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We explore the antimould action of zinc bis(dimethyldithiocarbamate) (Ziram) and 3-iodo-2-propynyl
N-butylcarbamate (IPBC) encapsulated into nanogel particles with and without surface functionalization
with a cationic polyelectrolyte, poly(diallyldimethylammonium chloride) (PDAC). The antimould nanocarriers
were based on commercially available polyacrylic copolymeric nanogel. The antimould agents were loaded
into the nanogel particles in their swollen state in alkaline media followed by collapsing of the nanogel
particles at acidic pH. We treated Aspergillus niger and Penicillium chrysogenum cultures at different
concentrations of the nanocarrier-loaded antimould agent. The effect of the surface charge of the
antimould agent-loaded nanocarriers was examined in order to gain better understanding of how the
electrostatic interaction of the nanocarrier with the cell walls of the mould hyphae and spores impacts its
antimould action. Non-coated nanocarriers proved more efficient than PDAC-coated ones in their
antimould action for both Ziram and IPBC formulations. Four different methods of application of the
antimould nanocarriers were also explored. We found that the application method of the nanogel carrier is
crucial for its efficiency and sustained antimould delivery. Pre-mixing the nanogel-formulated Ziram or IPBC
with culture media generally produced much better antimould action. Such a strategy can potentially bypass
this antimould resistance and lead to novel formulations with highly sustained antimould activity at similar
concentrations of the antimould agent. These insights may lead to the development of more efficient
antimould treatments at lower concentration of active agent for mould control with potentially substantial
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1. Introduction

Moulds are fungal species which propagate by spores and
colonise various surfaces by producing multicellular hyphae
filaments (hyphae) into interconnected “mycelium” networks.
In addition to causing a wide range of damage in agriculture
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economic and environmental benefits.

and buildings, the growth of mould has also been associated
with allergies, headaches, asthma, and other respiratory
problems."? P. chrysogenum is a fungus of the Trichocomaceae
family.** It can be found in temperate and subtropical regions,
salted food products and outdoor environments, such as
water-damaged and damp buildings. P. chrysogenum repro-
duces by spreading a dry group of spores (or conidia) from
the conidiophores. These spores are carried by air currents to
new colonisation sites.”® Another common representative of
moulds is A. niger, which is a very proliferative fungus that can
be found in soil, plants, fruit, and damp indoor environments.’
A. niger reproduces asexually with airborne spores which under
suitable conditions germinate and creates foot cells and more
branching, with the growth of conidiophores from the foot
cells.”™*?

Antimould agents are biocides that can selectively kill or
inhibit the growth of moulds. IPBC(3-iodo-2-propynyl N-butyl-
carbamate) is a well-known antimould agent that has been
utilized for many years for a wide range of applications. Due to
its limited solubility in water, it has been used in interior and
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exterior paints,'® coatings, and cosmetics. Pelto et a
studied the antifungal efficiency of IPBC against A. niger in
polymer blends. Ziram (zinc bis(dimethyldithiocarbamate)) is a
biocide from the dithiocarbamate family that can inhibit fungal
growth and is commonly used in formulations for agriculture,
on wood and plastics and other materials. Its antifungal action
is based on the chelation of Fe*" necessary for aconitase."®
Crebelli et al.'” examined Ziram’s antifungal activity on nine
varied species including Aspergillus nidulans, a fungus species
closely related to A. niger.

In this study of antimould nanoparticle applications, we
have selected Aspergillus niger and Penicillium chrysogenum as
typical representatives of very widespread moulds, which are
responsible for multibillion dollar damage to crops, food items
and buildings on an annual basis. Both of them have high
proliferation rates which renders them suitable for culturing in
lab conditions and testing nanotechnology-based antimould
formulations on them can also help to tackle many other
representatives of the Penicillium and the Aspergillus genres of
moulds and become aware of the mechanisms of their anti-
mould resistance.

Nanogels and other nanocarriers loaded with antimicrobial
agents such as berberine,*® chlorhexidine®® and antibiotic
agents like vancomycin,** ciprofloxacin,*! clindamycin,>® tetra-
cycline and lincomyecin,* Penicillin G and Oxacillin®” as well as
combinations of clavulanic acid and amoxicillin/ticarcillin®®
have been systematically applied to tackle antibacterial resis-
tance. Shellac nanocarriers loaded with amphotericin B*® and
fluconazole,** berberine*® and chlorhexidine®* have also been
found effective against Candida albicans and other yeasts, as
well as against fungal biofilms. Other nanoparticle formulations
based on surface-functionalized inorganic nanoparticles of
Cu0,***” Zn0,** and Mg(OH),,>' have been recently explored
for antibacterial and antiyeast applications.

As many fungal species have developed a strong resistance
against treatment, there has been recently considerable interest
in the development of nanoformulations for encapsulating and
targeted delivery of antifungal agents. These nanocarriers can
release locally a high concentration of the active agent by
adhering directly to the fungal cells."®'***7*® Encapsulation
of cationic actives as berberine, chlorhexidine and others, into
carbomers has been found to deliver antibacterial and anti-
fungal agents by using targeted delivery."®

Other antimould agents have also been tried with other
polymers with improved antifungal activity.”> De Marchi
et al.” characterised and tested a nanocarrier with triclosan
and o-bisabolol against pathogenic mould strains that are
resistant to triclosan. Triclosan has been encapsulated into
chitosan-coated-nanocapsules containing a-bisabolol as a core,
for use as a potential wound dressing.”® The results showed
that nanoencapsulation has improved the antimicrobial activity
when compared to non-encapsulated activity.>® Carbomer
microgels have been combined with agarose networks in a
semi-interpenetrating polymer network structure to facilitate
a suitable delivery system for the controlled loading and release
of resveratrol.>"** Lignin nanoparticles have also been used as
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nanocarriers to load antimicrobial agents.>® As a result, the type
of lignin used, and the presence of a cationic surface coating
control the properties of the nanoparticles created.”**
Previous studies have shown that cross-linked polymer nanogels
can be an effective way to encapsulate and deliver drugs.'®?®
Polymeric nanogels as delivery systems have been shown to have
exceptional stability,”*™® respond to biologically relevant stimuli,
allow for additional surface functionalization with cell targeting
ligands and be easy to formulate.***

