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Bioinspired and eco-friendly high efficacy
cinnamaldehyde antibacterial surfacest

Harrison J. Cox,? Jing Li,® Preety Saini,” Joy R. Paterson,” Gary J. Sharples® and
Jas Pal S. Badyal (=) *°

Antimicrobial essential oils are incorporated into mussel-inspired and natural plant polyphenol coatings
as part of a single-step fabrication process. Polydopamine—cinnamaldehyde, polyethyleneimine—cinna-
maldehyde, and tannic acid—cinnamaldehyde coatings exhibit strong antibacterial activities against both
Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus (with the polydopamine- and
tannic acid-based systems displaying log;o Reduction = 8). Cinnamaldehyde impregnation into porous
non-woven polypropylene cloth, polytetrafluoroethylene membrane, and knitted cotton cloth also gives
rise to high levels of antibacterial activity (log;p Reduction = 8). No loss in antibacterial efficacy is

rsc.li/materials-b

Introduction

Production of polydopamine adhesive coatings via the auto-
xidation of dopamine in basic solution has been widely
reported.” These coatings readily adhere to a variety of
substrate materials, including metals, plastics, and even low
surface energy polytetrafluoroethylene. The catechol functionality
of dopamine mimics the adhesive Mytilus edulis foot protein 5
(Mefp-5) found in mussels, which is capable of adhering to
virtually any kind of surface.”* A related natural coating-forming
phenolic compound is tannic acid—a plant polyphenol, derived
from the nutgalls of Quercus and Sumac (Rhus) species, as well as
the seed pods of Tara (Caesalpinia spinosa)." Tannic acid also
forms an adhesive polymeric coating under oxidising basic
conditions, in a similar fashion to polydopamine.” One potential
issue associated with the use of polydopamine coatings is the
relatively high cost of the dopamine hydrochloride precursor,
hence tannic acid is considered as a viable alternative for large
scale applications.’

Polydopamine alone does not exhibit strong antibacterial
activity, and so much research has been conducted into the
post-functionalization of polydopamine coatings. Examples
include the attachment of silver,®® copper,”'® quaternary
ammonium compounds,'™'*  zwitterionic compounds,?
chlorhexidine,™ antibiotics," peptides,'® or enzymes.'” Many
of these antibacterial polydopamine-based coatings are
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observed for non-woven polypropylene cloth impregnated with cinnamaldehyde over 17 recycle tests.

unsuitable for industrial scale-up due to their inherent
multi-step syntheses, and often prohibitively long reaction
times. Also, there have been reports of combining polydopamine
with an antibacterial agent for ‘one-pot’ (single-step) hybrid
coatings; for example polydopamine-silver and polydopamine-
copper.'®'? In the case of tannic acid coatings, again, methods
reported rely upon additives such as silver’>*" or copper**** to
impart antibacterial activity. However, antimicrobials such as
silver and copper have inherent drawbacks, chiefly their
relatively high cost compared to organic compounds. Also, there
exists concern about their environmental impacts, including
toxicity to plants and aquatic organisms (as well as a lack of
knowledge concerning toxicity in humans).”*** The emergence
of antimicrobial resistance is another issue surrounding metal-
based antibacterial materials.

Polyethyleneimine polymer comprises repeat units containing
two methylene carbons and an amine centre. The ratio of primary
to secondary to tertiary amines is typically 1:1:1 in commercially
available products.”® Polyethyleneimine is not particularly anti-
bacterial on its own, but its large number of amine functionalities
can be reacted with alkyl halides to yield quaternary ammonium
groups which display antibacterial activities.?”

Naturally-occurring plant-derived essential oil compounds
are also known for their antimicrobial benefits.”® Cinnamaldehyde,
a major component of cinnamon bark o0il,**?*° is reported to
show antibacterial,®** antifungal,®® antiparasitic,** insecticidal,*
antiviral,*® anticancer,”” anti-diabetic*® and pro-wound healing®®
properties. Cinnamaldehyde is antibacterial through multiple
mechanisms which vary according to the pathogen.*® The mode
of action of cinnamaldehyde against Escherichia coli and
Staphylococcus aureus is reported to involve interaction of
cinnamaldehyde with the cell membrane, which results in an

This journal is © The Royal Society of Chemistry 2021
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increase in the cell permeability, changes to cell morphology,
and damaging of cell membrane integrity, ultimately leading to
cell lysis and cytoplasmic content leakage.*'** It has also been
shown that cinnamaldehyde can cause oxidative damage to
E. coli cells.** Many of the reported cinnamaldehyde-based
antibacterial materials and surfaces involve the blending of
cinnamaldehyde with a polymer (either as a melt or in solution)
followed by casting into a film. Some of the polymers used
include: polyvinyl alcohol,”” polypropylene,*® polystyrene,*”
cellulose,*® and chitosan.*® Such cinnamaldehyde-containing
films are effective at stopping bacterial or mould growth on, for
example, various foodstuffs—including beef,*> chicken and
ham,*° vegetables (radish, broccoli, and alfalfa) sprouts,”
and bakery products.”” However, manufacture of such essential
oil impregnated polymer films requires costly organic
solvents®® or involves application of heat, which can be detri-
mental due to degradation or volatilization of the bioactive
compound.®* Furthermore, much of the cinnamaldehyde con-
tent within the bulk material is inaccessible to the external
environment (bacteria).

