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A major medical device-associated complication is Catheter Dead
the biofilm-related infection post-implantation. One promising bt
approach to prevent this is to coat already commercialized medical x ﬁ “%
devices with effective antibiofilm materials. However, developing a X \ j . g -
robust high-performance antibiofilm coating on devices with a ] : . o

: & i / -

nonflat geometry remains unmet. Here, we report the development Dipping Room temperature =,
of a facile scalable nanoparticle-based antibiofilm silver composite m g
coating with long-term activity applicable to virtually any objects DOPASIL

including difficult-to-coat commercially available medical devices Coated catheter

utilizing a catecholic organic—aqueous mixture. Using a screening RuhPDMA 3~ Dopamine

approach, we have identified a combination of the organic— 3o pp o Ag

aqueous buffer mixture which alters polycatecholamine synthesis,

nanoparticle formation, and stabilization, resulting in controlled deposition of in situ formed composite silver nanoparticles in the
presence of an ultra-high-molecular-weight hydrophilic polymer on diverse objects irrespective of its geometry and chemistry.
Methanol-mediated synthesis of polymer—silver composite nanoparticles resulted in a biocompatible lubricious coating with high
mechanical durability, long-term silver release (~90 days), complete inhibition of bacterial adhesion, and excellent killing activity
against a diverse range of bacteria over the long term. Coated catheters retained their excellent activity even after exposure to harsh
mechanical challenges (rubbing, twisting, and stretching) and storage conditions (>3 months stirring in water). We confirmed its
excellent bacteria-killing efficacy (>99.999%) against difficult-to-kill bacteria (Proteus mirabilis) and high biocompatibility using
percutaneous catheter infection mice and subcutaneous implant rat models, respectively, in vivo. The developed coating approach
opens a new avenue to transform clinically used medical devices (e.g., urinary catheters) to highly infection-resistant devices to

prevent and treat implant/device-associated infections.

implant/device-associated infection, antibiofilm coating, nanoparticle stabilization, sustained silver release,
durable substrate-independent silver coating, long-term prevention of infection, water-miscible organic solvent

One major concern for the clinical use of medical devices (e.g,,
indwellin$ catheters) is the high risk of post-implantation
infection."~* Despite superior mechanical properties of the
clinically approved indwelling catheters, they are shown to be
ineffective in the prevention of biofilm formation over the long
term (>7 days).”® With this, one promising approach to
address this concern without intervention in the catheter
manufacturing process is to exclusively modify the surface of
already commercialized catheters with highly effective
antibiofilm coatings. However, coating such devices remains
a challenge due to their hydrophobic surface, absence of
reactive functional groups, and intricate geometries. The
important catheter antibiofilm coatings attempted so far
include antimicrobial peptides,” " polycations,*"* hydro-
gels,'”” hydrophilic polymer assemblies/brush-like struc-
tures,"*™'® metallic nanoparticles,lg_21 ultra-low surface energy
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** nitric oxide-releasing coatings,25 and light-

materials,”*
triggered photothermal coatings.”*™* Smith et al. developed
a highly hydrophilic brush-like polymeric coating for polyur-
ethane (PU) vascular catheters utilizing a multi-step specific
coating process.”> Despite the improved short-lived efficacy
(1-3 log reduction in bacterial adhesion within 24 h), the
coating was not applicable to nonpolymeric materials as the
substrate requires significant solvent [e.g., isopropanol

(IPOH)] diffusivity to initiate surface polymerization. Geyer
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et al. reported the generation of a superhydrophobic silica
coating on PU catheters.”” They showed that the coating
effectively inhibited Escherichia coli adhesion for a week.
However, this coating process was highly water-sensitive in the
parts per million level and was not universal as the coating
composition was highly dependent on the surface chemistry of
the substrate. Despite the outstanding activity of the coating in
the short term (<7 days), there is a high risk of bacterial
adaptation with time (>7 days) as the coating lacks
antimicrobial agents. Yong et al. utilized photo-curable systems
to generate a tough hydrogel applicable to silicone catheters."?
The surface of the hydrogel-coated catheter showed great
antibacterial activity in the early stage (24 h), followed by a
significant decrease after 3 days. Tan et al. developed a
noninvasive photothermal red phosphorous coating solution
applicable to metallic implants (e.g,, titanium) to eradicate the
already formed biofilm by exposing to near-infrared light (laser
wavelength: 808 nm) as the biofilm prevention failed. Despite
therapeutic capability of this coating, its application to nonflat
polymeric devices (e.g, silicone catheters) is poor. Given the
poor scalability and adaptability of the attempted coatings to
diverse substrates along with short-term antibiofilm activity
(<7 days), the need for the development of a scalable facile
antibiofilm coating with long-term activity and high adapt-
ability to medical devices with intricate geometry remains
unmet.

We previously utilized catechol chemistry in combination
with ultra-high-molecular-weight hydrophilic polymers to
generate a universal antibiofilm coating.”” We further
attempted to improve the antibacterial efficacy and extend
the length of action of this binary coating by incorporating
silver which is known to be a strong bactericide.’’™** We
demonstrated the facile generation of a coating called SAFE
coating that offers a sustained silver release profile. The
combination of sustained silver release and surface enrichment
with antifouling polymers fully inhibited bacterial growth on
the surface over the long term. The SAFE components
included dopamine (DA), silver nitrate, low-molecular-weight
polyethylenimine (LMW-PEI), and ultra-high-molecular-
weight poly(N,N-dimethylacrylamide) (PDMA) (uhPDMA).
DA was utilized as a binder and an adhesion promoter since
catechol-containing molecules such as DA are well known for
their strong adhesion to diverse materials, good biocompati-
bility, and self-polymerization.*® Given this, DA chemistry has
been utilized for the development of antibacterial coatings with
great versatility and increased stability.”***> LMW-PEI was used
as the crosslinking agent because of its high chemical reactivity
toward polydopamines,”® while silver was incorporated due to
its strong antibacterial activity against diverse bacterial species.
Silver nanoparticles/clusters were synthesized from silver
nitrate in situ during the early stage of DA oxidation and
polymerization. The incorporation of uthPDMA into the SAFE
coating was aimed to endow the SAFE coating with antifouling
function. Our previous mechanistic studies showed that all four
SAFE components were essential for achieving the high
antibiofilm activity.”” Despite excellent long-term antibiofilm
activity, scalability, and adaptability of the SAFE coating to flat
materials, coating nonflat surfaces with the SAFE composition
requires a multi-step coating procedure. For instance, to coat a
full-size catheter with the SAFE composition, the coating
process should be repeated at least four times for achieving the
full coverage of the surface. The catheter should be turned
around 90° after each coating process so that the other side is
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coated. We observed that the SAFE coating process resulted in
uncontrolled deposition of already formed SAFE assemblies to
form a porous coating with ineffective coverage on difficult-to-
coat nonflat surfaces in a one-step dipping process.

To address this, the present work describes the development
of a new generation of antibiofilm coatings based on the SAFE
coating composition with excellent durability that can be
applied to virtually any object and nonflat articles with intricate
geometries including medical devices via a one-step coating
process. Our hypothesis was that the modification of the
oxidation/polymerization of DA, subsequent self-assembly,
and stabilization of PDA nanoparticles and film formation
would result in a robust coating. One strategy to modulate this
is to change the synthesis parameters such as pH, temperature,
and coating time.””*® Another approach is to leverage the
combination of DA with off-the-shelf chemicals such as
oxidants, hydrophilic polymers, nanoparticles, and so
forth.”>*® Despite great advances achieved using these
strategies, the incorporation of such chemicals might impair
the unique properties of PDA (universality, versatility, and
strong adherence). Here, we describe a new nanoparticle-based
coating process in the water-soluble organic—aqueous mixture
to generate an antibiofilm coating with high stability, lubricity,
and long-term activity, which can be applied to virtually all
objects irrespective of its geometry and chemistry.

