011).
3. Results

3.1. Characterizing mBTL-loaded calcium alginate nanoparticles
CANPs

The plain CANPs and mBTL-loaded CANPs were prepared via
emulsification technique and were characterized with respect to
PS, PDI and f potential. Table 1 shows homogenized NPs with PS
of 141.1 ± 3.08 nm and 175.4 ± 7.25 nm with f potential of
Table 1
This is a table. Tables should be placed in the main text near to the first time they are
cited.

Nanoparticle PS diameter
(nm) ± SD

PDI ± SD Zeta potential
(mv) ± SD

Plain CANPs 141.1 ± 3.08 0.34 ± 0.020 �21.1 ± 0.571
mBTL loaded

CANPs
175.4 ± 7.25 0.4 ± 0.026 �45.7 ± 0.920

Fig. 2. Morphological study of CANPs either plain or loaded visualized using transmission
loaded CANPs.
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�21.1 mv ± 0.571 and �45.7mv ± 0.920 for plain and mBTL-
loaded CANPs, respectively.

Morphology and shape of plain and mBTL-loaded CANPs were
visualized using TEM. TEM revealed that the plain CANPs was
spherical in shape with a size between 99 and 454 nm (Fig. 2A).
On the other hand images of mBTL loaded CANPs showed spherical,
geometrical and irregular particles within the size range of 154–
512 nm (Fig. 2B). The enlargement of the particles attributed to
encapsulating mBTL molecules.
3.2. Determination of mBTL encapsulation efficiency (EE%)

mBTL encapsulation determination is a method to assess the
ability of CANPs to mBTL encapsulation. The indirect method was
used to determine the percentage encapsulation efficiency (EE%)
of the mBTL in CANPs and it was validated based on calibration
curve of mBTL. The percentage of fresh mBTL encapsulated inside
CANPs was 93.21% ± 0.045 and measurement was achieved in
triplicate.
3.3. In-vitro release of free-mBTL and mBTL-loaded CANPs

In-vitro release of free mBTL and mBTL-loaded CANPs in 30 ml
PBS buffer of pH 7.4 at 37 ± 0.5 �C, over 48 h as a time function
were performed using dialysis membrane. The concentration of
free mBTL and mBTL-loaded CANPs were analyzed by UV–visible
spectrophotometer assay to calculate of mBTL absorbance at
280 nm. The mBTL release profile through the membrane was
characterized by a sustained flow pattern either free or loaded in
CANPs. The percentage release of the free mBTL was 100 % ± 0.
015 diffused through membrane within 7 h. While the percentage
release of the mBTL from CANPs through 24 h was 80.13 ± 0.034.
Then, the mBTL release was gradually increased to 95.27 ± 0.032
by diffusing through membrane within 48 h. The in vitro drug
release profiles obtained for free mBTL and mBTL-loaded CANPs
were shown in Fig. 3.
electron microscope (TEM). (a) TEM image of plain CANPs; (b) TEM image of mBTL



Fig. 3. The in-vitro release profile of free mBTL and fresh mBTL-loaded CANPs were
evaluated in PBS buffer of pH 7.4 at 37 ± 0.5 �C. Points represent averages ± SD.
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3.4. Chemical analysis of mBTL-loaded CANPs

3.4.1. Fourier transforms infrared Spectroscopy (FTIR)
FTIR spectra of sodium alginate, calcium chloride, free mBTL,

plain CANPs and mBTL-loaded CANPs were shown in Fig. 4. Based
on FTIR spectra findings, a minor difference was seen in the width
and frequency of the peaks revealing absorption bands of hydroxyl
and carbonyl functional groups. The FTIR spectra of sodium algi-
nate showed a strong and broad peak in the 3428.06 cm�1 corre-
sponding to OAH stretching vibration and ACH vibration band at
2930.77 cm�1 at spectrum of sodium alginate. Observed bands at
1620.03 cm�1 were related to the stretching vibrations of the car-
boxylate salt ion (COO– groups). At FRIR spectra of plain CANPs
was shifted to minor lower wavelength number to 3403.98 cm�1

due to presence of hydroxyl group and carboxylate group of
sodium alginate to the ion of calcium to form chelating structure
and then decrease in hydrogen bond between hydroxyl function
groups. The stretching vibrations of the carboxylate salt ion (COOA
groups) in sodium alginate shifted to higher wavelength numbers
Fig. 4. The FT-IR spectra of calcium chloride, sodium algin
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because calcium ion was replaced sodium ions in the sodium algi-
nate that lead to charge density was changed and hence, this shift-
ing should be expected and at 1745.77 cm�1 corresponding to
stretching ester. The FTIR spectra of free mBTL was showed peaks
in the 3287.69 cm�1 and 3055.16 cm�1 corresponding to NAH and
CAH aromatic stretching vibration, respectively and at 2928.59–
2870.22 cm�1, were attributed to stretching vibration of
ACH3 -aliphatic group. The C@O amide and C@O thiolactone
stretching vibration bands at 1648.22 cm�1 and 1692.86 cm�1

