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a b s t r a c t 

In recent years, the use of natural bioactives in food, pharmaceutical and cosmetic industries has emerged as a 
global formulation development trend. Although natural bioactives exhibit promising properties, they are also 
associated with chemical instability or poor aqueous solubility. One such bioactive with beneficial functionalities 
but limited industrial applicability within industry is propolis. The purpose of this study was to investigate means 
to enable enhancement to the antibacterial activity of propolis-based aqueous formulations. Dry propolis was 
firstly extracted from crude material and the effect of common carrier phases used for dissolution of propolis for 
antibacterial assays was investigated. Consequently, the extract was formulated into propolis sub-micron aqueous 
dispersions via direct ultrasonication. Processing time was varied, and all formed particles were characterised 
immediately after production in terms of size, polydispersity and zeta potential, and then again after a month- 
long storage period. When tested on E. coli cells, 15% propolis dispersions caused a bactericidal effect, which 
was sonication time and time of exposure dependent. Particles formed at the shortest sonication period (4 min) 
resulted in higher cell injury while those processed the longest (10 min) caused greater cell death and with 
AFM imaging, cell membrane alterations were confirmed. Chemically, for whole dispersions and carrier phases 
alone, free radical scavenging activity and total phenol content were slightly enhanced at longer sonication times. 
Overall, the present work suggests that formulating propolis extract sub-micron aqueous dispersions via sonication 
enhances their antibacterial performance via a synergistic effect involving both their carrier and dispersed phases. 
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ntroduction 

In recent years there has been a movement to reduce the use of
ynthetic actives in food, pharmaceuticals and cosmetics. This largely
tems from the consumers’ conceptualisation of the term “natural ”,
hich ultimately leads to preferences towards products containing nat-
ral bioactives, as they are perceived to possess positive attributes
uch as being healthier or more environmentally friendly than synthetic
quivalents ( Rozin, 2005 ; Newburger, 2009 ; Asioli et al., 2017 ). Stud-
es demonstrate the public’s apprehension on being exposed to syn-
hetic chemicals, concerns that may stem from misunderstandings re-
ated to the significance of the quantities used, despite the fact that
hese are closely regulated ( Dickson-Spillmann, Siegrist & Keller, 2011 ).
onsequently, more and more research is being directed towards nat-
ral bioactives shown to possess a wide range of functional perfor-
ances that could be utilised within the context of formulated prod-
cts. Some examples include curcumin which has been reported to pos-
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ess antioxidant and anti-inflammatory properties ( Hatcher, Planalp,
ho, Torti & Torti, 2008 ), aloe vera which has been associated with
ntitumor/anticancer, anti-diabetic and anti-inflammatory properties
 Boudreau & Beland, 2006 ), and is widely used among cosmetic prod-
cts ( Gallagher & Gray, 2003 ), and essential oils from oregano or laven-
er ( Dadalio ǧlu & Evrendilek, 2004 ) that have been reported to ex-
ibit antibacterial, antifungal and antiviral properties ( Lang & Buch-
auer, 2012 ). 

Another versatile bioactive with multiple reported benefits is propo-
is or bee glue; a resinous mixture produced by Apis mellifera honey-
ees ( Eom, Lee, Yoon & Yoo, 2010 ). It consists of 50% resin and veg-
table balsam, 30% wax, 10% essential and aromatic oils, 5% pollen
nd other substances such as organic debris ( Pietta, Gardana & Pietta,
002 ). Propolis extracts have been reported to exhibit antibacterial ac-
ivity against both gram-positive ( S. aureus ( Akca et al., 2016 ), S epi-

ermidis ( Uzel et al., 2005 ), L. monocytogenes ( Chen, Ye, Ting & Yu,
018 ), S. typhimurium ( Righi et al., 2011 )) and gram-negative ( E. coli
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 Netíková, Bogusch & Heneberg, 2013 ), P. aeruginosa ( Regueira et al.,
017 ) and K. pneumoniae ( Lopez et al., 2015 )) bacteria; with a less pro-
ounced antibacterial action on gram-negative ( Silva-Carvalho, Baltazar
 Almeida-Aguiar, 2015 ). In current literature, propolis extracts have
lso been associated with antifungal, antioxidant and anti-inflammatory
roperties ( Kuropatnicki, Szliszka & Krol, 2013 ). In terms of applica-
ions, propolis has been used as a dietary supplement ( Moret, Purcaro
 Conte, 2010 ),in dental care ( Vanni et al., 2015 ), in dermatological
reams and lotions ( Barros, Neto & Fonteles, 2019 ) and in food in-
ustries it has been effective in preserving meat, fish and juice prod-
cts ( Mohammadzadeh et al., 2007 ; Pobiega, Kra ś niewska & Gniewosz,
019b ). 

Although the consistency of propolis varies depending on the lo-
al flora, season and climate, it is widely accepted that phenols and
avonoids are the main compounds responsible for its antibacterial ac-
ivity ( Castaldo & Capasso, 2002 ; Bankova, 2005b ). By being such a
omplex mixture, propolis has the advantage of providing a synergis-
ic functional response that is stronger compared to that of its indi-
idual components alone ( Amoros, Simõs, Girre, Sauvager & Cormier,
992 ; Kharsany, Viljoen, Leonard & van Vuuren, 2019 ). However, it is
he level of heterogeneity that can cause issues such as variability in
hemical constitution and functional performance (e.g. antibacterial ac-
ivity), and its plethora of organic compounds that greatly diminishes
ts water solubility ( Bankova, 2005a ; Permana et al., 2020 ). Moreover,
rude propolis needs to be purified prior to use as it contains contami-
ants and debris that are not functional nor safe ( Burdock, 1998 ). This
sually involves an extraction process, which itself can be highly vari-
ble depending on the solvent and method used. While efforts have
een made to extract propolis’ bioactive compounds in water ( Park
 Ikegaki, 1998 ) or oil ( Ramanauskien ė & Ink ėnien ė, 2011 ), aqueous
thanol (a mixture of ethanol and water) tends to be the most effective
olvent ( Kubiliene et al., 2015 ; Sun, Wu, Wang & Zhang, 2015 ). 

Propolis can remain diluted in the extraction solvent for further in-
estigation, or the solvent can be evaporated to recover the extracts as
ry matter. The solid propolis extracts can then be incorporated within
 formulation medium that among others should easily allow the real-
sation of the desired propolis functionalities in the final application.
olvents that effectively dissolve propolis extracts and tend to be used
n literature (such as ethanol, methanol or dimethyl sulfoxide (DMSO))
 Tosi, Ré, Ortega & Cazzoli, 2007 ; Regueira et al., 2017 ; Ristivojevi ć
t al., 2018 ), have limited industrial applications and can themselves
ive rise to an antibacterial response that is beyond the sole capacity of
ropolis; for instance some E. coli strains can be susceptible to DMSO
 O’Neill & Chopra, 2004 ; Cao et al., 2017 ). 