Carbomer nanogels have been successfully used to encapsulate
several cationic antibacterial and antimould agents which have
good aqueous solubility'®**?%*° Al-Awady et al'®* reported
encapsulation of berberine and chlorhexidine into polyacrylic
nanogel particles using a swelling/deswelling technique and
showed that the functionalisation of berberine-loaded-nanogel
particles with a cationic polymer improved their antimicrobial
activity. The cationic polymer coating can allow the control of the
nanoparticle’s surface charge and promote adhesion to microbial
cell walls, which have a negative surface charge in aqueous
media.>*?*?1733394143 A more comprehensive overview on the
use of nanotechnology for antimicrobial and antibiofilm applica-
tions can be found in the recent reviews of Weldrick et al** and
Evans et al.*® In the present study we focus on exploring a similar
idea of applying surface-coated carbomer nanogels with a payload
of widely used antimould agents like Ziram and IPBC to treat
mould cultures.

Here, we explore antimould agent-loaded nanogels, surface
functionalised with the cationic polymer PDAC on both
P. chrysogenum and A. niger. Our approach is based on encap-
sulating Ziram or IPBC for antimould applications by using
carbomer nanogels based on a partially cross-linked polyacrylic
acid co-polymer. We evaluated the stability of the Ziram- or
IPBC-loaded nanogel, its encapsulation efficiency, the controlled
release of encapsulated payload and the toxicity of the formed
Ziram or IPBC-nanogel complexes and their surface functiona-
lised versions. Fig. 1A describes schematically the encapsulation
steps of Ziram or IPBC into the nanogel and the surface
functionalisation with PDAC of the produced nanocarriers. The
retention of the Ziram or IPBC in the core of the nanogel is based
on electrostatic interaction with non-covalent bonding to ensure
further slow release of the antimould agent upon incubation of
the loaded nanogel particles with the tested mould. We also
explored the effect of the ways of delivery of the nano-
formulation on its antimould efficiency (Fig. 1C).

2. Materials and methods

2.1. Materials

All glassware used in this work was washed with deionized
water and commercial detergent, then with absolute ethanol
and rinsed with deionized water. Dettol Mould and Mildew
Remover™ spray, purchased from a local supermarket, and
ethanol spray were used to clean the benchtops and all working
surfaces to minimize the risk of spreading of mould spores and
cross-contamination. Sodium hydroxide and hydrochloric acid

Mater. Adv,, 2022, 3, 8178-8192 | 8179
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Fig. 1

(A) Schematic diagram for the encapsulation of Ziram or IPBC into Carbopol Aqua SF1 nanogel particles by using swelling/deswelling cycles of the

nanogel in basic (pH 8) and subsequently acidic (pH 5.5) medium, respectively. The Ziram- or IPBC-loaded nanogel was surface coated with PDAC
(cationic polyelectrolyte). (B) The structural formulas of the Ziram, IPBC, PDAC and Carbopol. (C) Schematics of the four methods of application of the
free and nano-formulated antimould agents in Carbopol Aqua SF1 coated with PDAC at various antimould concentrations to the mould species

(P. chrysogenum and A. niger).

(both 99.6%) were sourced from Fisher Scientific, UK. 0.1 wt%
Carbopol Aqua SF1 acrylic co-polymeric nanogel aqueous
suspension was sourced from SurfaChem Group Ltd, (Leeds,
UK) as a ~35 wt% solid in water). Potato dextrose agar (PDA,
from Sigma-Aldrich, UK) was used as a culture medium of the
mould. Ethanol (>99.97%) was purchased from Sigma Aldrich,
UK. Non-impregnated 5 mm filter paper discs, as well as the
two mould species studied in this work, P. chrysogenum and
A. niger, were purchased from Blades Biological, Kent, UK
(a local UK distributor of www.carolina.com). Antimould
agents, zinc bis(dimethyldithiocarbamate), (Ziram, analytical
grade) and 3-iodo-2-propynyl N-butylcarbamate (IPBC, 97%)
were sourced from Sigma-Aldrich, UK. Deionized water was
used in all the work, produced by reverse osmosis with a MilliQ
filtration station (Millipore) with resistivity of the water of
18 MQ cm ™! (at 25 °C).

2.2. Loading antimould agents into the Carbopol Aqua SF1
nanogel

The nanogel suspension was prepared from 0.10 g of 35 wt%
stock solution by dispersing in 20 mL deionized water, followed
by adjusting the pH to 8 using drops of 0.25 M NaOH (aq)
monitored by using a pH meter (Fisherbrand Hydrus 300). An
aqueous solution of the antimould agent (75 mL of 0.2 wt%
IPBC or Ziram) was gradually added to the Carbopol Aqua SF1
nanogel suspension using a syringe pump (Harvard Apparatus,
Pump 11 Elite) under constant stirring. The resultant aqueous

8180 | Mater. Adv, 2022, 3, 8178-8192

suspension was stirred for an additional 30 min and then its
pH was decreased to 5.5 using drops of 0.25 M HCI (aq)
solution with stirring. The suspension was centrifuged (2 x
30 min, 12000 rpm) using the Sorvall Legend X1 Centrifuge
(ThermoFisher Scientific, UK). The supernatant was taken to
measure the encapsulation efficiency of each antimould agent
in the nanogel and the pellets were washed twice in deionized
water. The last pellet was then redispersed in deionized water
using an ultrasonic bath (Grant Instruments, MXB Series) and
the pH of the solutions is increased to pH 8 using 1-2 drops of
0.25 M NaOH (aq) solution. The resulting suspension was
stirred to make sure all aggregated Carbopol nanogel was
swelled at pH 8 and then the pH of the solution was decreased
to pH 5 using acetate buffer solution. The total volume of each
antimould agent loaded in the Carbopol Aqua SF1 nanogel
suspension was kept constant at 100 mL.