In this article, single-step dip-coating deposition of
cinnamaldehyde-containing antibacterial surface layers is
described. Dopamine is polymerized in the presence of an
aqueous solution containing tris(hydroxymethyl)Jaminomethane
and cinnamaldehyde, Scheme 1. Analogous antibacterial coatings
are prepared by combining polyethyleneimine or tannic acid with
cinnamaldehyde. Additionally, cinnamaldehyde is impregnated
into a range of porous materials, including non-woven polypropylene

NH,
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cloth, polytetrafluoroethylene membrane, and knitted cotton,
via simple dip-coating, to achieve high levels of antibacterial
activity over extended recycling. Each of these approaches is
inspired by the presence of bioactive compounds often found
in plant epicuticular wax layers and essential oil glands located
at the surfaces of leaves and citrus peel.>>™’

Experimental
Coating preparation

Polyethylene terephthalate film (PET, capacitor grade, 0.10 mm
thickness, Lawson-Mardon Ltd), non-woven polypropylene
cloth (0.41 mm thick, 22.7 + 4.4 pm fibre diameter, with
dimpled structure 0.68 + 0.16 mm separation, spunbond,
70 ¢ m™ 2, Avoca Technical Ltd), polytetrafluoroethylene micro-
porous membrane (PTFE, Type 3V, surface area 5.6 m>, Mupor
Ltd), and knitted cotton fabric (WarwickEquest Ltd) were cut into
15 mm x 15 mm pieces and used as substrates for coating.
Polydopamine-only reference coating solutions
prepared using dopamine hydrochloride (30 mg, 99%, Alfa
Aesar brand, Fisher Scientific UK Ltd) dissolved in aqueous
solution of tris(hydroxymethyl)aminomethane buffer (10 ml,
25 mM, pH 8.5, 99.8%, Acros Organics brand, Fisher Scientific
UK Ltd) in a glass vial." Substrates were immediately placed
into the vial, the lid closed, and the vials then shaken for 24 h at
20 °C using an orbital shaker (model Vibrax VXR, IKA Ltd).
Subsequently the substrates were removed and washed with
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ultrapure water (Type 1, produced by water purification system
model Milli-Q Integral 3 Water Purification System, Millipore
Ltd) for 5 min whilst shaking, and then placed on a glass slide
to dry in air for at least 3 h at 20 °C.

Cinnamaldehyde-only reference solutions were prepared by
adding trans-cinnamaldehyde (150 mg equivalent to 15 mg ml ™"
in final solution; 99%, Acros Organics brand, Fisher Scientific
UK Ltd) into a glass vial followed by 10 ml of aqueous
tris(hydroxymethyl)Jaminomethane buffer (25 mM, pH 8.5).
Substrates were immediately placed into the vial, the lid closed,
and the vials then shaken for 24 h at 20 °C using an orbital
shaker. Subsequently the substrates were removed and washed
with ultrapure water for 5 min whilst shaking, and then placed
on a glass slide to dry in air for at least 3 h at 20 °C.

Polydopamine-cinnamaldehyde coating solutions
prepared by mixing dopamine hydrochloride (30 mg) and
cinnamaldehyde (150 mg) in a glass vial. Aqueous tris-
(hydroxymethyl)aminomethane buffer (10 ml, 25 mM, pH 8.5)
was then added to the vial (i.e. equivalent to 3 mg ml * of
dopamine hydrochloride, cinnamaldehyde at 15 mg ml™*
solution, equivalent to a 1:5 mass ratio of dopamine hydro-
chloride to cinnamaldehyde and a 1:4.5 molar ratio of
tris(hydroxymethyl)aminomethane to cinnamaldehyde). For
polyethyleneimine-cinnamaldehyde coating, polyethyleneimine
solution (2.0 g, 50 wt% aqueous, MW 750 000 Da, branched, Sigma-
Aldrich Ltd) was diluted in 50 ml of water to give a 20 mg ml ™"
aqueous solution of polyethyleneimine. Cinnamaldehyde (200 mg)
and 10 ml of the 20 mg ml~" polyethyleneimine solution were
then added to a vial. Control polyethyleneimine-only treated
substrates were immersed in the 20 mg ml~" aqueous solution
of polyethyleneimine. Preparation of tannic acid-cinnamaldehyde
coating solutions comprised mixing tannic acid (30 mg, Sigma-
Aldrich Ltd) with cinnamaldehyde (30 mg) in a glass vial.
Aqueous tris(hydroxymethyl)Jaminomethane buffer (10 ml,
25 mM, pH 8.5) was added to the vial (equivalent to both tannic
acid and cinnamaldehyde at 3 mg ml ™" solution, and a 1:1
weight ratio of tannic acid to cinnamaldehyde)—absence of
tris(hydroxymethyl)aminomethane did not lead to complete
coating formation. Tannic acid-only coating solutions were
similarly prepared by excluding cinnamaldehyde in the
procedure. For each of the aforementioned coating solutions,
substrates were immediately placed into the vial, the lid closed,
and the vials shaken for 24 h at 20 °C using an orbital shaker.
Subsequently the substrates were removed and washed with
ultrapure water for 5 min whilst shaking, and then placed on a
glass slide to dry in air for at least 3 h at 20 °C.

Phenethylamine-cinnamaldehyde product was prepared by
dissolving phenethylamine (0.10 ml, 0.794 mmol, 99%, Sigma-
Aldrich Ltd) and cinnamaldehyde (0.10 ml, 0.794 mmol) in
methanol (10 ml, >95%, Fisher Scientific UK Ltd) and allowing
to react in a glass vial with the lid closed for 24 h at 20 °C. The
lid was then removed, and the methanol evaporated off at
20 °C. The formed product was dried under vacuum and
analysed.

Porous non-woven polypropylene cloth pieces were
immersed into 10 ml aqueous suspension of cinnamaldehyde

were
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(15 mg ml™") and shaken for 24 h at 20 °C; then removed,
washed in ultrapure water for 5 min, before finally drying in air
for at least 3 h at 20 °C. Polytetrafluoroethylene (PTFE)
membrane and knitted cotton pieces were immersed into
10 ml aqueous cinnamaldehyde suspension (3 mg ml™") and
shaken for 24 h at 20 °C, then removed, rinsed in ultrapure
water for 5 min, and placed on a glass slide to dry in air for a
minimum of 3 h at 20 °C. For all three porous materials,
tris(hydroxymethyl)aminomethane was not included in the
solutions.

