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1 Introduction

A novel multilayer antimicrobial urinary catheter

material with antimicrobial propertiest
Benjamin Gambrill,? Fabrizio Pertusati, (22 Igbal Shergill,® Stephen Hughes® and
Polina Prokopovich (2 *@

Urinary catheters are commonly used in medical practice to drain and monitor urine of patients.
However, urinary catheterisation is associated with the risk of developing catheter-associated urinary
tract infections (CAUTIs), which can result in life-threatening sepsis that requires antibiotics for
treatment. Using the layer-by-layer (LbL) technique, we assembled a multilayer catheter comprising nine
quadruple layers (9QL) of alginate, chlorhexidine (CHX), alginate and poly(B-amino ester) (PBAE) built
upon an amino-functionalised silicone. The prepared catheter materials were tested for pre-packaged
storage conditions and sterilisation techniques. The daily release of CHX was measured at pH 7.4 and
pH 5 and simulated urine at 37 °C, which was used to determine the antimicrobial affect. CHX release
was detected for a minimum of 14 days in PBS (pH 7.4), pH 5 release media, and simulated urine for the
samples tested against storage conditions and sterilisation techniques. Incubation of the prepared
material with bacterial cultures for 24 hours restricted bacterial growth compared to incubation with
the standard material. The minimum inhibition concentration of CHX for clinically isolated urinary tract
infection (UTI) bacterial strains was in the range of 19.4-77.4 uM, at which the released CHX could
indirectly prevent bacterial growth for up to 14 days. Based on the daily CHX release from the samples,
the hydrolysis of PBAE at pH 5 was gradual, resulting in a greater number of days of preventing bacterial
growth, followed by pH 7.4 and then simulated urine. To the best of our knowledge, this is the first
report on the use of PBAE in association with a urinary catheter material for the release of an
antimicrobial drug.

urinary tract infections (UTIs), particularly catheter-associated
urinary tract infections (CAUTI). Due to the nature of catheterisa-

Following hospital admission, many patients require a urinary
catheter for urine drainage. In hospitals, 12-25% of hospitalised
patients require urinary catheters, making them one of the most
commonly used medical devices."” The catheter devices are also
used intermittently for home self-catheterisation,® as opposed to
indwelling which would be used in hospitals, being in place for a
longer duration. Both indwelling and intermittent catheterisation
involve passage through the urethra to reach the bladder to make
urine drainage possible. Consequently, catheterisation is an inva-
sive process, which can result in urethral strictures and subse-
quent infection.* Those using catheters are more susceptible to
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tion, the risk of developing a CAUTI increases between 3% and
10% daily.”>™® In hospitals, UTIs are the most common nosocomial
infection,'”'" where admitted patients would possibly require
further tests and treatments, increasing both the length of their
hospital stay and healthcare costs, either to the individual or
provider.

It is estimated that 30% of nosocomial infections are UTI,'*
and these infections can be exacerbated when antimicrobial
resistance (AMR) is considered. It is believed that by 2050,
10 million deaths will be attributed to multidrug resistance.?
At present, it seems that UTIs are treated with antibiotics
without considering their causative micro-organisms or anti-
biotic usage guidelines, which negatively contributes to AMR."?
Furthermore, the overuse and incorrect prescription of anti-
biotics create a selection pressure on the bacteria possessing
mechanisms that prevent or limit their susceptibility to
antibiotics.'* For example, antibiotics using a B-lactam ring
in their mechanism of action rely on f-lactam binding to
transpeptidase enzymes responsible for peptidoglycan cell wall
synthesis.’® However, some bacteria produce the B-lactamase
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enzyme, inactivating the functional part of these antibiotics.'®
Horizontal gene transfer has been identified to be possible between
bacteria species, but also occurs between yeast,"” with Candida spp.
being a common UTI causative fungal microorganism.'® Taken
together, this data suggests that use of antimicrobials should be
better considered, and in the case of UTIs, their causative micro-
organisms and known resistance should also be considered.

The harm caused by use of indwelling Foley catheters
(silicone or latex) in 2015 was estimated to reach £2.5 billion
with over 2000 deaths in National Health Service hospitals in
the UK." Furthermore, it is believed that around 25% of
catheterisations are not necessary,”° therefore putting patients
at further risk. Therefore, new catheters that drastically reduce,
delay, or eliminate the risk of infection are critically needed.
To date, the catheters designed to tackle bacterial infection
include noble metal-coated catheters (silver, gold, and palla-
dium) and nitrofurazone-containing catheters.”" The release of
silver ions from the catheter lumen is attractive due to their
ability to adhere to bacterial membrane proteins and DNA in
the hope of disrupting the functions of replication and cellu-
lar integrity.>* Nitrofurantoin drugs such as nitrofurazone are
employed when the typical UTI drugs (trimethoprim-sulfa-
methoxazole, cephalosporins, and ampicillins) are made inactive
by antimicrobial resistance mechanisms.** However, the recent
literature discussed the resistance to nitrofurantoin through
mutations in bacterial nitro reductases NfsA and NfsB, result-
ing in enzymes insensitive to ROS.>**> Considering antibiotic
resistance, in this work, we envisaged that the use of the non-
antibiotic antimicrobial chlorhexidine (Fig. 1a)*® would be
highly beneficial against UTIs. Chlorhexidine (CHX) is a
broad-spectrum antiseptic and disinfectant, which has been
used successfully for oral®” and skin antisepsis, and patient
bathing in clinical environments.>® Specifically in urology,
CHX is used clinically to clean urethral tissue prior to
catheterisation.”®*°

This study presents the incorporation of CHX in a catheter
material sandwiched between alternatingly charged polyelec-
trolyte layers deposited on the material surface. Using hydro-
lysable poly(B-amino esters) (PBAEs), CHX could be gradually
released over the usage time between short-term and long-term
catheterisation. PBAEs are useful tools to enable gradual drug
release, which can be easily synthesised (Fig. 1b) and degraded
(Fig. 1c) under physiological conditions.

2. Results

2.1. PBAE characterisation

GPC was used to determine the degradation of PBAE over time
based on the reduction in its molecular weight. The degrada-
tion of PBAE indicated that hydrolysis occurs more rapidly at
pH 7.4 than at pH 5 (Fig. S2a, ESIt), with PBAE hydrolysis at pH
5 being a more gradual process, as indicated from its molecular
weight after 1 and 2 days.