To avoid such issues, water can be used as the formulation medium
nstead. However, literature on aqueous-based propolis systems and
heir antibacterial activity is much more scarce, since, although ideal
or application purposes, water is not an efficient extraction solvent
or carrier/formulation medium for propolis ( Pobiega et al., 2019b ;
havidel, Javadi, Anarjan & Jafarizadeh-Malmiri, 2021 ). Alternative
pproaches to enhance the bioavailability of poorly water-soluble func-
ional compounds have been reported in literature. Basniwal, Khosla and
ain (2014) produced aqueous dispersions of curcumin nanoparticles
hat were shown to exhibit a similar or even stronger response against
ifferent cancer cell lines, when compared to curcumin dissolved in
MSO. Elsewhere, attempts to increase the bioavailability of quercetin

n water have studied its inclusion within solid dispersions fabricated us-
ng a range of carrier compounds such as monoolein, polyvinylpyrroli-
one and hydroxypropyl methyl cellulose, and utilising homogeniza-
ion, solvent evaporation or freeze drying methods ( Park, Song & Choi,
016 ; Cortesi et al., 2017 ; Porcu et al., 2018 ). Finally, and with di-
ect relevance to the presence study, Elbaz, Khalil, Abd-Rabou and El-
herbiny (2016) developed chitosan-based nano-in-microparticles car-
iers to facilitate the oral delivery of propolis, enhance its aqueous sol-
bility and bioavailability, enable its controlled release and enhance its
nticancer activity. 
2 
The current work adopts the formulation engineering ethos of such
tudies and aims to investigate approaches that enable enhancement to
he antibacterial activity of propolis-based aqueous systems. Initially,
he study reveals that the use of ethanol or DMSO as carrier phases
or the dissolution of propolis extracts, produces antibacterial responses
eyond the capacity of the bioactive itself. Therefore, water was exclu-
ively used as the carrier phase of crude propolis dry extracts which were
ormulated into sub-micron propolis aqueous dispersions via direct ul-
rasonication. Although sonication has been shown to offer advantages
hen employed as part of the propolis extraction process ( Gokce, Cen-
iz, Yildiz, Calimli & Aktas, 2014 ; Jug, Kon či ć & Kosalec, 2014 ) or to
acilitate encapsulation (e.g. in 𝛽- cyclodextrin),( Kalogeropoulos et al.,
009b ), its use to promote functionality of the sole active directly within
he final formulation/carrier medium, to the best of our knowledge, has
ot been previously explored. Here, sonication time was varied and all
ormed propolis particles were characterised in terms of size, polydis-
ersity and zeta potential both immediately after production as well as
ver a month-long storage period. Sonication time and time of exposure
ere considered for their impact on the antibacterial activity (tested
n E. coli cells) of all propolis dispersions and AFM imaging was selec-
ively utilised to confirm potential damage to the cell membrane. All
ispersions were tested for their free radical scavenging activity and to-
al phenol content as means to gain further insight into their antioxidant
ctivity and the causes of their antibacterial performance. Finally, the
ontribution to the overall bactericidal functionality arising by the car-
ier phase of the propolis aqueous dispersions alone, was investigated.
verall, the present work demonstrates that formulating propolis ex-

racts into sub-micron propolis aqueous dispersions can indeed enhance
heir antibacterial performance via a synergistic effect involving both
heir carrier and dispersed phases. 

aterials and methods 

ropolis samples and materials 

Crude propolis was collected from Fthiotida region, Greece dur-
ng spring 2019, purchased from ANEL (Thessaloniki, Greece) and
as stored in the dark at -20 °C. Ethanol (Absolute, 99.8%, analyti-

al reagent grade), Nutrient agar (NA), Dimethyl Sulfoxide (DMSO) and
hosphate Buffered Saline (PBS) were purchased from Fisher Scientific
Loughborough, UK). Luria Bertani broth (LB), Tween 80, Propidium
odide (PI), Bis-(1,3- Dibutylbarbituric acid) trimethine Oxonol (BOX),
olin-Ciocalteu reagent and gallic acid were purchased from Sigma-
ldrich Ltd (Gillingham, UK). 2,2-Diphenyl-1-picrylhydrazyl (DPPH)
nd Trolox were purchased from EMD Millipore Corp. (Darmstadt, Ger-
any). Sodium Carbonate was purchased from LP Chemicals Ltd (Wins-

ord, UK). 

icrobial culture 

E. coli K12 (MG1655) cells were maintained on Luria Bertani agar
t 4 °C. In order to obtain cells in the stationary phase, a colony was
ransferred into 50 ml of Luria Broth, incubated at 37 °C for 18 h while
haking at 150 rpm. The concentration of overnight cultures was fixed
t approximately 1.5 × 10 7 CFU/ml. Cells were centrifuged at 4600 g for
 min (Eppendorf Centrifuge 5430, Germany) and washed thrice with
BS. 

reparation and characterisation of propolis samples 

ropolis extraction 

Frozen propolis samples were ground (using a commercial food
rade grinder, MosaicAL) into submillimetre particles as shown in Fig. 1 .
xtraction was carried out by mixing 30 g of propolis with 300 ml of
0% ethanol in water (i.e. a mass to volume ratio of 1:10 propolis to



N. Chourmouziadi Laleni, P.D.C. Gomes, K. Gkatzionis et al. Food Hydrocolloids for Health 1 (2021) 100040 

Fig. 1. (A) Frozen crude propolis, (B) grinded propolis and (C) light microscopy image (10 × magnification) of grinded propolis particles. 
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olvent) and stored at 25 °C in dark for one week with occasional shak-
ng. The resulting tincture was centrifuged (Sigma 3K30, UK) at 8800 g
nd 4 °C, and filtered through no 4 Whatman filter paper, in order to
emove waxes and other non-soluble compounds ( Kalogeropoulos, Kon-
eles, Troullidou, Mourtzinos & Karathanos, 2009a ). This process was
epeated for three consecutive days or until no visible precipitation was
resent, while the tincture was stored at 4 °C. The solvent was evapo-
ated under reduced pressure (approximately -90 kPa gauge) at 40 °C
Buchi Rotavapor R-215, Switzerland) and the dry propolis extracts were
btained at approximately 20% yield. 25, 10, 5, 1 and 0.1 mg/ml of
ropolis dry extracts were diluted in 20% ethanol and 80% water for
urther testing. 

reparation of propolis aqueous dispersions 

An aqueous dispersion was made of 1.88% propolis dry extract (ap-
roximately 1-2 g), 1% Tween 80 and water. Tween 80 was selected as a
on-ionic, small weight surfactant, typically used in foods as an emulsi-
er or dispersing agent ( Pourreza & Rastegarzadeh, 2004 ). The mixture
as sonicated using a high intensity ultrasonic vibracell processor with a
3 mm probe (Sonics & Materials, Inc., CT, USA) for 2, 4, 6, 8 and 10 min
t 20 kHz, 750 W and 95% amplitude. Pulse mode of 4 s on 2 s off was
sed to avoid heat buildup. A pre-dispersion was made of 7% propolis
ry extract (approximately 4–6 g), 1% Tween 80 and water and pro-
essed as described above. Part of some water content of the dispersion
as evaporated under reduced pressure (approximately -95 kPa gauge)
t 40 °C, which resulted in dispersions with a higher propolis content of
5%. Dispersions of 4 and 10 min were diluted to 11.24%, 7.5%, 5.6%
nd 3.75% for further testing. A 15% propolis, non-sonicated, aqueous
ample was also prepared for reference testing. 

