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ARTICLE INFO ABSTRACT

Keywords: Biofilm formation by the pathobiont Haemophilus influenzae is associated with human nasopharynx colonization,
Biofilm o otitis media in children, and chronic respiratory infections in adults suffering from chronic respiratory diseases
Haemophilus influenzae such as chronic obstructive pulmonary disease (COPD). f-lactam and quinolone antibiotics are commonly used to

Anti-Biofilm drugs
Cinnamaldehyde-analogs
Nanoformulation
Multimodal methods

treat these infections. However, considering the resistance of biofilm-resident bacteria to antibiotic-mediated
killing, the use of antibiotics may be insufficient and require being replaced or complemented with novel stra-
tegies. Moreover, unlike the standard minimal inhibitory concentration assay used to assess antibacterial activity
against planktonic cells, standardization of methods to evaluate anti-biofilm drug activity is limited. In this work,
we detail a panel of protocols for systematic analysis of drug antimicrobial effect on bacterial biofilms,
customized to evaluate drug effects against H. influenzae biofilms. Testing of two cinnamaldehyde analogs, (E)-
trans-2-nonenal and (E)-3-decen-2-one, demonstrated their effectiveness in both H. influenzae inhibition of
biofilm formation and eradication or preformed biofilms. Assay complementarity allowed quantifying the dy-
namics and extent of the inhibitory effects, also observed for ampicillin resistant clinical strains forming biofilms
refractory to this antibiotic. Moreover, cinnamaldehyde analog encapsulation into poly(lactic-co-glycolic acid)
(PLGA) polymeric nanoparticles allowed drug vehiculization while maintaining efficacy. Overall, we demon-
strate the usefulness of cinnamaldehyde analogs against H. influenzae biofilms, present a test panel that can be
easily adapted to a wide range of pathogens and drugs, and highlight the benefits of drug nanoencapsulation
towards safe controlled release.

1. Introduction nontypeable (NTHi) isolates lacking polysaccharide capsules, and are
unaffected by the protective immune response generated by the

Haemophilus influenzae is a pathobiont highly adapted to the human H. influenzae type b (Hib) conjugate vaccine. NTHi strains cause otitis
airways. The majority of H. influenzae strains in carriage and disease are media, conjunctivitis, sinusitis and lower respiratory infections in
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children; exacerbations of chronic obstructive pulmonary disease
(COPD) and cystic fibrosis (CF) in adults [1-4]. NTHi multicellular
biofilm communities associate with nasopharynx carriage in healthy
people, and also with persistent ear and lung infection in otitis media,
chronic bronchitis, rhinosinusitis and COPD patients [5-7]. Moreover,
H. influenzae antimicrobial resistance shows an overall increasing trend,
and ampicillin resistance led to include this pathogen in the WHO list of
priority pathogens [8]. Even more, biofilm architecture enhances NTHi
resistance/tolerance to clinically important antibiotics including cipro-
floxacin, ampicillin, amoxicillin, gentamicin or erythromycin [9,10].
Conversely, although sub-inhibitory concentrations of azithromycin
decrease the formation and thickness of NTHi biofilms, clinical evidence
shows that long-term, low-dose administration of this antibiotic to
COPD patients triggers macrolide resistance [11,12], possibly under-
mining its use in chronic biofilm infections involving this pathogen. In
this context, anti-biofilm drug development should contribute to
expanding the global antibacterial pipeline. Moreover and closely
related, standardized guidelines for anti-biofilm drug testing should be
made available to parallel standard minimal inhibitory concentration
(MIC) testing against planktonic cells [13-15].

Molecules involved in NTHi biofilm formation and/or present in the
biofilm extracellular polymeric substance (EPS) are potential targets for
anti-biofilm strategies. Thus, antibodies against the majority subunit of
type IV pili PilA mediate dispersal of NTHi from biofilms conferring
therapeutic resolution of otitis media [16]. Moreover, the
nuclear-associated DNABII proteins present in the extracellular DNA
(eDNA)-dependent matrix that shields sessile bacteria, bind to bent
eDNA or bend such eDNA upon binding, which provides structural
integrity to the biofilm. Anti-DNABII antibodies efficiently disrupt bio-
films and work additively when combined with anti-PilA antibodies
[17-24]. Also, considering possible benefits of combining antimicrobial
and anti-inflammatory activities, the effects of a whole range of nutra-
ceuticals against NTHi biofilms have been reported, including those of
apple polyphenols, honey, chalcones and several plant essential oils
[25-29]. However, targeting quorum sensing (QS) systems is an
exploited anti-biofilm approach [30] that has not been reported for
H. influenzae. NTHi QS is mediated by autoinducer-2 (AI-2), synthesized
from 4,5-dihydroxy-2,3-pentadione (DPD) in a reaction catalyzed by the
LuxS protein, and contributes to NTHi biofilm thickness and density
[31-36]. Inhibition of AI-2 QS can be achieved, among others, by cin-
namaldehyde analogs which comply with Lipinski’s rule-of-five [37]
and have an already proven therapeutic window high enough for ther-
apeutic applications in human and animals [38]. Suitability of these
drug-like molecules as NTHi anti-biofilm therapeutics is unknown. In
this work, we evaluated the effects of two cinnamaldehyde analogs,
(E)-trans-2-nonenal and (E)-3-decen-2-one, against H. influenzae bio-
films. Detailed protocols towards standardized analysis of drug antimi-
crobial effect on bacterial biofilms were used, which can be easily
adapted to a wide range of drugs and pathogens besides H. influenzae.
We demonstrate the antimicrobial effects of these molecules against
H. influenzae biofilms, further explore options for their nano-
encapsulation, and provide data supporting the efficacy of cinna-
maldehyde analog-loaded polymeric nanoparticles.

