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Abstract

Infectious complications associated with the use of commercial bioengineered collagen-GAG
matrices are of concern due to the high incidence of infection, difficulty of accurately discerning
the presence of infection, and high cost and delayed wound healing when it becomes necessary to
excise infected areas. We modified the collagen layer of a commercial bioengineered collagen-
GAG matrix with a ciprofloxacin-based pro-drug “Pro-Cip” anchored to the matrix by a
polydopamine layer in a simple one-pot chemistry. An ad-layer coating strategy enriched the
surface with Pro-Cip, and various boosters for lipase activity were added to further enhance the
antibacterial potency of the coating. The coated bioengineered collagen-GAG matrix exhibited
potent antibacterial activity against MRSA and P. aeruginosa, achieving a complete bacterial
eradication (no detectable CFU with a detection limit of 33 CFU/mL) within 18 hours at low initial
inoculum (~10* CFU/mL). When challenged with a higher bacterial burden (108 CFU/mL), the
coated bioengineered collagen-GAG matrix demonstrated robust antimicrobial efficacy, resulting
in 100% (8.0) log reduction in MRSA and P. aeruginosa within 5h contact. Zone of inhibition
testing yielded clear zones of up to 25 mm diameter, which highlights the ability of the antibiotic
to diffuse into the infected wound after bacteria trigger its release from the coated surface.
Furthermore, the surface-modified bioengineered collagen-GAG matrix retained excellent cell-
adhesion and proliferation, and cell viability remained at 95% after exposure to membrane elutions
compared to the unmodified bioengineered collagen-GAG matrix. The self-disinfecting properties
of the modified bioengineered collagen-GAG matrix are anticipated to significantly enhance
patient outcomes by mitigating the substantial risk of infections, a critical factor in the management

of severe wounds such as burns.
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1. Introduction

1.1. Overview & Statement of the Problem

Patients with large burns may not have enough donor sites for immediate grafting with
their own skin [1]. Furthermore, for coverage of large burns the donor skin needs to be thinner,
more widely meshed, and reharvested more often [2-4]. These obstacles regarding the
implementation of skin grafts for treating severe burn wounds result in delayed wound healing and
increased scarring [5]. Bioengineered collagen-GAG matrices have been developed to help address
these issues and have been used widely as wound healing matrices for burn patients. This thesis is
primarily concerned with the antibacterial surface-modification of a commercially available
double-layer bioengineered collagen-GAG matrix consisting of an outer siloxane layer which
controls the barrier properties of the dressing, with an inner crosslinked
collagen/glycosaminoglycan (GAG) matrix layer which contacts the wound bed. The three-
dimensional collagen/GAG crosslinked matrix layer functions as a temporary extracellular matrix
which guides cell growth and proliferation into the scaffold to enhance wound healing. The
collagen is vascularized over two to three weeks, during which time the siloxane helps maintain
the integrity of the wound and prevent moisture loss and bacterial contamination from the external
environment.

Although bioengineered collagen-GAG matrices address some of the challenges with large
burn wounds as mentioned above, the chance of infection is always a concern to physicians. For
example, Gonzalez et al. reported infection in 212 out of 1254 Integra® reconstruction sites, an
infection rate of 16.9% [6]. Burn wound infection is a major concern due to its contribution to
delayed healing, scar formation, bacteremia, and sepsis [7]. Practically all burn wounds become

contaminated with bacteria from the surrounding skin microflora, the environment, or mucous



membranes, depending on the wound location [8,9]. The progression from bacteria colonization
to infection is typically defined by concentration exceeding 10° CFU/g [9]. Since the
bioengineered collagen-GAG matrix is designed to cover the wound area until incorporated and
cannot be replaced daily, it is at risk for bacterial invasion of the collagen matrix. Furthermore, the
siloxane also prevents topically applied antimicrobials from penetrating the collagen matrix. The
risk of infection is especially high in the initial stages since at this point, the matrix is not
vascularized; therefore, neither white cells nor systemic antibiotics can reach the matrix to target
the bacteria. In some cases, infection of the bioengineered collagen-GAG matrix can jeopardize
the life of patients (one fatal case has been reported in the literature for Integra® dermal
regeneration template) [6].