The zeta potential (ZP) values of PBAE during hydrolysis
were determined previously (Fig. S2b, ESIt). The measurement
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Fig. 1 (a) Structure of chlorhexidine.?® (b) Poly(B-amino ester) synthesis
and (c) hydrolysis. Made using ChemDraw.

of the ZP of PBAE at pH 7.4 and 5 enabled a better under-
standing of the expected layer interactions when the layers
delaminate during the incubation of the samples containing
PBAE in release media with a pH of 7.4 and 5. PBAE formed
from piperazine and 1,4-butanediol diacrylate was determined
to initially have a ZP of approximately +15 mV. In buffer (pH 5)
and PBS (pH 7.4), its ZP after day 1 was approximately +7 and
+2 mV [mean, n = 3], respectively. After 48 hours, the ZP values
were approximately —2 (pH 5) and —7 mV (pH 7.4). The charge
of PBAE remained negative over a 30-day period, which was
approximately —12 mV at both pH 5 and 7.4. The hydrolysis of
PBAE and the change in its charge enable drug release as
delamination of the layers occurs, as suggested previously.*??
Thus, both the degradation and resulting charge of PBAE
demonstrate that it can be useful in layering polyelectrolytes
with the aim of releasing drugs. An ideal PBAE would retain its
polyelectrolyte charge longer, thus resulting in less delamina-
tion, greater drug retention and more sustained drug release.
Therefore, choice of PBAE needs to reflect the desired drug
release where a quick burst of drug release can be achieved
with a quickly hydrolysing PBAE.

2.2. Fourier transform infrared spectroscopy

The silicone material was characterised for the presence of
functional groups expected to be present in the base layer
silicone and silicone amino groups functionalised with APTMS
(Fig. S3a, ESIT). The recognised peaks for the silicone base layer
include Si-CH, (780, 864, 1280, and 2960 cm ') and Si-O-Si
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(1000 em™"), corresponding to the silicone material.*>**
The peaks associated with amino functionalisation were those
demonstrating the addition of amine groups to the surface with
N-H bond (1570 and 1640 cm™ ') and propyl chain C-H bonds
(2850-3000 cm™ ') recognised from the APTMS used for amino
functionalisation.?*"’

The IR spectra were measured for the individual layers built
on one another in 1QL to identify the chemical bond signatures
indicative of that expected given the composition of the layers
(Fig. S3b, ESIt). Identification of the chemical bonds associated
with the first layer alginate was difficult with possibilities that
the peaks at 3000-3600 cm™ " and ~1095 cm ™' could be ~-OH
stretching and C-O stretching, respectively.*® Both layers con-
taining CHX (layer 2) and PBAE (layer 4) were expected to have a
peak at 1259 cm ™! given that both CHX?® and PBAE*® have C-N
stretch from the secondary aromatic amine. Furthermore, the
peak at 1259 cm™ " was previously assigned to the base layer
silicone bending and rocking vibrations of Si-CHj;.****

2.3. Scanning electron microscopy of base material and 9QL
silicone

Images of the silicone sample surfaces following LbL assembly
to constitute 9QL were taken at magnifications of 100x, 1000 x
and 3000x (Fig. 2). In this case, nothing appears to be common
regarding the surface composition. Images were only taken of
one side due to the SEM protocol. It appears that following LbL,
the 9QL surface of silicone was smoother than the original
silicone material. The surface roughness could be tested using
a roughness detector.*’ A desired material suitable for cathe-
terisation should be as smooth as possible; however, prior to

SiIicon 9QL Silicone

x1000 x100

x3000

Fig. 2 SEM images of base layer silicone and 9QL silicone (bar = 500 pm
at x100, 50 pm at x1000 and 20 pm at x3000).
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insertion, it is suggested that the catheter and point of entry be
lubricated with a suitable water soluble antiseptic or anaes-
thetic gel.*>** Thus, considering the standard need for using
lubricants, it may not be crucial for our design to be as smooth
as the standard non-developed material.

2.4. CHX release in tested media and storage conditions

CHX release was evaluated for at least 14 days at pH 7.4, pH 5
and incubation in simulated urine for all three storage conditions
tested. The storage conditions and sterilisation techniques
were selected based on the expected conditions commercial
catheters would be subjected to. Given the degradation of
PBAE and required sterility, the catheters were initially stored
in the cold (4 °C) in a sealed bag, before removal from cold
storage, bag opening and catheter insertion. Using HPLC, it
was found that 14 days was the longest duration at which CHX
release could be detected for each 24-h sample. The total CHX
was measured to be 284 + 98 uM cm~ > when the 9QL samples
were incubated in pH 2 media for 7 days at 37 °C. There were
no significant differences in the total CHX released after
14 days from any of the silicone samples under their storage
conditions. The CHX release after 14 days (Fig. 3) ranged from
285-368 UM cm > [n = 9] for each storage condition and
release media tested.

According to the CHX release profiles, significant differences
were only found among the day 1 release samples. At pH 7.4
(Fig. 4a), the air-exposed samples showed significantly less CHX
release than the sealed bag samples stored at 4 °C and 24 °C (p <
0.05). At pH 5 (Fig. 4b), the 24 °C sealed bag had significantly
more released CHX than both the sealed bag stored at 4 °C and
air-exposed samples (p < 0.05). In simulated urine (Fig. 4c),
the 24 °C sealed bag released less CHX than the sealed bag
storage at 4 °C samples (p < 0.05). During the first 8 days of
cumulative release, there was significantly less CHX released
at pH 5. The average CHX release from all the samples
regardless of the storage conditions was 326 + 41 pM cm >
for pH 7.4 incubation [mean + SD 7 = 9], 306 + 2.4 uM cm > for
pH 5 incubation [mean + SD, n = 9] and 319 + 19 uM cm > for
simulated urine incubation [mean + SD, n = 9].

]

pH7.4 pH 5 su

w B u
o (=] (=]
o o o
1 1 ]

CHX release (UM / cm?)
N
o
5]
1

Total
W4°CSB m24°CSB 24 °C AE

Fig. 3 Average CHX released after 14 days for each storage condition and
incubation release media. Total represents average total CHX contained in
9QL samples. SB = sealed bag, AE = air exposed [mean + SD, n = 3].
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Fig. 4 Percentage of CHX release based on average total CHX contained
in 9QL samples for each storage condition in (a) pH 7.4 media, (b) pH 5
media and (c) simulated urine. SB = sealed bag, AE = air exposed [mean +
SD, n = 3.

2.5. Effect of CHX release when silicone samples were
subjected to sterilisation

If a catheter has to be removed and reinserted, sterilisation is
required, and thus UVC and alcohol-based sterilisation of the
samples were also investigated. There were no significant
differences in the CHX release after 14 days following sterilisa-
tion. The average cumulative CHX release in PBS (pH 7.4)
media after sterilisation (Fig. 5) was 206 + 56, 285 + 77 and
241 £ 84 uM cm? for alcohol wash, UVC exposure and no
sterilisation, respectively [mean + SD n = 3].

There were no significant differences between the sterilisa-
tion techniques in how CHX was released from the samples
over the 14-day period (Fig. 6). Alcohol washing slightly reduced
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Fig. 5 Average CHX released after 14 days for each sterilisation techni-
que. Total represents average total CHX contained in 9QL samples
[mean + SD, n = 3].
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Fig. 6 Effect of sterilisation techniques on CHX release [mean + SD,
n=3].

the CHX release, which could be attributed to the transester-
ification reactions between PBAE and ethanol prior to washing
with water and incubation in release media.** The reduced
CHX release following alcohol washing suggests that this
method of sterilisation is unsuitable for this material if catheter
sterilisation is required whilst retaining CHX availability.
Future work should include further sterilisation after the daily
release samples have already been taken to simulate catheter
removal, sterilisation, and then re-insertion.