Our objective was to modulate PDA synthesis and the
nanoparticle assembly formation while maintaining its intrinsic
properties such as excellent adhesion to the diverse underlying
materials. We aimed to combine a water-soluble organic
solvent with SAFE components®™*® for achieving the
controlled PDA synthesis and a coating with high stability
and activity. We screened diverse water-miscible organic
solvents in combination with Tris buffer to change the
solution properties such as surface tension, oxygen solubility,
DA solubility, and hydroxide content, which significantly
affects the PDA synthesis, particle formation, and deposition.
Decreasing the surface tension of the coating solution is
anticifated to enhance surface wetting and coating adher-
ence.”’ Similarly, a reduction in the hydroxide content or
oxygen solubility in the solvent mixture could result in the
decreased rate of DA oxidation/polymerization.’® Using this
coating method, we showed the ability to develop a robust
antibiofilm coating on any surface irrespective of its geometry
and chemical nature resulting in excellent protection from the
attachment of both Gram-negative and -positive bacterial
species. We named the coating durable one-pot antibiofilm
solvent-induced long-acting (DOPASIL) coating. Further-
more, we demonstrate the high durability of the DOPASIL
coating with excellent long-term activity in various conditions.
The high biocompatibility and antibiofilm efficacy of the
DOPASIL coating are also confirmed in vivo.

Our hypothesis was that the control of formation and
deposition of in situ formed nanoparticles during catechol
polymerization and crosslinking would result in a stable and
durable coating on diverse surfaces. For this, we introduced a
water-miscible organic solvent to the SAFE composition [DA
(2 mg/mL), LMW-PEI (1.5 mg/mL), silver nitrate (0.5 mg/
mL), and uvhPDMA (5 mg/mL)] as organic solvents are
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Figure 1. Development of the DOPASIL coating. (a) Schematic representation for the preparation of the DOPASIL coating: four components
including DA, LMW-PE], silver nitrate, and uhPDMA were mixed. The substrate (e.g, a silicone urinary catheter) was immersed in a coating
solution for 24 h at room temperature to generate the highly hydrophilic anti-adhesive DOPASIL coating with long-term activity (b) SEM images
of (A) uncoated and coated silicone urinary catheters treated with compositions containing different water-miscible organic solvents at different
solvent/Tris ratios. The coating composition contained DA (2 mg/mL), PEI (1.5 mg/mL), silver nitrate (0.5 mg/mL), thPDMA (5 mg/mL), and
solvent/Tris solution: (B) DMF90/Tris10, (C) DMSO90/Tris10, (D) methanol90/Tris10, (E) ethanol90/Tris10, (F) isopropanol90/Tris10, (G)
Tris alone, (H) methanol10/Tris90, (I) methanol30/Tris70, (J) methanol50/TrisS0, (K) methanol70/Tris30, and (L) MeOH alone. The scale bar
is 10 pum. (c) Digital images of a full-size 10 Fr silicon urinary catheter before (left image) and after (right image) coating with the DOPASIL
solution. (d) Concentration of planktonic bacteria present in the culture media wherein the silicone urinary catheter is coated with different
coatings incubated with E. coli (1 X 10° CFU/mL, LB, 500 L) for 7 days. (e) Number of bacterial colonies adhered to the surface of the coated
silicone urinary catheter with different coating compositions incubated with E. coli for 7 days (initial concentration: 1 X 10° CFU/mL, LB, 500 xL).
The red arrow indicates null planktonic-surface-attached bacteria. (f) Fluorescence images of biofilm formation on the surface of uncoated, Ag
control-coated, and DOPASIL (MeOH90/Tris10)-coated PU sheets after 7 days of incubation with E. coli (initial concentration: 1 X 10° CFU/
mL, LB, 500 uL). The scale bar is 100 ym.

known to slow the oxidation of catechol and subsequent We initially screened several organic solvents to identify the
nanoparticle formation.*”~** Given the fact that the high rate optimal water-miscible solvent that works well in combination
of DA oxidation in aqueous basic conditions is mainly due to with the SAFE composition in aqueous solution to generate

the presence of hydroxide ions acting as a catalyst for DA the DOPASIL coating. To prepare the DOPASIL coating, the
polymerization, a decrease in the hydroxide ion concentration

could reduce the rate of DA oxidation/polymerization and is
anticipated to control the assembly of in situ formed
nanoparticles. The replacement of a part of the basic buffer
solution with a water-miscible organic solvent was utilized to

substrate of interest (e.g, a silicone urinary catheter) was
placed overnight at room temperature in a solution containing
DA (2 mg/mL), LMW-PEI (1.5 mg/mL), silver nitrate (0.5
mg/mL), uthPDMA (5 mg/mL), and the solvent system

limit the number of hydroxide ions present in the coating (Figure 1a). We tested several commonly used water-miscible
solution and to regulate the intramolecular interactions of organic solvents [methanol (MeOH), ethanol (EtOH), IPOH,
PDA. dimethylformamide (DMF), and dimethyl sulfoxide (DMSO)]
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with a different surface tension, oxygen solubility, and DA
solubility (Table 1).

Table 1. Characteristics of the Solvents Used in the
Screening Studies®> ™"’

surface tension at oxygen solubility DA solubility

solvent 20 °C (mN/m) (mole fraction) (mg/mL)
water 72.8 4x107° ~15
MeOH 22.7 42 x 107* ~20
EtOH 22.1 5.8 x 107 ~2
IPOH 23 7.8 X 107

DMF 37.1 39 x 107" ~30
DMSO 43.54 9x107° ~30

The coating formed in the absence of uhPDMA is called Ag
control. We utilized scanning electron microscopy (SEM) to
identify the optimal solvent and solvent/Tris buffer ratio in
terms of coating features (compactness and uniformity).
Among the diverse solvents tested in combination with
SAFE, MeOH was found to provide the most uniform coating
structure (Figure 1b, image D) compared to other solvents or
conditions tested. Unlike the MeOH/Tris 90:10 v/v solution,
the SAFE solution did not form a coating with similar
thickness following vertical placement in the coating solution
(Figure 1b, image G). Overall, the thickness and uniformity of

(A (8) (© (D) (E) (F)

the SAFE coating were strongly dependent on the position of
the catheter in solution and how many times the coating
process was repeated as described earlier. In comparison, one
key advantage of the DOPASIL-coating process is that the
placement of the whole catheter in the MeOH/Tris 90:10 v/v
solution in any position (vertical, horizontal, or tilted) results
in the entire device being coated via the one-step-dip-coating
process. This comparison obviously showed the important role
of the organic solvent in improving coating characteristics on
nonflat surfaces. While some microparticles were observed on
the surface of the catheter treated with a coating composition
containing EtOH, IPOH, and DMF, they failed to form as
uniform a layer with great surface coverage as that formed
using the MeOH/Tris 90:10 v/v solution (Figure 1b, images
B, E, and F). Among the different solvents (90% v/v) tested,
the solvent with the lowest surface tension, moderate DA
solubility, and highest oxygen solubility (e.g., MeOH) resulted
in the best outcome. As shown in Figure 1c, the full-size 10 Fr
silicone urinary catheter is fully covered with a brownish
material which is indicative of DOPASIL coating. We next
investigated the efficacy of the silicone urinary catheters coated
with diverse compositions to resist the adhesion of E. coli [1 X
10° colony forming unit (CFU)/mL as the starting
concentration] over a 7-day period utilizing CFU counts and
fluorescence microcopy (Figure 1d). Overall, the DOPASIL
coating formed using MeOH/Tris 90:10 v/v showed the best
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Figure 2. Applicability/versatility of the DOPASIL coating. (a) Digital images of diverse objects coated with the DOPASIL composition: (A)
bandage [uncoated (left) and coated (right)], (B) 24G IV PU catheter [uncoated (left) and coated (right)], (C) glass vials with two different sizes,
(D) pieces of the 16 Fr PVC urinary catheter [uncoated (left) and coated (right)], (E) metallic needle (the half bottom portion coated), (F) green
plastic rod (the half bottom portion coated), (G) vascular graft (the half bottom portion coated), (H) plastic tubes with six different sizes, (I) 6 mL
norm-jet syringe, (J) Y-shaped connectors [uncoated (top), (K) PDMS ball (diameter: S mm) and coated (bottom)], (L) pieces of the 10 Fr
silicone urinary catheter [uncoated (left) and coated (right)]. The blue scale bar is 2 cm. The number of (b) planktonic colonies and (c) surface-
attached bacteria for uncoated/DOPASIL-coated objects after 24 h of incubation with E. coli (1 X 10° CFU/mL).
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Figure 3. Characteristics of nanoparticles formed in the presence of different organic—buffer mixtures. (a) Hydrodynamic size of DOPASIL
nanoparticles formed in solutions containing different solvents and at different solvent/Tris ratios. Size distribution of DOPASIL nanoparticles
formed (b) in the absence of the water-miscible organic solvent and (c) in the presence of 90% MeOH at different time points. (d) ¢ potential of
DOPASIL nanoparticles formed in solutions containing different solvents and at different solvent/Tris ratios.

results, completely suppressing planktonic growth and bacterial
adhesion on the surface of the device (Figure ld,e). The
fluorescence microscopy analysis further confirmed the
excellent anti-adhesive and antibacterial activity of the
DOPASIL coating against E. coli, with no bacteria evident on
the DOPASIL-coated surface. In contrast, significant bacterial
biomass was evident on the uncoated surface and that
containing the Ag control coating (without uthPDMA) (Figure
1f).