2. Methods and materials

Bacterial strains, media, and growth conditions. NTHi clinical
strains used in this study are R2866 (blood isolate) [39], P605 and P639
(COPD sputum sample isolates) [40]. Bacteria were grown at 37 °C with
5 % COy on PolyViteX agar (PVX agar, Biomérieux, 43101) or on Hae-
mophilus Test Medium agar (HTM, Oxoid, CM0898) supplemented with
10 pg/mL hemin (Merck, H9039) and 10 pg/mL nicotinamide adenine
dinucleotide (NAD, Merck, N0632), referred to sHTM agar. Liquid cul-
tures were grown at 37 °C with 5 % CO; in supplemented brain-heart
infusion (Oxoid, CM1135) referred to as sBHI. When necessary, ampi-
cillin  (Merck, A9393), (E)-trans-2-nonenal (Merck, 255653),
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(E)-3-decen-2-one (Merck, W353205), or (E)-trans-2-nonenal poly(lac-
tic-co-glycolic acid) (PLGA) nanoparticles (see below) were used.

Synthesis of nanoparticles for encapsulation of cinnamaldehyde
analogs. (i) Lipid nanoparticles. Nanoemulsions (NE), lipid nanoparticles
constituted by oil, water, and surfactants, were used for cinnamaldehyde
analog encapsulation. The synthesis of (+)-a-tocopherol NE was previ-
ously described [41]. Briefly, an ethanolic organic phase containing
(+)-a-tocopherol (Merck, 10191410), octadecylamine (Merck, 124301)
and Tween 80 (Croda, SD82825) was rapidly injected into ultrapure
water at room temperature (RT) under continuous stirring (700 r.p.m.).
The resulting NE were purified to remove solvent and non-incorporated
excipients by size exclusion chromatography, using P10 desalting col-
umns (bed size 14.5 mm x 50 mm, Cytiva, 1708501). For preparation of
(E)-trans-2-nonenal-loaded NE, the active compound was added to the
ethanol solution prior to injection into the aqueous phase (Table S1). (ii)
Polymeric nanoparticles. Poly(D,L)-lactide-co-glycolide (PLGA, acid
terminated, lactide:glycolide 75:25, Mw 4000-15,000, Merck, 719919)
nanoparticles (NP) with (E)-trans-2-nonenal were synthesized by simple
emulsion method. Briefly, PLGA and (E)-trans-2-nonenal were dissolved
in ethyl acetate (>99.7 %, Merck, 34858). Then, 1 % w/v PVA (Mw
9000-10,000, 80 % hydrolyzed, Merck, 360627) aqueous solution was
added to the organic phase and sonicated for 1 min using a UP200S
sonicator (Hielscher) with a 2 mm probe. Next, the mixture was added to
a PVA 0.1 % w/v aqueous solution under magnetic stirring (500 r.p.m.).
This solution was then kept under stirring until complete evaporation of
ethyl acetate. NP were washed by three centrifugation cycles (14,800 r.
p-m., 60 min, 4 °C) to remove excess of surfactant and non-encapsulated
(E)-trans-2-nonenal, and then resuspended in Type II water. Blank NP
were prepared by the same method.

Physico-chemical characterization of (E)-trans-2-nonenal
nanoformulations. (i) Particle size characterization. The hydrodynamic
diameter and polydispersity index (PDI) of blank and (E)-trans-2-none-
nal-loaded formulations (NE and NP) were assessed by photon correla-
tion spectroscopy (PCS) using a Zetasizer nano ZS90 (Malvern
Panalitical, UK). All measurements were performed in triplicate at RT.
(ii) Determination of zeta potential. The surface charge of blank and (E)-
trans-2-nonenal-loaded nanoformulations (NE and NP) was determined
by Electrophoretic Light Scattering (ELS) using a Zetasizer Nano ZS90
(Malvern Instruments, UK). The nanosuspensions were diluted (1:20) in
NaCl 100 mM prior to zeta potential analysis. Samples were analyzed in
triplicate at RT. (iii) Stability studies. Blank and (E)-trans-2-nonenal-
loaded nanoformulations (NE and NP) were subjected to stability studies
in triplicate. Physical stability in ultrapure water was evaluated
following storage at 4 °C and RT, by measurement of hydrodynamic size
and zeta potential at pre-established time-points. Stability was also
tested in sBHI at 37 °C at different dilution ranges up to 48 h. (iv)
Determination of entrapment efficiency of (E)-trans-2-nonenal. The con-
centration of (E)-trans-2-nonenal in loaded-NE was determined before
and after the purification process through HPLC-UV (Agilent 1260 sys-
tem) analysis using a Zorbax Eclipse XDB-C18 column (4.6x150 3.5 pm).
The chromatography was performed at a flow rate of 1 mL/min in iso-
cratic conditions, using acetonitrile/water (60:40 v/v). NE was dis-
rupted for analysis by dilution 1:5 in the mobile phase. Likewise, (E)-
trans-2-nonenal concentration in PLGA NPs was determined through
HPLC-UV (Agilent 1260 Infinity) at 226 nm using a Zorbax Eclipse Plus
C18 (4.6x150 5.0 pm) at 35 °C. The analysis was performed with a flow
rate of 1 mL/min, using acetonitrile/water (50:50 v/v) in isocratic
conditions. NP were previously disrupted in acetonitrile. In both NE and
NP, entrapment efficiency (EE) was calculated using the following for-
mula: EE (%) = Cap/Cgp X 100, where Cyp is (E)-trans-2-nonenal con-
centration found in disrupted nanoformulation after the purification
process, and Cpp is (E)-trans-2-nonenal concentration found in disrupted
nanoformulation before the purification process. (v) (E)-trans-2-nonenal
release. Purified (E)-trans-2-nonenal-loaded PLGA NP were suspended in
ultrapure water and incubated at 4, 25 or 37 °C for 80 days with
continuous shaking, 150 r.p.m. At pre-determined time intervals,
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samples were collected, centrifuged (14,800 r.p.m., 30 min), filtered
through 0.22 pm filters, and analyzed via HPLC. Drug release of the
PLGA NP formulations in water, PBS and sBHI at 37 °C up to 48 h was
also evaluated. Assays were conducted in triplicate, and the cumulative
drug release profiles were constructed.