2.3.
PDAC

Surface coating of the Carbopol Aqua SF1 nanogel with

After loading with the antimould agent, the nanogel suspension
was sonicated in an ultrasonic bath (Grant Instruments, MXB
Series) before being mixed with the PDAC solution (Sigma-
Aldrich). This cationic polyelectrolyte was used to reverse the
surface charge of the Carbopol Aqua SF1 nanogel from negative
to positive (Fig. 1A). For example, to form 0.01 wt% PDAC coated
0.1 wt% Carbopol Aqua SF1 nanogel, 1 mL 0.1 wt% PDAC
solution was rapidly mixed with 9 mL of the nanogel suspension

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(at 0.11 wt%) at pH adjusted in the range of 4.75-5.00 using
an acetate buffer solution (1-2 drops) with intensive stirring.
The produced cationic nanoparticles were characterized using a
Zetasizer Nano ZS, (Malvern Instruments, UK).

2.4. Preparation of the mould growth medium

All described experiments are conducted with this PDA media.
PDA media was prepared as follows: 39 g of PDA was dissolved
in 1 L of deionized water, autoclaved at 121 °C for 15 min and
poured into sterile Petri dishes in a sterile field over a Bunsen
burner. The dishes were half-filled with PDA media and left
undisturbed until the agar solution solidifies.

2.5. Seeding of the mould samples into the PDA loaded Petri
dishes

Before preparing the Petri dishes with PDA, all of the hood
surfaces were cleaned by spraying with ethanol. The mouths of
the tubes were sterilized before and after use (using the flame
of a Bunsen burner). Using a sterile micropipette, one drop of
the mould suspension was transferred to the centre of a Petri
dish. The lid of the Petri dish was closed and labelled with the
name of the culture and the date; then a thin strip of parafilm
was wrapped around the sides of the plate to cover the opening.
The Petri dishes were placed in an incubator at 25 °C. After
6 days, a small amount of the grown mould was collected from
the centre of the Petri dish and dispersed into a tube with
autoclaved water. This suspension was used to do the experi-
ments with these mould species, as described below.

2.6. Assessment of the antimould activity of
nanogel-encapsulated Ziram and IPBC towards
P. chrysogenum and A. niger

A series of PDA-loaded Petri dishes were used to determine the
antimould activity of the Ziram- and IPBC-loaded nanogel
formulations. For this purpose, 0.5 mL of the tested formula-
tion was carefully spread on the PDA gel plate by shaking the
Petri dish to disperse the fungicide across the entire gel surface.
The Petri dishes were left for one hour to allow the PDA gel to
absorb the liquid and then were placed vertically to eliminate
any excess liquid. A dispersion of the mould spores was
prepared in autoclaved water, as described in the previous
section. Sterile non-treated filter paper disks were then dipped
in this dispersion and further placed in the centre of each PDA
gel-loaded Petri dish with the help of tweezers while taking care
not to touch the surface of the agar plate. Finally, the Petri lid
was closed, and the plate was labelled, including the name of
the culture and the date. Petri dishes were wrapped with a thin
strip of parafilm around the sides of the plates to cover the
opening. The culture was put in an incubator (Stuart, Orbital
Incubator, SI500), at 25 °C. Digital photographs of the PDA-gel
plates were taken over a period of 5 to 7 days at the same time
every day to evaluate the growth of the mould samples. These
images were then analysed with the software Image] to measure
the colony diameter size and produce a graph of the colony
average diameter versus time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characterization of the PDAC-modified Carbopol
nanogels loaded with Ziram or IPBC

In order to encapsulate Ziram into the Carbopol nanogel, the
antimould agent must be soluble in water, and its concentration
must not exceed the solubility limit. At concentrations of Ziram
in aqueous solutions above its molecular solubility limit, it turns
into a colloidal suspension. This colloidal form of Ziram makes
impossible its direct encapsulation from aqueous solution into
the Carbopol nanogel by pH swelling/deswelling cycles.'®®
We tested visually for the presence of aggregates in the Ziram
solution by using a laser pointer test which allows the visual
detection of the presence of these particulates for the concen-
tration range 0.01-0.2 wt% (see Fig. S1, ESIt). The visibility of the
laser beam going through the Ziram solution indicated that the
solution is colloidal due to the so-called Tindal effect. Light from
the laser beam gets scattered by the colloid particles of Ziram
and becomes visible by the side observer, which would not
be possible at concentrations where the Ziram is forming a
molecular solution. One can see that Ziram forms a molecular
solution in water at concentrations below 0.04 wt%. As the
addition of the antimould agent into Carbopol nanogel occurs
at pH 8 and at room temperature, the antimould agent must be
soluble under these conditions. Therefore, for the purpose of
our study we used concentrations of Ziram less than or equal to
0.02 wt% in our nanogel encapsulation protocol.

Fig. S2 (ESIt) shows that above the solubility limit of IPBC,
aggregates start to be formed and the resultant IPBC particles
cannot be encapsulated in the Carbopol nanogel. As the addition
of the antimould agent into the Carbopol nanogel occurs at pH 8
and at room temperature, the antimould agent must be soluble
under these conditions. We utilized the Tyndall effect with a
laser beam test for a series of IPBC solutions of different overall
concentrations, which allowed us to detect the concentration
limit above which IPBC starts forming aggregates. Fig. S2 (ESIT)
shows that at pH 8, IPBC solutions of concentrations from
0.005 wt% to 0.04 wt% do not scatter light and IPBC forms a
molecular solution. On the contrary, above the IPBC concen-
tration of 0.04 wt%, the IPBC solutions are colloidal. As the six
IPBC solutions from 0.005 wt% to 0.04 wt% seem to meet the
necessary conditions detailed before, they were used for the
experiments of encapsulation within Carbopol and further coating
with PDAC to induce a positive surface charge.