2.6. Assessment for planktonic bacterial growth and
adherence to 9QL material

Both planktonic bacterial growth during incubation with the
9QL and silicone base material samples and bacterial adher-
ence to the material were used to assess the direct antibacterial
effect of the prepared material. After 24 h, the culture of 10°
colony forming units (CFU) was visibly capable of further
growing to a noticeable extent when incubated with the base
material silicone than with the 9QL material (Fig. 7).
As expected from the cloudiness of the cultures after 24 h, more
planktonic CFU were present when cultures 10> CFU mL ™" were
incubated with standard silicone than 9QL, as determined
by colony counting (Table 1). There were no CFU present
at the dilution tested (1 in 107°) for the three E. coli HG

Mater. Adv,, 2025, 6,1020-1030 | 1023
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Fig. 7 Bacterial culture growth following incubation with base material and 9QL silicone for 24 hours.

Table 1 Number of planktonic CFU mL™ when incubated with base
material silicone and 9QL silicone

Bacterial Average CFU mL~' when  Average CFU mL™ ' when
species/ incubated with 1 cm® incubated with 1 cm?*
strain standard silicone (+SD) 9QL silicone (£SD)

S. epidermidis  15.7 (£5.7) x 107 0.3 (+0.57) x 107

59272

E. coli HG 11.3 (£2.1) x 107 <10°

cultures, suggesting that growth would only be possible up to
10° CFU mL ™. Planktonic bacterial growth was prevented to at
least one order of magnitude when incubated with the 9QL
silicone material instead of the standard silicone material. There
were no CFU present for either bacterial species tested following
sonication of the material to assess the bacterial adherence
on both silicone material types. Thus, this should be further
investigated.

2.7. Indirect antibacterial effect of released CHX

The minimum inhibitory concentrations (MICs) for CHX were
determined for the same clinical UTI bacterial isolates used
previously together with further species/strains (Table 2). The
MIC values were in the range of 19.4 to 38.6 uM for Staphylo-
coccus epidermidis 59272, Escherichia coli HG and E. coli H533
[ = 6], 38.6 to 77.4 uM for E. coli H524, S. epidermidis RbG1la
and methicillin-resistant Staphylococcus aureus (MRSA) 2758
[n = 6] and 19.4 to 38.6 uM for Pseudomonas aeruginosa
LES400. Each of the CHX MIC values found for the bacterial
strains, 19.4, 38.6 and 77.4 puM, were compared with the
concentration of CHX released each day from the 9QL material
to determine which day would be the last day at which bacterial
growth would be prevented. This was carried out for all the

Table 2 Bacterial MIC values. The lowest and greatest MIC values
determined for each bacterial strain using 96-well plate microdilution
approach (n = 6). Brackets () show the percentage of samples presenting
this MIC value

Lowest MIC Greatest MIC
Bacterial species Strain value (uM) value (uM)
S. epidermidis 59272 19.4 (16.7) 77.4 (33.3)
E. coli HG 19.4 (33.3) 77.4 (16.7)
E. coli H533 19.4 (16.7) 77.4 (16.7)
E. coli H524 38.6 (33.3) 77.4 (66.6)
S. epidermidis RbG1a 38.6 (83.3) 77.4 (16.7)
MRSA 27258 38.6 (66.6) 77.4 (33.3)
P. aeruginosa LES400 19.4 (33.3) 38.6 (66.6)

1024 | Mater. Adv, 2025, 6,1020-1030

samples for each storage condition in each release media, and
the tested sterilisation techniques (Table 3).

The smaller the CHX MIC value for the bacterial strain, the
greater number of days of which bacterial growth would be
prevented, given that the released CHX would be greater than
the CHX MIC value. The samples that would enable the longest
prevention of bacterial growth would be those exposed to pH 5
media after storage conditions, where bacterial growth would
be prevented for between 2 and 12 days. The broader range of
days before bacterial growth could be attributed to the more
gradual CHX release that was measured at pH 5 and the
broader range of MIC values determined. The samples exposed
to 4 °C and 25 °C and incubated in buffer of pH 5 would be
capable of preventing bacterial growth of S. epidermidis 59272,
E. coli HG and E. coli H533 for 14 days given that the MIC of
19.4 uM was always less than that released from the samples.
The range of pH values of 38.6 to 77.4 uM for E. coli H524,
S. epidermidis RbGla and MRSA 2758 would result in lesser
days before bacterial growth would be expected with at least
2 days and up to 5 days of prevented growth with this narrower
MIC range. In contrast, the MIC values determined for P. aeruginosa
of 19.4 and 38.6 uM enable for a greater number of days before
bacterial growth due to the narrower range between the experi-
mental MIC values.

The antibacterial potential of the samples tested with ster-
ilisation techniques and incubated in PBS (pH 7.4) media was
compared with the MIC data the same way as that for the
storage conditions. The MIC in the range of 19.4-77.4 uM for
bacterial strains resulted in a greater number of days of
prevented growth than that with a narrower MIC range, as
expected. The samples exposed to the sterilisation techniques
had a similar number of days of prevented growth for 9QL
silicone and UV exposed samples for the MIC range of 38.6-
77.4 uM and 19.4-38.6 puM, with less days for the samples
washed with alcohol, where the CHX release was less.

2.8. Fourier transform infrared spectroscopy for samples
incubated under storage conditions and sterilised

The FTIR spectra for the storage conditions (Fig. S4a, ESIT)
appeared unclear in the case of air exposure silicone compared
to 9QL silicone and the other conditions. Both samples incu-
bated at 4 °C and non-incubated 9QL have simple FTIR profiles
compared to that seen in the 1QL samples (Fig. S3, ESIT),
suggesting that the further 8QL deposited represents the same
layers after the complete process. Both the 24 °C sealed bag and
air exposure samples produced FTIR spectra that do not
represent the expected profiles. The FTIR spectral profiles for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Number of days of expected prevented bacterial growth at each of the MIC values found for each of the bacterial strains (n = 3). SB = sealed

bag, AE = air exposed

Number of days of expected
prevented bacterial growth
when MIC is 19.4 pM (+SD)

Number of days of expected
prevented bacterial growth
when MIC is 38.6 uM (£SD)

Number of days of expected
prevented bacterial growth
when MIC is 77.4 uM (£SD)

4°CSBpH 74 83+ 15
4°CSBpH 5 12.0 + 1.7
4 °CSBSU 4.7 £15
24 °CSBpH 7.4 8.0 £ 1.0
24 °CSBpH 5 12.3 £ 1.5
24 °C SB SU 7.7 £ 0.7
24 °CAEpH 7.4 6.7 £ 1.2
24 °C AE pH 5 14.0 £+ 0.0
24 °C AE SU 6.7 £ 0.6
9QL pH 7.4 5.0+ 2.0
Alcohol wash pH 7.4 5.0+ 1.0
UVC exposure pH 7.4 7.7 £3.1

the sterilisation techniques appear similar compared to the
9QL silicone samples. The sterilised samples (Fig. S4b, ESIt)
had similar FTIR spectra to 1QL again, as with the 4 °C
incubation and non-incubated 9QL samples. Despite not being
able to fully decipher the FTIR spectra of the samples, they
could still release CHX and limit planktonic bacterial growth,
as demonstrated here.