Drug minimal inhibitory concentration (MIC). Ampicillin, (E)-
trans-2-nonenal and (E)-3-decen-2-one susceptibility was determined by
microdilution broth method, following CLSI and EUCAST guidelines
[42,43] with some modifications. Each drug was prepared as it follows:
ampicillin was freshly prepared as a stock solution at 100 mg/mL in
distilled HoO (dH,0), filtered, and diluted to 256 pg/mL in sBHI.
(E)-trans-2-nonenal was prepared as a stock solution at 8.46 mg/mL in
95 % ethanol and diluted to 200 pg/mL in sBHI. (E)-3-decen-2-one was
prepared as a stock solution at 8.22 mg/mL in 95 % ethanol and diluted
to 400 pg/mL in sBHI. (E)-trans-2-nonenal PLGA NP were diluted to 200
pg/mL in sBHI (NP concentrations were calculated to get 200 pl/mL
(E)-trans-2-nonenal in the PLGA NP starting working solution; please
note that PLGA concentrations may vary from batch to batch). Next, 200
pL of each drug were added to individual wells in row A in 96-well plates
(Sarstedt, 82.1581.001). One hundred-microliter aliquots of sBHI were
transferred to individual wells in the rest of the plate. Next, 100 pL al-
iquots were serially transferred from wells in row A to wells in row B and
up to row G, where 100 pL were discarded. For bacterial inoculum, a
suspension of bacteria grown on PVX agar was generated with fresh
sBHI, adjusted to 0.5 MacFarland (ODggo = 0.063) and diluted 1:100 in
sBHI (~1,5 x 10° colony forming units (CFU)/mL). Next, 100 pL bac-
terial aliquots were transferred to each well (~1,5 x 10° CFU/well).
Plates were incubated for 24 h at 37 °C, 5 % CO,, without shaking. MIC
was determined as the lowest concentration of drug where not bacterial
growth was observed. Bacterial growth controls (without antibiotics)
were included in each case (row H). Assays were performed in triplicate
on three independent occasions (n = 3).

Biofilm formation inhibition assays. Drug working solutions were
prepared in sBHI as above indicated, i.e. ampicillin, 256 pg/mL; (E)-
trans-2-nonenal, 200 pg/mL; (E)-3-decen-2-one, 400 pg/mL; (E)-trans-2-
nonenal PLGA NP, 200 pg/mL. Suspensions of bacteria grown on PVX
agar were generated with fresh sBHI, adjusted to 0.5 MacFarland
(ODgpo = 0.063), and diluted 1:100 in sBHI (~1,5 x 10° CFU/mL). Drug
inhibitory effects on biofilm formation were assessed with three assay
types: (i) Crystal violet staining. Drugs and bacteria were disposed in 96-
well plates same as specified above for MIC determination (see above
section, Drug minimal inhibitory concentration (MIC)). Plates were incu-
bated at 37 °C with 5 % COx, for 24 h without shaking. The liquid portion
in each well was then discarded, plates were washed 3 times by gently
pipetting 200 pL dH20/well and allowed to air dry. Next, 150 pL/well
0.5 % crystal violet (Merck, V5265) were added, and plates were incu-
bated for 20 min at RT on gentle agitation, followed by plate washing as
previously described. Finally, 150 pL/well 95 % ethanol were added,
plates were incubated for 20 min at RT on gentle agitation, and ODsy(
was determined on a SynergyH1 (Biotek) microplate reader as a measure
of biofilm biomass. ODs7( for each strain from at least three independent
assays performed in triplicate (n > 3) was calculated. (ii) Confocal Laser
Scanning Microscopy (CLSM). Once drug solutions and bacterial sus-
pensions were prepared, 1 mL of each drug was added to individual
wells in row A in 24-well plates (Greiner Bio-one, 662102). Five
hundred-microliter aliquots of sBHI were transferred to individual wells
in the rest of the plate. Next, 500 pL aliquots were serially transferred
from wells in row A to wells in row B and up to row C, where 500 pL were
discarded. Next, 500 pL bacterial aliquots were transferred to each well
(~7,5 x 10° CFU/well). Bacterial growth controls (without antibiotics)
were included in each case (row D). Next, 250 pL of each dilution were
transferred to eight-well chambered coverglass (Ibidi GmbH, 80826).
Chambers were incubated at 37 °C with 5 % CO5 for 24 h without
shaking. Medium was then exchanged by 200 pL saline solution (NaCl
0.85 %) with 0.3 pL SYTO9 for staining live bacteria and 0.3 pL propi-
dium iodide (PI) for staining dead bacteria (Live-dead kit BacLight™,
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Invitrogen), and incubated for 20 min at RT in darkness prior CLSM
analysis. CLSM image acquisition was performed using a Zeiss LSM 880
AxioObserver inverted confocal microscope equipped with a LD LCI
Plan-Apochromat 40x 1.2 NA W objective. Five Z-stack images per
sample were acquired at the center of each well, with a distance of 0.48
pm between planes. 488 nm and 561 nm excitation lasers were used for
SYTO9 and PI, respectively. Each assay was replicated in two separate
experiments, which included duplicate wells for each strain. CLSM
stacks were processed with fully-automated in-house software. (iii) Real-
time cell analysis. Continuous real-time biofilm monitoring was per-
formed using an xCELLigence RTCA (Real-Time Cell Analysis) SP in-
strument (ACEA Biosciences, San Diego, CA, USA), following [44]. This
assay is based on the ability of bacteria to impede electric current when
they attach and grow on the gold electrodes placed at the bottom of
96-well E-plates (ACEA Biosciences, 300601010). Cell sensor impedance
was expressed as arbitrary units (cell index, CI) which correlate with the
total biofilm mass. CI at each time point is defined as (Z,—Z)/15, where
Z, is the cell electrode impedance of the well when it contains bacterial
cells, and Z is the background impedance with growth media. For
assessing inhibition of biofilm growth, drug solutions and bacterial
suspensions were prepared as described above. Next, 200 pL of each
drug were added to individual wells in row A in 96-well plates (ampi-
cillin, 256 pg/mkL; (E)-trans-2-nonenal, 200 pg/mL; (E)-3-decen-2-one,
400 pg/mL). One hundred-microliter aliquots of sBHI were transferred
to individual wells in the rest of the plate. Next, 100 pL aliquots were
serially transferred from wells in row A to wells in row B and up to row
G, where 100 pL were discarded. Impedance background was then
measured for 5 min using the standard protocol provided by the soft-
ware. Next, 100 pL bacterial aliquots were transferred to each well (~1,
5 x 10° CFU/well). Plates were positioned in the xCELLigence
Real-Time Cell Analyzer MP, incubated at 37 °C and monitored on the
RTCA system at 15 min time intervals for 24 h. For data analysis, CI
values were normalized by the negative control impedance, and the
average of four replicates was calculated for plotting. Assays were per-
formed in quadruplicate, on at least three independent occasions (n >
3).