We studied the zeta potential and particle mean hydro-
dynamic diameter of the Carbopol Aqua SF1 nanogels loaded
with Ziram or IPBC and then coated with PDAC. Fig. S3A (ESIt)
shows that the encapsulation of Ziram into the nanogel particles
following our protocol did not induce a significant variation of
the zeta potential compared with the non-loaded nanogel alone.
However, the coating of these nanocarriers with PDAC reversed
the zeta potential from negative, —35 £+ 6 mV, to positive, 15 +
10 mV. Fig. S3B (ESIt) shows that the size of the nanocarriers
after the encapsulation of Ziram into the Carbopol Aqua SF1 is
higher (140 + 3 nm) than the size of the non-loaded Carbopol
nanogel particles alone (100 & 2 nm) at pH 5 where the nanogel

Mater. Adv,, 2022, 3, 8178-8192 | 8181


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00271j

Open Access Article. Published on 07 September 2022. Downloaded on 1/14/2026 5:25:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Paper

35
FP. chrysogenum A

w
<

N
]

Colony diameter/nm
n 8

—
(=}

-
=]

Colony diameter/nm
N w
(] =]

10

Time/days

Time/days

< 0.1 wt.% Carbopol
-@-(0.1 wt.% Carbopol + 0.02 wt.% Ziram

-%-Control

-2-(.02 wt.% Ziram

0 0.1 wt.% Carbopol + 0.02 wt.% Ziram + 0.01 wt.% PDAC

Fig. 2 The diameter growth of the P. chrysogenum (A) and A. niger (B) colony over the period of 7 days on PDA media. The PDA media has been
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the mould suspension was put in the centre of each Petri dish. The growth was monitored by digitally photographing the PDA gel plate every day at the
same hour by measuring the average diameter of the colony. The error bars in some of the data points are within the scale of the data symbol.

is in a collapsed state. However, the average hydrodynamic
diameter of these nanogel particles coated with PDAC was
similar to the one of the non-coated nanogel. This is consistent
with the deposition of a single layer of PDAC on the nanocarrier
surface, which is known from the literature to be around 1.5 nm
in thickness.>* We also found that the encapsulation of IPBC
into the Carbopol nanogel particles does not produce a signifi-
cant change in the zeta potential compared to the Carbopol
nanogel alone (Fig. S3C, ESIt). However, the coating of the
nanocarriers with PDAC reverses their zeta potential from a
negative (—40 + 2 mV) to a positive value (20 + 5 mV), ie.
makes them surface cationic. The PDAC coating is expected to
increase the adhesion between the positively charged antimould-
loaded nanocarriers and the negatively charged cell walls of the
mould hyphae and spores.

Fig. S3D (ESIf) shows that the average hydrodynamic
diameter of the nanocarriers after the encapsulation of IPBC
into Carbopol is higher (140 + 3 nm) than the size of the
nanogel particles alone (100 + 2 nm). The IPBC-loaded nano-
carrier particle size after coating with PDAC was also similar to
the size of the non-coated nanocarriers.

3.2. The antimould activity of Ziram and Ziram-loaded
Carbopol nanogels

3.2.1. Method 1 - antimould agent applied on the PDA gel
plate surface. We compared the antimould activity of free Ziram
and Ziram-loaded Carbopol nanogels (non-coated) on the same
mould cultures, P. chrysogenum and A. niger in order to
determine whether the loading of Ziram within the Carbopol
nanogel particles could enhance the Ziram antimould activity.
Method 1 consisted of preparation of PDA media, autoclaving it,

8182 | Mater. Adv, 2022, 3, 8178-8192

pouring it into Petri dishes and finally, after setting adding
0.5 mL of each formulation on the top of each Petri dish. Then, a
little disk of filter paper impregnated with the mould spores was
placed in the centre of the Petri dish.>> One can see that the
nanogel alone has no effect on the mould growth. According to
Fig. 2A and B, 0.02 wt% Ziram concentration suppressed the
growth of both A. niger and P. chrysogenum until day 4 (purple
line). After this time, the colony diameters start to increase for
both kinds of moulds. Hence, the 0.02 wt% Ziram concentration
marks the threshold of antimould action.

However, with this method of delivery of the Ziram formulations
on the gel plate surface, we found that neither Ziram loaded into
Carbopol nanogel (red line) nor Ziram loaded in Carbopol nanogel
and further coated with PDAC (yellow line) seem to influence the
growth of both A. niger and P. chrysogenum. Fig. S4A and B (ESIY)
show that 0.05 wt% (orange line), 0.1 wt% (grey line) and 0.2 wt%
(yellow line) Ziram concentration did not prevent the growth of
A. niger and P. chrysogenum for the first 4 days of monitoring. In the
samples treated with 0.02 wt% of free Ziram, the mould growth was
suppressed until day 4 (blue line), but after that, the colony
diameters started to increase for both A. niger and P. chrysogenum.
We also examined the effect of the cationic polyelectrolyte PDAC on
the mould growth. Fig. S4A and B (ESIt) show that the presence of
PDAC at any concentration in the range 0.005-0.1 wt% does not
seem to affect the mould growth.

To gain a better insight into the growth of the A. niger and
P. chrysogenum samples on the PDA gel plates and to under-
stand the reason for the lack of antimould action with nanogel-
encapsulated Ziram, we imaged a cross-section of the gel with
an optical microscope, as shown in Fig. 3. Fig. 3B, F, D and H
show optical microscope images of A. niger and P. chrysogenum

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical microscope images of a section of the PDA media from Petri dishes of A. niger alone (A and E) and A. niger + 0.02 wt% Ziram (B and F).
(A and B) were taken on the 2nd day, while (E and F) were taken on the 4th day since the inoculation of the gel plate with the mould. Optical microscope
images of a section of the Petri dishes with a growing colony of P. chrysogenum alone (C and G) and P. chrysogenum + 0.02 wt% Ziram (D and H). (C and
D) were taken on the 2nd day, while (G and H) were taken at the 4th day since the inoculation of the PDA gel plate with the mould. (I) The schematic of
the electrostatic interaction between PDAC-coated Ziram- or IPBC-loaded Carbopol microgel particles and the outer cell membrane of mould hyphae
in which the IPBC or Ziram is delivered locally on the mould cell membrane.

mould after incubation with Ziram for up to 4 days. After 2 days
of culturing in Petri dishes with PDA media, both A. niger and
P. chrysogenum mould hyphae begin to appear, as shown in
Fig. 3A, E, C and G.