Coating characterization

Infrared spectra were acquired using a FTIR spectrometer
equipped with a liquid nitrogen cooled MCT detector (model
Spectrum One, PerkinElmer Inc.). Spectra were collected at
4 cm ™ resolution across the 400-4000 cm™ ' range and aver-
aged over 265 scans. Attenuated total reflectance (ATR) infrared
spectra of samples were acquired using a diamond ATR
accessory (model Golden Gate, Graseby Specac Ltd).
Reflection-absorption (RAIRS) measurements utilized a silicon
substrate (Silicon Valley Microelectronics Inc.) in conjunction
with a variable angle accessory (Graseby Specac Ltd) set at 66°
angle of incidence and fitted with a KRS-5 wire polarizer
(to remove the s-polarized component). The infrared spectrum
of dried polyethyleneimine was obtained from the supplied
polyethyleneimine aqueous solution (following water removal
in vacuo).

Ultraviolet-visible (UV-Vis) spectra were collected on a
UV-Vis-NIR spectrophotometer (model Cary 5000, Agilent
Technologies Inc.). Reference solution samples were analysed
in quartz cuvettes with 1 cm path length. Coated samples were
prepared by direct application onto quartz substrates (fused
quartz plate, thickness = 1 mm, UQG Ltd). For measuring
cinnamaldehyde release into aqueous medium, each coated
substrate was immersed into a glass jar containing 100 ml of
ultrapure water at 20 °C, with the sample fully submersed below
the water surface. 1 ml aliquots were removed for UV-Vis
analysis at various times. Each aliquot was further diluted with
9 ml of water to give a x10 " dilution. These diluted aliquots
were placed into 1 cm path length quartz cuvettes and analysed
using UV-Vis spectroscopy.

Atmospheric pressure solids analysis probe ionisation
(ASAP) mass spectrometry was performed in positive ion mode
(model Xevo QToF mass spectrometer, Waters Ltd, UK).

Antibacterial testing

Gram-negative Escherichia coli BW25113 (CGSC 7636; rrnB3
Alacz4787 hsdR514 A(araBAD)567 A(rhaBAD)568 rph-1) and
Gram-positive Staphylococcus aureus (FDA209P, an MSSA strain;
ATCC 6538P) bacteria cultures were prepared using autoclaved
(Autoclave Vario 1528, Dixons Ltd) Luria-Bertani broth media
(LB; L3022, Sigma-Aldrich Ltd, 2% w/v in Milli-Q"™ grade water).
A 5 ml bacterial culture was grown from a single colony for 16 h
at 37 °C, and then 50 pl used to inoculate a sterile polystyrene
cuvette (Catalogue No. 67.742, Sarstedt AG) containing 1 ml of
Luria-Bertani broth. The cuvette was covered with Parafilm

This journal is © The Royal Society of Chemistry 2021
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(Cole-Parmer Ltd) and then placed inside a shaking incubator
(model Stuart Orbital Incubator S1500, Cole-Parmer Ltd) set at
37 °C and 120 rpm to allow the bacteria to grow until an optical
density ODggonm = 0.4 was measured using a UV-Vis spectro-
photometer (model Jenway 6300, Cole-Parmer Ltd) corres-
ponding to the mid-log phase growth of bacteria.

Uncoated control samples were washed in absolute ethanol
for 15 min and dried under vacuum in order to make sure they
were sterile and clean. Antibacterial testing was performed
within 24 h of making the coatings. Sterile microtubes (1.5 ml,
Sarstedt AG) were loaded with the uncoated or coated substrates.
Next, 100 pl of the prepared bacterial culture was pipetted onto
each substrate placed aseptically inside a microtube so that the
microorganisms could interact with one side of the surface.
In practice, for non-porous substrates the liquid spread over the
whole area of the sample, and for the porous substrates, the
samples absorbed the liquid and so the entire 15 mm x 15 mm
area of the samples was permeated by the bacterial suspension.
The microtube lid was closed, to prevent the sample drying out,
and the tube placed horizontally on a sample tray and
incubated (model Bacterial Incubator 250, LMS Ltd) without
shaking for 4 h at 30 °C. Next, 900 pl of autoclaved Luria-Bertani
broth media was pipetted into each microtube and vortexed
(model Vortex-Genie 2, Scientific Industries Inc.) in order to
recover the bacteria as a 10-fold dilution (107"). Further
ten-fold serial dilutions were undertaken to provide 10 2
1073, 107%, 107> and 10 ® samples. Colony-forming unit
(CFU) plate counting was performed by placing 10 ul drops
from each diluted sample (10" to 10~ °® dilutions) onto auto-
claved Luria-Bertani agar solid plates (EZMix™ powder, dust
free, fast dissolving fermentation medium, L7533, Sigma-
Aldrich Ltd) and incubated (model Bacterial Incubator 250,
LMS Ltd) for 16 h at 30 °C. The number of colonies visible at
each dilution were then counted by eye. All tests were
performed in triplicate. The cells were unaffected by vortexing
(or ultrasonication (model U50, manufacturer Ultrawave Ltd))
and fully removed from the sample surface, Fig. S1 and S2
(ESIT). The logy, reduction value for a treated sample was
calculated relative to a control untreated sample. For each
experiment, treated and untreated substrates were exposed to
bacteria in parallel and incubated under identical conditions for
the same time period before recovery and viability measurement.
This test method to quantify the number of bacteria killed
following exposure to treated substrates was chosen because
cinnamaldehyde is not readily soluble in aqueous media and
therefore its efficacy will be localised at the functionalised
substrate surface which promotes compatibility with cinnamal-
dehyde. The high numbers of bacteria recovered from untreated
substrates provides good evidence that the method is effective.
Furthermore, the vortex mixer agitates the samples at 2000-
3000 rpm, and is fully capable of removing bacteria from
surfaces.

For antibacterial recycling tests the same procedure as
described above was followed, with the variation that, the
substrates were taken out from the 10" dilution solution
microtubes (prepared following 4 h bacteria incubation at

This journal is © The Royal Society of Chemistry 2021
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30 °C), rinsed with ultrapure water (approximately 50 ml) for
1 min at 20 °C and then completely air-dried overnight before
the next use cycle. Consecutive repeat tests were performed
using the same samples, with the mid-log bacterial culture
being dispensed onto the same side of the substrate each time.
All tests were performed in triplicate.