Eradication of preformed biofilms. Drug inhibitory effects on
previously formed biofilms were assessed using two assay types: (i)
Viable CFU counts. Biofilms were first grown. Briefly, a suspension of
bacteria grown on PVX agar was generated with fresh sBHI, adjusted to
0.5 MacFarland (ODgog = 0.063), and diluted 1:100 in sBHI (~1,5 x 10°
CFU/mL). Next, 200 pL bacterial aliquots were transferred to each well
in 96-well plates (~3 x 10° CFU/well). Plates were incubated for 24 h at
37 °C, 5 % CO,, without shaking. By using drug stock solutions prepared
as detailed above, drug working solutions were prepared in phosphate
buffer saline (PBS), ampicillin, 6400 pg/mL; (E)-trans-2-nonenal; 400
pg/mL; (E)-3-decen-2-one, 3200 pg/mL; (E)-trans-2-nonenal/PLGA
nanoparticles, 400/1133 pg/mL. Drugs were 2-fold serially diluted in
PBS in 2 mL eppendorf tubes. The liquid portion in each biofilm-
containing well was then discarded, and 200 pL/well of each drug
dilution were added. Bacterial growth PBS or PLGA controls were
included in each case. Plates were incubated for 6 h at 37 °C, 5 % CO».
Liquid was then removed, and 200 pL PBS were added to each well.
Plates were incubated at RT for 5 min and shaking (200 r.p.m.), and
biofilm cells were mechanically detached using a pipet tip for 45 s. Next,
100 pL aliquots from each well were used for 10-fold serial dilution,
plating on sHTM agar, and CFU counting. Assays were performed in
triplicate on three independent occasions (n = 3). (ii) Real-time cell
analysis. First, 90 pL sBHI aliquots were added to 96-well E-plates for
background measurements. Drugs were prepared as described in (i)
Viable CFU counts. Then, 90 pL bacterial aliquots (bacteria grown on PVX
agar, suspension generated with fresh sBHI, adjusted to 0.5 MacFarland
(ODggp = 0.063), and diluted 1:50 in sBHI, ~3 x 10% CFU/mL; ~2,7 x
10° CFU/well) were added to each well, and monitored on the RTCA
system for 12 h. The program was then paused for drug addition (20 pL/
well for each drug dilution to be tested), and biofilms were monitored
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Inhibition of biofilm formation
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Biofilm Eradication
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Fig. 1. Workflow of in vitro assays to test drug inhibition and eradication effects against H. influenzae bacterial biofilms. Three complementary assays were
used to evaluate drug effects in terms of inhibition of biofilm formation (left panels). Two complementary assays were used to test drug efficacy on previously

established biofilms (right panels).

for an additional 24 h. Each drug concentration was tested in duplicate;
negative controls without drug were included. For data analysis, CI
values for each well were normalized by the negative control imped-
ance. Assays were repeated at least three times, with four technical
replicates per assay (n > 3).

In vivo toxicity. Larvae of Galleria mellonella were fed on an artificial
diet (15 % corn flour, 15 % wheat flour, 15 % cereals, 11 % skim milk
powder, 6 % dried brewer’s yeast, 25 % honey, and 13 % glycerol) and
reared at 34 °C. Larvae with weights ranging between 200 and 250 mg
were selected and divided into groups (n = 6), ensuring that each group
had similar weights (£5 mg). Larvae in the different groups were
injected with different drug concentrations using a 22G syringe (Ham-
ilton) through the top left proleg. A control group was injected with 1X
PBS (Fisher Scientific, BP399), and mortality was recorded during 48 h.
For data analysis, survival curves were plotted using Kaplan-Meier
analysis and LDso (median lethal dose) was calculated as the neces-
sary drug dose to kill 50 % of the larvae within 48 h as described pre-
viously [45].

Statistical analyses. In all cases, p-value (p) < 0.05 was considered
was considered statistically significant. Analyses were performed using
Prism software, version 7 for Mac (GraphPad software, San Diego, CA)
statistical package and are detailed in each Figure Legend.