It should be stressed that the exact content of propolis ultimately
etained within the formed aqueous dispersions (post sonication) used
n this study differs from the amount of propolis extract initially added
prior to sonication). The discrepancy arises due to extract losses during
he sonication stage where a fraction of the propolis was not possible
o be dispersed; either precipitated at the bottom and/or adhered onto
he walls of the vessel. A series of preliminary experiments have indi-
ated this loss to be more or less consistent across the different propolis
ontents (and sonication times) used; amounting to ∼1/3 of the initially
ntroduced propolis extract mass. The authors have elected to retain the
nitial propolis content in the discussion that follows only because this
epresents a more unambiguous means to distinguish between different
amples. 

solation of the aqueous carrier phase of the propolis dispersions 

The aqueous carrier medium was isolated from the propolis disper-
ion by ultrafiltration (Vivaspin 100 kDa, Uppsala, Sweden) and was
urther tested separately. The filtration tubes were filled with 1.2 ml
ropolis dispersions and centrifuged for 30 min at 3900 g (Eppendorf
entrifuge 5810, Germany). 
3 
ize, polydispersity index and zeta potential measurements 

A zetasizer Nano (Malvern Instruments Ltd., U.K.) instrument was
sed to measure the particle size distribution (intensity,%) and de-
ermine the mean particle size and polydispersity index (PdI) using
ynamic light scattering (DLS). Zeta potential was measured by elec-
rophoretic mobility at room temperature. Samples were diluted 10 fold
rior to measurement using ultrapure water (Milli-Q). 

otal phenol content 

Total phenolic content was determined using the colori-
etric Folin-Ciocalteu method. The method was adapted from
ubiliene et al. (2015) . The propolis dispersions and carrier phases
ere diluted 1:10 with distilled water and 77 𝜇l were mixed with 77 𝜇l
f Folin- Ciocalteu reagent, 385 𝜇l 20% sodium carbonate and 960 𝜇l
istilled water. After 1 h incubation in the dark at room temperature
bsorbance was taken at 760 nm using the Orion AquaMate 8000 UV–
is spectrophotometer (Thermo-Scientific, UK). Total phenol content
as calculated as gallic acid equivalents (GAE) in micrograms per
l using a calibration curve( y = 0.007x-0.045, R 

2 = 0.9997), from a
oncentration range of 15.63–250 𝜇g/ml. 

ree radical scavenging activity 

The method was adapted from Jansen-Alves et al. (2019) All dis-
ersions and carrier phases were diluted 1:100 with distilled water and
00 𝜇l were mixed with 100 𝜇l 0.78 mg/ml DPPH reagent and 2.3 ml
thanol. Absorbance was taken after half an hour at room tempera-
ure in the dark at 517 nm using the Orion AquaMate 8000 UV–vis
pectrophotometer (Thermo-Scientific, UK). Results were expressed as
rolox equivalents (TRE) in micrograms per ml using a calibration curve
 y = -0.0041x + 0.9624, R 

2 = 0.9988), from a concentration range of
2.5–200 𝜇g/ml. 

ssessment of biological properties of samples 

ntibacterial assay 

The antibacterial activity was determined by using a dilution assay
n a 96-well microplate format. Samples were mixed with the microbes
n a 1:1 ratio, incubated at 37 °C while at constant shaking at 150 rpm
nd plated at appropriate time points from 0 up to 24 h. 

late counting (CFU) 

Viability of bacteria after treatment was assessed by serial 10-fold
ilutions in PBS. 10 𝜇l were measured and plated in Nutrient Agar plates
nd incubated overnight at 37 °C. Colony Forming Unites (CFU) were
ounted at the appropriate dilution (3–30 colonies) to determine cell
iability. The lower limit of detection was 30 CFU /ml. 

low cytometry 

The viability of the cells and the physiology of their membrane
as analyzed using an Attune NxT, Acoustic Focusing Cytometer (Ther-
oScientific, Singapore). Samples were diluted with filtered PBS and
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Fig. 2. Antibacterial activity of propolis extracts dissolved in 20% ethanol. Data 
for population of stationary phase E. coli MG1655 are presented as a function 
of concentration of propolis extracts added (0.1, 1, 5, 10 and 25 mg/ml) after 
immediate contact. The control is 20% ethanol. Data shown are averages ( n = 3; 
biological replicates) and errors represent ± one standard deviation (s.d.). 
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tained with Propidium Iodide (PI) and Bis-(1,3- Dibutylbarbituric acid)
rimethine Oxonol (BOX) at final concentrations 5 𝜇g/ml and 10 𝜇g/ml,
espectively. PI binds to the nucleic acid but cannot permeate an un-
armed cytoplasmic membrane ( Hewitt & Nebe-Von-Caron, 2004 ). BOX
s a lipophilic and anionic dye which binds with depolarised (damaged)
ytomplasmic membranes ( Berney, Weilenmann & Egli, 2006 ). In order
or a cell to be significantly damaged and be characterised as "dead",
etection of both dyes are needed. If there is only BOX dye detection,
hat gives an indication of injury to the cell membrane. Samples were
ortexed and incubated for five minutes in the dark. Cells were excited
sing a blue laser at 488 nm and the emitted fluorescence was detected
hrough a 400 nm band- pass filter for both dyes. The trigger was set
or the green fluorescence (550 nm) channel and data were acquired on
orward versus side scatter. Untreated bacteria cells in PBS were tested
s controls. 

tomic force microscopy 

Atomic force microscopy (AFM) images of control and treated bacte-
ial samples with the 10 min sonicated dispersions (15%), were acquired
ith a JPK NanoWizard II atomic force microscope (Oxford Instruments,
K) in dry condition on a 25 mm 

2 p-type silicon wafer (Sigma-Aldrich,
K). The silicon wafer was initially cleaned with a CO 2 snow jet while
eing held on a hot surface at 300 °C, followed by placing a suspension
f 5 𝜇l of E. coli (approximately 10 5 CFU/ml) in filtered PBS. Samples
ere allowed to air dry for 3-4 h. Then they were rinsed with deionised
ater to avoid crystallisation of PBS. The images were acquired in tap-
ing mode using NCHV-A cantilever (Bruker, UK) (T: 8 nm; L: 117 𝜇m;
: 33 𝜇m; f 0 : 320 kHz; k: 40 Nm 

− 1 ). 

tatistical analysis 

Experiments were conducted at least in duplicate unless otherwise
tated. Results are expressed as averages and error bars represented
he standard deviation. Statistical analysis was performed using IBM
PSS Statistics software. Kaplan-Meier survival plots were constructed
ithin different bacteria treatments. Results were compared with 1-way
NOVA (Tukey’s test) and 2-way ANOVA (Sidak’s multiple comparisons

est). Differences were considered significant at p < 0.05. 

esults and discussion 

he impact of the carrier phase used to dissolve propolis extracts on the 

verall antibacterial performance of the systems 

Different quantities of propolis extracts ranging from 0.1 to 25 mg
ere dissolved in 1 ml of a carrier phase consisted of 20% aqueous
thanol solution and tested against E. coli cells in their stationary phase.
BS was used as the continuous phase for E. coli cells as it does not pro-
ide any nutrients for growth and is an appropriate medium for bacteria
reservation. ( Liao & Shollenberger, 2003 ) Data were collected imme-
iately after the active-containing formulations were added to the cells
nd following 24 h of incubation. 