2.9. Scanning electron microscopy of storage and sterilisation
images

Images of the silicone sample surfaces were taken at magnifi-
cations of 100x, 1000x and 3000x for the storage conditions
(Fig. S5a, ESIT) and sterilisation techniques (Fig. S5b, ESIt)
tested. There does not appear to be anything in common
regarding their surface composition. Images were only taken
of one side due to the SEM protocol. It remains unclear from
the surface roughness alone how our catheter preparation
would perform if scaled up, and therefore further work is
needed, for example friction tests with and without the use of
lubricants, as previously mentioned.

3. Discussion

3.1. CHX release is consistent with previous work and not
impacted by the expected catheter storage conditions

Generally, the release profiles of CHX at pH 5 and 7.4 are
correlated with the PBAE hydrolysis and drug release found in
previous similar work.**>*¢ Although there were no significant
differences in total CHX after 14 days between pH 7.4 and pH 5,
in the initial days of CHX release, there was greater release at
pH 7.4 than pH 5, which is consistent with the PBAE hydrolysis
and ZP measurements of the PBAE at each of the pH values
tested. The ZP of the PBAE is crucial for drug release, where
delamination is dictated by the environmental pH, and the ZP
value exhibited by PBAE. When using PBAE in LbL systems,
drug release occurs through both drug diffusion through the
layers and drug release based on hydrolysis of PBAE.*” Previous
work using chitosan (non-hydrolysable) substituted for PBAE
demonstrated drug release at both pH 7.4 and pH 5 similar to
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the drug release profiles at pH 5 using PBAE.*! This suggests
that the ability of PBAE to be hydrolysed enables greater drug
release at pH 7.4, given that PBAE hydrolyses to a greater extent
than at pH 5. At pH 7.4, PBAE degradation occurs more rapidly
(determined by GPC) and the PBAE charge becomes more
negative more rapidly (determined by zeta potential measure-
ments), which elucidates the greater drug release at pH 7.4 in
accordance with both methods of drug release, i.e., drug diffu-
sion and delamination by PBAE hydrolysis.

In the preparation of QL, the ZP of alginate prior to the
deposition of PBAE is expected to be approximately —30 mV.*®
The PBAE was added in the LbL process in buffer (pH 5),
causing it to exhibit a more prolonged positive ZP over a longer
duration. When the samples were tested for drug release, the
drug release was greater in PBS (pH 7.4) because the ZP of PBAE
deviated from a positive ZP more than that at pH 5. Thus, drug
release occurs by delamination due to the weaker electrostatic
interactions at pH 7.4 between PBAE and previous alginate layer
than in buffer at pH 5. The difference between LbL systems in pH
7.4 and pH 5 has been well studied,*"**>*® and here the inclusion of
simulated urine as a release medium only helps contextualise the
drug release for our desired medical devices. The ZP of PBAE at pH
5 was measured to be approximately 15 and 10 mV for the initial
charge and after 24 h, respectively. Alternatively, the initial ZP of
PBAE at pH 7.4 was 20 mV, which although greater than that at pH
5, was followed by a more rapid change from positive to negative
charge (Fig. S2b, ESI{).

In the development of drug release systems using LbL with a
PBAE layer, attention should be placed on the selection of
PBAE, specifically its ZP in the expected environmental pH.
For example, in a catheter material, immediate drug release is
desirable, given the intimacy of catheterisation and the early
risk of developing UTL*® In systems where drug release is
desirable for longer durations and the quantity of drug release
need to be more sustainable, then a PBAE with less rapid
degradation is desirable. Thus, further work can include experi-
mental work to generate a broad library of PBAE degradation
and ZP changes in accordance with pH changes, enabling users
to fine tune the balance between drug release by natural
diffusion and layer delamination by PBAE hydrolysis.
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The similarity of the cumulative CHX release profiles sug-
gests that incubation under the storage conditions for 30 days
did not detrimentally affect the CHX release, thus making the
material suitable for use as a catheter. The 30-day incubation
period for the samples exposed to air at 24 °C is longer than
that desired given the importance of sterility. However, incuba-
tion at 4 °C and 24 °C in sterile sealed bags could perhaps
be longer than 30-days, which was the period the material was
tested here.

At present, it appears that CHX has only been loaded in
nanospheres and dip-coated onto a material designed for the
fabrication of catheters.”® In contrast, here we present CHX
directly incorporated using layers of polyelectrolytes, thus
avoiding the need to load CHX into nanospheres. CHX was
used previously as a filling for catheter balloons, where drug
diffusion through the balloon into the bladder resulted in
230 UM CHX release per hour for 72 h.>® However, this only
represents the catheter balloon, which is responsible for hold-
ing the catheter within the bladder, and thus CHX would only
be available within the bladder and catheter lumen. In this
case, despite the less CHX release in this work, CHX would be
available both in the catheter lumen and in contact with the
urinary tract using LbL along the catheter length, not only in
the catheter balloon. It would be crucial to have CHX available in
both the urinary tract and catheter lumen to prevent CAUTI within
the urinary tract and encrustation within the catheter lumen.

3.2. Potential safety and efficacy of the prepared catheter
material

The work presented here does not include the potential cyto-
toxicity of the CHX, alginate or PBAE present in the material.
However, CHX is already widely used in various healthcare
products such as antiseptic lubrication gels,** wound bathing™"
and mouthwash.”®> A CHX wash containing 1% (2 mM) CHX
was suitable in peripartum vaginal wash.>® Specific for cathe-
terisation, in studies using 0.1% (2 mM) CHX solution to
reduce the CAUTI incidence, there were no reported adverse
effects,’® suggesting the safety of CHX from a patient point of
view. However, in one study reporting the side effects of CHX
wash solutions, in 2 patients using 0.5% (10 mM) CHX
solution, one developed urethral urticaria and the other vaginal
urticaria.>* The concentrations used in these washes (2-20 mM)
were less than the cumulative range of concentrations released
from the material presented here, which is 285 to 368 M cm 2.

In the case of PBAEs, they have been used in gene deli-
very systems and determined to be safe in several animal
models.>®>® PBAE is also relatively safe for human tissues
owing to its biodegradability and minimal cytotoxicity, both
before and after degradation.”” Concerns regarding the toxicity
of highly cationic charged PBAEs can be resolved by mixing
them with anionic polymers,*® which is already a feature of our
material preparation. Similar to the PBAE degradation and ZP
measurements, further work should include the cytotoxicity of
PBAEs given the number of possible PBAEs that can be synthe-
sised using amine and diacrylate compounds. Previous cyto-
toxicity research involving PBAEs used MTT and LDH assays,
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which should be employed according to ISO 10993-5 require-
ments, given that all medical devices are required to conform
with these requirements.

Finally, biodegradable alginate oligosaccharides have been
shown to have no cytotoxicity against mammalian cells using
animal models®® and used as ureteral stents with comparable
cytotoxicity to standard stents.*

Despite this, further work should include specific testing of
the release media containing CHX, alginate and PBAE against
urological human cell lines. It would be expected that the
greatest concentration of these three released components
would be released in the initial day of incubation, and this
would be where cytotoxicity testing would be the most crucial.