3. Results and discussion

3.1. Cinnamaldehyde analogs inhibit H. influenzae biofilm growth
independently of ampicillin resistance levels

We used a panel of protocols to assess the activity of molecules
against H. influenzae biofilms, by following a workflow summarized in
Fig. 1. Three biofilm inhibition procedures were employed (Fig. 1, left
panel). The first one relies on the use of crystal violet staining to quantify
adherent biofilm biomass within the wells of microtiter plates. In a
complementary manner, as crystal violet staining does not distinguish
between bacterial cells and EPS, we used confocal laser scanning mi-
croscopy (CLSM) imaging to assess adherent viable bacteria on the wells
of chambered coverglass-bottomed devices. Given that these two assays
do not address inhibition of biofilm formation in a dynamic manner, we
also used label-free electrical measurements by xCELLigence real-time
cell analysis (RTCA).

We assessed the H. influenzae biofilm inhibition by the cinnamalde-
hyde analogs (E)-trans-2-nonenal and (E)-3-decen-2-one, with an
already proven therapeutic window [38]. Three NTHi clinical isolates
were used, R2866, P605 and P639, with different biofilm-forming ca-
pacity and ampicillin susceptibility. The MICs of ampicillin for NTHi
R2866, P605 and P639 were >128, 32 and 64 pg/mL, respectively.
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Fig. 2. Drug effects on H. influenzae biofilm formation. (A-C) Biofilm formation by three NTHi clinical strains in the absence/presence of a panel of drug
concentrations, determined by ODsyo measurements after crystal violet staining. Data are shown for ampicillin (A), (E)-trans-2-nonenal (B) and (E)-3-decen-2-one
(C). Grey columns indicate untreated controls. Arrows indicate minimal inhibitory concentration (MIC). Each bar shows mean values + SD; *, p < 0.05; **, p <
0.005; ****, p < 0.0001. Statistical comparisons of the means were performed with one-way ANOVA and Dunnett’s multiple comparisons test. (D) Biofilm formation
by three NTHi clinical strains in absence/presence of a panel of drug concentrations, determined by live-dead staining and CLSM. Data are shown for (E)-trans-2-
nonenal (left) and (E)-3-decen-2-one (right). (E)-trans-2-nonenal 6.25, 25 and 50 pg/mL were used. (E)-3-decen-2-one 12.5, 50, 100 pg/mL were used for R2866 and
P639 strains; E-3-decen-2-one 6.25, 25, 50 pg/mL were used for P605. For each panel, top and bottom images show XY axial and XZ lateral projections of the
corresponding image stacks. (E) Real-time testing of drug effects on NTHi biofilm formation. Biofilm formation by R2866 in the absence or presence of a range of
drug concentrations: ampicillin, 16 (square), 32 (triangle), 64 (inverted triangle), 128 (hexagon) pg/mL; (E)-trans-2-nonenal, 12 (square), 25 (triangle), 50 (inverted
triangle), 100 (hexagon) pg/mL; (E)-3-decen-2-one, 25 (square), 50 (triangle), 100 (inverted triangle), 200 (hexagon) pg/mL. Cell index values were measured by
impedance and correlated to biofilm mass. Grey circles indicate untreated controls. For ampicillin, there are significant differences in all the concentrations tested
from 10 to 24 h (**, p < 0.005), compared to untreated controls. For (E)-trans-2-nonenal 50 pg/mL there are significant differences 10 to 24 h, compared to the
untreated controls (*, p < 0.05), and for 100 pg/mL from 10 to 16 h (¥, p < 0.05). For (E)-3-decen-2-one, there are significant differences in all the concentrations

tested from 10 to 24 h (*, p < 0.05), compared to untreated controls. Statistical comparisons were performed with two-way ANOVA and Dunnett’s multiple
comparison test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Crystal violet staining showed that ampicillin, when used up to a con-
centration of 128 pg/mL, did not inhibit biofilm formation by R2866;
differently, an ampicillin dose-dependent inhibitory effect was shown
for P605 and P639, and ampicillin 8 pg/mL was the lowest antibiotic
concentration showing an inhibitory effect (Fig. 2A). The MICs of
(E)-trans-2-nonenal were 50 pg/mL; the MICs of (E)-3-decen-2-one were
100, 50 and 100 pg/mL for NTHi R2866, P605 and P639, respectively.
(E)-trans-2-nonenal and (E)-3-decen-2-one inhibited biofilm formation
by the three strains in a dose-dependent manner. Depending on the
molecule and strain, 12.5 or 25 pg/mL were cinnamaldehyde analog
lowest concentrations showing inhibitory effects (Fig. 2B-C), further
observed by CLSM imaging (Fig. 2D). We also evaluated the effect of
these molecules on R2866 biofilm formation by real-time impedance
analysis. In this assay, R2866 was the only strain forming biofilms with
reproducible cell index (CI) values among replicates. The real-time
dose-response experiments showed that (E)-trans-2-nonenal and
(E)-3-decen-2-one were effective and prevented bacterial biofilm for-
mation (Fig. 2E). Inhibitory effects were also observed for ampicillin,
when used at 16, 32, 64 and 128 pg/mL.

Together, we show dose-dependent inhibitory effects for (E)-trans-2-
nonenal and (E)-3-decen-2-one on H. influenzae biofilm growth, on
clinical strains of different pathological origin. Regarding NTHi R2866
and ampicillin, crystal violet staining and impedance measurement did
not show identical results, which could relate to the different surface
materials in these two assays affecting bacterial adhesion strength.
Previous work suggested that these cinnamaldehyde analogs may act as
Vibrio spp. LuxR-ligands [38]. Analysis of NTHi R2866, P605 and P639
genome sequences showed that these strains do not seem to contain a
LuxR encoding gene, thus suggesting different and currently unknown
mechanisms of action.