Results show that at immediate contact, the highest concentrations
f propolis (10 and 25 mg/ml) eliminated the population completely,
hile a dose dependent bactericidal effect was prominent for the con-

entrations ranging from 0.1 to 5 mg/ml ( Fig. 2 ). However, after 24 h
f incubation, there was no population present for any of the samples,
ncluding the control (20% ethanol). Therefore, the antibacterial effect
ppeared to be dominated by the carrier phase. 

Flow cytometry was utilised to investigate the effects of the propolis
xtracts and carrier phase (20% ethanol in water) on the E. coli mem-
rane potential and cellular integrity. Measurements were taken after
mmediate exposure ( Fig. 3 A) and after 24 h ( Fig. 3 B). All propolis ex-
racts concentrations caused depolarisation of the cell membrane (in-
ury) and affected cell integrity (death), even after immediate exposure,
urther confirming the CFU measurements ( Fig. 2 ). The 20% aqueous
4 
thanol mixture alone (control) caused a significant amount of injury to
he cell membrane (43%), at immediate contact. As the concentration
f propolis applied increases, the amount of injury is maintained, while
he total amount of cell death is increasing, showing signs of propolis’
actericidal activity. After 24 h, the control and 0.1 mg/ml of propolis
xtracts exhibited similar antibacterial effects of low injured cells and a
igher percentage of dead cells, whereas the rest of the samples mainly
ontained either alive or dead cells with low injury percentages. That
ould be due to the time effect which at high propolis extracts quanti-
ies, results in eventual death of the previously injured cells, whereas
or the control and 0.1 mg/ml propolis concentration, the rate of action
s slower. 

It is apparent that ethanol, even at a relatively low percentage of
0%, provides an underlying antibacterial response. Ethanol, like other
lcohols, is anticipated to cause damage to the cell membrane, denat-
ration of the proteins, followed by inhibition of the cell metabolism
nd eventually causing lysis ( McDonnell & Russell, 1999 ). To further
stablish the antibacterial contribution arising from the carrier phase
lone, a range of ethanol content (below the previously examined 20%)
queous solutions were tested, while also investigating another popu-
ar carrier phase used in literature to dissolve propolis for antibacterial
ssays, DMSO ( Fig. 4 ). The lowest percentage of ethanol tested (5%)
chieved two logs of E. coli CFU /ml reduction, showing the sensitivity
f this method to antibacterial agents. After 24 h of incubation, 100%
MSO completely eliminated the population and 20% DMSO achieved
pproximately one log CFU /ml reduction. DMSO has the ability to cross
ell membranes (( Brito et al., 2017 )), causing morphological changes
n the cytoplasm ( Ansel, Norred & Roth, 1969 ). However it should be
oted that DMSO has been reported to protect E. coli cells by scavenging
OS (reactive oxygen species) caused by antibacterial agents ampicillin,
anamycin, oxolinic acid and ciprofloxacin ( Mi et al., 2016 ). 

Although both carrier phases are widely used in literature for
issolving propolis extracts for MIC assays ( Uzel et al., 2005 ;
ohammadzadeh et al., 2007 ; Silva, Rodrigues, Feás & Estevinho, 2012 ;

reitas, Cunha, Cardoso, Oliveira & Almeida-Aguiar, 2019 ), they are
sually added in overall more dilute concentrations ( Moncla et al., 2012 ;
egueira et al., 2017 ; Belwal et al., 2018 ), to cells suspended in broth
 Morais, Moreira, Feás & Estevinho, 2011 ; Ristivojevi ć et al., 2018 ;
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Fig. 3. Effect of membrane integrity of E. coli (MG1655) cells A) after immediate exposure and B) after 24 h with propolis extracts diluted in ethanol 20%. Data 
for percentages of injury and death are presented as a function of propolis extracts concentration (0.1, 1, 5, 10, and 25 mg/ ml). Data shown are averages ( n = 3; 
biological replicates) and errors represent ± one standard deviation (s.d.). 

Fig. 4. Antibacterial activity of different fractions of 
ethanol and DMSO mixed with deionised water. Data for 
population of stationary phase E. coli MG1655 are pre- 
sented as a function of different percentages of ethanol 
and DMSO in water after immediate exposure and 24 h. 
The control is deionised water. Data shown are averages 
( n = 3; biological replicates) and errors represent ± one 
standard deviation (s.d.). 
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reitas et al., 2019 ) which provides nutrients for the bacteria popu-
ation to grow ( Silva et al., 2012 ; Al-Waili, 2018 ; Ristivojevi ć et al.,
018 ) rather than at stationary phase in PBS. Furthermore, during a
7 °C incubation, part of the ethanol (particularly at such low concentra-
ions) can evaporate, minimising/masking its antibacterial contribution.
n the current method used, the actives to be tested are added in higher
uantities (1:1) making their effect more prominent even at low ethanol
oncentrations (i.e. 5%). MIC assays show the minimum concentration
eeded to inhibit the growth of a microorganism ( Wiegand, Hilpert &
ancock, 2008 ), without being able to distinguish between static and
idal status. The current method was chosen as there was greater inter-
st in the rate of killing and how that can be influenced under different
ormulation conditions while understanding the effects on the cell mem-
ranes of fully grown stationary cells. In addition to choosing a carrier
hase that is relevant to industrial applications, the results presented
ere clearly demonstrate the importance of such selection in terms of
5 
nticipated antibacterial performance by the bioactive of interest, to
isentangle any effects arising from the bioactive alone, thus reducing
nvironmental interferences/contributions. 

he effect of sonication on the formation of propolis extract dispersions 

ithin an aqueous carrier phase 

In order to create formulations with less toxic, environmental
riendly and more industrially applicable solvents, as well as to study
he propolis’ antibacterial performance without external interferences,
ater was selected as the carrier phase for all further investigation. As
ropolis is insoluble in water, the hypothesis that its bioavailability and
ctivity would be enhanced by formulating it as a colloidal aqueous dis-
ersion, was tested. 

Initially, aqueous dispersions of 1.88% of propolis extracts were
ormed in the presence of 1% Tween 80. The effect of the duration of the
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Fig. 5. Average particle size distributions of propolis particles dispersed in aqueous media. Data for dispersions of 7% (A, B and C) and 15% (D, E and F) (concentrated) 
propolis mass fractions are presented for different sonication times (4, 6, 8 and 10 min) and storage periods; at 0 (A and D), 7 (B and E) and 30 (C and F) days, 
at 25 °C in the dark. Data shown are averages ( n = 3; repeats), except results shown for 30 days which represent averages n = 3; replicates due to deterioration of 
samples. 
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onication step and the subsequent storage period on the particle size
nd polydispersity index (PdI) of the formed propolis particles were in-
estigated ( Table 1 ). The average particle size decreases with increasing
onication time, reaching a minimum at 6 min (206 ± 1 nm), with pos-
ible aggregation after; this was also reflected in the PdI values, as it
an be seen in the supplementary material provided (Fig. S1A). What is
ore, all particle sizes remain constant with storage time. 

Aqueous dispersions containing a higher propolis mass fraction of
% were also prepared. These were further concentrated post sonica-
ion (by evaporating the appropriate amount of water) to form systems
ith 15% propolis content. The effect of the duration of sonication ( >
 min), water evaporation and period of storage on the formed propo-
is dispersions was investigated by measuring the average particle size,
6 
olydispersity index (PdI) and zeta potential; results are presented in
able 2 . The average particle size between 1.88% and 7% propolis mass
raction was not statistically significant, but significantly increased with
5% propolis mass fraction ( p < 0.05). 