were observed in spectra of mBTL. Other wavelength number in
mBTL corresponding to certain function groups such as
2510.83 cm�1, 1462.39 cm�1, 1325.29 cm�1 and 1223.80 cm�1

were attributed to stretching vibrations of SAH thiol, CAS, CAO
and CAN groups. At FTIR spectra of mBTL-loaded CANPs, the
absorption region of stretching vibration of O-H bond in calcium
alginate appeared broad band lead to masking wavelength number
of N-H stretching vibration of mBTL. The wavelength number at
1656.66 cm�1 corresponding to thiolactone ring stretching vibra-
tion in mBTL and appeared in mBTL-loaded CANPs.
3.4.2. Differential scanning calorimetry (DSC)
The thermal properties of free mBTL, calcium chloride, sodium

alginate, plain CANPs and the physical mixture of mBTL-loaded
CANPs were determined using differential scanning calorimetry
(DSC). DSC measures endothermic and exothermic transitions such
as melting and crystallization as a function of temperature. It gives
information about the physical state of drug in the calcium alginate
nanoparticles and predicting of an interaction between the drug
and polymer. In Fig. 5, which show initial two endothermic peaks
at 96.27 �C, 146.82 �C of calcium chloride and one endothermic
peak at 85.11 �C. The thermogram of mBTL showed a characteristic
sharp exothermic single peak around 91 �C also, the endothermic
peak of physical mixture appeared to be combination of calcium
chloride and sodium alginate was registered at 140.47 �C. The free
mBTL peak was appeared and distinguished in thermogram of
mBTL-loaded CANPs and increase in melting point of free mBTL
ate, free mBTL, plain CANPs and mBTL-loaded CANPs.



Fig. 5. The DSC Thermogram s of calcium chloride, sodium alginate, free mBTL, plain CANPs and mBTL-loaded CANPs. (a) representative for all compared thermogram. (b)
scaled-up thermogram for mBTL-loaded CANPs.
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and shifted temperature to 138.44 �C, further indicate that there is
no chemical interaction between the free mBTL and physical
mixture.
3.5. Physical stability

The stability of plain CANPs and mBTL-loaded CANPs either in
solution or lyophilized mBTL-loaded CANPs under different of tem-
perature conditions at room temperature (25 ± 1 �C), 4 ± 0.5 �C and
950
the lyophilized mBTL-loaded CANPs (frozen sample) was kept at
�30 ± 1 �C for 9 month. The samples were tested at predetermined
time intervals, 4 months and 9 months. Average PS, PDI and f
potential of plain and mBTL-loaded CANPs. The effect of time on
the stability of average PS of nanoparticles with varying tempera-
tures summarized in Table 2.

At room temperature, the f potential of plain and mBTL-loaded
CANPs were found to decrease from �21.1 to �39.8 mv and
increase from �45.7 to �30.3 mv, respectively after 4 months.



Fig. 5 (continued)

Table 2
Effect of time on the Stability of f potential Nanoparticles at different temperatures.

Physical
characterization

Duration plain CANPs at
25 ± 1 �C

mBTL-loaded
CANPs at 25 ± 1 �C

plain CANPs at
4 ± 0.5 �C

mBTL-loaded
CANPs 4 ± 0.5 �C

Lyophilized plain
CANPs at �30� ± 1 �C

Lyophilized mBTL-loaded
CANPs �30� ± 1 �C

Z average
diameter
(nm) ± SD

4 months 155.86 ± 6.29 186 ± 15.70 232.3 ± 6.3 299.83 ± 21.14 267.93 ± 25.41 308.53 ± 15.38

Polydispersity
Index
(PDI) ± SD

0.483 ± 0.040 0.381 ± 0.061 0.352 ± 0.019 0.423 ± 0.044 0.340 ± 0.028 0.385 ± 0.038

Zeta potential
(Mv) ± SD

�39.8 ± 3.39 �47.5 ± 3.10 �36.93 ± 0.899 �42.9 ± 2.09 �30.3 ± 0.962 �37.8 ± 0.355

Z average
diameter
(nm) ± SD

9 months 205.03 ± 9.73 238.03 ± 38.68 226.7 ± 21.73 222.53 ± 16.40 221.1 ± 51.09 362.7 ± 10.52

Polydispersity
Index
(PDI) ± SD

0.5206 ± 0.013 0.545 ± 0.009 0.450 ± 0.028 0.370 ± 0.007 0.452 ± 0.045 0.428 ± 0.030