3.2. Cinnamaldehyde analogs eradicate biofilms preformed by ampicillin
resistant H. influenzae clinical isolates

Next, we used two assays assessing the biofilm eradication potential
of anti-biofilm molecules (Fig. 1, right panel). First, 96-well plates pre-
established biofilms were treated with each PBS-prepared compound
of interest (see Methods). Treatment duration was not extended for more
than 6 h to avoid lowering bacterial viability for the strains tested, as
indicated by the bacterial growth PBS controls included in each assay
(data not shown). This procedure relies on mechanical removal of
adhered bacterial cells after treatment and plating to determine CFU
numbers, but it does not address drug effects on established biofilms
over time. Thus, label-free electrical measurements by xCELLigence
RTCA were also performed, by considering biofilms grown for 12 h prior
drug administration for 24 additional h. We assessed the effect of (E)-
trans-2-nonenal and (E)-3-decen-2-one on biofilms pre-established by
strains R2866, P605 and P639, which were refractory to ampicillin
treatment (Fig. 3A; Fig. 3D, left panel). Both molecules eradicated pre-
formed biofilms in a dose-dependent manner. (E)-trans-2-nonenal

concentrations were lower than those required for (E)-3-decen-2-one to
be effective; in all cases, biofilm disrupting concentrations were higher
than the respective MIC values (Fig. 2B-C and Fig. 3B-C). From a real-
time perspective, impedance measurements complemented CFU
plating viability data (Fig. 3D). Thus, the cinnamaldehyde analogs
tested eradicated biofilms that are refractory to ampicillin doses up to
200 higher than the respective strain MIC. Together, we show two
complementary assays testing drug efficacy to eradicate H. influenzae
preformed biofilms. We acknowledge pros and cons regarding biofilm
mechanical disruption and CFU counting, as drug incubation time needs
to be set for each bacterial species/strain, also including appropriate
bacterial growth controls in drug vehicle solution; however, although
time consuming, it is highly reproducible to quantify bacterial viability.

Inhibition of biofilm growth- and eradication of preformed biofilm
assays needed (E)-trans-2-nonenal concentrations (25-50 and 100-400
pg/mL, respectively) lower than those required when using (E)-3-decen-
2-one. (E)-trans-2-nonenal previously showed low cytotoxicity towards
a MRC-5 cell line [38], and its LD5o was 138 mg/mL when tested in an in
vivo toxicity Galleria mellonella larvae model, corresponding to 6.896 g
(E)-trans-2-nonenal per Kg of larvae (Fig. 4). G. mellonella larvae have
been widely used to evaluate the toxicity of antimicrobial compounds,
exhibit a strong correlation with mammalian immune systems, and the
toxicity tests conducted using them correlate effectively with mamma-
lian models [46-51]. For these overall reasons, we next focused on
further exploring the (E)-trans-2-nonenal antimicrobial potential.

From a chemical perspective, (E)-trans-2-nonenal is a small and
highly volatile molecule with reduced solubility in water, which limits
its efficiency. We next explored (E)-trans-2-nonenal nanoencapsulation
as a procedure aiming to provide effective protection against undesir-
able chemical reactions and evaporation, to improve solubility, and to
preserve the bioactive compound stability during storage and processing
[52]. Encapsulation can also increase absorption and bioavailability
improving the pharmacokinetic profile of numerous actives, and also
controlling the release kinetics according to environment conditions
(pH, temperature, enzymatic activity, ionic strength). Moreover, the
encapsulation of antimicrobials can reduce their toxicity and overcome
their inherent resistance, reducing the amount of active to be required
[53]. Each encapsulation system needs to be designed ad hoc by
considering its main purpose, key aspects that should be improved, and
physico-chemical properties of the active molecule. The effect of nano-
systems prepared by loading cinnamaldehyde into chitosan-based
nanocapsules against Streptococcus mutants or Staphylococcus aureus
biofilms has been previously reported [54,55]. Here, we analyzed two
different (E)-trans-2-nonenal encapsulation approaches, lipid (nano-
emulsions) and polymeric nanoparticles.

3.3. Vehiculization of (E)-trans-2-nonenal into nanoemulsions

Three independent batches of blank and (E)-trans-2-nonenal-loaded
nanoemulsions (NE) were synthesized (see Methods section), whose
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Fig. 3. Drug effects on preformed NTHi biofilms. (A—C) Biofilm viable counts by three clinical strains after 6 h treatment with a range of drug concentrations,
determined by mechanical disruption and CFU counting. Data are shown for ampicillin (A), (E)-trans-2-nonenal (B) and (E)-3-decen-2-one (C). In each case, mean
values + SD are shown; **, p < 0.005; ***, p < 0.001; ****p < 0.0001. Statistical comparisons of the means were performed with one-way ANOVA and Dunnett’s
multiple comparisons test. (D) Real-time testing of drug effects on grown NTHi biofilms. Biofilms were formed by R2866 for 12 h; then, the effect of a range of drug
doses was tested for 24 h. Left panel: ampicillin, 1600 (square), 3200 (triangle), 6400 (inverted triangle) pg/mL; middle panel: (E)-trans-2-nonenal, 100 (square), 200
(triangle), 400 (inverted triangle) pg/mL; right panel: (E)-3-decen-2-one, 400 (square), 800 (triangle), 1600 (inverted triangle) pg/mL). In all cases, cell index values
were measured by impedance and correlated to biofilm mass. Grey circles indicate untreated controls. Blue arrows indicate the drug administration time point. After
drug addition, the conductivity of the culture medium is altered due to changes in temperature and concentration of ions, resulting in a temporary increase in
conductivity (drop in Cell Index) also in the control. There are no significant differences for ampicillin and (E)-trans-2-nonenal 100 pg/mL, compared with untreated
controls. There are significant differences for (E)-trans-2-nonenal 200 pg/mL from 32 to 36 h (*, p < 0.05), and for 400 pg/mL from 26 to 36 h (**, p < 0.005). For
(E)-3-decen-2-one 400 and 800 pg/mL there are significant differences from 28 to 36 h (*, p < 0.05), and for 1600 pg/mL from 26 to 36 h (**, p < 0.005). Statistical
comparisons were performed with two-way ANOVA and Dunnett’s multiple comparison test. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 4. (E)-trans-2-nonenal toxicity in a G. mellonella larvae model. (A) Survival curve of G. mellonella larvae infected with different (E)-trans-2-nonenal con-
centrations. Larvae were monitored up until 48 h post-inoculation. (B) Dose-response curve of different (E)-trans-2-nonenal concentrations for lethal dose deter-
mination. Lethal dose (LDsp) was determined as 6.896 g (E)-trans-2-nonenal per Kg of larvae. Assuming 0.2 g and 10 pL-volume inoculation per larvae, the (E)-trans-
2-nonenal LDs, is 138 mg/mL; R* = 0.9697. Log-rank tests were conducted between Kaplan-Meier curves to evaluate statistically significant differences. Asterisks