We next verified that the DOPASIL coating can be effectively
applied to diverse objects/materials with different chemistries,
geometries, and varying sizes. The objects used include a
bandage, a 24G intravenous (IV) PU catheter, glass vials with
different sizes, a 16 Fr polyvinyl chloride (PVC) urinary
catheter, a metallic needle, a plastic rod, a vascular graft, plastic
tubes with different sizes, a 6 mL norm-jet syringe, a Y-shaped
medical connector, a polydimethylsiloxane (PDMS) ball, a 10
Fr silicone urinary catheter, and 3D-printed objects made of
the acrylonitrile—butadiene—styrene terpolymer. The surface
of the coated objects was found to be effectively covered with a
brownish layer which supports the DOPASIL-coating for-
mation (Figures 2a and S1). We also assessed the antibacterial
and anti-adhesion efficacy of the DOPASIL coating on various
objects against E. coli (1 X 10° CFU/mL, LB, 24 h). For all
coated objects, no planktonic bacteria were left in solution 24 h
post-inoculation, supporting the significant antibacterial
activity of the DOPASIL coating (Figure 2b). In support of
this, bacterial adhesion to the surface of all coated objects of
varying geometries was also prevented (Figure 2c).

We further examined the effect of water-miscible organic
solvents on the characteristics of in situ formed nanoparticles.
We initially utilized dynamic light scattering to measure the
hydrodynamic size and the { potential of DOPASIL nano-
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particles. The hydrodynamic size of the nanoparticles was
highly dependent on the water-miscible organic solvent and
the solvent/Tris ratio used (Figure 3a). The hydrodynamic
size of nanoparticles formed in the absence of the water-
miscible organic solvent was determined to be ~150 nm and
decreased as the percentage of MeOH incorporated into the
coating solution increased, reaching ~60 nm for the DOPASIL
solution (MeOH/Tris 90:10). Overall, the replacement of a
part of Tris buffer with alcohols (MeOH and IPOH) resulted
in nanoparticles with much smaller hydrodynamic sizes (Figure
S2). The lowest size of the nanoparticles formed in the
presence of 90% v/v IPOH could be attributed to the low
solubility of DA and inhibited PDA synthesis in IPOH. The
larger size of the DMF-synthesized nanoparticles than that of
the MeOH-synthesized nanoparticles could be attributed to
the higher polarity and DA solubility in DMF, while their
oxygen solubility is very close (4 X 10™* as shown in Table 1).
We also showed that the hydrodynamic size of nanoparticles
formed in both DOPASIL (MeOH/Tris 90:10 v/v) and SAFE
(Tris alone) solutions nearly remained unchanged with time
(Figure 3b,c). In contrast, the { potential of DOPASIL
nanoparticles was not changed with the use of water-miscible
organic solvents (Figure 3d). Nanoparticles formed in all
solutions containing different solvents and the solvent/Tris
ratios were found to be slightly positively charged, which was
due to the presence of the positively charged LMW-PEI used
in the coating solution. Ag control (MeOH/Tris 90:10 v/v
without thPDMA) nanoparticles were found to be positively
charged (~25 mV) (Figure S3). The decrease in { potential of
nanoparticles containing uhPDMA can be explained by the
presence of uhPDMA chains on the surface of the nano-
particles (also see below).** Furthermore, the development of
the brown color of the coating solution (an indicator for the
extent of DA oxidation/polymerization) was slowed down due
to MeOH accounting for 90 vol % of its solvent system (Figure
S4). This observation supported our initial hypothesis that the
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2 um. (c) TEM image of silver nanoclusters incorporated into the

DOPASIL coating. The black scale bar is 100 nm. (d) XPS spectra of Ag control and DOPASIL coating. (e) High-resolution XPS spectra of silver
for the Ag control coating and the DOPASIL coating. (f) Silver release profile for the DOPASIL coating over 90 days in water. (g) SZP of the Ag
control and the DOPASIL coating. Force—distance AFM curves of (h) Ag control and (i) DOPASIL coating on silicon wafer. (j) Cartoon showing

the film formation in the absence (1) and the presence (2) of MeOH.

introduction of water-miscible organic solvents could slow the
oxidation/polymerization of DA.

The DOPASIL coating generated a nonporous structure
(Figure 4a). Both intra- and extra-luminal surfaces of the
silicone urinary catheter were effectively treated with the
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DOPASIL coating demonstrating its versatility (Figure SS).
Focused ion beam-SEM (FIB-SEM) was utilized to determine
the thickness of the DOPASIL coating. A cross section of the
sample was initially created using FIB, and subsequent SEM
imaging revealed the DOPASIL coating to be ~2 um thick
which is nearly half of that of the SAFE coating (formed in the

https://doi.org/10.1021/acsnanoscienceau.2c00040
ACS Nanosci. Au 2023, 3, 67-83


https://pubs.acs.org/doi/suppl/10.1021/acsnanoscienceau.2c00040/suppl_file/ng2c00040_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040?fig=fig4&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.2c00040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(a) BN Bare [ DOPASIL

. E. coli _... P.aeruginosa _  S.aureus S. saprophyticus
£ £ £ Em
E 107- E 10¢ E 107 E 107-
ow bz S gz
e 1 H: £
£ 2w £ £
2 &% =5 2
1 7 14 21 28 1 4 14 21 28 1 7 14 21 28 1 7 14 21 28
Time (Day) Time (Day) Time (Day) Time (Day)
(b) E. coli P. aeruginosa S. aureus S. saprophyticus

Bare

DOPASIL

N Bare I DOPASIL
E. coli P aeruginosa S. aureus S. saprophyticus

5 150
0 Jl__l-l
1 14 28

14 28
Time (Day) Time (Day)

28 days

(c)

-
@
S

Py
o
3
I
1)
S

a
S

w
8
Relative Biomass (a.u.)

Relative Biomass (a.u.)

il

1 14 28 1 14
Time (Day) Time (Day)

1 daI
101 (fls 1°7- '8 -2 - -
109 Il Bare
108 Il DOPASIL
107
108 .
£ 10 :
2 104
S 100
102 }
101
100
0 0 30 60 90

0 30 0 20 Immersion Time (day)
Immersion Time (Day) Y

Relative Biomass (a.u.)

P P

@ 5 &

o g 8 3
Relative Biomass (a.u.)

- P

« 8 b}

8 8 8

(d) 14 days

Bare

DOPASIL

(e)

Killing Efficiency (%)
g

Planktonic Concentration

Figure S. In vitro bacteria-killing and anti-adhesive activity of the DOPASIL coating. (a) Planktonic load for the DOPASIL-coated catheter after
incubation with diverse bacterial species (1 X 10° CFU/mL, 500 uL) for 24 h. (b) Fluorescence images (green—live bacteria, red—dead bacteria)
of biofilm formation and (c) the amount of corresponding biomass deposited on the surface of the uncoated PU sheet and the DOPASIL coating
after 28 days of incubation with diverse bacterial strains (1 X 10° CFU/mL, LB, 500 uL). The scale bar is 100 ym. (d) SEM images of biofilm
formation on the surface of uncoated and DOPASIL-coated silicone urinary catheters by E. coli (initial concentration: 1 X 10® CFU/mL). Surface-
attached bacteria are highlighted in red. The scale bar is 10 ym. Number of bacterial colonies attached to the surface of the uncoated and
DOPASIL-coated silicone urinary catheters exposed to challenging conditions including (e) number of E. coli (initial concentration: 5 X 10° CFU/
mL, 500 L, LB, 24 h) grown in the media with the uncoated or DOPASIL-coated silicone catheter piece already immersed in water for 30, 60, and
90 days. (f) KE of DOPASIL-coated silicone catheter pieces (1 cm) immersed in water for different periods including 0, 30, 60, and 90 days against
E. coli (500 uL, 5 x 10° CEFU/mL, LB, 24 h).