Zeta potential
(Mv) ± SD

�40.6 ± 1.34 �27.23 ± 1.47 �35.95 ± 0.05 �35.96 ± 1.50 �43.8 ± 2.66 �47.4 ± 3.42
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4. Discussion

Polymeric nanoparticles have been widely implemented due to
their clinical usages as delivery systems (Hu et al., 2002, Pressly
et al., 2007, Sarmento et al., 2007). Diversity of polymers can be
chosen and in this study calcium alginate was chosen as it reveals
properties of biocompatibility, biodegradability, viscosity and the
ability of gelation with multivalent cations and good bacterial pen-
etration (Rajaonarivony et al., 1993, Jianlong et al., 1999). Since QS
coordinate bacterial communities and their pathogenic activities
including; protease activity, pyocyanin production, hemolysis and
biofilm development through cell–cell communication using small
diffusible signal molecules, disruption of QS interferes with viru-
lence factors formation and maturation inhibitors (Hentzer et al.,
2003, Amara et al., 2009, O’Loughlin et al., 2013).

The synthesized CANPs were loaded with QSI mBTL and charac-
terized for the size, charge and distribution of the formulated
nanoparticles. The loading capacity of CANPs showed around
93.21% ± 0.045 of encapsulated mBTL. The synthesized mBTL-
loaded CANPs showed sizes (150–200 nm) similar to those of Pseu-
domonas bacteriophages (Cui et al., 2016), with negative surface
charge indicating the simple uptake of these NPs by the bacterium.
The comparison of TEM images of plain CANPs to mBTL-loaded NPs
showed smooth nano-size spherical to irregular shapes, respec-
tively. TEM examination of these nanoparticles provide further val-
idation as proper carriers because of their desirable properties (size
and high surface area) (Hu et al., 2002). The in vitro mBTL release
patterns from the CANPs were evaluated at pH 7.4 at 37 ± 0.5 �C,
over 48 h resembling ambient biological conditions. Fig. 2 depicted
higher cumulative sustained flow pattern of mBTL from CANPs. The
percentage release of the mBTL from CANPs showed a higher
cumulative release over 24 h (80.13 ± 0.034), followed by gradual
increase release pattern of mBTL (95.27 ± 0.032 within 48 h). The
results were compared to the fast and complete release of free
mBTL (100 % ± 0. 015) freely diffused through membrane within
7 h, as no factor hinder the release through the membrane. The
slow release profile of mBTL from loaded-CANPs attributed to over-
coming it’s entrapment in the hydrophobic core along with the
protonation of –COOH in alginate, weakening the electrostatic
interaction between mBTL and alginate.

FTIR was used to confirm loading mBTL into CANPs. This was
achieved by presence of the band at 1656.66 cm�1 which is corre-
sponding to thiolactone ring stretching vibration in mBTL and
appeared in mBTL-loaded CANPs.

The DSC analysis showed intact physical state of loaded mBTL
into CANPs indicated by initial two endothermic peaks at 96.27 �C,
146.82 �C of calcium chloride and one endothermic peak at
85.11 �C. The thermogram of mBTL showed a characteristic sharp
exothermic single peak around 91 �C also, the endothermic peak of
physical mixture appeared to be combination of calcium chloride
and sodiumalginatewas registered at 140.47 �C. The freemBTLpeak
was appeared and distinguished in thermogram of mBTL-loaded
CANPs and increase in melting point of free mBTL and shifted tem-
perature to 138.44 �C, furtherly indicate that there is no chemical
interaction between the free mBTL and physical mixture.

Stability test of encapsulated mBTL in CANPs were evaluated
over a period of 4 and 9 months at various temperature ranges.
The release mBTL from CANPs formula showed intact and stable
with similar released pattern were observed, however, slight
increase in the particle size of both plain CANP and mBTL-
loaded-CANPs detected and can be attributed to aggregation of
NPs that sediment with time. With further future microbiological
assessment, the data might suggest that the mBTL-loaded-CANPs
may be an alternative potential delivery system of quorum sensing
inhibitors to Pseudomonas aeruginosa.
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5. Conclusions

The quorum sensing inhibition strategy is a broadly accepted
anti-virulence mechanism. The developed meta-bromo-
thiolactone calcium alginate nanoparticles and the inhibition of
QS mediators might be a potential evolutionary alteration that
can decrease the resistance of the fouling bacteria. Therefore, fur-
ther microbiological studies are required to demonstrate the
mechanisms of action and the optimal amounts of the meta-
bromo-thiolactone calcium alginate nanoparticles quorum sensing
inhibitory that are safe and applicable.
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