For scanning electron microscopy (SEM), PET film sub-
strates which had been treated with bacteria were immersed
overnight in glutaraldehyde (2% in Sorenson phosphate buffer,
TAAB Laboratories Equipment Ltd), then removed and rinsed
with Milli-Q® grade water to remove any excess glutaraldehyde.
Next, the PET film substrates were mounted onto carbon
disks supported on aluminium stubs and coated with a thin
gold layer (5-10 nm, Polaron SEM Coating Unit, Quorum Tech-
nologies Ltd). Images were acquired using a scanning electron
microscope (model Vega 3LMU, Tescan Orsay Holdings a.s.)
operating in secondary electron detection mode, in conjunction
with an 8kV accelerating voltage, and a working distance of
8-11 mm.

Results
Polydopamine-cinnamaldehyde coating

For the cinnamaldehyde-only control treatment, the cinnamaldehyde
oil sunk to the bottom of the aqueous tris(hydroxymethyl)
aminomethane solution in the vial. However, vigorous shaking
of the vial for a few seconds turned the solution milky in
appearance (due to the suspension of cinnamaldehyde in
water). A slight colour change to yellow was seen in the
solution. No solid formation was observed over a period of
time, until eventually the cinnamaldehyde constituent slowly
coalesced to separate out from the aqueous phase.

Immersion of PET film substrate into the polydopamine-only
coating solution gave rise to the appearance of a dark grey-black
polydopamine surface layer, Fig. 1. Over the course of the
reaction, the polydopamine precursor solution simultaneously

24 h

24 h

@l

b) Polydopamine

(c) Pblydopamine— o
Cinnamaldehyde

Fig. 1 Photographs of coating solutions and 15 x 15 mm PET film
substrate: (a) uncoated; (b) polydopamine-only; and (c) polydopamine—
cinnamaldehyde.

(a) Uncoated
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turned from colourless to black within the vial due to poly-
dopamine precipitate formation.

For the combined polydopamine-cinnamaldehyde system,
addition of the aqueous tris(hydroxymethyl)Jaminomethane
solution to the dopamine hydrochloride and cinnamaldehyde
solid-liquid mixture led to the dopamine hydrochloride
dissolving, and the cinnamaldehyde settling at the bottom of
the vial. After vigorous shaking of the vial for a few seconds, the
solution turned milky in appearance (due to the suspension of
cinnamaldehyde oil in the aqueous medium—as described
above), Fig. 1. Over time, the white cloudiness faded away.
However, no black colouration indicative of polydopamine was
observed at any point during the reaction—neither on the
substrates, nor in the solution. Instead, the white cloudiness
disappeared to give a clear solution with a slight yellow colour.
This was accompanied by the formation of a red coating on the
substrates (as well as on the vial bottoms), Fig. 1. The mass
increase of PET film following polydopamine-cinnamaldehyde
coating was measured to be 4.4 + 0.9 mg cm 2 (assuming both
sides are coated), Table 1. A range of different substrates could
be coated by this method, including PET, polypropylene, silicon
wafer, and glass.

Cinnamaldehyde oil and the polydopamine-cinnamalde-
hyde coatings were characterised by infrared spectroscopy,
Fig. 2. Liquid cinnamaldehyde absorption bands include
aromatic and alkene C-H stretching (around 3060 cm™ %),
aldehyde C-H stretching (2814 cm™ ' and 2742 cm™'), C=0
stretching (1668 cm™ '), as well as aromatic C=C stretching
(1625 em™").”® Polydopamine-only coated silicon wafer displayed
broad absorbances around 3220 cm™ " corresponding to O-H
groups, and 1605 cm ' and 1509 cm™ ' from C=C stretching.>®
For the case of polydopamine-cinnamaldehyde coated silicon
wafer, the characteristic cinnamaldehyde absorbances were still
visible, as well as a broad polydopamine O-H group absorption
around 3220 cm ™, together with a small polydopamine aromatic
C=C stretching peak at 1509 cm " (both of these latter features
are absent for pure cinnamaldehyde®®).

Cinnamaldehyde displays an intense UV-Vis absorbance
peak at 4 = 290 nm, but no other features, Fig. 3.°"°
Polydopamine coated quartz showed a weaker UV-Vis absor-
bance peak at 4 =290 nm, as well as broad absorption across
the 200-800 nm wavelength range, Fig. 3°> Polydopamine-
cinnamaldehyde coated quartz exhibited a strong absorbance

Table 1 Mass increase for polydopamine—cinnamaldehyde, polyethyle-
neimine-cinnamaldehyde, and tannic acid-cinnamaldehyde coated
non-porous PET film substrates, and cinnamaldehyde treated non-
woven polypropylene cloth. 15 mm x 15 mm sample size

Mass increase/

Coating mg cm 2
Polydopamine-cinnamaldehyde/PET film 4.4 + 0.9°
Polyethyleneimine-cinnamaldehyde/PET film 0.7 £ 0.3°
Tannic acid-cinnamaldehyde/PET film 1.0 £+ 0.2¢
Cinnamaldehyde/non-woven polypropylene cloth 45+ 4

“ Assuming both sides are coated.
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Fig. 2 Infrared spectra of: (a) cinnamaldehyde; (b) polydopamine-only
coating; and (c) polydopamine—cinnamaldehyde coating. Schiff base imine
absorbance should appear around 1640 cm~*—this absorbance is not
distinguishable due to overlap with strong cinnamaldehyde peaks.®°

——Polydopamine
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Fig. 3 UV-Vis spectra of cinnamaldehyde solution; polydopamine coated
quartz; and polydopamine—cinnamaldehyde coated quartz.

200 300 800

at A = 288 nm, which can be attributed to either or both of the
cinnamaldehyde and dopamine coating constituents. In
addition, a new absorbance peak at A = 438 nm is apparent
(which was absent in both the aforementioned cinnamaldehyde
and polydopamine UV-Vis spectra)—this accounts for the
observed red coating colour and is indicative of chemical bond
formation (reaction) between polydopamine and cinnamaldehyde
causing a change in electron density within the host poly-
dopamine structure (hence UV-Vis excitation).