73 https://doi.org/10.1021/acsnanoscienceau.2c00040
ACS Nanosci. Au 2023, 3, 67-83


https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040?fig=fig5&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.2c00040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

absence of MeOH) (Figures 4b and S6). The lower thickness
of the DOPASIL coating could be attributed to the decrease in
the rate of nanoparticle formation and self-assembly process
with the use of MeOH.

Next, we utilized transmission electron microscopy (TEM)
to assess the dry size of the nanoparticles. The TEM results
showed the SAFE nanoparticles (formed in the absence of an
organic solvent) to be assembled into a larger particle (100—
200 nm) (Figure S7a), which was not observed for DOPASIL.
Instead, the DOPASIL solution was found to consist of well-
dispersed individual nanoparticles (~10 nm) (Figure 4c).
Overall, the use of MeOH prevented the formation of
assemblies/large particles. The small size of DOPASIL
nanoparticles could be attributed to the stabilization effect of
uhPDMA assembled on the surface.”*”** The inhibition of
large assemblies’/particles’ formation in the DOPASIL solution
could be attributed to the inhibition effect of MeOH on
nanoparticle formation/growth as discussed earlier.

Next, we employed X-ray photoelectron spectroscopy (XPS)
to demonstrate the presence of silver within the DOPASIL
coating. The XPS analysis confirmed the effective incorpo-
ration of silver into both Ag control and DOPASIL coating
indicated by the characteristic peak at ~375 eV corresponding
to the Ag 3d;, orbital (Figure 4d,e). We also utilized XPS to
investigate the surface coverage of the DOPASIL coating on
silicon wafer. The silicon peak (~155 eV) was not observed in
the XPS spectrum of the DOPASIL coating, while it was
observed in the Ag control. These data further support the full
surface coverage of silicon wafer with the DOPASIL coating.
Next, we assessed the silver cumulative release profile for the
DOPASIL coating (Figure 4f). The DOPASIL coating was
found to slowly release silver ions for 90 days at therapeutic
doses (~9 ppm), known to be nontoxic to human cells.*”*
This sustained silver release behavior can be explained based
on the uniform distribution of small silver nanoparticles within
the coating as discussed earlier. In fact, the small nanoparticles
provide a considerable surface area for sustained silver
dissolution.

We further evaluated the wettability of the DOPASIL
coating on silicon wafer. The DOPASIL coating showed a
water contact angle (WCA) value of ~20° which is much
lower compared to that of the PDA-alone (~50°) and Ag
control (~35°) (Figure S7b). The higher hydrophilicity of the
DOPASIL coating compared to that of controls could be
attributed to the presence of highly hydrophilic uhPDMA
chains within the coating. The significant difference in WCA of
the PDA-alone and the Ag control coatings was due to the
presence of hydrophilic LMW-PEI in the Ag control.

Next, we utilized surface { potential (SZP) measurements to
probe the surface charge of the DOPASIL coating deposited
on the surface. The SZP of the DOPASIL coating was nearly
zero, while the Ag control surface was negatively charged. The
data suggest that the surface charge of the deposited
nanoparticles is fully screened in the presence of uhPDMA
(Figure 4g). The SZP data were supported by the surface
composition analysis via XPS and hydrophilicity by the WCA
measurement. The presence of uhPDMA on the surface of the
DOPASIL coating was further investigated using atomic force
microscopy (AFM) measurements. Two key parameters, the
adhesive force and rupture distance, were utilized to confirm
the presence of uhPDMA on the surface. The adhesive force
on the DOPASIL-coated surface was found to be much lower
than that of the Ag control coating, demonstrating a significant
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decrease in the interaction between the AFM tip and the
coated surface in the presence of uhPDMA. The rupture
distance of the DOPASIL coating was also determined to be
much longer than that of the Ag control coating. The stretched
length of the polymer chains or loops by the AFM tip was
determined to be ~300 nm (Figure 4h,i). Both lower adhesive
force and longer rupture distance of the DOPASIL coating
together demonstrated the enrichment of uhPDMA chains on
the surface of the DOPASIL coating.”*”**

We further studied the film formation during the DOPASIL
coating deposition. As demonstrated earlier, the particle
aggregation was suppressed in the presence of MeOH, which
could be due to the limited hydrophobic interactions between
the nanoparticles in MeOH or the decrease in hydroxide
concentration to catalyze oxidative polymerization reac-
tions.*”*" We utilized SEM to investigate the morphology of
the surface treated with the DOPASIL solution at two different
time points (Figure S8). The substrate treated with the
DOPASIL solution was covered with small nanoparticles after
4 h. The underlying surface was fully buried with a uniform
layer through further assembly of nanoparticles in 12 h. In the
absence of MeOH, the in situ formed nanoparticles readily
form large assemblies (~200 nm) (Figure S7a) in the early
stage due to the high reactivity of PEI toward PDA. In the
presence of MeOH, the slow formation/growth of nano-
particles in solution allows for proper organization of
nanoparticles on the surface with time to generate a coating
with a dense structure (Figure 4j).

We further investigated the antibiofilm activity of the
DOPASIL coating against both Gram-positive and -negative
bacteria including Escherichia coli (E. coli), Pseudomonas
aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus),
and Staphylococcus saprophyticus (S. saprophyticus) up to 28
days. The DOPASIL-coated and uncoated silicone urinary
catheters were incubated with bacteria (initial concentration of
1 X 10° CFU/mL, LB, 500 uL). Every 24 h, half of the media
was replaced with a fresh bacterial solution for the entire 28
day incubation period to ensure maximal bacterial challenge at
all times. Every 7 days, the number of bacterial colonies
present in solution was determined. These results show that
the DOPASIL coating was highly effective in overcoming the
challenging conditions posed by the daily addition of fresh
bacteria and eradicated all planktonic bacteria over the entire
28 day duration of the experiment (Figure Sa). This result was
consistent for all bacterial species tested. The high antibacterial
efficacy of the DOPASIL coating can likely be attributed to the
long-term sustained release of silver at therapeutic levels from
the DOPASIL coating.

Next, we investigated the biofilm formation on the
DOPASIL coating using a live-dead assay over 28 days. The
DOPASIL-coated and uncoated PU sheets were treated with
different bacterial species as per the same procedure
mentioned above (500 uL, LB, 1 X 10° CFU/mL). The
samples were washed with sterile PBS, treated with a
fluorescent dye kit (propidium iodide and SYTO9), and
visualized using fluorescence microscopy. Fluorescent images
of 28 day biofilm experiments with different bacterial species
are shown in Figure Sb, with values pertaining to biomass
accumulation shown in Figure Sc. The DOPASIL coating
showed excellent long-term resistance to biofilm formation
with no bacteria visible on the coated surface on day 28 of the
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Figure 6. Stability and mechanical properties of the DOPASIL coating. (a) Digital images of the rub-out test setup. The scale bar is ~1 cm.
Antibacterial activity of the (b) rubbed (SO times back and forth) and (c) autoclaved (1 h, 121 °C, 1S psi) DOPASIL-coated silicone urinary
catheter (E. coli, 1 X 10° CFU/mL, 500 uL, 7 days). (d) Digital image of the hydration/dehydration cycle setup. The scale bar is ~1 cm.
Antibacterial activity of the I hydrated/dehydrated (20 cycles) and (f) sonicated (0.5 h in water) DOPASIL-coated silicone catheter (E. coli, 1 X
10° CFU/mL, 500 uL, 7 days). (g) Digital images of the DOPASIL-coated silicon catheter exposed to different mechanical stresses including
stretching (SO0 stretch—release cycles) and twisting (15 twists). The yellow scale bar is 4 cm. (h) Nanoindentation curves of the DOPASIL coating
and the coating formed in the absence of MeOH (Tris control) on silicon wafer. (i) Surface elastic modulus, (j) hardness, and (k) work of fracture
of coatings formed on PU sheets. (1) CoF between coated PDMS balls and the uncoated PDMS sheet.

experiment for all the species tested. In contrast, the uncoated
surface showed a thick biofilm over the same period.