The current standard is regular (often daily) evaluation of the matrix and to excise the
questionable areas. This can be challenging as it is not always easy to distinguish between
uninfected and infected areas until there is significant bacterial presence. If a more conservative
threshold for removing the suspected infected matrix is used, the burn team risks exposing large
areas of the wound and increasing the inflammation, infection, and scarring. Therefore, it is
beneficial to incorporate a means of addressing the bacteria infection without having to remove

the matrix itself.

1.2. Current State-of-the-Art

Enriching the surface of the commercial bioengineered collagen-GAG matrix with a potent
antimicrobial agent would mitigate the risk of infection of the collagen/GAG layer while
maintaining the structure and function of the dermal regeneration matrix for wound healing. Some

antimicrobial dermal regeneration templates are already on the market, such as an acellular dermal



type III bovine collagen dermal matrix, PriMatrix® Ag Antimicrobial Dermal Repair Scaffold,
which is impregnated with ionic silver as an antimicrobial agent. However, ionic silver bears
several disadvantages as an antimicrobial for wound care application. The active content of ionic
silver may be depleted through leaching from the dermal repair scaffold. Ionic silver leachate may
react with chloride anions which are abundant in wound fluid [10,11], or may bind with ECM
proteins in skin such as collagen [11,12], which may reduce the potency of the dressing.
Furthermore, ionic silver is cytotoxic to keratinocytes and fibroblasts [11,13—17].

Various surface immobilization techniques are available for modification of the matrix with
antimicrobials such as self-assembled monolayer, layer-by-layer deposition, plasma treatment or
covalent reaction. While non-covalent surface modification techniques offer versatility in
incorporating biocidal agents into a wound dressing, the potential leaching of these agents can
compromise their availability at the wound site during infection [18,19]. Therefore, physical
deposition of the antibacterial agent is a less effective strategy compared to the triggered release

of covalently bound antimicrobial agents.

1.3. Proposed Solution

Our group has previously developed a ciprofloxacin-based pro-drug, “Pro-Cip” which
contains a labile ester linkage within its structure to allow for cleavage of the pro-drug by bacterial
lipase [20]. This avoids indiscriminate release of antibiotics to the wound bed since release of the
active drug will only happen when bacteria are present. Lipase serves as a valuable indicator of
infection and trigger for drug release since major wound pathogens such as P. aeruginosa and
MRSA produce lipase, and are the foremost gram-negative and gram-positive pathogens

responsible for burn wound infections, respectively [21].



We proposed to covalently anchor the ciprofloxacin-based pro-drug “Pro-Cip” on the
wound-contacting collagen/GAG layer of a commercially available bioengineered collagen-GAG
matrix without compromising the engineered pore structure and function of the fabricated
substrate. This modification can be done using a covalent linker technique inspired by mussel-
adhesion using polydopamine (PDA) [22]. In order to achieve this covalent immobilization, the
pro-drug was designed with an alkyl chain bearing a terminal primary amine group to allow for
facile covalent surface modification of the bioengineered collagen-GAG matrix. By dip coating
the collagen layer of the matrix in a solution of dopamine and amine-terminated pro-drug under
conditions which lead to the polymerization of dopamine, the polydopamine can act as a covalent
linker between the collagen layer and the amine-terminated ciprofloxacin pro-drug. This technique
overcomes drawbacks of common surface modification approaches such as layer-by-layer (LbL)
deposition, self-assembled monolayer and plasma treatment by leaving the underlying substrates'
structure unaltered and not introducing any potentially toxic reagents.