This journal is © The Royal Society of Chemistry 2021
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Previously it has been reported that polydopamine can
undergo an aza-Michael reaction with acrylate groups, where
the polydopamine amine group nitrogen lone pair attacks the
carbon-carbon double bond of the acrylate group to form a new
bond."? Given that cinnamaldehyde contains an alkene bond
adjacent to a carbonyl group, an analogous Michael or
Aza-Michael type reaction may be anticipated. However, other
studies have shown that an amine group nitrogen lone pair can
react via nucleophilic attack at the cinnamaldehyde carbonyl
group to form a Schiff base imine product.®*®® Therefore, in
order to elucidate the reaction mechanism for exactly how
cinnamaldehyde reacts with dopamine/polydopamine, a mass
spectrometric investigation was undertaken: cinnamaldehyde
was reacted with an equimolar amount of phenethylamine—a
compound analogous to dopamine but lacking the catechol OH
groups (thereby unable to undergo polymerisation as observed
for dopamine), Scheme 2. The obtained product was a viscous
orange oil. Mass spectrometry of the product gave mass 236.1
m/z (which is consistent with the empirical formula C;;H;,N
and the Schiff base imine product molecular ion [M + H]"), Fig
S3 (ESIt). No mass fragment was measured for the alternative
Michael addition product ion expected at 253 mj/z. Hence,
cinnamaldehyde reacts with dopamine/polydopamine to form
a Schiff base imine product. Tris(hydroxymethyl)Jaminomethane
was not included in this reaction in order that only the reaction
between phenethylamine and cinnamaldehyde could be
investigated. Although tris(hydroxymethyl)aminomethane has been
reported to react with polydopamine during coating deposition,
this does not oceur via the Schiff base reaction.®>®” There also is in
addition the possibility of tris(hydroxymethylJaminomethane
undergoing the Schiff base reaction with cinnamaldehyde to form
imine linkages.

Control cinnamaldehyde treated PET samples had a very
small antibacterial effect against both Gram-negative E. coli and
Gram-positive S. aureus (this could be due to a low amount of
residual cinnamaldehyde remaining on the PET film surface
after the final washing step), Table 2. Polydopamine-coated PET
film showed no antibacterial activity against E. coli and a very
minor effect for S. aureus (less than log;, Reduction = 1).
Whereas, polydopamine-cinnamaldehyde coated PET film dis-
played complete killing of both types of bacteria (exceeding
log;o Reduction = 7)—which easily exceeds the minimal (log;,
Reduction > 3) set by the US Environmental Protection Agency
Office (EPA).*® Following addition of 900 pl of sterile Luria-
Bertani broth media into each microtube containing sample
and vortexing, the polydopamine-cinnamaldehyde coated PET
film was aseptically removed. To further assess the efficacy of
bacterial killing, viability experiments were performed on the

\O NH N/\/@

Scheme 2 Reaction of cinnamaldehyde with phenethylamine to form
Schiff base imine product.
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Table 2 Antibacterial activities for PET film coated with: polydopamine;
polydopamine—-cinnamaldehyde;  polyethyleneimine—cinnamaldehyde;
tannic acid; or tannic acid-cinnamaldehyde. log;o Reduction values are
calculated relative to the untreated substrate (mean =+ standard deviation)

Bacteria loss/log;, reduction

E. coli S. aureus

Dipping solution (Gram-negative) (Gram-positive)
Cinnamaldehyde” 0.12 £ 0.07 0.29 + 0.07
Polydopamine” 0.00 0.34 £ 0.06
Polydopamine-cinnamaldehyde 8.15 + 0.03 7.68 £ 0.05
Polyethyleneimine® 0.00 0.00
Polyethyleneimine-cinnamaldehyde 3.87 + 0.56 7.44 £ 0.03
Tannic acid® 0.00 0.13 £ 0.07
Tannic acid-cinnamaldehyde 8.33 + 0.03 7.56 £ 0.06

“ Control samples comprised immersion of PET film in 15 mg ml™*
cinnamaldehyde aqueous solution, or 20 mg ml™" polyethyleneimine
aqueous solution, or 3 mg ml~* tannic acid aqueous solution followed
by rinsing in water.

retained cultures in the 1 ml solution. Firstly, 100 pl of the
solution was spread onto Luria-Bertani agar plates. After
incubation at 37 °C, no colonies were observed, Fig. S4 (ESIt).
Then the remaining 900 ul of bacteria solution was centrifuged
to pellet any bacteria present and resuspended in 100 pl of
phosphate-buffered saline followed by spreading onto fresh
Luria-Bertani agar plates—again, no growth was observed,
Fig. S5 (ESIT). Whereas, the viability of E. coli on untreated
PET film control samples gave an average of 3.6 x 10° CFU ml ™"
(or 3.6 x 10°® CFU per 100 pl of bacteria solution), Fig. S1 (ESI¥).
When 100 pl from the 1 ml bacteria solution from untreated
PET film control samples was spread onto Luria-Bertani agar
plates, after incubation, confluent bacteria growth was
observed, Fig. S4 (ESIt). These results confirm that exposure
of E. coli to the polydopamine-cinnamaldehyde coated PET
film does indeed kill all the bacteria present in the exposed
bacteria-containing solution. The measured antibacterial
activity was retained during recycling tests against E. coli for
the first two tests, followed by a gradual loss of efficacy during
further recycling, Fig. 4.

In order to further examine the mechanism of antibacterial
activity, time-resolved UV-Vis spectroscopy studies were
performed using the polydopamine-cinnamaldehyde coated
PET film, Fig. 5. Release of cinnamaldehyde into water from
the host coating showed a rapid increase followed by levelling
off after 24 h. This is consistent with the antibacterial recycle
testing, which showed a gradual drop-off in efficacy, Fig. 4.