One-way ANOVA of the average size measurements of the initial 7%
ropolis dispersions revealed no statistically significant differences be-
ween the sonication times. However, considering the PdI data, there is a
ignificant increase in polydispersity after 6 min of sonication ( p < 0.05),
ompared with 4, 8 and 10 min sonication. This can be explained by ob-
erving the particle size distributions ( Fig. 5 A). The 6 min distribution
s multimodal, justifying the rise in average size. 

Time of sonication, along with other parameters including sonica-
ion power or the diameter of the probe can affect the particle size
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Table 1 

Average size and polydispersity index (PdI) of propolis particles dis- 
persed in aqueous media. Data for aqueous dispersions containing a 
1.88% propolis extract mass fraction are presented as a function of soni- 
cation time (2, 4, 6, 8 and 10 min) and storage period (7, 14, 21 and 30 
days at 25 °C in the dark). Data shown are averages ( n = 3; replicates) 
and errors represent ± one standard deviation (s.d.). 

Sonication 
time (min) 

Storage period 
(days) Size (nm) PdI 

2 7 492 ± 9 0.63 ± 0.07 
14 565 ± 55 0.54 ± 0.01 
21 606 ± 20 0.60 ± 0.06 
30 727 ± 42 0.54 ± 0.03 

4 7 333 ± 1 0.24 ± 0.01 
14 328 ± 6 0.18 ± 0.02 
21 393 ± 8 0.31 ± 0.01 
30 427 ± 17 0.34 ± 0.04 

6 7 206 ± 1 0.25 ± 0.01 
14 209 ± 2 0.23 ± 0.01 
21 215 ± 3 0.24 ± 0.01 
30 218 ± 2 0.23 ± 0.01 

8 7 239 ± 1 0.36 ± 0.01 
14 248 ± 1 0.22 ± 0.01 
21 251 ± 2 0.23 ± 0.01 
30 256 ± 1 0.24 ± 0.01 

10 7 245 ± 7 0.42 ± 0.02 
14 230 ± 3 0.32 ± 0.02 
21 231 ± 2 0.29 ± 0.01 
30 227 ± 4 0.27 ± 0.01 
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 Smith & Dairiki, 1975 ). This could lead to a reduction of size and parti-
le agglomeration ( Pérez-Maqueda, Duran & Pérez-Rodríguez, 2005 ),
hich can be observed particularly in the 6 min distribution. It is

hallenging to compare these results with literature as sonication con-
erning propolis or other bioactives, appears to be used mostly as
eans of extraction ( Anandan et al., 2017 ; Gargouri, Osés, Fernández-
uiño, Sancho & Kechaou, 2019 ; Pobiega, Kra ś niewska, Derewiaka &
niewosz, 2019a ; Yusof, Munaim & Veloo Kutty, 2021 ) or encapsula-

ion ( Kalogeropoulos et al., 2009b ; Sharma, Kaur & Khatkar, 2021 ),
ather than creating dispersions. Kalogeropoulos et al. (2009b ) formu-
ated propolis extract suspensions in aqueous 𝛽- cyclodextrin solutions,
ut size measurements were not reported in this study. 

Concentrating the propolis content in the dispersions via water evap-
ration (from 7% to 15%) reveals a consistent and statistically signifi-
ant increase ( p < 0.05 for all sonication times). Particles move in a
rownian motion and tend to collide and flocculate ( Singer, Barakat,
ohapatra & Mohapatra, 2019 ), which can be further enhanced at

maller sizes due to the higher surface area created ( Usune et al., 2019 ).
lthough solvent evaporation is used as means to concentrate formula-
able 2 

verage size, polydispersity index (PdI), and zeta potential of propolis particles dispe
concentrated) propolis mass fraction are presented as a function of sonication time (
ata shown are averages ( n = 3; repeats) and errors represent ± one standard deviat

Sonication 
time (min) 

Storage Period 
(days) 

7% propolis dispersions 

Size (nm) PdI Zeta

4 0 357 ± 51 0.51 ± 0.07 − 26
7 250 ± 26 0.19 ± 0.03 − 22
30 2799 ± 2494 0.30 ± 0.06 − 24

6 0 466 ± 84 0.78 ± 0.08 − 41
7 321 ± 48 0.37 ± 0.08 − 38
30 350 ± 156 0.38 ± 0.23 − 38

8 0 330 ± 47 0.39 ± 0.03 − 36
7 289 ± 24 0.36 ± 0.05 − 36
30 368 ± 131 0.42 ± 0.21 − 38

10 0 347 ± 24 0.48 ± 0.07 − 35
7 249 ± 19 0.27 ± 0.03 − 37
30 3224 ± 2279 0.60 ± 0.23 − 29

7 
ions ( Avgoustakis, 2004 ; Vauthier, Cabane & Labarre, 2008 ), aggrega-
ion can be a result ( Vauthier et al., 2008 ) due to an increased likeli-
ood of particles colliding. Therefore, the significant rise in particle size
 Table 2 ) is expected and the same phenomena can equally explain the
bserved increase in polydispersity; also seen in Fig. 5 . 

Comparing the particle sizes between 0, 7 and 30 days, in some cases
 significant increase is observed for both 7% and 15% propolis mass
ractions. However, the standard deviations between measurements are
oo large indicating deterioration of samples. 

Zeta potential was also measured as it is a good indicator of dis-
ersion stability. Zeta potential values were all highly negative, in
greement with other propolis formulated systems ( Kazemi, Divsalar
 Saboury, 2018 ; Hegazi, Elhoussiny & Fouad, 2019 ), and remained
ostly stable over 30 days of storage, with sample deterioration being

ccounted for some variability. In the 7% propolis fraction systems, the
eta potential was not statistically significant between 8 and 10 min, due
o the possibility of the sonication time not causing any effect after that.
n the 15% propolis fraction systems (post evaporation) there was no
tatistically significant difference between 6 and 10 min, although the
 min sonication was close. This could be occurring due to flocculation
f the particles. 

2-way ANOVA showed a statistically significant difference of zeta po-
ential values between 7% and 15% propolis fractions ( p < 0.05), with
ncreasing zeta potential (towards less negative values) as the fraction
f propolis was raised from 7% to 15%. This could be a result of parti-
le agglomeration (post water evaporation; see Table 2 ); the subsequent
eduction to the particles’ surface area would be associated with a de-
rease in the ‘overall’ repulsion. This increase in zeta potential with in-
reasing propolis amount is a subject of some disagreement in literature.
amli, Ali, Hamzah & Yatim (2021) studied the zeta potential with an

ncreasing propolis (encapsulated in liposomes) concentration, report-
ng the same trend as here, although the authors claim this was due
o interactions between the phospholipids and propolis. However, other
tudies ( Elbaz et al., 2016 ; Soleimanifard, Feizy & Maestrelli, 2021 ) have
eported the opposite effect. 

he effect of sonication on the content of ‘relevant’ chemical species in 

ropolis extract dispersions within an aqueous carrier phase 

Although the duration of sonication did not have a significant effect
n the average particle size, further investigation was performed on its
ffect on the chemical composition of the formed propolis dispersions.
he dispersions were characterised in terms of propolis extracts’ func-
ional compounds; total phenol content (reducing capacity), which can
ndicate if there are phenolic compounds present that could contribute
o propolis’ antibacterial activity ( Fig. 6 A) and free radical scavenging
rsed in aqueous media. Data for aqueous dispersions containing a 7% and 15% 

4, 6, 8 and 10 min) and storage period (0, 7 and 30 days at 25 °C in the dark). 
ion (s.d.). 