show differences compared to the control.

composition and physico-chemical characterization are shown in
Table S1. NE were <200 nm with a low PDI (PDI<0.15), which indicates
homogeneity of size distribution. NE zeta potential was around +22 mV
for blank NE and lower in the case of NE containing (E)-trans-2-nonenal,
which may relate to the presence of (E)-trans-2-nonenal at the O/W
interphase rather than in the lipidic core. To study the long-term sta-
bility, synthesized NE were stored in ultrapure water at 4 °C and RT for
four months, and evaluated at pre-established time points. No significant
changes in particle size were detected, indicating high stability. Zeta
potential remained positive throughout the study, although a decrease
in the absolute value was observed in the formulations over time,
particularly those stored at RT (Figs. S1A-B). The overall stability of NE
in sBHI was suitable for their use in biological assays, with a controlled
increase in size beyond 24 h, also related to the dilution factor
(Fig. S1C). However, despite the promising results in terms of particle
size and stability behavior, the entrapment efficiency of loaded-NE was
lower than expected, with only ~20 % (E)-trans-2-nonenal incorpo-
rated, and this amount was released after few days of storage (data not
shown), indicating that this type of lipid nanocarrier is not suitable for
the incorporation of this cinnamaldehyde analog. This loose capacity for
the entrapment of the molecule may be due to the preference of (E)-
trans-2-nonenal for the interphase rather than for the lipidic core, as
shown by the lower zeta potential compared to the blank-NE, favoring
the exit of the compound into the surrounding media [56]. In fact, one of
the main drawbacks when using NE as drug delivery systems is the
premature release of the entrapped compound, which is highly influ-
enced by core composition and chemical nature of the drug [57,58].
Based on these data, we discarded (E)-trans-2-nonenal NE for further
testing.

3.4. Vehiculization of (E)-trans-2-nonenal into poly(lactic-co-glycolic
acid) (PLGA) polymeric nanoparticles

Next, we explored poly(lactic-co-glycolic acid) (PLGA) as core ma-
terial to encapsulate (E)-trans-2-nonenal, by combining the (E)-trans-2-
nonenal hydrophobic character and PLGA co-polymer high versatility.
In this regard, (E)-trans-2-nonenal shows good solubility in the organic
solvents typically used in simple emulsion encapsulation methods such
as ethyl acetate, dichloromethane or acetone, and good compatibility
with the polymer. Variations of PLGA co-polymer composition and
molecular weight allow modifying the system physico-chemical prop-
erties (size, release kinetics, surface-area ratio), and it is a highly
biocompatible nanoencapsulation matrix approved by Federal Drug
Administration (FDA) and European Medicines Agency (EMA), exten-
sively studied as a drug delivery system [59].

Independent batches of polymeric blank (NP) and (E)-trans-2-none-
nal-loaded nanoparticles (NP) were synthesized (see Methods section),
whose composition and characterization is shown in Table S2. Both

blank and loaded NP were <250 nm and showed low PDI, indicating
high homogeneity of their size distribution. (E)-trans-2-nonenal encap-
sulation reduced the zeta potential from —32 mV to —26.6 mV due to the
presence of (E)-trans-2-nonenal molecules in the NP surface. (E)-trans-2-
nonenal high volatility did not allow high entrapment efficiency (EE) of
the molecule through the simple emulsion method, but EE values up to
58.3 % were obtained after optimization of encapsulation parameters.
NP long-term stability was tested in ultrapure water at 4 °C and RT, with
no significant changes in particle size (Fig. 5A), and an increase in the
zeta potential value, mostly above 60 days for (E)-trans-2-nonenal-
loaded NP, although it remained negative through the entire study
(Fig. 5B). The stability of both blank and —loaded NP in sBHI at 37 °C was
studied for 48 h, showing that they are suitable for their use in this
media, with an initial controlled size increase due to swelling phe-
nomena commonly observed in PLGA NP [60], and a later size stabili-
zation up to 48 h (Fig. 5C). Lastly, release of (E)-trans-2-nonenal from
the PLGA NP in water was evaluated for 80 days, showing to be highly
dependent on temperature (Fig. 5D, left panel), as > 93 % was released
within 7 days at 37 °C, while only 16 % was released at 4 °C in the same
period. Likewise, media slightly affected (E)-trans-2-nonenal release
kinetics, mostly at short incubation times, being between 85,2 % and 88,
6 % after 24 h in sBHI and PBS, respectively (Fig. 5D, right panel).
Although relatively low EE is achieved for the encapsulation of
(E)-trans-2-nonenal in PLGA NP, small, homogeneous and stable parti-
cles with good physico-chemical properties were produced, suitable for
further testing. When compared to previously reported encapsulation of
cinnamaldehyde in chitosan, the PLGA NP developed here are of similar
size and show similar fast release behavior, but (E)-trans-2-nonenal
encapsulation in PLGA showed better stability and encapsulation effi-
ciency, reaching 58.3 % compared to 39.0 % in the case of chitosan
encapsulation [54,55].