Polyethyleneimine-cinnamaldehyde coating

Polyethyleneimine was utilised to develop further understanding,
given that it contains amine groups like polydopamine, and
therefore polyethyleneimine should undergo the Schiff base
reaction with cinnamaldehyde to form an antibacterial coating,
Scheme 1. Solution mixtures utilising varying ratios of poly-
ethyleneimine to cinnamaldehyde were screened in order to
determine optimal quantities of both components for the
production of a high efficacy antibacterial coating. Mixing of
polyethyleneimine solution with cinnamaldehyde led to the
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Fig. 4 Recycle antibacterial activity against E. coli for coated PET films:
polydopamine—cinnamaldehyde; polyethyleneimine—cinnamaldehyde;
and tannic acid—cinnamaldehyde. log;o Reduction values are calculated
relative to the untreated PET substrate (mean + standard deviation).
Following each antibacterial test, samples were rinsed with water for 1
min at 20 °C and completely air-dried prior to the next re-use.
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Fig. 5 Release of cinnamaldehyde from antibacterial coatings into water
at 20 °C monitored by UV-Vis spectroscopy (4 = 290 nm): polydopamine—
cinnamaldehyde; polyethyleneimine—cinnamaldehyde; and tannic acid—
cinnamaldehyde.

formation of an off-white precipitate which was found to uni-
formly adhere onto the test substrates (as well as onto the bottom
of the glass vials), and remained unchanged in appearance
following washing with water. For formulations where a higher
weight proportion of polyethyleneimine relative to cinnamaldehyde
was used, much less precipitate was found to form. Whereas excess
cinnamaldehyde compared to polyethyleneimine led to a yellow
solution, and practically no adhesive precipitate formed on
the substrate. Equal masses of polyethyleneimine and
cinnamaldehyde yielded good performance coatings (20 mg ml™*
polyethyleneimine and 20 mg ml™ ' cinnamaldehyde mixture
solutions were chosen for further studies). The mass increase
following coating of PET substrates was measured to equal
0.71 mg cm~? (assuming both sides are coated), Table 1.
Infrared absorption peaks for polyethyleneimine include
N-H stretching (3275 cm™ '), aliphatic C-H stretching
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(2930-2810 cm™'), primary amine group NH, bending
(1580 cm™ "), and CH, symmetric bending vibration (1460 cm ™),
Fig. 6.°>7° The polyethyleneimine-cinnamaldehyde coating showed
a broad absorption peak around 3300 cm™*, corresponding to
N-H stretching. A new feature at 1634 cm™ ' is present, con-
sistent with imine bond formation following the Schiff base
reaction between amine groups from polyethyleneimine and
cinnamaldehyde (akin to the reactions between phenethylamine/
polydopamine and cinnamaldehyde), Scheme 2. Otherwise, many
of the infrared fingerprint region absorption bands of cinnamal-
dehyde and polyethyleneimine overlap with the polyethyleneimine-
cinnamaldehyde spectrum.

PET films immersed in polyethyleneimine-only 20 mg ml~*
aqueous solution followed by washing in ultrapure water and
drying for at least 3 h at 20 °C were tested as a control and
found to possess no antibacterial activity, Table 2. Whereas, the
polyethyleneimine-cinnamaldehyde coated PET films showed
at least log;o Reduction = 3 or 4 against E. coli, and complete
killing (exceeding log;, Reduction = 7) for S. aureus. Antibacterial
recycling tests were carried out against E. coli, and there was a
drop in bacterial killing following the second test with practically
all biocidal activity lost after the fourth test, Fig. 4.

The release behaviour of the polyethyleneimine-cinnamaldehyde
coating in water was further investigated by immersion of
coated PET substrates into water for 24 h at 20 °C whilst
shaking. 0.5 + 0.4 mg cm > of material was released after
24 h, and 0.22 4+ 0.14 mg cm > of the coating remained.

(c)
*

(b)

8

c

I

£

2

c

o

|_
(a)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™1

Fig. 6 Infrared spectra of: (a) cinnamaldehyde; (b) polyethyleneimine; and
(c) polyethyleneimine—cinnamaldehyde coating. * New imine feature at
1634 cm 160
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Visually, there did not seem to be any alteration to the
appearance of the coatings. This would suggest that the
observed mass loss following immersion in water for 24 h is
due to the release of trapped or loosely bound cinnamaldehyde
and/or polyethyleneimine.

Time-resolved UV-Vis spectroscopy studies were performed
using the polyethyleneimine-cinnamaldehyde coated PET films
in order to determine the release profile of cinnamaldehyde
into aqueous solution from the coating, Fig. 5. A much lower
cinnamaldehyde absorbance was measured compared to the
polydopamine-cinnamaldehyde system, which is consistent
with the polyethyleneimine-cinnamaldehyde coating being a
lot thinner and thereby losing its recycling antibacterial activity
faster compared to the polydopamine-cinnamaldehyde
coating, Table 1 and Fig. 4.

Tannic acid-cinnamaldehyde coating

Tannic acid-only coatings were found to be very thin; whilst
tannic acid-cinnamaldehyde coatings appeared to be much
thicker. Variation in tannic acid-cinnamaldehyde solution
composition was explored in order to provide the optimum
coating: 3.0, 4.5, 6.0, and 15 mg ml~" cinnamaldehyde combined
with fixed 3 mg ml™" tannic acid (corresponding to a tannic
acid : cinnamaldehyde mass ratio of 1:1, 1:1.5, 1:2, and 1:5
respectively). The solid coating obtained using a 1:1 mass ratio
was yellow in appearance and evenly covered the PET film,
whereas all of the other solution compositions yielded oily
(non-solid), non-uniform coatings on the PET film surfaces,
Fig. 7. Hence, 3 mg ml~" cinnamaldehyde-3 mg ml™" tannic
acid mixture coating solution was chosen for further investigation.
The mass increase for this tannic acid-cinnamaldehyde coating
was 1.0 & 0.2 mg cm ™~ (assuming both sides of each substrate are
coated), Table 2.