15% propolis dispersions 

 Potential (mV) Size (nm) PdI Zeta Potential (mV) 

.85 ± 2.62 928 ± 162 0.71 ± 0.01 − 20.27 ± 2.93 

.0 ± 1.13 456 ± 68 0.41 ± 0.03 − 28.76 ± 7.44 

.99 ± 4.96 462 ± 3 0.39 ± 0.05 − 21.76 ± 2.89 

.24 ± 4.22 1031 ± 187 0.86 ± 0.12 − 30.12 ± 2.32 

.08 ± 4.13 3531 ± 312 0.40 ± 0.09 − 29.11 ± 3.46 

.84 ± 1.13 3134 ± 102 0.49 ± 0.05 − 31.07 ± 1.07 

.59 ± 3.29 694 ± 76 0.63 ± 0.11 − 33.09 ± 2.69 

.11 ± 1.35 2810 ± 177 0.47 ± 0.05 − 30.28 ± 1.49 

.11 ± 0.69 2965 ± 43 0.62 ± 0.13 − 30.26 ± 4.44 

.80 ± 3.32 666 ± 87 0.72 ± 0.12 − 26.84 ± 3.51 

.87 ± 2.20 455 ± 50 0.61 ± 0.05 − 32.35 ± 1.76 

.22 ± 7.19 1116 ± 745 0.62 ± 0.21 − 22.45 ± 6.77 
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Fig. 6. (A) Total phenol content and (B) Free radical scavenging activity of propolis particles dispersed in aqueous media. Data for 15% (concentrated) propolis 
mass fractions are presented as a function of sonication time (4, 6, 8 and 10 min) and storage period (0, 7 and 30 days at 25 °C in the dark). 
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ctivity, which is associated with propolis’ antioxidant activity ( Fig. 6 B)
 Bittencourt et al., 2015 ). 

The data suggest that there were no statistically significant differ-
nces between different sonication times and the amount of phenolic
ompounds present. However, there is an increasing trend in the total
henol content of dispersions and sonication time from 4 min to 8 min
from ∼1226 to ∼3199 𝜇g/ml GAE) or above ( Fig. 6 A). This could be
ue to the increased forced dissolution of phenolic compounds in the
queous carrier phase. 

The total phenol content values although in some cases comparable
 Bittencourt et al., 2015 ), ( Christina et al., 2018 ), were generally smaller
han reported literature values ( Gargouri et al., 2019 ; Pratami, Sahlan,
un’im & Sundowo, 2018 ; Sulaiman et al., 2011 ), probably due to the

act that less quantity was used in the formulation from the total amount
xtracted or less was available for testing since the highest abundance
hen sampling, was not in solution. Other systems have shown that es-
ecially phenolic compounds are bound to the biological cell walls and
onication has assisted their release into solution resulting in the de-
ection of larger phenolic amounts. ( Cheng, Soh, Liew & Teh, 2007 ;
bid et al., 2014 ) However, in terms of propolis, the variability of the
esults is very frequent making it challenging to compare between dif-
erent samples, as the amount detected is not only related with the local
ora or time of collection, but also with the degree of digestion by 𝛽-
lycosidase from bees’ saliva, and the percent of beeswax mixed with
ropolis. ( Ristivojevi ć et al., 2018 ) 

The free radical scavenging activity method can provide an indica-
ion of the antioxidant capacity using the stable free DPPH radical by the
bility of an active to donate a hydrogen atom to the nitrogen radical.
n terms of free radical scavenging activity, there was a statistically sig-
ificant difference ( p < 0.05) between the 10 min sonicated dispersions
nd all the others tested ( Fig. 6 B), indicating that the time of sonication
nfluences the antioxidant capacity of the samples. The stability was ad-
quate after 30 days, revealing that the storage period of samples did
ot affect their antioxidant activity. 

Similarly with the total phenol content, the free radical scaveng-
ng activity was comparable with the literature ( Kalogeropoulos et al.,
009b ; Ristivojevi ć et al., 2018 ), although still lower probably due to
ess compounds being available in solution or due to the lower amount
f propolis being used in the formulation. 

To distinguish between chemical compounds associated with the
ropolis particles and those in the carrier phase, the aqueous phase of
he formed dispersions was isolated and examined further for its total
henol content and free radical scavenging activity ( Fig. 7 ). 
8 
The total phenol content of the carrier phase ( Fig. 7 A) showed a sim-
lar pattern to that of the full systems ( Fig. 6 A); i.e. total phenol content
ncreased for systems sonicated for 6 min and over, although once more
he trend was not statistically significant. The phenol content detected
n the aqueous carrier phase is lower than that in the full systems (i.e.,
2164 and ∼850 𝜇g/ml GAE for 10 min of sonication, respectively), an
verage ratio of 0.34 ± 0.13 across all systems. This is expected as plenty
f phenolic compounds, including flavonoids, found in propolis show a
igher affinity for the solid phase ( Ahn et al., 2007 ), were probably de-
ected early on without further assistance of ultrasound energy, which
ould explain the non statistical significance of the results. However,
here is evidence of sonication-assisted dissolution of functional com-
ounds to the carrier phase. Campos, Assis and Bernardes-Filho (2020) ,
ompared the amount of phenolic compounds extracted in different frac-
ions of water and ethanol, reporting that the percentage concentration
eached a maximum when 1:1 ratio of ethanol and water was used, clar-
fying that some phenolic compounds can be partially water soluble. 

When examining the full systems ( Fig. 6 ), there was higher variabil-
ty of the results than their respective carrier phases. This high vari-
bility could be associated with the alteration of the physical properties
f the dispersions that were evident from the size measurements of the
ropolis particles ( Table 2 ), rather than from chemical degradation of
unctional compounds. 

Sonication time although not statistically significant, in terms of free
adical scavenging activity of the carrier phase ( Fig. 7 B), presented a
lear trend of increasing antioxidant activity with increasing sonication
ime ( ∼880 and ∼1587 𝜇g/ml TRE after 4 and 10 min of sonication,
espectively). The average ratio of compounds exhibiting free radical
cavenging activity in the carrier phase over those in the whole dis-
ersion was 0.19 ± 0.06, showing that similarly with the total phenol
ontent, free radical scavenging activity was primarily associated with
he solid phase. There has been evidence in the literature that antiox-
dant activity could be correlated with the total phenol content which
lso agrees with our results ( Ristivojevi ć et al., 2018 ). 

Sonication has shown to encourage dissolution, especially as part of
n extraction set-up. Oroian, Ursachi and Dranca (2020) investigated
onication as means of propolis extraction by altering parameters such
s, ethanol and water concentration in the extraction media, temper-
ture, amplitude and time, revealing that time did not have a signifi-
ant effect on propolis extraction. That could be because the minimum
mount of time tested (15 min) was already sufficient enough for com-
lete extraction. In this study the maximum amount of sonication inves-
igated was 10 min to avoid aggregation of particles or chemical deteri-
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Fig. 7. (A) Total phenol content and (B) Free radical scavenging activity of propolis aqueous carrier phases post isolation from dispersions. Data for propolis carrier 
phases are presented as a function of sonication time (4, 6, 8 and 10 min) and storage time (0, 7 and 30 days at 25 °C in the dark). 