3.3. Daily CHX release provides antibacterial effect for up to
several days

It appears that CHX release because of PBAE hydrolysis is
crucial in the number of days at which bacterial growth would
be prevented, for example, pH 5 results in more gradual PBAE
hydrolysis with subsequent gradual release of CHX. This gra-
dual CHX release, most often greater than the lowest MIC value
of 19.4 uM found for some bacterial strains, resulted in the
maximum number of days of preventing growth. In contrast,
the samples incubated in simulated urine were found to have
the most rapid CHX release in the initial days with remarkably
less CHX released in the following days. This resulted in overall
less days before bacterial growth occurred because the initial
days had a greater CHX release than other release medium.

The current gold standard urinary catheters used by health-
care institutions are noble metal nanoparticle-coated catheters,
such as that produced by Bard Inc. (USA).°* Cohort analysis
suggest these catheters can significantly reduce the risk of
patients developing bacteriuria, defined as the presence of
bacteria of >10°> CFU mL™'.%> Thus, any new catheters devised
should be compared with noble metal nanoparticle-coated
catheters to determine if nanoparticle release has a greater
antibacterial effect than, in the present case, the CHX release.

Many studies have been reported on reducing the chance of
developing CAUTI with the daily increased risk. For example,
67% of catheterised patients had CAUTL® with the risk of
developing CAUTI increasing up to 10% daily.>® However, the
increasing risk of CAUTI each day cannot be matched with CHX
release because CHX released from the material decreases each
day whilst CAUTI risk increases. Thus, to compete with the
increasing risk of developing CAUTI, a more active drug deliv-
ery system would be required, such as the direct delivery of
drugs to the urinary tract, such as via a balloon in a three-way
catheter. Usually, the third channel of a catheter is used for
bladder irrigation following surgery®® but this can be repur-
posed for the delivery of drugs, which can increase in concen-
tration daily to match the increasing risk of developing CAUTI.
Thus, it can be desirable to have the catheter design proposed
here be developed as a three-way catheter to not only enable the
release of CHX from the material within the urethra, but also in
the bladder delivered by a separate channel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This work did not specifically consider biofilm formation on
the material given that our aim was to prevent bacteria adher-
ence from occurring. In this case, the aim of this work was to
prevent biofilm establishment given that encrustation on the
outside of the material can be painful for patients, while
encrustation on the inside of the catheter can cause catheter
blockages.®> Here, we show that the 9QL material limited
planktonic bacterial growth compared to the normal silicone
material, which has potential for preventing adherence. However,
although we tested strains of E. coli, S. epidermidis, MRSA and
P. aeruginosa, other biofilm forming species should be tested for
sensitivity to CHX, such as Klebsiella spp. and Proteus spp., given
that preventing the survival of these species will be very important
in preventing biofilm formation through bacterial adherance.®®
Furthermore, it can be suggested that the use of fungi Candida
spp. will be crucial to studying CAUTI as a pathogen,'® for which
CHX should be suitable given its role as an antimicrobial not just
an antibacterial agent.

4. Experimental

4.1. Equipment and materials

Piperazine, 1,4-butanediol diacrylate, dichloromethane, diethyl
ether, 1-hexanol, cyclohexane, 3-aminopropyl trimethoxysilane
(APTMS), chlorhexidine, potassium chloride, hydrochloric acid,
BHI broth powder and BHI agar powder were purchased from
Merck (NJ, USA). Sodium acetate trihydrate, acetic acid, Triton
X-100, ammonium hydroxide solution, sodium alginate, etha-
nol, PBS tablets and acetonitrile (ACN) were purchased from
ThermoFisher Scientific, (MA, USA). Polyethylene glycol stan-
dards were purchased from Honeywell (NC, USA) and Malvern
Panalytical (UK). Silicone material was purchased from Good-
fellow (UK). The bacterial isolate strains used were Escherichia
coli strains HG, H533 and H524, Staphylococcus epidermidis
strains 59272 and RbGla, MRSA 27258, and Pseudomonas
aeruginosa LES400.

Centrifugation was carried out using a Sigma 3-16KL from
Merck. Gel permeation chromatography (GPC) and high-
performance liquid chromatography (HPLC) were carried out
using devices from Shimadzu, UK. The GPC column used was
Superdex 75 10/3000 GL purchased from Cytiva, MA, USA.
Fourier transform infra-red (FTIR) spectroscopy was carried
out using a Cary 600 FTIR spectrometer and data recorded
using the Resolutions Pro programme by Agilent, CA, USA. The
HPLC column used was a Zorbax Eclipse column, XDB-C8 4.6 X
150 mm 5 pM, which also produced by Agilent. Scanning
electron microscopy (SEM) was carried out using a Desk Gold
Sputter by Torontech, Ontario, Canada, and images taken using
a Tescan Vega SEM from Brno, Czech Republic. The UV-C
(254 nm) light source used for UV irradiation was purchased
from Labortechnik, Germany.

4.2. Poly(p-amino ester) synthesis and characterisation

A mixture comprised of 379 mg (4.4 mmol) piperazine,
793 mg (4.0 mmol) 1,4-butanediol diacrylate and 5 mL
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dichloromethane was incubated at 50 °C for 48 h. After
incubation, the mixture was added to 30 mL diethyl ether
and subjected to centrifugation for 10 min at 13300 rpm.
Following centrifugation, the PBAE precipitated and excess
solvent was poured off and the resulting mixture was dried at
room temperature (24 °C) for 24 h.

For PBAE degradation by hydrolysis, 10 mg mL~' PBAE was
dissolved in PBS (pH 7.4) and 0.1 M sodium acetate buffer
(pH 5). Sodium acetate buffer (1 L) was prepared using 9.52 g
sodium acetate trihydrate and 1.74 mL acetic acid. Sodium
acetate pH 5 buffer was used as the mobile phase during GPC,
where the samples were passed through the column to deter-
mine their molecular weight. Immediately, 0.5 mL from the
dissolved PBAE sample was taken and every 24 h a 0.5 mL
sample was taken from the dissolved PBAE sample being
incubated at 37 °C. The molecular weight was determined
using polyethylene glycol standards of known molecular weight
and their time of elution from the column to produce a
standard curve (data not shown). The ZP of PBAE was deter-
mined previously®” with 20 mg mL ™' PBAE dissolved in PBS
(pH 7.4) and sodium acetate buffer (pH 5) using a folded
capillary zeta cell.

4.3. Silicone amino functionalisation and layer-by-layer
process

The silicone samples were prepared using the layer-by-layer
(LbL) deposition technique*"***® on amino-functionalised
medical grade silicone. For amino-functionalisation, 16 mL
1-hexanol, 75 mL cyclohexane, 4.8 mL diH,O and 17.7 g Triton
X-100 were mixed and stirred. Once colourless, 600 pL. ammo-
nium hydroxide solution was added, followed by stirring for
20 min. 1 em” squares of silicone and 50 pL, APTMS were added
to the mixture and incubated at 24 °C for 24 h.