The infrared spectrum of tannic acid displays absorbances
for O-H groups (3300 cm™*), C=0 stretching (1700 cm™*), and
three peaks at 1605 cm ™', 1530 cm ™' and 1444 cm ™" associated
with aromatic ring stretching, Fig. 8.*' For the tannic acid-
cinnamaldehyde coating, the infrared spectrum resembles the
tannic acid spectrum. In addition, there is a new absorbance at
1649 cm ', characteristic of imine group C—=N stretching
(which appears at a lower wavenumber compared to the cinna-
maldehyde C=O stretching vibration (1670 cm™')). An explanation
for this new imine peak could be the Schiff base reaction product
between tris(hydroxymethyl)aminomethane and cinnamaldehyde
(this may also explain the formation of yellow colour in the

(a) (b)

Fig. 7 Photographs of PET film: (a) uncoated; (b) tannic acid-only
coating; and (c) tannic acid—cinnamaldehyde coating.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry B

(c) o
(b)

8

)

IS

(/2]

[ e

©

|_
(a)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Infrared spectra of: (a) cinnamaldehyde; (b) tannic acid; and (c)
-1

Fig. 8
tannic acid—cinnamaldehyde coating. * New imine feature at 1649 cm

cinnamaldehyde control solution mentioned previously—the
cinnamaldehyde and tris(hydroxymethyl)aminomethane react
to form a yellow Schiff base imine product). Previously it has
been reported that tris(hydroxymethyl)aminomethane can undergo
Schiff base reaction with carbonyl-containing compounds, yielding
C—N infrared stretching frequencies in the region of 1640-
1630 cm ™ ".”"”* Tris(hydroxymethyl)aminomethane and cinnamal-
dehyde are present in almost equimolar amounts in the tannic
acid—-cinnamaldehyde coating solution, whereas in the polydo-
pamine-cinnamaldehyde coating solution there is a significant
excess of cinnamaldehyde relative to tris(hydroxymethyl)
aminomethane (which masks the imine bond region of the
infrared absorption). Tannic acid is also capable of reacting
with amines via the Schiff base reaction to form an imine—
however, the wavenumber for such imine group stretching
should be much lower (1585 cm™'), thus making it unlikely
that this new peak is due to the reaction of tannic acid with
tris(hydroxymethyl)Jaminomethane to form an imine.”

Tannic acid-only coated PET film displayed no antibacterial
activity against E. coli and only a modest reduction in viability
against S. aureus, Table 2. The tannic acid-cinnamaldehyde
coating was found to give rise to complete killing of both types
of bacteria (exceeding log;, reduction = 7). Antibacterial
recycling tests performed with E. coli for the tannic acid-
cinnamaldehyde coated PET film showed a decrease in anti-
bacterial activity after the first test, and negligible activity was
found by the fifth test, Fig. 4. A possible reason for why the
tannic acid-cinnamaldehyde coating does not display as
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long-lasting antibacterial activity as the polydopamine-
cinnamaldehyde coating could be as a consequence of the
smaller amount of cinnamaldehyde used to prepare the
coatings (3 mg ml ™ versus 15 mg ml~* solutions respectively),
or due to the coating being thinner, Table 1.

Time-resolved UV-Vis spectroscopy studies were performed
using tannic acid-cinnamaldehyde coated PET film in order to
follow the release of cinnamaldehyde from the coating into the
aqueous phase, Fig. 5. The amount of cinnamaldehyde release
measured for the tannic acid-cinnamaldehyde coatings was
compared to the polydopamine-cinnamaldehyde
coatings, and can be attributed to the smaller concentration
of cinnamaldehyde employed to prepare the former (3 mg ml™*
versus 15 mg ml" solutions respectively), or because the
coating is thinner, Table 1. This correlates with the antibacterial
recycling tests, where the tannic acid—-cinnamaldehyde coated
PET film showed a faster decline in antibacterial activity relative
to the polydopamine-cinnamaldehyde coated PET film, Fig. 4.

lower

Cinnamaldehyde-porous substrates

Given that cinnamaldehyde loading in the coating has been
shown to be a key factor governing antibacterial recycling
capacity (Fig. 4 and 5), non-woven polypropylene host substrate
containing a larger open pore structure (micron scale) was
impregnated with cinnamaldehyde, Table 1.” The cloth pieces were
weighed before and after impregnation of cinnamaldehyde, and the
average mass increase was measured to be 45 + 4 mg cm >,
Table 1.

Testing against E. coli and S. aureus showed complete killing
of the bacteria (log;o reduction = 8.31 + 0.12 and 7.76 + 0.07
respectively). Seventeen consecutive antibacterial recycling
tests against E. coli. (equivalent to continuous contact with
bacteria in liquid for 68 h), showed that the cloths killed all
bacteria in every test (log;, reduction = ~8), Fig. 9. The
observed high antibacterial activity over such a prolonged
period of recycling rules out the possibility of live bacteria cells
just sticking to the cloth surface—which is consistent with the
previously reported biocidal activity of cinnamaldehyde.*'

Since cinnamaldehyde was found to impregnate into porous
non-woven polypropylene cloth without the need for any extra
reagents (e.g. aforementioned polydopamine, polyethyleneimine,
tannic acid or tris(hydroxymethyl)Jaminomethane), alternative
porous material substrates were also evaluated in order to assess
the broader applicability of this approach. Porous polytetra-
fluoroethylene (PTFE) membrane was chosen as a more hydro-
phobic type of material. Untreated PTFE membrane exhibited
no antibacterial activity, whereas the cinnamaldehyde
impregnated PTFE membrane gave rise to complete killing of
E. coli (logy, reduction = 8.27 £ 0.04).

Considering that the aforementioned polypropylene and
PTFE porous substrates are both hydrophobic and therefore
unlikely to absorb water in preference to cinnamaldehyde
whilst immersed in aqueous solution, cotton fabric was
selected as a hydrophilic porous material for comparison.
Untreated cotton displayed no antibacterial effect, whereas
the cinnamaldehyde impregnated cotton pieces killed all
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Fig. 9 E. coli antibacterial recycling of cinnamaldehyde impregnated
non-woven polypropylene cloth. Values are reported as the average
log;o reduction relative to untreated non-woven polypropylene cloth
(average + standard deviation).

E. coli (logy reduction = 8.29 + 0.06), thereby confirming that
the hydrophilic cotton was capable of sufficient cinnamaldehyde
uptake to subsequently provide a strong antibacterial efficacy.