Fig. 8. Antibacterial activity of propolis particles dispersed in aqueous media. 
Data for population of stationary phase E. coli MG1655 are presented as a func- 
tion of propolis mass fraction (1.88% and 7%) and time (0 and 24 h). The control 
is deionised water. Data shown are averages ( n = 3; biological replicates) and 
errors represent ± one standard deviation (s.d.). 
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ration of the sample. In different systems the duration of sonication has
layed a significant role in the antioxidant capacity and phenolic com-
ounds dissociated in the carrier phase. Bhat and Goh (2017) showed
hat a sonication time of 30 min increased significantly the total phenol
ompounds and free radical scavenging activity of strawberry juice. The
resent work suggests that sonication times between 8 and 10 min are
nough to maximise the chemical species in the propolis extract aqueous
ispersions, both in terms of total phenol content as well as free radical
cavenging activity. 

he effect of sonication on the antibacterial performance of propolis 

xtracts within an aqueous carrier phase 

The antibacterial response 1.88% and 7% propolis extract aqueous
ispersions were tested against E. coli cells ( Fig. 8 ; showing the antibac-
erial response from the 10 min sonicated 1.88% and 7% propolis aque-
us dispersion). The 1.88% propolis mass fraction did not reveal any
eaningful effect. There have been reports in literature where propolis
9 
xtracts were not effective against E. coli ( Eslami, Ariamanesh & Aria-
anesh, 2016 ; Freitas et al., 2019 ; Grecka et al., 2019 ). This is typically

scribed to an inadequate (low) propolis concentration or differences in
hemical consistency depending on the location and the time of collec-
ion ( Katekhaye, Fearnley, Fearnley & Paradkar, 2019 ). The 7% propolis
ass fraction eliminated the population after 24 h. 

The antibacterial effect (over a 24 h period) of the aqueous formula-
ions with a higher propolis content (15%) was subsequently also deter-
ined by exposing E. coli cells in their stationary phase to propolis dis-
ersions formed at varying sonication times ( Fig. 9 A). The non-sonicated
ample exhibited a similar behaviour with the control, highlighting the
ajor enhancement of antibacterial activity of the samples post soni-

ation. The 10 min sonicated dispersions acted rapidly, eliminating the
acterial population within one hour. Both the 6 min and 8 min soni-
ated systems responded similarly, eliminating E. coli population after
 h of exposure, while finally the 4 min sonicated dispersions managed
he same after 8 h of exposure 

In addition, the data were fitted to a Kaplan-Meier survival plot
odel to estimate the percentage of survival of E. coli cells post exposure

t each time point within the 24 h testing period ( Fig. 9 B). Unlike the
article size or chemical characterisation data, 2-way ANOVA revealed
 statistically significant ( p < 0.05) effect of sonication time on the an-
ibacterial performance of the propolis extract aqueous dispersions. 

There was no statistical difference between fresh samples and those
tored for 30 days, with both data sets showing a practically equivalent
ntibacterial response. As such, this is hypothesised to predominantly
rise by the preservation of compounds possessing antibacterial activity
n the propolis aqueous systems and not to be affected by the deteriora-
ion of their physical characteristics (reported earlier in terms of particle
ize). 

Propolis particles have previously shown to exhibit antibacterial
ctivity. Dobrowolski et al. (1991) suspended propolis granules and
ablets in water with 1% acacia and tested them against E. coli exhibit-
ng an inhibition zone of 13.8–15 cm after 30 min at a concentration
f 10 mg/ml. Similarly, Abdullah et al. (2019) suspended 20 mg/ml
ropolis particles in water which also exhibited antibacterial activity
gainst E. coli, B. subtilis, S aureus and P. aeruginosa after 24 h, even
hough the concentrations used in this case were greater in comparison.
obiega et al. (2019b) investigated the antibacterial effect of propolis
xtracts, extracted via different sonication times in 70% ethanol in wa-
er, showing that higher sonication times were related with stronger
nhibition effects of the extracts against the organisms tested, agreeing
ith our results. 
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Fig. 9. A. Antibacterial activity of propolis particles dispersed in aqueous media. Data for the population of stationary phase E. coli MG1655 are presented as a 
function of 15% (concentrated) propolis mass fractions’ exposure time, sonication time (4, 6, 8 and 10 min and not sonicated) and storage time (0 and 30 days at 
25 °C in the dark). The control is deionised water. Data shown are averages ( n = 3; repeats) and errors represent ± one standard deviation (s.d). B. Kaplan-Meier 
survival plot of stationary phase E. coli MG1655 cells are presented as a function of 15% (concentrated) propolis mass fractions’ exposure time and sonication time 
(4, 6, 8 and 10 min). 

Fig. 10. A. Antibacterial activity of aqueous carrier phases post isolation from dispersions. Data for the population of stationary phase E. coli MG1655 are presented 
as a function of 15% (concentrated) propolis carrier phases’ exposure time, sonication time (4, 6, 8 and 10 min) and storage time (0 days at 25 °C in the dark). The 
control is deionised water. Data shown are averages ( n = 3; repeats) and errors represent ± one standard deviation (s.d). B. Kaplan-Meier survival plot of stationary 
phase E. coli MG1655 cells are presented as a function of 15% (concentrated) propolis carrier phases’ exposure time and sonication time (4, 6, 8 and 10 min). 
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The antibacterial activity of the dispersions’ carrier phases alone was
lso tested ( Fig. 10 ). However, the resulting antibacterial response was
eaker compared to the full systems, but a similar pattern of action was

evealed ( Fig. 10 A); the obtained data were also fitted to the Kaplan-
eier survival plot model ( Fig. 10 B). 2-way ANOVA showed once more

hat the differences in the antibacterial activities of the carrier phases
f propolis dispersions sonicated for varying times were statistically sig-
ificant ( p < 0.05). The carrier phases of propolis dispersions that had
ndergone 10 min sonication had the highest bactericidal effect, fol-
owed by those processed for 8 and 6 min (which had a similar effect),
nd lastly by 4 min where the effect was bacteriostatic. 

Both whole systems and carrier phases showed statistically signifi-
ant difference ( p < 0.05) in antibacterial activity with increasing son-
cation time. It is hypothesized that this enhancement is probably not
nticipated from the solid phase but rather from an increased forced dis-
10 
olution of functional compounds to the aqueous phase. In terms of the
esulting antibacterial activity, both the colloidal solid propolis compo-
ent and the aqueous carrier phase contribute, exhibiting a synergistic
ntibacterial action. Propolis particles need foremostly to come in con-
act with the cells in order to act ( Ge et al., 2014 ), whereas functional
ompounds in the carrier phase are more available to exhibit their an-
ibacterial performance. 

ffect of concentration of propolis extracts within an aqueous carrier phase 

n the membrane integrity of E. coli cells 

Propolis dispersions were sonicated for 4 and 10 min and further di-
uted in water to different propolis mass fractions; these were taken to
epresent the two extremes in terms of processing intensity, and were
ested against E. coli cells in their stationary phase ( Fig. 11 ). The 4 min



N. Chourmouziadi Laleni, P.D.C. Gomes, K. Gkatzionis et al. Food Hydrocolloids for Health 1 (2021) 100040 

Fig. 11. Antibacterial activity of propolis particles dispersed in aqueous me- 
dia. Data for population of stationary phase E. coli MG1655 are presented as a 
function of 15% propolis mass fraction sonicated for 4 and 10 min and further 
diluted to 11.25%, 7.5%, 5.60% and 3.75% after 24 h of exposure. The control 
is deionised water. Data shown are averages ( n = 3; biological replicates) and 
errors represent ± one standard deviation (s.d.). 
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onicated dispersions eliminated the bacteria population at the highest
ropolis mass fraction of 15%, and caused approximately one log CFU
eduction at 11.25%. The 10 min sonicated dispersions eliminated the
. coli population at most propolis mass fractions apart from the low-
st (3.75%) tested. This additionally confirms that the 10 min sonicated
ispersions had a stronger antibacterial activity than the 4 min soni-
ated dispersions. In order to further understand the difference in the
iological activity of the samples, flow cytometry was utilised to assess
he level of injury and death of the cells, at immediate contact with the
ispersions and at the same propolis mass fractions. 