The LbL solutions used were 2 mg mL~ " sodium alginate,
10 mg mL " chlorhexidine, and 2 mg mL ™" prepared PBAE, all
prepared in 0.1 M sodium acetate buffer (pH 5). Sequentially,
the amino-functionalised silicone samples were submerged
in the sodium alginate solution for 10 min with frequent
agitation, and then the samples were dipped in wash buffer
(0.1 M sodium acetate buffer pH 5), next they were submerged
in chlorhexidine solution for 10 min, followed by wash buffer,
sodium alginate solution for 10 min, wash buffer and PBAE
solution for 10 min, and then final wash buffer, all resulting in
1 quadruple layer (1QL) being deposited on the material. Then
8 more quadruple layers were added to the silicone samples,
resulting in a total of 9 quadruple layers (9QL). The prepared
samples of layered silicone were dried at 24 °C for 24 h.

4.4. FTIR spectroscopy and scanning electron microscopy

The samples used were the base silicone material, functiona-
lised silicone, silicone with CHX incorporated and silicone with
PBAE incorporated. Absorbance spectra were produced using
64 scans at a resolution of 8 cm ™" per sample, with a scan range
of 3500-600 cm™". The 9QL samples after storage condition
incubation were also investigated by FTIR. Both sides of each
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sample were scanned by FTIR and the raw data averaged to
represent the entire silicone sample.

The silicone samples were coated with ~50 nm layer of gold
and multiple SEM images were taken for each sample at
magnifications of x100, x1000 and x3000.

4.5. Storage conditions and sterilisation

Silicone samples of 1 cm? were prepared as before with 9QLs
using LbL and the samples dried overnight before testing the
effect of storage conditions. The storage conditions tested were
chosen to mimic that of catheter devices before use, as follows:
(i) placed in a sealed plastic bag at 4 °C, (ii) placed in a sealed
plastic bag at 24 °C and (iii) open exposure to air at 24 °C, each
for 30 days. Three samples were incubated under each of the
storage conditions.

For the alcohol sterilisation of medical equipment,®® sam-
ples of 9QL silicone were dipped and agitated in a solution
comprised of 70% ethanol and 30% diH,O for 2 min before
being left to rest in ethanol for 2 min. The samples were
removed from ethanol, agitated to remove the fluid, dipped
in ddH,O for agitation and left to rest for 2 min each. Once
alcohol had been washed off the samples, they were removed
and agitated again to remove the fluid. In the case of UV irra-
diation based on UV-C sterilisation bags,”® samples of 9QL
silicone were incubated under UV-C (254 nm) 1 cm away from
the light source, for 3 min for each face of the silicone samples.
The samples were flipped over to expose their other side and
again irradiated for 3 min. After storage, the samples were also
imaged using SEM and scanned using FTIR.

4.6. CHX release characteristics

To test the CHX release from multi-layered silicone after
incubation under the different storage conditions, the silicone
samples were placed in either PBS (pH 7.4), 0.1 M sodium
acetate buffer (pH 5) or simulated urine (Table S1, ESI{), each
1 mL, incubated at 37 °C and replaced every 24 h. PBS was
prepared using tablets and sodium acetate buffer prepared as
previously stated. The collected release media was tested for
CHX using HPLC based on a calibration curve using known
CHX concentrations. The mobile phase for HPLC was isocratic,
consisting of 70% sodium acetate pH 5 buffer (as prepared
previously) and 30% ACN. The HPLC runs were 15 min with the
detection wavelength at 239 nm for CHX and sample injection
volume of 20 pL. Samples were taken daily for 14 days, where
the peaks attributed to the presence of CHX were visible based
on previous work (unpublished) determining the maximum
duration at which CHX was released.

To determine the total drug content, three 9QL silicone
samples were incubated at 37 °C for 7 days in hydrochloric
acid-potassium chloride buffer pH 2 (0.745 g potassium
chloride and 0.0772 g hydrochloric acid in 100 mL diH,0)
and the resulting sample drug content was measured using
HPLC as above.?" Due to the pH of the incubation buffer, the
samples were diluted 1:1 in PBS (pH 7.4) to make them
appropriate for use in HPLC.
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The concentration of CHX released was converted to
pUM cm 2 in accordance with the surface area to volume ratio
(2 em® mL™") of placing a double-sided 1 cm* material mod-
ified by LbL sample in 1 mL of release media.

4.7. Statistical analyses

The average daily CHX release in each of the release media was
compared across the storage conditions and sterilisation tech-
niques tested for each day. This was to determine if the
tested conditions affected the CHX release given that differ-
ences in CHX release in each release media were already
established.*>*°

Significance differences across the conditions were tested
using analysis of variance test (ANOVA) and Tukey’s test.
The test outcomes were considered statistically significant if
p < 0.05.

4.8. Assessment for planktonic bacterial growth and
adherence to 9QL material

Clinical bacterial isolate strains from the urinary tract were
spread onto BHI agar plates, incubated overnight at 37 °C and
colonies picked into 10 mL BHI broth, and incubated for 24 h at
37 °C, producing cultures of approximately 10° CFU mL ™.
Subsequently, the cultures were diluted 1:1000 in BHI broth,
producing cultures comprised of approximately 10> CFU mL ™.

The silicone materials (1 cm?), both base material and 9QL,
were incubated with 1 mL of bacterial culture comprised of
10° CFU mL ™" for 24 h at 37 °C in wells of a 24-well plate. The
resulting bacterial culture grown (planktonic cells) in the
presence of the different types of silicone material was retained.
Bacterial adherence, as a result of incubation with bacterial
culture grown for 24 h, was determined by taking 1 cm?
samples and lightly agitating them in sterile PBS to remove
non-adhered bacteria. To remove the adhered bacteria cells the
samples, they were placed in microcentrifuge tubes containing
sterile PBS and sonicated for 5 min. The concentration
(CFU mL™") of planktonic and adhered bacterial cells was
estimated using diluted cultures (x10~°) and plating on BHI
agar plates incubated for 24 h at 37 °C.

4.9. Indirect antibacterial effect testing of 9QL material

CHX (5 mg mL~ ") was dissolved in PBS and 100 pL pipetted into
the first column of a 96-well plate. In the other wells, 50 pL PBS
was added. Next, 50 uL from the initial column well was
removed and placed in the next column, mixed and 50 pL
retained in the pipette, which was carried out across the 96-well
plate, and the final 50 pL retained in the pipette was discarded,
and thus every well had 50 pL of CHX solution. Following the
addition of 100 uL diluted (10°> CFU mL™ ") bacterial culture, the
final CHX concentrations tested were approximately 4946.1,
2473.1, 1236.5, 618.3, 309.2, 154.5, 77.4, 38.6, 19.4, 9.7 and
4.7 uM. The final well in each row was comprised of 100 pL PBS
and 100 pL diluted bacterial culture, serving as a positive
control. The plates were prepared to collect six MIC values for
each bacterial strain and the plates were incubated at 37 °C for
24 h. The MIC value was determined as the last well before that
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which appeared similar to the positive control where bacterial
growth occurred.