We also confirmed the anti-adhesive performance of the
DOPASIL-coated silicone urinary catheter utilizing SEM. The
SEM results showed that the bacterial attachment to the
surface of the uncoated catheter increased with time, while the
DOPASIL coating prevented the deposition of bacterial
biomass onto the surface over the long term (28 days)
(Figures Sd and S9). Both the high bactericidal activity of
released silver ions and excellent antifouling performance of
uhPDMA worked in synergy to make the surface of the
DOPASIL-coated silicone catheter highly resistant to bacterial
attachment and maintained a clean surface over the 28 day
experimental period.

We next assessed the long-term stability and activity of the
DOPASIL coating following long-term exposure of 1 cm
catheter pieces to water (37 °C) with constant stirring for 90
days. At different time points (30, 60, and 90 days), the
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catheter piece was taken out, and its bacteria-killing activity
was tested in the presence of E. coli (initial concentration: S X
10° CFU/mL, 500 uL, LB, 24 h). We showed that the
DOPASIL-coated catheter retains its excellent bacteria-killing
activity [100% killing efficiency (KE)] even after 90 days of
immersion in water, while there was a high load of planktonic
bacteria in the solution in which the bare catheter was
incubated (Figure Se,f).

We further assessed the biocompatibility of the DOPASIL
coating in vitro. We investigated the adhesion of bladder cells
(T24) onto the DOPASIL-coated cell culture slides (glass)
over a 24 h period. The DOPASIL coating effectively
prevented cell adhesion, whereas the Ag control showed
some cell attachment to the surface (Figure S10a). This clear
difference in the cell attachment of the two coatings confirmed
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Figure 7. In vivo infection prevention efficacy of the DOPASIL coating. (a) Cartoon of DOPASIL surface modification of 24G IV PU catheters. (b)
Number of bacterial colonies attached to the surface of the uncoated, Ag control-coated, and DOPASIL-coated pieces of the 24G IV PU catheter (4
mm long) after 3 days of incubation with P. mirabilis (1 X 10¢ CFU/mL, 500 yL, artificial urine). (c) Fluorescence images of biofilm formation on
the surface of uncoated and DOPASIL-coated PU sheets after 3 days of incubation with P. mirabilis (1 X 10° CFU/mL, 500 uL, artificial urine).
The scale bar is 100 gm. (d) Implantation of the small portion of the catheter: the mounted catheter was pushed inside to ensure that the whole
small portion gets in. The needle was withdrawn while keeping the large portion penetrated into the bladder. Finally, the large portion was
withdrawn, and the small portion was dropped inside. (e) Number of planktonic bacteria present in the bladder of mice treated with P. mirabilis
(concentration of the injected bacterial solution: 5 X 10° CFU in 50 uL PBS) for 3 days. (f) Number of bacterial colonies attached to the surface of
uncoated, Ag control-coated, and DOPASIL-coated pieces of 24G PU IV catheters after 3 days of implantation with P. mirabilis (concentration of
the injected bacterial solution: § X 10° CFU in 50 L PBS). * indicates P value < 0.05, and ** indicates P value < 0.01. ns shows not statistically
significant.

the strong antifouling and high biocompatibility properties of dehydration cycles. After these mechanical challenges, the anti-
the DOPASIL coating. To expand the assessment of adhesive property of the exposed coating was investigated and
antifouling activity further, we also assessed the protein compared with that of the freshly made DOPASIL-coated and
deposition on the surface of the DOPASIL coating using uncoated catheters following 7 days of incubation with E. coli
fluorescein thioisocyanate-tagged bovine serum albumin (500 uL, LB, 1 X 10° CFU/mL). The DOPASIL coating
(FITC-BSA). Serum albumin was chosen based on the fact retained its excellent bacteria-repelling activity even after
that it is a major component of the urinary conditioning film exposure to SO rubbing cycles (Figure 6b). In fact, the anti-
found on indwelling urinary devices in contact with urine.’>>> adhesive performance of the rubbed DOPASIL coating was
There was no detectable protein deposition observed on the similar to that of the fresh DOPASIL coating. Similarly,
surface of the DOPASIL coating, while the Ag control coating exposure of the DOPASIL coating to a 1 h autoclave cycle
was fully covered with the protein (Figure S10b). Taken (elevated temperature and high pressure) showed the same
together, the data demonstrated the superior antifouling and high anti-adhesive activity as a freshly made DOPASIL coating
biocompatibility properties of the DOPASIL coating. Since the (Figure 6c). To simulate a hydration/dehydration cycle,
antifouling activity of the DOPASIL coating is so efficient that DOPASIL-coated and uncoated samples were allowed to
it effectively repels cells, we could not perform the conven- rehydrate for 24 h in water followed by overnight dehydration
tional cell viability studies with adherent cell lines. That said, on the benchtop (experimental setup shown in Figure 6d).
based on the silver release data discussed earlier, the average This process was repeated 20 times to examine the stability of
amount of silver ions released per 24 h is much lower than the the coating to repetitive hydration/dehydration cycles. Overall,
toxic range reported for silver ions and silver nanoparticles, the anti-adhesive activity of the DOPASIL coating remained
which is consistent with the nontoxicity of the DOPASIL ~ unchanged even after 20 cycles (Figure 6e). Similarly,
coating.49 sonication for 0.5 h did not change the superior antibacterial

and anti-adhesive activity of the DOPASIL coating (Figure 6f).
In addition to testing the anti-adhesive activity, we assessed the

One of the challenges of the silver-based coating is its poor morphology of the coating after exposure to different stability
mechanical properties and stability. Thus, we investigated the tests and compared to that of the freshly made DOPASIL
stability of the DOPASIL coating following exposure to coating. Exposure of the DOPASIL coating to any of the harsh
different harsh conditions. The stability tests included a rub- conditions described did not significantly change the overall
out test (50 times back and forth runs) (Figure 6a), morphology demonstrating an overall high level of stability
autoclaving for 1 h, sonication for 0.5 h, and 20 hydration/ (Figure S11). We further assessed the durability of the
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Figure 8. Biocompatibility of the DOPASIL coating. (a) In vitro cytotoxicity of different coatings including PDA, PDA/PEI, Ag control, and
DOPASIL. The viability of T24 cells in media [RPMI, 10% FBS, 1% (P/S)] incubated with the coatings for 12 h (left box), 24 h (middle box), and
48 h (right box) was measured after 24 h of culture. The experiment was done using media released from five independent samples in each coating
group. (b) Cartoon showing the insertion of the Ti implant under the skin on the back of the rat in the subcutaneous pocket. (c) Optical
microscopy images of the H&E-stained section of (i) healthy skin tissue and skin tissues in vicinity of the (ii) uncoated Ti implant, (iii) Ag control-
coated Ti implant, and (iv) DOPASIL-coated Ti implant. The scale bar is 2 mm.

DOPASIL coating (Figure 6g) by exposing a DOPASIL-coated
10 Fr silicone catheter to different mechanical stresses
including stretching (S0 stretch—release cycles) and twisting
(15 twists), followed by a qualitative/visual assessment for any
coating defects/detachments. Overall, we did not observe any
coating delamination post-stretching and no coating material
transfer to the glove post-twisting. The DOPASIL coating
retained its excellent antibacterial efficacy post-stretching/
twisting (the antibacterial efficacy was tested against E. coli
with a starting concentration of 1 X 10° CFU/mL and an
incubation time of 24 h; we noticed all bacterial cells to be
killed within 24 h by the DOPASIL coating experienced
iterative stretches/twists). Taken together, the above results
indicate the great durability of the DOPASIL coatings when
exposed to different environments and mechanical stresses.

Next, we quantitatively characterized the mechanical proper-
ties of the DOPASIL coating utilizing nanoindentation
measurements. The force—displacement curves of different
coatings prepared on silicon wafer were collected for the
determination of surface elastic modulus and hardness (Figure
6h). The surface elastic modulus of the DOPASIL coating was
found to be nearly 2 times greater than that of the SAFE
coating (the coating formed in the absence of MeOH) (Figure
6i). The hardness data showed that the DOPASIL coating was
harder than the SAFE coating (Figure 6j). In addition, the
work of fracture calculated from the area under the force—
displacement curve which represents the mechanical toughness
of the coating was higher for the DOPASIL coating (Figure
6k). Taken together, the DOPASIL coating was found to be
tougher than the SAFE coating, demonstrating the positive
impact of MeOH on the increased mechanical stability of the
DOPASIL coating. The improved mechanical properties of the
DOPASIL coating compared to the coating formed in the
absence of MeOH may be attributed to the dense structure of
the DOPASIL coating due to slower nanoparticle deposition.
In addition, the presence of inorganic silver nanoparticles that
can act as a nanofiller could be the reason for high toughness of
the DOAPSIL coating.””>> The effective dispersion of silver
nanoparticles in the PDA/polymer matrix in DOPASIL coating
could result in high energy dissipation as the mechanical stress
is applied in comparison with the control coatings.