Note that both A. niger and P. chrysogenum were growing
their hyphae network through the gel. This indicates that both
A. niger and P. chrysogenum were propagating deeply under the
surface of the PDA gel plate and thus, bypassing the antimould
nanocarriers which are deposited on the gel surface. The
optical microscope images in Fig. 3B, F, D and H also show
that the presence of Ziram at a concentration of 0.02 wt%
suppressed the growth of both A. niger and P. chrysogenum only
for the first 4 days. Optical microscope images of these mould

© 2022 The Author(s). Published by the Royal Society of Chemistry

samples on PDA gel indicate that they were growing inside the
gel, which makes them even more difficult to kill by antimould
formulation treatment of the surface of the gel. Indeed, by
spreading their hyphae and spores inside the gel they were able
to avoid the zones with antimould agent irrespective of the
presence of the nanoformulation of Ziram. Hence, the mould
bypasses the antimould nanocarriers by growing through the
gel which effectively “filters out” the nanocarrier and offsets its
action away from the hyphae. This insight led us to rethink the
setting of the antimould testing method.

Therefore, in addition to the direct spreading of the tested
antimould formulation on top of the PDA gel plate (Method 1),
several additional settings were explored, such as (Method 2)

Mater. Adv.,, 2022, 3, 8178-8192 | 8183
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Fig. 4 The diameter of the growing P. chrysogenum (A) and A. niger (B) colony over a period of 7 days on PDA gel media. Testing Method 1 was applied
and the mould growth was monitored every day at the same hour by measuring the diameter of the colony. Optical microscopy images of sections of the
PDA gel from the sample of A. niger alone (C and G) and A. niger + IPBC 0.04 wt% (D and H). (C and D) were taken after 2 days, while (G and H) were taken
after 4 days, respectively. Microscope images were taken of a cross-section of the PDA gel with a colony of P. chrysogenum alone (E and |) and
P. chrysogenum + IPBC 0.04 wt% (F and J). (E and F) were taken after 2 days, while (I and J) were taken after 4 days. The error bars in some of the data

points are within the scale of the data symbol.

mixing the antimould nanocarrier formulation with the gel
media, (Method 3) mixing with the growth media and applying
on top of the gel, and (Method 4) applying the antimould
formulation on top of the seeding disk with the mould (see
Fig. 1C). The results indicate that the threshold of the free
Ziram concentration efficient to prevent the mould growth is
0.02 wt%. However, we found that electrostatic attraction
between the PDAC-coated Ziram-loaded Carbopol nanogel sus-
pension particles and the outer cell membrane of mould as
schematically shown in Fig. 31 did not result in enhancement of
the antimould action of Ziram. The most likely reason for this
result is the inability of the nanoparticles to penetrate deeply

8184 | Mater. Adv,, 2022, 3, 8178-8192

into the gel media and reach the hyphae, which grow under-
neath. However, the free Ziram solution can penetrate the PDA
gel and reach the hyphae, which explains why it is active under
these conditions.

3.3. The antimould activity of IPBC-loaded Carbopol nanogels

3.3.1. Method 1 - antimould agent applied on the PDA gel
plate surface. The antimould activity of the IPBC-loaded
Carbopol nanogels was also evaluated against both moulds
(A. niger and P. chrysogenum) for a formulation of 0.04 wt%
IPBC encapsulated in 0.1 wt% Carbopol nanogel, coated with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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0.01 wt% PDAC. Method 1 for the application of the sample was
done as described in the previous section.

Fig. 4A and B, 0.04 wt% IPBC encapsulated in 0.1 wt%
Carbopol nanogel and coated with 0.01 wt% PDAC (yellow line
in Fig. 4) did not have a measurable effect on the growth of both
A. niger and P. chrysogenum under Method 1 of application.
For these samples, the growth of both moulds was similar to
the growth of the control samples. However, 0.04 wt% free IPBC
aqueous solution (the orange line in Fig. 4) completely sup-
pressed the growth of both A. niger and P. chrysogenum. This
observation means that this concentration of free IPBC is high
enough to inhibit the growth of both types of moulds. 0.04 wt%
IPBC encapsulated in 0.1 wt% Carbopol (the grey line in Fig. 4)
also has a negligible effect on their growth. This is counter-
intuitive as one would expect the PDAC to amplify the action of
the encapsulated IPBC. Fig. 4C, G, E and I show that the A. niger
and P. chrysogenum mould in the control sample grows faster
than in other Petri dishes treated with 0.04 wt% free IPBC. The
control sample grew after day 2, while mould samples treated
with the 0.04 wt% IPBC did not grow at all, i.e. the sample
diameter stayed at 5 mm. After 2 days of culturing on the PDA
gel media, both A. niger and P. chrysogenum mould growth
begin to appear, as shown in Fig. 4C, G, E and I. Recalling
that both moulds were growing through the gel, this is not
surprising as it allows them to avoid the antimould action of
the IPBC nanocarriers which has been placed on the top of the
gel plate. It was found that the presence of IPBC at the
concentration of 0.04 wt% displayed a strong antimould activity
against both A. niger and P. chrysogenum (Fig. 4D, H, F and ]).
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Since the nanocarriers cannot penetrate through the PDA gel, the
concentration of IPBC that reaches the hyphae is much lower,
which prevents the antimould agent from reaching the growing
mould hyphae under the gel at high enough concentrations.