The expected day before bacterial growth was determined as
the last day where the released CHX concentration was less
than the independently determined MIC value for each bacter-
ial strain. Both the lowest and highest MIC values for each
strain were used to determine the range at which bacterial
growth would be prevented.

5. Conclusions

This research demonstrated that a whole catheter device of our
design would be sufficient for use in medical environments
given that our design was unaffected by the catheter storage
and sterilisation techniques. The CHX release was capable of
directly preventing bacterial growth compared to the standard
material for planktonic cells, as determined by both visible
culture growth and dilution plating. Given that there was no
indication of bacterial adherence to either material type at the
bacterial culture dilution tested, this provides opportunities for
further research to expand on this material as a potential
candidate for the fabrication of medical devices. Other required
studies would be an assessment of material safety from both
cytotoxicity and patient comfort points of view. This work
demonstrated that LbL preparation can be used on a material
commonly used in urinary catheters, enabling CHX release
from the material measured for at least 14 days, and anti-
bacterial effect for up to 14 days.

Data availability

The data related to this study are not publicly available due to
ongoing extended research work. The data are available from
the corresponding author upon reasonable request.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

The authors would like to thank Maelor Academic Unit of
Surgical Sciences (MAUMSS), Betsi Cadwaladr University
Health Board and Awyr Las and Wellcome Trust for their
financial support for the project and Wendy Rowe from the
Cardiff University School of Dentistry for assistance with SEM.

References

1 D. C. Shackley, C. Whytock, G. Parry, L. Clarke, C. Vincent,
A. Harrison, A. John, L. Provost and M. Power, BM] Open,
2017, 7, e013842.

2 E. B. Jang, S. H. Hong, K. S. Kim, S. Y. Park, Y. T. Kim,
Y. E. Yoon and H. S. Moon, Int. Neurourol. J., 2020, 24,
324-331.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

w

J. J. Wyndaele, Spinal Cord, 2002, 40, 432-437.

Y. Igawa, J.-J. Wyndaele and O. Nishizawa, Int. J. Urol., 2008,

15, 481-485.

5 L. E. Nicolle, Drugs Aging, 2005, 22, 627-639.

6 A. Y. Peleg and D. C. Hooper, N. Engl. J. Med., 2010, 362,
1804-1813.

7 S. D. Advani and M. G. Fakih, Infect. Control Hosp. Epide-
miol., 2019, 40, 681-685.

8 W. Duszynska, V. D. Rosenthal, A. Szczesny, E. WoZnica,
K. UIfik, E. Ostrowska, A. Litwin and A. Kiibler, Anaesthesiol.
Intensive Ther., 2016, 48, 1-6.

9 P. Gupta, M. Thomas, L. Mathews, N. Zacharia, A. F.
Ibrahim, M. L. Garcia, C. Simbulan, F. A. Mohamed and
M. E. Hassan, BMJ Open Qual., 2023, 12, €002214.

10 M. F. Ksycki and N. Namias, Surg. Clin. North Am., 2009, 89,
475-481.

11 V. Iacovelli, G. Gaziev, L. Topazio, P. Bove, G. Vespasiani
and E. Finazzi Agro, Urologia, 2014, 81, 222-227.

12 E. Martens and A. L. Demain, J. Antibiot., 2017, 70,
520-526.

13 M. E. Hulscher, R. P. Grol and J. W. van der Meer, Lancet
Infect. Dis., 2010, 10, 167-175.

14 M. Kolaf, K. Urbanek and T. Latal, Int. J. Antimicrob. Agents,
2001, 17, 357-363.

15 M. S. Wilke, A. L. Lovering and N. C. Strynadka, Curr. Opin.
Microbiol., 2005, 8, 525-533.

16 F. K. Majiduddin, 1. C. Materon and T. G. Palzkill, Int.
J. Med. Microbiol., 2002, 292, 127-137.

17 P. Gongalves and C. Goncalves, Curr. Opin. Genet. Dev., 2022,
76, 101950.

18 P. Behzadi, E. Behzadi and R. Ranjbar, Cent. Eur. J. Urol.,
2015, 68, 96-101.

19 R. C. L. Feneley, 1. B. Hopley and P. N. T. Wells, J. Med. Eng.
Technol., 2015, 39, 459-470.

20 L. Nazarko, Br. J. Nurs., 2010, 19, 948-953.

21 R. Pickard, T. Lam, G. MacLennan, K. Starr, M. Kilonzo,
G. McPherson, K. Gillies, A. McDonald, K. Walton and
B. Buckley, et al., Lancet, 2012, 380, 1927-1935.

22 S. Xu, Z. Zhao and J. Zhao, Chin. Chem. Lett., 2018, 29,
1009-1016.

23 M. Mahdizade Ari, S. Dashtbin, F. Ghasemi, S. Shahroodian,
P. kiani, E. Bafandeh, T. Darbandi, R. Ghanavati and
A. Darbandi, Front. Cell. Infect. Microbiol., 2023, 13,
1148603.

24 A. Sorlozano-Puerto, I. Lopez-Machado, M. Albertuz-Crespo,
L. J. Martinez-Gonzalez and J. Gutierrez-Fernandez, Antibiotics,
2020, 9, 534.

25 Y. Wan, E. Mills, R. C. Y. Leung, A. Vieira, X. Zhi, N. J.
Croucher, N. Woodford, E. Jauneikaite, M. J. Ellington and
S. Sriskandan, Microb. Genomics, 2021, 7, 000702.

26 D. Cattaneo, L. J. MCormick, D. B. Cordes, A. M. Z. Slawin
and R. E. Morris, J. Mol. Struct., 2016, 1121, 70-73.

27 B. Kolliyavar, L. Shettar and S. Thakur, J. Pharm. Biomed.
Sci., 2016, 73540687.

28 B. Van den Poel, V. Saegeman and A. Schuermans, Eur.

J. Clin. Microbiol. Infect. Dis., 2022, 41, 349-362.

W~

Mater. Adv., 2025, 6,1020-1030 | 1029


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01045k

Open Access Article. Published on 28 December 2024. Downloaded on 4/2/2026 8:16:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

29 B. G. Mitchell, O. Fasugba, A. C. Cheng, V. Gregory,
J. Koerner, P. Collignon, A. Gardner and N. Graves, Int.
J. Nurs. Stud., 2019, 97, 1-6.

30 O. Fasugba, A. C. Cheng, V. Gregory, N. Graves, J. Koerner,
P. Collignon, A. Gardner and B. G. Mitchell, Lancet Infect.
Dis., 2019, 19, 611-619.

31 Y. Al Thaher, S. Latanza, S. Perni and P. Prokopovich,
J. Colloid Interface Sci., 2018, 526, 35-42.

32 Y. Al Thaher, H. F. Alotaibi, L. Yang and P. Prokopovich,
PLoS One, 2021, 16, €0257947.

33 S. L. Salih, J. K. Oleiwi and H. M. Ali, IOP Conf. Ser. Mater.
Sci. Eng., 2018, 454, 012086.

34 L. M. Johnson, L. Gao, C. W. Shields IV, M. Smith, K.
Efimenko, K. Cushing, J. Genzer and G. P. Lopez,
J. Nanobiotechnol., 2013, 11, 22.