We further investigated the lubrication properties of the
DOPASIL coating utilizing tribometry measurements. The
coefficient of friction (CoF) between the coated PDMS ball
and the uncoated flat PDMS sheet was collected over 60 min.
The CoF of the DOPASIL-coated PDMS ball was ~0.1 which
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was much lower than that of the Ag control (without
uhPDMA) coated (~0.5) and uncoated ball (1.5) (Figure
61), indicating that the lubricity of the DOPASIL coating is
greater, which is attributed to the enrichment of uhPDMA
chains on the material surface.

To assess the translation of the significant characteristics of the
DOPASIL coating assessed above into a preclinical in vivo
model, we examined the efficacy of the DOPASIL coating to
prevent bacterial adhesion and biofilm formation on indwelling
catheters using a mouse model of catheter-associated urinary
tract infection.” For this, we utilized coated and uncoated 24G
IV PU catheters. The catheters were coated with the
DOPASIL composition via a simple dip-coating process as
shown in Figure 7a. The catheter was cut in two portions
including the small (4 mm long) and large portions, followed
by reassembling on the needle to form a mounted catheter
(Figure 7a). To truly challenge the DOPASIL coating, we
chose to assess its activity against Proteus mirabilis, a common
uropathogen associated with catheter-associated urinary tract
infections. P. mirabilis is considered a complicated pathogen as
it causes ascending (enter the kidneys) infections and, via the
expression of urease, is associated with the formation of
crystalline layers that encase and block entire catheters and can
form into larger stones that encase the entire collecting system
of the kidneys known as staghorn stones.’® To ensure the
activity of the samples before insertion into the animals, we
initially investigated the antibiofilm activity of the DOPASIL-
coated piece of the catheter (4 mm) against P. mirabilis (500
UL, 2 X 10° CFU/mL in artificial urine, 3 days) in vitro. There
were no bacteria detected on the surface of the DOPASIL-
coated catheter, while a large number of colonies were found
on the surface of uncoated catheters (Figure 7b). The live-dead
assay further confirmed that the DOPASIL coating on the PU
sheet effectively prevents biofilm formation by P. mirabilis
(Figure 7c). Following verification of antibacterial and anti-
adhesive activities in vitro, a small portion of the same catheter
was implanted into the mouse bladder (Figure 7d). P. mirabilis
(2 X 10° CFU in 50 uL of PBS) was injected into the mouse
bladder, and animals were recovered for 3 days at which point
planktonic bacteria in urine and adherent bacteria on the
catheter were assessed via CFU counts. Even in the in vivo
environment, the DOPASIL coating showed remarkable KE of
planktonic (free swimming in urine) and adherent bacteria to
the catheter surface. Overall, the presence of the coating
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resulted in a S log reduction in the number of bacteria in the
urine compared to that in animals that had the Ag control
catheter inserted (Figure 7e). Similarly, a ~S log reduction in
bacteria adhered to the surface of coated catheters was
observed (Figure 7f). Collectively, these data indicate that the
superior antibacterial and anti-adhesive properties of the
DOPASIL coating observed in the in vitro setting translate
directly to a more realistic in vivo environment of catheter-
associated urinary tract infection. This very much speaks to the
potential effectiveness of this coating technology to reduce
device-associated infections in humans.

We next assessed the biocompatibility of the DOPASIL
coating in vitro and in vivo. As mentioned above, given the
significant antifouling activity of the coating, we are unable to
perform cell adhesion studies to assess direct toxicity of the
coating. As a result, we evaluated the potential toxicity of silver
ions released from the DOPASIL coating. To that end, the
coated PU coupons (5 X 5 mm) were incubated with cell
culture media [Roswell Park Memorial Institute (RPMI), 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S)]
for different time periods (12, 24, and 48 h), and the collected
supernatant was used to assess cell growth (T24 bladder cells).
The biocompatibility of both silver-free (PDA and PDA/PEI)
and silver-containing controls (Ag control) was shown to be
high, with >90 and >80% cell viability, respectively. In
comparison, the cell viability for the DOPASIL coating was
also found to be >90% irrespective of the time point taken
supporting the high biocompatibility of the coating (Figure
8a). To determine how this translates to an in vivo
environment, we utilized a subcutaneous implantation model
in rats. For this, DOPASIL, Ag control, and uncoated Ti coils
were implanted into two dorsal pockets on the animals,
followed by suturing of the incision and recovery of the
animals for 7 days (Figure 8b). After 7 days, the tissue around
the implants was harvested and histologically examined after
staining with hematoxylin and eosin (H&E) in a blinded
fashion by a board-certified pathologist. Results show that
there were no significant differences in the tissue responses to
either the Ag control or the DOPASIL coating (Figure 8c); the
immune cell infiltration and tissue damage were similar to that
of the uncoated Ti implants. The high biocompatibility of the
DOPASIL coating can be attributed to the surface enrichment
of biocompatible PDMA on the surface and the sustained
release of nontoxic yet therapeutic levels of silver. While the Ag
control sample is not covered by a highly biocompatible
PDMA layer, the amount of silver ions released is minimal,
resulting in low toxicity and good biocompatibility (see Figure
8ciii). Overall, the normal healing process following the
surgical procedure was evident from the presence of mild
inflammatory infiltrate in the dermis and hypodermis for all
implant groups. We also noticed some inflammatory reactions
typical for a foreign body-type reaction in some tissue
specimens which is expected given the fact that a foreign
material was implanted. Taken together, these data further
support the high biocompatibility of the DOPASIL coating and
are consistent with our in vitro cell adhesion and cytotoxicity
experiments using T24 urinary bladder cells.

One of the major complications associated with the
implantation of medical devices in clinics and hospitals is the
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biofilm formation that can trigger local and systemic infection
which is difficult to treat.”® One approach to prevent such an
infection is to endow the medical devices with a robust surface
on which biofilm formation fails. However, the surface
modification of commercially available medical devices that
are designed to be nonadhesive to microorganisms, kill
microorganisms, and prevent biofilm formation remains
challenging.”**” Hydrophobicity and lack of reactive func-
tional groups on the surface of such materials (e.g, silicone)
limit the effective interaction between the surface and coating
materials. The current study reported the development of a
robust nanoparticle-derived coating with combined antifouling
and antibiofilm with long-term broad-spectrum activity
applicable to the surface of diverse materials. We demonstrated
that the coating can be effectively applied to a range of
polymeric catheters and other objects irrespective of the size,
geometry, and surface chemistry. The control of nanoparticle
stabilization using an ultra-high-molecular-weight hydrophilic
polymer and a water-miscible organic solvent in combination
with silver generated an easy-to prepare scalable coating
(through a one-step dip-coating process at room temperature)
which is uniform has excellent mechanical properties and
outstanding antibiofilm activity. The optimal coating gave
sustained release profiles of silver over long time periods (~90
days) at effective doses and fully inhibited bacterial growth in
the solution and on the surface irrespective of the bacterial
strain studied. This opens up the possibility of treatment in the
case of device-associated infections by replacing the infected
device with the DOPASIL-coated device. This coating was
highly lubricious and showed great scratch resistance and
adhesion to hard-to-coat materials such as silicone. The anti-
adhesive and bactericidal activity of the coating resulted in
superior antibiofilm activity as evidenced by a S log reduction
in P. mirabilis in both urine and adherent to the catheter
surface on DOPASIL-coated catheters in vivo. Given the
significant efficacy of this coating along with the ease of
application to difficult-to-treat medical devices with intricate
geometry through a simple process, this coating has significant
potential to be a game changer in areas and applications where
the reduction of surface fouling and bacterial biofilm formation
to prevent material failure is a top priority. This includes
medical-device-associated infections which is one of the
leading causes for hospital-acquired infections globally. To
further demonstrate this, additional studies are needed to
evaluate the efficacy of this coating utilizing infection models in
larger animals (e.g., a urinary tract infection model in pigs) in
the future.