Fig. S5 (ESIt) shows that the mould in the control sample
grows faster than other Petri dishes treated with the free IPBC,
IPBC encapsulated in 0.1 wt% Carbopol nanogel, and IPBC
encapsulated in 0.1 wt% Carbopol nanogel coated with 0.01 wt%
PDAC over the period of 7 days. Typically, the mould colony grew
from a diameter of 5 mm until it reached 53 mm for A. niger and
33 mm for P. chrysogenum after day 7, while mould samples
treated with the free IPBC-based antimould formulations did not
grow at all and the sample diameter stayed at 5 mm. It was found
that free IPBC on its own had a significant antimould activity
against A. niger and P. chrysogenum at concentrations of 0.04 wt%
and suppressed the mould growth. Like the experiments with
Ziram formulations, we also did several different settings with
Methods 2 and 3 by putting the antimould nanocarrier solution
inside and on top of the PDA gel instead of on the top of the gel
only (Method 1).

3.3.2. Method 2 - mixing of the antimould formulation
with the growth medium. In this method, we studied the
antimould properties of the IPBC encapsulated in Carbopol
nanogel coated with PDAC against A. niger and P. chrysogenum
by mixing them with the liquid PDA medium at 40 °C before the
gel sets on the plate at 25 °C. The rationale behind this is that
the hyphae of both kinds of mould grow through the PDA gel
and propagate, which leaves the possibility for the hyphae
to bypass any antimould nanocarriers in the suspension
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Fig. 5 The colony diameter growth of P. chrysogenum (A) and A. niger (B) over the period of 7 days on PDA media. The media was prepared, autoclaved
and then the 4 different formulations of nanocarrier were mixed with the growth medium. Method 2 consisted in preparing PDA media, autoclaving it,
cooling to 40 °C and then mixing it with the antimould nanocarrier suspension, and finally pouring it into each Petri dish to quickly set at room
temperature. Then, a sterile filter paper disk impregnated with the mould suspension was put in the centre of each Petri dish. The error bars in some of
the data points are within the scale of the data symbol.
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formulation when it is applied only on the surface of the
PDA gel plate. Method 2 consisted in preparing PDA media,
autoclaving it, and then mixing it with a fixed aliquot of the
antimould nanocarrier suspension at a room temperature just
before gelling, and finally pouring it into each Petri dish. Then,
a 5 mm sterile disk of filter paper impregnated with the mould
suspension was carefully placed in the centre of each Petri
dish.*® Every formulation of IPBC encapsulated in Carbopol
nanogel coated with PDAC (yellow, orange, purple and grey
lines) made according to Method 2, suppressed the growth of
both A. niger and P. chrysogenum for up to 4 days. After that, the
colony diameter started to increase for both kinds of moulds.
This set of experiments, which is incorporating the nanocarrier
suspension inside the culture media, prevented the mould
from bypassing the antimould agent. Fig. 5A and B show the
results of the antimould tests of both moulds species where the
control samples of untreated mould were compared with the ones
treated with free IPBC, IPBC encapsulated in Carbopol nanogel and
IPBC encapsulated in Carbopol nanogel coated with PDAC.

Note that when dispersed in the gel matrix, the free IPBC
also showed an antimould effect on A. niger and P. chrysogenum.

60 60

Aspergillus niger

View Article Online

Paper

We found that at a concentration of 0.04 wt% free IPBC, the
growth rate of A. niger and P. chrysogenum reduced several-fold
compared with the control samples of the untreated mould. A
strong impact of the free IPBC on A. niger and P. chrysogenum
was observed after 5 days of incubation at 25 °C.

According to Fig. 5A and B, 0.04 wt% IPBC solution (the
green line) totally suppressed the growth of A. niger and
P. chrysogenum for 7 days. However, 0.02 wt% free IPBC solution
(red line) prevented the growth of these moulds until day 6
since inoculation. The concentration of 0.04 wt% of free IPBC
seems to be the threshold. Fig. 5A and B show that without an
antimould agent, the mould has a growth diameter of 53 mm
for A. niger and 28 mm for P. chrysogenum after 7 days, while it was
found that different formulations of antimould nano-

carriers have a high antimould activity against both A. niger and
P. chrysogenum. This shows that when dispersed throughout the
matrix of the growth media, the antimould nanocarriers effectively
kill the spreading mould and suppress its growth (Fig. S6, ESIT).

The experimental data show that by increasing the IPBC
content encapsulated in the nanogel from 0.04 wt% to 0.15 wt%
increases

the antimould activity strongly and becomes
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Fig. 6 The average colony growth diameter of A. niger (A—C) and P. chrysogenum (D—F) as a function of time. The control samples of both moulds were
kept under the same conditions without treatment with antimould agent for the same period and the suspensions of IPBC encapsulated in 0.1 wt%
Carbopol Aqua SF1 nanogel and coated with 0.01 wt% PDAC at various IPBC concentrations. Method 3 consisted of preparing PDA media, autoclaving it,
cooling to room temperature, and then mixing it with a nanocarrier suspension, pouring it into each Petri dish, and finally after the agar sets, spreading
0.5 mL of each formulation on the top of the gel. Then, a sterile filter paper disk impregnated with the mould has been put in the centre of each Petri dish.
The error bars in some of the data points are within the scale of the data symbol.
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comparable with the free IPBC formulation at 0.04 wt%. The IBPC
encapsulation however provides a sustained release of IPBC over
the period of 7 days against both A. niger and P. chrysogenum even
for very short times. We did not see an enhancement of the IPBC
action with the nanocarrier-encapsulated IPBC as it releases lower
concentration of IPBC over a longer period. The PDAC coating also
proved of no benefit to the antimould action as the nanocarriers get
trapped in the gel and cannot freely migrate towards the growing
hyphae. One would expect such enhancement to occur if the PDAC
can promote adhesion of the nanocarrier to the hyphae and the
spores of the mould. However, here the effective immobilization of
the nanocarrier particles within the gel media prevents them from
achieving this and to adhere on the cell walls where they could
release more concentrated IPBC causing mould death.®*

Method 2 as an application of the nanoformulation gave
superior results compared with Method 1, described in the
previous section.