35 H. Mansur, R. Oréfice, M. Pereira, Z. Lobato, W. Vasconcelos
and L. Machado, J. Spectrosc., 2002, 16, 351-360.

36 P. Bilalis, L.-A. Tziveleka, S. Varlas and H. Iatrou, Polym.
Chem., 2016, 7, 1475-1485.

37 S. Azarshin, J. Moghadasi and Z. A. Aboosadi, Energy Explor.
Exploit., 2017, 35, 685-697.

38 H. Daemi and M. Barikani, Sci. Iran., 2012, 19, 2023-2028.

39 K. Garala, P. Joshi, M. Shah, A. Ramkishan and J. Patel, Int.
J. Pharm. Invest., 2013, 3, 29-41.

40 F. M. Helaly and M. S. Hashem, J. Encapsulation Adsorpt.
Sci., 2013, 3, 65-70.

41 M. C. Goiato, A. A. Pesqueira, D. M. dos Santos and S. F. de
Dekon, Braz. Oral Res., 2009, 23, 49-53.

42 J. Mangnall, Br. J. Commun. Nurs., 2012, 17, 414-420.

43 D. Payne and P. Kerrigan, Br. J. Nurs., 2020, 29, S38-S43.

44 P. Gupta, C. Lacerda, V. Patil, D. Biswal, P. Wattamwar,
J. Z. Hilt and T. D. Dziubla, J. Polym. Sci. Part Polym. Chem.,
2017, 55, 2019-2026.

45 R. Alghamdi, F. Pertusati and P. Prokopovich, RSC Adv.,
2024, 14, 15-28.

46 P. Larissa, B. Gambrill, R. D. P. de Carvalho, M. Z. D. Picolo,
V. Cavalli, L. C. C. Boaro, P. Prokopovich and K. Cogo-
Miiller, Dent. Mater., 2023, 39, 469-477.

47 R. C. Smith, M. Riollano, A. Leung and P. T. Hammond,
Angew. Chem., Int. Ed., 2009, 48, 8974-8977.

48 A. S. Letica-Kriegel, H. Salmasian, D. K. Vawdrey, B. E.
Youngerman, R. A. Green, E. Y. Furuya, D. P. Calfee and
R. Perotte, BMJ Open, 2019, 9, €022137.

49 S. Srisang, N. Wongsuwan, A. Boongird, M. Ungsurungsie,
P. Wanasawas and N. Nasongkla, Int. J. Polym. Mater. Polym.
Biomater., 2020, 69, 1081-1089.

50 K. Sterk, R. B. Grgnnemose, Y. Palarasah, H. J. Kolmos,
L. Lund, M. Alm, P. Thomsen and T. E. Andersen, Front.
Microbiol., 2019, 10, 2564.

1030 | Mater. Adv., 2025, 6,1020-1030

View Article Online

Paper

51 P. Abdel-Sayed, D. Tornay, N. Hirt-Burri, A. de Buys Roessingh,
W. Raffoul and L. A. Applegate, Burns, 2020, 46, 1150-1156.

52 Z. L. S. Brookes, R. Bescos, L. A. Belfield, K. Ali and
A. Roberts, J. Dent., 2020, 103, 103497.

53 C. M. Wilson, G. Gray, ]J. S. Read, A. Mwatha, S. Lala, S.
Johnson, A. Violari, P. M. Sibiya, T. R. Fleming, A. Koonce,
S. H. Vermund and J. Mclntyre, J. Acquired Immune Defic.
Syndr., 1999, 35, 138-143.

54 M. Okano, M. Nomura, S. Hata, N. Okada, K. Sato, Y. Kitano,
M. Tashiro, Y. Yoshimoto, R. Hama and T. Aoki, Arch.
Dermatol., 1989, 125, 50-52.

55 G. Niu, Z. Jin, C. Zhang, D. He, X. Gao, C. Zou, W. Zhang,
J. Ding, B. C. Das, K. Severinov, I. I. Hitzeroth, P. R. Debata,
X. Ma, X. Tian, Q. Gao, J. Wu, Z. You, R. Tian, Z. Cui, W. Fan,
W. Xie, Z. Huang, C. Cao, W. Xu, H. Xie, H. Xu, X. Tang,
Y. Wang, Z. Yu, H. Han, S. Tan, S. Chen and Z. Hu,
EBioMedicine, 2020, 58, 102897.

56 H.-J. Park, J. Lee, M.-]J. Kim, T. J. Kang, Y. Jeong, S. H. Um
and S.-W. Cho, Biomaterials, 2012, 33, 9148-9156.

57 J.Zhang, X. Cai, R. Dou, C. Guo, J. Tang, Y. Hu, H. Chen and
J. Chen, Mol. Ther. - Nucleic Acids, 2023, 32, 568-581.

58 J. Karlsson, K. R. Rhodes, J. J. Green and S. Y. Tzeng, Expert
Opin. Drug Delivery, 2020, 17, 1395-1410.

59 Y. ]J. Jang, H.-Y. Jung, ]J.-Y. Myeong, K. H. Song, J. Kwon,
D. Kim and J.-1. Park, Nutrients, 2023, 15, 682.

60 A. A. Barros, A. Rita, C. Duarte, R. A. Pires, B. Sampaio-
Marques, P. Ludovico, E. Lima, J. F. Mano and R. L. Reis,
J. Biomed. Mater. Res., Part B, 2015, 103, 608-617.

61 L. Duque-Sanchez, Y. Qu, N. H. Voelcker and H. Thissen,
J. Biomed. Mater. Res. A, 2024, 112, 312-335.

62 Y. Sun, P. Ren and X. Long, PLoS One, 2020, 15, €0233215.

63 L. E. Nicolle, Antimicrob. Resist. Infect. Control, 2014, 3, 23.

64 A. K. Agarwal, A. Bora and A. Banerjee, Ann. R. Coll. Surg.
Engl., 2008, 90, 612-613.

65 R.]. Broomfield, S. D. Morgan, A. Khan and D. J. Y. Stickler,
J. Med. Microbiol., 2009, 58, 1367-1375.

66 M. Jamal, W. Ahmad, S. Andleeb, F. Jalil, M. Imran, M. A.
Nawaz, T. Hussain, M. Ali, M. Rafiq and M. A. Kamil, J. Chin.
Med. Assoc., 2018, 81, 7-11.

67 S. Perni and P. Prokopovich, Nanomed. Nanotechnol. Biol.
Med., 2017, 13, 539-548.

68 Y. Al Thaher, L. Yang, S. A. Jones, S. Perni and P. Prokopovich,
PLoS One, 2018, 13, €0207753.

69 C.D. Briggs, C. D. Mann and D. P. Berry, Surg. Oxf., 2009, 27,
423-425.

70 Z. Michelini, C. Mazzei, F. Magurano, M. Baggieri, A. Marchi,
M. Andreotti, A. Cara, A. Gaudino, M. Mazzalupi, F. Antonelli,
L. Sommella, S. Angeletti, E. Razzano, A. Runge and
P. Petrinca, Int. J. Environ. Res. Public Health, 2022, 19, 331.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01045k