Allylamine, MeOH, EtOH, IPOH, DMF, DMSO, DA hydrochloride,
silver nitrate, and LMW-PEI (700 Da) were purchased from Sigma.
PDMA (uhPDMA, 900 kDa) was synthesized based on the procedure
which was previously developed in our lab.** The PU sheet was
purchased from Professional Plastics. The polymeric catheters
including Foley catheters, 24G PU IV, 10 Fr silicone urinary, and
16 Fr PVC urinary catheter were supplied by BD. The PDMS sheets
were cast in the lab using reagents purchased from Dow Corning. All
cell culture-related media and supplements [trypsin—EDTA,
Dulbecco’s phosphate-buffered saline (DPBS), heat-inactivated FBS,
P/S, RPMI 1640 medium, modified eagle medium, and MeOH] were
received from Thermo Fisher Scientific unless otherwise specified.
T24 bladder carcinoma cells were purchased from American Type
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Culture Collection (ATCC CRL-2922 Manassas, VA) and were used
between passage numbers S and 10.

Organic Solvent Containing Solutions. thPDMA (35 mg) was
dissolved in a mixture (7 mL) of solvent (MeOH, EtOH, IPOH,
DMF, and DMSO) and Tris (10 mM, pH 8.5) at different ratios.
Afterward, LMW-PEI (10.5 mg), silver nitrate (3.5 mg), and DA (14
mg) were added to the uthPDMA solution. The solution was vortexed
for 10 s.

DOPASIL Solution. uthPDMA (35 mg) was dissolved in a mixture
of solvent (i.e., MeOH; 6.3 mL) and Tris (10 mM, pH 8.5; 0.7 mL).
Afterward, LMW-PEI (10.5 mg), silver nitrate (3.5 mg), and DA (14
mg) were added to the uthPDMA solution. The solution was vortexed
for 10 s.

SAFE Solution. uthPDMA (35 mg) was dissolved in Tris (10 mM,
pH 8.5; 0.7 mL). Afterward, LMW-PEI (10.5 mg), silver nitrate (3.5
mg), and DA (14 mg) were added to the uhPDMA solution. The
solution was vortexed for 10 s.

Ag Control Solution. LMW-PEI (10.5 mg), silver nitrate (3.5
mg), and DA (14 mg) were dissolved in the MeOH/Tris solution
with a volume ratio of 90:10 [6.3 mL of MeOH and 0.7 mL of Tris
(10 mM) at pH 8.5] in order.

The oxygen plasma-treated catheters were placed in the resulting
coating solutions. Oxygen plasma (M4L Plasma Processing System
from PVA Tepla) was utilized to pretreat the surface of different
objects according to a procedure reported previously.” To prepare
different coatings (DOPASIL, Ag control, and SAFE), the plasma-
pretreated objects were vertically suspended in glass vials containing
the relevant coating solutions at room temperature for 24 h. The
volume of the PDA solution used was different for different objects
(Table S1). Then, the coated objects were taken out and sprayed
thoroughly with deionized water, washed with water, and then stored
in air at room temperature (22 °C) for further analysis.

To coat flat surfaces (silicon wafer and PU sheets), a piece of the
sample (5 X S mm) was cut and placed in the well (48-well plate)
containing the relevant coating solution (500 uL) at room
temperature for 24 h. Then, the samples were taken off and rinsed
thoroughly with deionized water, washed with water, and then stored
in air at room temperature (22 °C) for further analysis.

We utilized a home-made setting for the measurement of WCA. The
digital camera installed was Retiga 1300 (Q-imaging Co). The volume
of the water droplet used was 4 yL. The WCA of three spots on each
sample was recorded. The average of three WCAs was reported.

The Helios filed-emission scanning electron microscope was
employed for SEM imaging. The accelerating voltage was 1 kV.
The sample was bound to the aluminum SEM stubs utilizing double-
sided carbon conductive tapes. The sample was mounted with silver
paint, followed by coating with a thin layer of iridium (Ir) (20 nm) by
a Leica sputter coater. The sputtering parameters included working
distance (3 mm) and current (80 mA). We also utilized energy-
dispersive X-ray accessory equipped on the SEM instrument. The
acceleration voltage used for EDAX measurements was 10 kV. The
same sample was etched by FIB to create cross section. The SEM
image of the FIB-created cross section was taken.

The FEI Tecnai F20 TEM/STEM microscope was used for TEM
imaging at 100 kV. To prepare samples, the coated silicon wafer was
scraped off using a keen blade. The coating material was sonicated in
EtOH for 15 min to disperse nanoparticles. A droplet of the sonicated
solution was placed on copper grids with an ultrathin carbon film on a
lacey carbon support film. Prior to imaging, the grids were kept for
~30 min to dry off EtOH.

A Nanoscope I1la controller (Digital Instruments, Santa Barbara, CA)
was used to record AFM force—distance curves. The scan size was
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130 X 130 um?* The AFM tip (NP-S10, Veeco) used was a V-shaped
cantilever made of silicon nitride. The back side of the cantilever used
is coated with gold for laser reflection. The speed of the tip during
approach and retraction was 0.5 mm/s, respectively.

The samples (silver-coated substrates, S mm X S mm) were immersed
in water (1 mL). At different intervals, supernatants were collected.
The samples were replenished with fresh water. To prepare samples
for inductively coupled plasma—optical emission spectroscopy (ICP—
OES), 2% nitric acid solutions (2 mL) were added to supernatants (1
mL). The ICP instrument equipped with a Varian 72SES OES was
used.

To prepare samples, the solution (10 uL) was diluted with Tris buffer
(990 puL). The samples were transferred to polystyrene cuvettes.
Afterward, the cuvette was loaded onto the Zetasizer Nano ZS
(Malvern). The hydrodynamic size was measured three times. The
average of three measurements was reported. Afterward, the same
sample was transferred to the folded capillary cells used for { potential
measurements. The { potential was measured three times. The
reported value was the average of three measurements. To prepare
samples for SZP measurements, the silver-coated silicon wafer (4 X S
mm?*) was glued to the SZP probe and placed in the polystyrene
cuvette containing 1 mL of the transfer standard suspension
(DTS123S). Afterward, SZP was measured using the SZP accessory.

All bacterial species were grown in LB at 37 °C overnight from freezer
stocks (—80 °C). On the day of the experiment, the bacterial
concentration was determined by measuring the optical density of the
bacterial solution at 600 nm. Based on these numbers, fresh bacterial
solutions (1 X 10° CFU/mL) were prepared by diluting the cultured
bacterial solution with LB.

The samples were mounted onto 1.5 mL microtubes, followed by
incubating with 70% EtOH (1 mL) for S min for sterilization.
Afterward, the samples were washed three times by pipetting up and
down. The sterilized samples were incubated with 500 L of bacterial
solution (initial concentration: 1 X 10° CFU/mL). The samples were
kept rotating (using rotary mixers at 18 rpm) in the incubator at 37
°C for 28 days. Each day, half of the media was changed with a fresh
bacterial solution (1 X 10> CFU/mL) to ensure continuous exposure
to freshly growing bacteria. At different time points, the samples and
supernatants were collected for planktonic growth and bacterial
adhesion analyses. To analyze the activity of the DOPASIL coating on
diverse objects, the same procedure was followed except that a
different volume of bacterial solution and container was used (Table
S1).

Following co-incubation with coated and uncoated samples, the
bacterial suspension was serially diluted to 1078 and spot plated (10
uL spots) onto LB agar plates. Following overnight incubation at 37
°C, colonies were counted, and the bacterial numbers were reported
as CFU/mL.

Biofilm Formation Analysis. Samples for biofilm analysis were
removed at varying time points and washed five times gently using 1
mL of sterile PBS. The washed samples were then incubated in 500
uL of a SYTO9/PI cocktail (3 uL/mL) for 15 min and washed three
times with sterile water (1 mL). The washed samples were imaged
utilizing the fluorescence microscope (Zeiss Axioskop 2 Plus, Carl
Zeiss Microimaging Inc). SEM was also utilized to examine the
biofilm formed on the surface. The samples were taken out from the
culture media, followed by washing with sterile PBS as above and

fixing with 2.5 wt % glutaraldehyde for 4 h at 4 °C. The fixed samples
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were dehydrated using an EtOH gradient (50, 60, 70, 80, 90, 95, 100,
and 100%) for 10 min each. Further preparation for analysis was
performed as described in the SEM section above.