-~ Control
x- IPBC 0.04 wt.%
-@- IPBC 0.02 wt.%

View Article Online
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3.3.3. Method 3 - antimould agent (nanocarriers
suspensions) in the bulk and the surface of the growth media.
The technique used in Method 2 was followed here as outlined
above with mixing of the antimould agent (nanocarriers
suspensions) with the PDA media. To further strengthen the
antimould action, we mixed the antimould nanogel particle
suspension with the PDA media above its gelling point
(in liquid state) and after its gelling we also added the same
antimould agent on the top of the gelled medium, similarly as
described in Method 1. Method 3 consisted of preparing PDA
media, autoclaving it, and then mixing it with the antimould
nanocarrier suspension, pouring it into each Petri dish, and
finally after the agar sets, spreading 0.50 mL of each formulation
on the top of the PDA gel plate. Then, a 5 mm filter paper disk
with the mould suspension was put in the centre of each Petri
dish.?® Hence in Method 3, we had antimould agent both in the
bulk of the growth media and on its surface.
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Fig. 7 The average colony growth diameter of P. chrysogenum (A and C) and A. niger (B and D) as a function of time. The control samples of both types
of mould were kept under the same conditions without treatment with antimould agent for the same period and the suspensions of IPBC encapsulated in
0.1 wt% Carbopol Aqua SF1 nanogel coated with 0.01 wt% PDAC at various IPBC concentrations. The antimould formulation was applied by using Method 4,
i.e. directly on the top of each paper disk containing the mould spores. The error bars in some of the data points are within the scale of the data symbol. The
error bars in some of the data points are within the scale of the data symbol.
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Fig. 6A and 6D show the antimould effect of the suspensions
of IPBC encapsulated in 0.1 wt% Carbopol nanogel coated with
0.01 wt% PDAC at various IPBC concentrations on A. niger and
P. chrysogenum at various times since inoculation. Fig. 6A
indicates that the growth diameter of the A. niger spot in the
presence of the antimould nanocarrier suspension agent was
found to be around 5 mm compared with the untreated sample
of 53 mm after 7 days. These results also show that the
0.04 wt% IPBC encapsulated in 0.1 wt% Carbopol nanogel
coated with 0.01 wt% PDAC has an impact on mould - see
Fig. S7 (ESIT). Control samples of A. niger and P. chrysogenum
were kept under the same conditions without treatment with
antimould agent for the same period.

Although there is a substantial effect from the cationic
nanocarriers, their antimould action was found to be lower
than the equivalent concentration of free IPBC.

In order to examine the effect of the PDAC coating, we also
did the same experiment with IPBC without PDAC coating.
Surprisingly, the data in Fig. 6B and E indicate that the 0.02-
0.04 wt% of IPBC loaded in Carbopol nanogel without coating
with PDAC had an extremely strong effect on A. niger and
P. chrysogenum, suppressing the growth along all 7 days since

View Article Online

Paper

inoculation for both types of mould. As it can clearly be seen,
on day 7 the growth diameter of P. chrysogenum was around
5.5 mm compared with the control samples of diameter 28 mm.
Since in both Methods 2 and 3, the antimould nanocarrier
suspension formulation is applied in the bulk of the PDA-gel,
the hyphae of both A. niger and P. chrysogenum cannot grow
effectively within it, which has a strong influence on their
propagation - the latter was well suppressed for all formula-
tions for over 7 days.

This was an unexpected result as it was anticipated that the
negative charge of the nanogel particles loaded with IPBC will
keep them apart from the mould hyphae surface within the gel
but their strong antimould effect (Fig. 6B and E) came opposite
to the expectations since the cell walls of A niger and
P. chrysogenum are both negatively charged. It also shows
that the moulds respond differently to cationic nanocarriers
compared to bacteria and yeast.>®**° One possible explanation
is that the non-coated IPBC nanocarriers have some mobility
through the PDA gel and do not get attached to negatively
charged groups on the gel network. Fig. 6C and F represent a
comparison between the antimould action of different concen-
trations of IPBC encapsulated in 0.1 wt% Carbopol nanogel.

Aspergillus niger (Method 4) - antimould agent on top of the paper disk
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Fig. 8 Digital photographs of the PGA-gel plates containing A. niger sample seeded in the centre and treated with antimould agent (free IPBC and IPBC
encapsulated in 0.1 wt% Carbopol nanogel and coated with 0.01 wt% PDAC) at various IPBC concentrations. The antimould formulation was applied by
using Method 4, i.e. directly on the top of each paper disk containing the mould spores.
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Control samples of A. niger and P. chrysogenum were kept under
the same conditions without treatment with antimould agent
for the same period. The control as well as the non-loaded
0.1 wt% Carbopol nanogel and the free PDAC at 0.1 wt% samples
had no measurable effect on the growth rate of P. chrysogenum and
only minor impact on the growth of A. niger (Fig. 6C and F).

Fig. S7 (ESIt) shows that IPBC encapsulated in 0.1 wt%
Carbopol nanogels has an extremely strong impact on A. niger
and P. chrysogenum. The growth rate of the mould decreased
after day 7. On day 7 the growth diameter was around 5 mm
compared with the control samples of diameter 53 mm for
A. niger and 28 mm for P. chrysogenum.