Discussion

Polydopamine, tannic acid, and cinnamaldehyde are all
biodegradable and not harmful to human health."”>”7® The
polydopamine-cinnamaldehyde, polyethyleneimine-cinnamal-
dehyde, and tannic acid-cinnamaldehyde coatings exhibit
strong antibacterial activity against both Gram-negative and
Gram-positive bacteria. They retained their red, off-white, and
yellow colours respectively following antibacterial test
recycling. This indicates that the coatings are well adhered to
the underlying substrates, and the solid host polymer coating
alone cannot be responsible for the observed antibacterial
activity. Cinnamaldehyde interacts with the polydopamine,
polyethyleneimine, or tannic acid during coating formation,
either reacting, binding via non-covalent interactions, or
becoming trapped within the polymer coating. Cinnamaldehyde
reaction within the host polymers provides compatibilization for
excess cinnamaldehyde oil—the surface energies of the solid and
fluid become better matched, leading to highly stable entrapped
cinnamaldehyde liquid. Cinnamaldehyde is then able to leach
out (release) during the antibacterial testing studies (Fig. 4 and 5).
Once the cinnamaldehyde becomes depleted, there is no longer any
antibacterial activity. Amongst these coatings, the polydopamine-
cinnamaldehyde system displays the best recycling properties,
and this correlates to its extended release of cinnamaldehyde
over a longer period of time, Fig. 4 and 5. Whereas, the solution
for polyethyleneimine-cinnamaldehyde coated PET film after
48 h immersion in water displayed a lower final UV-Vis
absorbance compared to polydopamine-cinnamaldehyde or
tannic acid-cinnamaldehyde coated PET films, Fig. 5. This
correlates with its lower overall antibacterial efficacy against
E. coli, as well as quicker loss of activity during antibacterial

This journal is © The Royal Society of Chemistry 2021
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recycling, and with its smaller mass increase (thickness), Tables
1, 2 and Fig. 4.

Unlike dopamine/polydopamine and polyethyleneimine,
tannic acid does not contain amine functional groups, meaning
that it cannot undergo the Schiff base reaction with cinnamaldehyde
as occurs for dopamine/polydopamine and polyethyleneimine.
Rather tris(hydroxymethyl)aminomethane plays a dual role
both initiating oxidative polymerisation of tannic acid and
reacting with cinnamaldehyde via Schiff base mechanism
which in turn may help to entrap cinnamaldehyde through
compatibilization. The trapped tris(hydroxymethyl)Jaminomethane-
cinnamaldehyde Schiff base product may also be antibacterial.
Another possibility is that tannic acid and cinnamaldehyde
interact with each other via non-covalent bonding such as n-n
interactions, hydrogen bonding or hydrophobic interactions
to form an insoluble coating, with excess less strongly
bound cinnamaldehyde able to release into water. Alternative
conceivable mechanisms could include an oxa-Michael type
reaction (whereby tannic acid OH groups are deprotonated by
base to form an oxyanion which then performs a nucleophilic
attack on the cinnamaldehyde alkene group leading to bond
formation between the tannic acid and cinnamaldehyde).

Antibacterial activities have been reported previously for
cinnamaldehyde impregnated into porous substrates including
microporous polyurethane,*® polypropylene foot sweat pads,”®
and wet wipes made from cellulose and polyester.®® However,
no recycle/reuse testing was performed. Impregnation of
cinnamaldehyde into porous hydrophobic (non-woven poly-
propylene cloth and polytetrafluoroethylene membrane) as well
as into hydrophilic cotton through cinnamaldehyde entrapment
is an effective means for incorporating large amounts of the
essential oil into a substrate for multiple use antibacterial
applications, Fig. 9. The inherent larger pore volumes (micron
scale) and thicker materials provide greater cinnamaldehyde
loading capacity leading to longer lasting antibacterial efficacies
compared to the much thinner polydopamine-cinnamaldehyde,
polyethyleneimine-cinnamaldehyde, and tannic acid-cinnamal-
dehyde coatings which contain essential oil dispersed on the
nanoscale. The fact that the cinnamaldehyde impregnated
non-woven polypropylene cloth shows no drop-off in antibacterial
activity after 17 cycles of washing (equivalent to continuous
contact with bacteria in liquid for 68 h) indicates robustness,
and this is entirely suitable for potential applications
where reusability is desirable, Fig. 9. Alternative long-lasting
antibacterial coatings include the use of silver nanoparticles
and quaternary ammonium polymers.®>®> Both antimicrobial
agents involve multiple synthesis steps and are damaging
towards the environment.®*** Whereas the present eco-friendly
approach is a simple one-step process and can use natural
biodegradable compounds such as dopamine, tannic acid, and
cinnamaldehyde.

The present study opens up scope for the large scale, low
cost fabrication of antibacterial coatings using plant-derived
essential oil compounds (as alternatives to environmentally
harmful metal-based systems). Naturally occurring and synthetic
antimicrobial compounds could also be incorporated (including

This journal is © The Royal Society of Chemistry 2021
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those with antiviral, antifouling, antifungal, or antiparasitic
properties). These coating methods could also be extended to
other natural and synthetic phenolic and polyphenol compound
coatings besides polydopamine and tannic acid—such as
derivatives of dihydroxyphenol (catechol) and pyrogallol
(including gallic acid, epigallocatechin gallate, and epicatechin
gallate). Potential applications include healthcare, prevention of
the spread of pathogens and diseases, building materials,
transportation, clothing, footwear, marine coatings, and active
food packaging.

Conclusions

Coatings comprising cinnamaldehyde hosted within a
compatible matrix on the nanoscale can be applied to a variety
of substrates without the requirement for organic solvents or any
further surface derivatization. Polydopamine-cinnamaldehyde
coatings display high antibacterial efficacy towards both
Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria.
Polyethyleneimine-cinnamaldehyde and tannic acid-cinnamal-
dehyde coatings also show good antibacterial activity against
both E. coli and S. aureus. Cinnamaldehyde impregnated into a
variety of porous substrates (non-woven polypropylene cloth,
polytetrafluoroethylene membrane, and knitted cotton), exhibits
strong antibacterial performance; with non-woven polypropylene
cloth containing cinnamaldehyde providing long-lasting and
recyclable antibacterial activity.
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