According to the flow cytometry data ( Fig. 12 ), the propolis ex-
ract aqueous dispersions that had undergone 4 min sonication predom-
nantly caused injury (rather than death) to the E. coli cells. In this case
here is a gradual (almost linear) rise to the injured cell population that
ig. 12. Effect of membrane integrity of E. coli MG1655 cells after immediate exposu
A) injury and (B) death are presented as a function of propolis mass fraction added
ata shown are averages ( n = 3; biological replicates) and errors represent ± one sta

11 
ollows the increase in the propolis extract mass fraction in the systems
 Fig. 12 A). Cell death was both minimal and relatively independent of
he propolis extract content ( Fig. 12 B). However, the mode by which the
ropolis extract aqueous dispersions subjected to 10 min impacted cell
ntegrity was much more severe. Here, although at the lowest propolis
ontent, injury and death is brought upon more or less equally across
he cell population ( Fig. 12 A), further increases to the propolis mass
raction resulted in an almost linear enhancement to cell fatality. What
s more, for the higher propolis fractions tested, cell injury upon imme-
iate exposure is significantly reduced while cell mortality dominates
 Fig. 12 B). The fact that even the 15% propolis extract aqueous dis-
ersions sonicated for 4 min did not significantly affect cell membrane
ermeability, provides further evidence that the propolis particles them-
elves are not the sole culprits in terms of antibacterial activity and that
hemical species present in their aqueous carrier phases (dissolution of
hich is much more pronounced at higher sonication times) also play
n important role. To the best of the authors’ knowledge, this is the
rst time flow cytometry has been utilised to study the physiology of E.

oli cells after exposure to propolis extracts either dissolved in ethanol
 Fig. 3 ) or formulated in an aqueous dispersion ( Fig. 12 ). Flow cytom-
try associated with propolis is commonly used to examine eukaryotic
ells. ( Chiao et al., 1995 ; Park et al., 2004 ; Nor et al., 2021 ) 

AFM imaging and topography were employed to detect the E. coli

ell membrane disruption caused by the 15% propolis extract aqueous
ispersions sonicated for 10 min ( Fig. 13 ). Cells A and B are examples
f untreated bacteria with dimensions of around 2 𝜇m length and ap-
roximately 1 𝜇m height; these are similar to the previously reported
imensions for the same E. coli strain using AFM ( Masoura, Passaretti,
verton, Lund & Gkatzionis, 2020 ). Following 1 h of exposure to the
ropolis extract aqueous dispersion there was evidence of membrane
lteration, with a shift in cell dimensions to around 3 𝜇m in height
nd approximately 150 nm in width; evidence of membrane disrup-
ion can also be seen. This results in a higher cell volume and therefore
ndicating swelling possibly due to water absorbance by the compro-
ised membrane. This way of propolis antibacterial action has been

bserved in literature with different strains. Kim and Chung (2011) and
ampos et al. (2020) imaged E. coli and S. aureus cells after being treated
ith propolis extracts diluted in different concentrations of ethanol in
ater. The cells had ruptures in the cell membrane which caused leak-
ge of intracellular contents along with swelling due to possible wa-
er absorption, agreeing with our results. The concentration of propo-
is extracts used at 137.5 mg/ml was higher compared to ours. Simi-
arly, when S. aureus was exposed to magnetite propolis nanoparticles
re with propolis particles dispersed in aqueous media. Data for percentages of 
 (15%, 11.25%, 7.5%, 5,6% and 3.75%) and sonication time (4 and 10 min). 

ndard deviation (s.d.). 
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Fig. 13. Topography of E. coli MG1655 cells. Data for control 
(deionised water) and treated (15% propolis mass fraction son- 
icated for 10 min) cells are presented after 1 h exposure. Cells 
within the white circles were used for measurement while the 
white arrows indicate potential membrane damage. 
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n Brain Heart Infusion broth, disruptions on the cell wall were ob-
erved, at a lower concentration of propolis extracts compared to ours
 El-Guendouz et al., 2019 ). To the best of our knowledge, is the first
ime cell swelling has been observed post propolis particles exposure,
n an aqueous carrier phase. Therefore, there are similar mechanisms
f action for propolis extracts both in a solid form (particles) and di-
uted in a solvent. The antibacterial performance of propolis has been
ainly ascribed to phenolic and flavonoid compounds. Molecules such

s galangin, pinocembrin and chrysin, often found in propolis extracts,
ave been shown to act synergistically and compromise the outer mem-
rane of cells ( Boisard et al., 2015 ). Terpenoids, species that are more
pecific to Greek propolis samples, have also been associated with tar-
eting the cell membrane ( Melliou & Chinou, 2004 ; Popova, Chinou,
arekov & Bankova, 2009 ; Guimarães et al., 2019 ). 

onclusions 

In conclusion, the use of sonication to formulate aqueous dispersions
f propolis extracts has shown promise. DMSO and ethanol were inad-
quate carrier solvents for investigation of antibacterial performance
ia the antibacterial assay used. Water based propolis formulations sus-
ained propolis’ antibacterial and antioxidant activity, diminishing any
nderlying effects. This study has demonstrated that utilising direct ul-
rasonication to formulate propolis aqueous dispersions, enables taking
dvantage of the ability to reduce the particle size and force dissocia-
ion of compounds in the aqueous carrier phase, resulting an enhanced
ioactivity of propolis in an aqueous environment. Dispersions exhibited
dequate physical and chemical stability and excellent antibacterial ac-
ivity over the course of a month. Concentrating the dispersions resulted
n agglomeration of particles increasing the polydispersity. Assays gave
n indication of the activity and antioxidant capacity of the formulations
xhibiting similar results among different sonication times, with a trend
f increasing total phenol content and free radical scavenging activity
ith increasing sonication time. Investigating the dissociation ability of
irect ultrasonication via separating the aqueous carrier phase showed
 high affinity of phenolic compounds and antioxidant capacity to the
12 
olid phase. Exploration into the antibacterial activity of the two phases
howed synergism, revealing a stronger effect than when the isolated
arrier phase was tested separately. The bactericidal effect was sonica-
ion and exposure time dependant. Combination of flow cytometry and
FM gave an insight into the formulations dose dependant antibacterial
ctivity and its mechanism of action targeting the cell membrane. 
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