As above indicated, encapsulation is a tool to overcome adverse
pharmaceutical properties of some active compounds. Nevertheless,
some compounds such as (E)-trans-2-nonenal are also challenging from
a nano-formulation perspective due to both their lipophilic and volatile
nature. Similar limitations have been observed with other volatile active
compounds like terpenes, where the use of PLGA NP was shown to be an
effective strategy for their therapeutic use, more promising that other
kind of nanocarriers [61,62].

3.5. Anti-biofilm effects of (E)-trans-2-nonenal-loaded PLGA
nanoparticles

Next, we assessed the effects of (E)-trans-2-nonenal-loaded PLGA
nanoparticles (NP) on H. influenzae biofilms. NP inhibited biofilm for-
mation by strains R2866, P605 and P639 in a concentration-dependent
manner (Fig. 6A, upper panels). Effects were comparable to those
observed when using the free drug, with slight differences among strains
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as encapsulation seemed to improve efficacy for R2866, but this was not
the case for P605 and P639 strains. Efficacy on established biofilms also
showed NP dose-dependent effects, although reduction of bacterial
viability did not reach eradication levels (Fig. 6B, upper panels). In both
assay types, (E)-trans-2-nonenal encapsulation required using PLGA
concentrations that did not have inhibitory effects (Fig. 6A and B, bot-
tom panels).

Together, we present nanoformulations consisting of (E)-trans-2-
nonenal-loaded PLGA with dose-dependent inhibitory effects on
H. influenzae biofilms associated to the cargo molecule. When comparing
nanoformulation and free (E)-trans-2-nonenal results, some aspects
deserve consideration. Regarding inhibition of biofilm formation, the
effect of (E)-trans-2-nonenal matching concentrations was highly com-
parable (data in Figs. 2B and 6A). However, in terms of disrupting
preformed biofilms, nanoformulation performance was lower than that
of free drug matching concentrations, and NP did not reach a complete
eradication effect (data in Figs. 3B and 6B). Higher encapsulation effi-
ciencies and prolonged stability would be desirable to determine if (E)-
trans-2-nonenal encapsulation improves H. influenzae biofilms disrup-
tion compared to the free molecule. Although the demanding physico-
chemical properties of this cinnamaldehyde analog limit these sys-
tems, there is some room for further improvement. For instance, adding
components such as polyethylene glycol (PEG) in the composition of
PLGA NP may increase their loading capacity and better control the
release of (E)-trans-2-nonenal, which may be the cause of the biological
results observed, as previously shown for volatile terpenes [61]. Also,
more complex lipid nanoparticles, such as solid lipid nanoparticles
(SLN) or nanostructured lipid carrier (NLC), could be explored to
encapsulate lipophilic volatile compounds, as they are reported to
overcome some limitations of NE as those encountered here [63].

Despite its challenging development, we consider that (E)-trans-2-
nonenal vehiculization is an appropriate strategy to avoid its lip-
ophilicity and volatility and, therefore, to enhance its in vivo bio-
distribution and bioavailability. Industrial development of this type of
optimized systems would be feasible because all components of the
polymeric nanosystems are considered GRAS (generally recognized as
safe) [64], or have been approved by FDA for their use [65]. In this
regard, in vivo biodistribution and bioavailability experiments should be
performed to determine the feasibility of these nanoencapsulation sys-
tems, next to in vivo efficacy testing. Preclinical models for H. influenzae
chronic infection rely on using chinchilla or Junbo mice to model otitis,
or smoke-exposed ferrets modeling COPD [7,66,67]. Aiming to over-
come technical challenges of such models, we tried adapting a model of
chronic subcutaneous infection and abscess formation that has been
previously used for Pseudomonas aeruginosa, Acinetobacter baumannii,
Klebsiella pneumoniae, Enterobacter cloacae and Escherichia coli [68].
However, it was not suitable for modeling high-density H. influenzae
infection (data not shown). The use of adequate preclinical model sys-
tems will be tackled in future studies.

4. Conclusions

Biofilm-related infections are difficult to treat, making the develop-
ment and testing of new effective therapeutics needed. Also, there is a
pressing need for standardized methods that appreciate the biological
variability of bacterial biofilms while also able of reproducibly assess the
potential of anti-biofilm drugs [15]. Here, we detail simple protocols
that can be performed routinely in numerous laboratories worldwide.
The methods are described for H. influenzae biofilms, but can be easily
adapted to other bacteria that form biofilms, and could be useful for
systematization and further improvement/complementation with other
assay types. Here, we showed that the cinnamaldehyde analogs
(E)-trans-2-nonenal and (E)-3-decen-2-one act against H. influenzae
biofilms, precluding formation or disrupting previously grown ones.
(E)-trans-2-nonenal limiting chemical properties led us to evaluate two
encapsulation approaches, nanoemulsions and polymeric nanoparticles,
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with different results, and to shortlist the later one for in vitro activity
analyses. Future work will attempt improving nanoformulation capac-
ities, explore encapsulating platforms-drug synergistic combinations,
expand the range of cinnamaldehyde analog bacterial targets, and
evaluate their biodistribution and efficacy in suitable in vivo model
systems.
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