3.3.4. Method 4 - antimould (nanocarriers suspensions)
agent applied on the paper disc with mould seeded on a PDA-
plate. The antimould action of free IPBC and its nanocarrier
suspensions (0.1 wt% Carbopol nanogel coated with 0.01 wt%
PDAC at various IPBC concentrations) were also studied against
both moulds (A. niger and P. chrysogenum) at overall 0.02 wt%
IPBC and 0.04 wt% IPBC concentration of the antimould agent.
In this way, we deposited paper discs with the mould suspen-
sion also impregnated with the antimould agent. Method 4
consisted in preparing PDA media, autoclaving it and pouring it

View Article Online
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into each Petri dish. A filter paper disk impregnated with
mould spores was placed in the centre of each Petri dish.
Finally, 0.5 mL of each formulation was added directly on the
top of each paper disk containing the mould spores.®® It was
found that the free IPBC and IPBC encapsulated in 0.1 wt%
Carbopol nanogel coated with 0.01 wt% PDAC at various IPBC
concentrations showed a strong antimould activity against both
A. niger and P. chrysogenum (Fig. 7A-D) after day 4. Fig. 7 shows
that without an antimould agent (free IPBC and IPBC encapsu-
lated in Carbopol nanogel coated with PDAC), the mould has a
growth diameter of 35 mm for A niger and 17 mm for
P. chrysogenum after 4 days, while in the presence of antimould
agent (0.02 wt% IPBC and 0.04 wt% IPBC concentration) the
mould did not grow with the growth diameter staying at 5 mm
(within the size of the paper disc).

According to Fig. 7A-D, all formulations of IPBC-loaded
nanogel particles coated with PDAC applied using Method 4
(the yellow and orange lines) strictly inhibited the growth of
A. niger and P. chrysogenum for up to 4 days, but after that the
colony diameter increases suddenly. The goal of setting the
experiment in Method 4, by placing the nanocarrier formula-
tion on the paper disk containing the mould spores, was to kill

P Chrysogenum (Method 4) - antimould agent on top of the paper disk
Day 4
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C
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Fig. 9 Digital photographs of the PGA-gel plates containing A. niger spore
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samples seeded in the centre and treated with antimould agent (free IPBC

and IPBC encapsulated in 0.1 wt% Carbopol nanogel and coated with 0.01 wt% PDAC) at various IPBC concentrations. The antimould formulation was
applied by using Method 4, i.e. directly on the top of each paper disk containing the mould spores.
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the mould spores before they can develop and propagate their
hyphae through the gel.*® It can be seen that the PDAC-coated
IPBC-loaded Carbopol nanogel suspensions had a strong anti-
mould impact threshold concentration of 0.04 wt% IPBC and
reduced the growth of A. niger and P. chrysogenum after 4 days
(Fig. 7A and B).

The same experiment was repeated with P. chrysogenum and
A. niger to check if the IPBC-loaded Carbopol nanogel suspen-
sion is also a good antimould agent across various mould
species (Fig. 7C and D). The control sample of the mould was
kept under the same conditions without treatment with the
antimould agent for the same period. In controls, the mould
colony grew after day 4 to an average diameter of 17 mm for
P. chrysogenum and 35 mm for A. niger, respectively. It was
found that the growth rate of the mould reduced significantly
compared with the control (Fig. 8 and 9). The data in Fig. 8 and
9 show that the growth spot did not change significantly from
days 0 to 7 apart from the control. All tested IPBC-loaded
Carbopol nanogel suspension concentrations used seem effective
in subduing the mould growth. However, the PDAC-coated IPBC
nanocarriers proved to be less efficient in suppressing the mould
growth than free IPBC at equivalent overall concentration.
Furthermore, the results show that free IPBC solutions in the
concentration range 0.02-0.04 wt% have similar efficiency for
both molds in their antimould action compared with the
equivalent amount of IPBC-loaded Carbopol nanogel suspen-
sions. This may potentially be explained by the fact that the
IPBC-loaded Carbopol nanogel suspensions sustain the release
of their payload over a long period of time, which allows the
concentration of the free IPBC in their formulation to be
maintained over the testing period in aqueous media.'®*® In
Table S1 (ESIt) we have presented the nanogel compositions
with an optimal antimould effect in the table below for
P. chrysogenum and A. niger and the Carbopol-loaded with
Ziram- and IPBC with and without coating with PDAC.

4. Conclusions

We have developed a novel surface functionalized nanocarrier
for Ziram or IPBC based on lightly cross-linked acrylate copo-
lymer nanogel particles (Carbopol Aqua SF1). This nanocarrier
was additionally functionalised by surface coating with the
cationic polyelectrolyte PDAC. Ziram or IPBC-loaded nanogels
were characterized by their particle size and zeta potential and
their antimould activity has been examined on A. niger and
P. chrysogenum with and without coating with PDAC. Both
moulds were cultured on PDA gel plates with four different
methods for application of the antimould formulation: (i) on
the PDA gel surface; (ii) mixing with the PDA media; (iii)
combination of (i) and (ii), and (iv) on top of the mould seeding
disk. The obtained results provided insights into the ways the
mould propagates through the media by bypassing the action
of the antimould nanocarrier and the challenges in overcoming
these by changing the application method. Our results showed
that the encapsulation of IPBC into Carbopol and the coating of
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these entities with PDAC did not enhance the antimould action
as reported in antibacterial studies in the literature, although
methods (iii) and (iv) can increase its antimould efficiency.
Microscope images of these moulds on PDA gel showed that the
mould hyphae were growing inside the gel, which makes them
even more difficult to kill by antimould nanoformulation
treatment of the gel surface. Indeed, by spreading their hyphae
and spores inside the gel they were able to avoid the zones
with antimould agent. Therefore, pre-mixing the nanogel-
formulated Ziram or IPBC with PDA media generally produced
much better antimould action. The results show that the
threshold IPBC concentration efficient to prevent the growth
of mould is 0.04 wt%. The experiment which had shown the
best result is by method (iii) which involved putting the
nanocarrier suspension inside the gel and on top of it. This
prevented the mould from bypassing the antimould agent
either on the top of the gel or inside the gel. Surprisingly,
non-coated IPBC-loaded nanogels shower superior antimould
performance than the PDAC-coated nanogels, combined with
sustained release of the antimould agent. Encapsulation in
nanogel carriers can be potentially applied to sustain the
antimould activity for a range of low-molecular weight anti-
mould agents.
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