Counting Surface-Attached Bacterial Cells. Samples were
taken out and rinsed with sterile PBS as above (1 mL), followed by
detachment of bacteria in a sonicating water bath in sterile PBS for 10
min. After sonication, the supernatants were collected and serially
diluted with sterile PBS and quantified using the spot plate method
described above.

To assess the in vitro activity of the DOPASIL-coated 24G IV PU
catheters against P. mirabilis, catheter portions (4 mm) were placed in
wells of a 48-well plate containing a 500 uL solution of P. mirabilis in
artificial urine.*® The initial concentration of the P. mirabilis solution
used was 1 X 10° CFU/mL. Half of the media was replenished with a
fresh bacterial solution (1 X 10> CFU/mL) every day. The samples
were taken out, washed, and sonicated for 10 min. The supernatants
were collected for bacterial analysis using the spot plate method
described above.

To assess the storage stability of the DOPASIL coating, the coated
silicon catheter pieces (1 cm) were stirred for 90 days in water at 37
°C at 150 rpm. The stirred pieces were taken out at different time
points (30, 60, and 90 days). The number of planktonic bacteria
present in LB incubated with the stirred pieces was determined based
on the abovementioned protocol (E. coli, 5 X 10° CFU/mL, 24 h).

To investigate the mechanical stability of the coating, coated
catheters were exposed to different testing conditions. Then, the
morphology and anti-adhesive activity of the exposed samples were
compared to those of freshly made samples.

Rub/Scratch Resistance. To assess the scratch resistance of the
coating, a piece of the coated catheter (3 cm) was placed between two
clamps and rubbed back and forth for S0 times. To investigate the
coating resistance to stress developed during hydration/dehydration,
the coated catheter (3 cm) was immersed in deionized water for 24 h.
Then, the catheter was removed and placed on the benchtop
overnight. This process was repeated 20 times. To assess the stability
of the coating at elevated temperature and pressure, the coated
catheter (3 cm) was placed in an autoclave for 1 h at 121 °C at 15 psi.
To evaluate the adhesion of the coating to catheter, the coated
catheter (3 cm) was placed in a sonication bath for 0.5 h.

DOPASIL Resistance to Repeated Stretching. The DOPASIL-
coated catheter piece (15 cm) was clamped, while one end was free,
followed by attaching the free end to a binder clip. The binder clip
was expanded nearly 4 cm, followed by retracting to its original
length. This cycle was repeated for SO times. Afterward, the
appearance of the coated catheter was assessed in terms of the
coating detachment/defects.

DOPASIL Resistance to Twisting. The DOPASIL-coated
catheter piece (1S cm) was clamped. The catheter was manually
twisted 15 times and released to reach its original situation. Afterward,
the appearance of the coated catheter was assessed in terms of the
coating detachment/defects.

A conventional TS0 pin-on-disk tribometer (Nanovea, Irvine, CA,
US) was employed to measure the friction coefficient of coatings. The
speed of the disk rotation was 60 rpm. The wearing radius was 5 mm.
The applied force was 2 N. The lubricant was water. The PDMS balls
(diameter: 6 mm) were cast using SYLGARD 184 (Dow Corning,
Midland, MI, US) reagents (part A/part B = 10:1) in a 3D-printed
mold. The casted mold was stored at room temperature for 24 for
partial curing, followed by storing at 100 °C for 35 min for full curing.
To coat PDMA balls, they were initially treated with oxygen plasma
according to our previously used procedure.” The pre-treated balls
were coated with DOAPSIL using the same DOPASIL preparation
procedure as described earlier. The CoF between the coated PDMS
ball and uncoated PDMS sheet was measured.
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The modulus and hardness of the materials were measured using an
MTS DCM nanoindenter. Continuous stiffness measurement in a
Berkovich tip was used to measure the elastic modulus and hardness
continuously to the penetration depth of 1000 nm at the strain rate of
0.05 s™". The harmonic displacement target was set as 1 nm at 75 Hz
frequency. The elastic modulus and hardness were averaged from the
data collected.

T24 bladder carcinoma cells were cultured in RPMI 1640 medium
with 10% FBS and 1% P/S at 37 °C and 5% CO,. Upon reaching 70%
confluence, cells were dissociated with 0.25% trypsin and 0.05%
EDTA (Gilco, 25300062), pelleted by centrifugation at 300g, and
resuspended with complete RPMI-1640 medium. Cells were seeded at
30,000 cells per well in coated/uncoated 8-well tissue culture glass
slides and allowed to adhere for 24 h at 37 °C and 5% CO,.
Afterward, the slides were washed three times with cold DPBS and
fixed with 4% PFA for 15 min at room temperature in the dark. Fixed
cells were stained with nuclear stain, Hoechst 33342 (1:10,000
dilution; Thermo Fisher Scientific). Slides were mounted with a
Fluoromount-G mounting medium (SouthernBiotech Birmingham,
AL). Cell adhesion was visualized using a Zeiss Axioscope 2 Plus
fluorescent microscope.

To assess the protein adsorption, we utilized the fluorescence
microscopy technique. FITC-BSA was used for protein adsorption
studies. The samples (coated/uncoated) were incubated with FITC-
BSA (1 mg/mL, PBS, pH 7.4) at 37 °C. After 1 h, the samples were
removed and washed with PBS for three times. The washed samples
were then illuminated and imaged by a Zeiss Axioscope 2 Plus
fluorescent microscope.

The animal experimental protocol was approved by the University of
British Columbia Animal Care Committee. For the in vivo assessment
of the coating activity against P. mirabilis, we utilized a mouse model
of CAUTI previously developed and used by our groups.” Briefly, the
catheters were coated using the similar procedure used for coating 10
Fr silicone urinary catheters. A 4 mm long piece of the catheter was
cut from the tip of the catheter and re-assembled again. Under
ultrasound guidance, the needle was advanced into the bladder and
catheter piece pushed forward to fall into the bladder lumen.
Following removal of the needle, the animals were recovered. One day
after catheter implantation, the animals were anesthetized again, and
P. mirabilis (5 X 10° CFU in 50 uL of PBS) was introduced
percutaneously. After 3 days, the mice were sacrificed by CO,
asphyxiation. Urine present in the bladder was collected and the
number of bacteria quantified using spot plating and CFU
determination. The indwelling catheters were removed and rinsed
with sterile PBS and placed in Eppendorf tubes containing 1 mL of
sterile PBS, and bacteria were dislodged and dispersed using a
sonication water bath for 10 min. The supernatants were serially
diluted and spotted on the agar plate to count the number of bacterial
colonies attached to the surface of the catheter.

The samples (coatings on PU sheets: 5 X S mm?) were fabricated as
described earlier. To sterilize samples prior to testing, samples were
immersed in 70% EtOH for 5 min, followed by extensive washing
with PBS before adding them to 48-well plates. Afterward, RPMI
media supplemented with 10% FBS and 1% P/S were added to each
well (1 mL). The samples were incubated with the media for 12, 24,
and 48 h. The supernatants were collected and kept at 4 °C until
further use. T24 cells were cultured in 96-well plates at a seeding
density of 1 X 10° cells/well for 24 h at 37 °C, 5% CO,. Afterward,
the medium was removed, and cells were washed with PBS prior to
adding the collected media from the coatings. The cells were cultured
with the collected media for 24 h prior to subjecting them to an MTS
assay performed according to the manufacturer’s protocol to measure
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cell viability. Viability was assessed against control cells grown and
cultured in fresh RPMI media. The experiment was done using media
released from five independent samples in each coating group.

We utilized a subcutaneous model in rats that was approved by the
University of British Columbia Animal Care Committee to evaluate
the in vivo biocompatibility of the DOPASIL coating. Briefly, an 8 mm
incision was created on the backs of the animals just below the
shoulders. The blunt dissection method was utilized to create pockets
for the insertion of titanium implants (1 X 0.5 cm? titanium coils).
After sample insertion, the incision was closed using sutures. The
animals were recovered for 7 days at which point they were
euthanized. The tissue which was in close contact with the implant
was harvested and fixed in formalin. The fixed tissue was mounted in
paraffin, sectioned, and stained using H&E. The images of stained
samples were captured using an optical microscope (Zeiss Axioskop 2
plus, Carl Zeiss Microimaging Inc.) and analyzed by a board-certified
pathologist.

We reported standard deviation for both in vitro and in vivo data. The
statistical analysis was carried out by a two-sample unpaired ¢ test
method by GraphPad.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00040.
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