Dopamine undergoes self-polymerization under alkaline conditions to form a
polydopamine layer which can coat a wide variety of surfaces [23][24]. Polydopamine can
covalently react with molecules containing the nucleophilic functional groups R-NHz or R-SH to
bind covalently to the surface, or can have non-covalent interactions such as n-7 or cation-n with
the coated substrate [23]. The variety of these interactions allows polydopamine to successfully
modify almost any organic or inorganic surface. It has previously been demonstrated that if the
coating occurs in a dynamic condition (stirring and shaking), the coating itself can be antibacterial
due to the roughness of the surface [25]. Therefore, polydopamine is a promising choice as an
antibacterial coating for a commercial collagen-GAG matrix since it can simultaneously achieve

two functions: firstly, it can covalently bond the pro-drug (Pro-Cip) onto the collagen surface of



the collagen-GAG matrix. Secondly, the inherent antibacterial activity of the polydopamine may
boost the self-disinfecting properties of the modified surface. After covalent attachment of Pro-
Cip to the polydopamine layer, this layer acts as a bacteria-responsive antibacterial depot. In the
presence of bacteria, bacterial lipases cleave the Pro-Cip ester linkage, releasing the bioactive form
of ciprofloxacin. Without bacteria, Pro-Cip remains stably attached.

A critical property of commercial bioengineered collagen-GAG matrix is biodegradation.
Since the matrix collagen layer should merge with the regenerating skin, it is suitable that the
antibacterial coating also lasts until the skin regenerates/repairs itself. PDA is a biodegradable
polymer with unique behavior for degradation. Similar to its polymerization, the degradation of
PDA relies on the pH of the microenvironment; alkaline conditions lead to faster degradation of
PDA. It has been reported that PDA at pH=13 was degraded entirely after 120 hr; however, the
degradation rate at pH=8 decreased significantly [26]. Although healthy skin typically has an
acidic pH, open or chronic wounds tend to have neutral to alkaline pH ranging from 6.5-8.9 [27].
Therefore, the biodegradation characteristics of PDA are expected to achieve a balance between
sufficient stability to allow for wound healing with sufficient biodegradeability to merge with the
regenerating skin and allow for remodeling of the wound. The unique properties of PDA (fast,
simple and effective coating, adjustable biodegradation and antibacterial effect), make it well-
suited for covalently anchoring pro-Cip onto the commercial bioengineered collagen-GAG matrix.
Additionally, PDA can also affect cellular behaviour during wound healing, improve cell adhesion
and proliferation, and accelerate the healing [28].

Various techniques can be employed to coat PDA and biomolecules onto desired surfaces.
This study presents several approaches for the surface modification of a commercial bioengineered

collagen-GAG matrix with polydopamine-anchored Pro-Cip, including: facile one-pot surface



modification, ad-layer coating, and the addition of additives for improved efficacy. The
performance of the modified dermal regeneration templates was evaluated based on their

antibacterial properties, cytocompatibility, cell adhesion and proliferation.

1.4. Thesis Organization

This thesis is organized into five chapters. Chapter 1 provides an introduction to the project,
with a broad overview of the goal to reduce the risk of infection of a commercial bioengineered
collagen-GAG matrix as well as the proposed modification strategy with a ciprofloxacin pro-drug
via polydopamine-based surface modification chemistry. Chapter 2 defines the objectives and
hypothesis. Chapter 3 describes the materials & methods, including detailed experimental design,
coating process, and methodology for characterization and performance of the modified dermal
regeneration template. Chapter 4 presents the major results of this study including characterization
of the pro-drug and polydopamine coating, release behaviour, antibacterial activity and
cytocompatibility. Chapter 5 provides a summary of the conclusions of this research, and Chapter

6 makes recommendations for future study.

2. Hypothesis and Objectives

Infection of bioengineered collagen-GAG matrixes during skin regeneration is a concern
for physicians: as an example, Integra® remodelling sites experience an infection rate of 16.9%
[6]. Infection is of particular concern during the initial stages of wound healing, when the matrix
has not vascularized and therefore is not accessible to the immune system or systemic antibiotics.
We hypothesize that a surface modification of the collagen-GAG layer with a ciprofloxacin-based

pro-drug, “Pro-Cip” will endow the matrix with potent triggerable antibacterial activity in the



presence of lipase-producing wound pathogens such as MRSA and P. aeruginosa. Surface
modification of the collagen-GAG layer will be achieved through polydopamine coating to
covalently anchor Pro-Cip to the collagen. Triggered antibacterial activity will be achieved by
exposure of the covalently bound pro-drug to bacterial lipase, which will cleave the ester linkage
to release active ciprofloxacin from the modified surface.

The primary objectives of this research will be to demonstrate triggered release of
ciprofloxacin from the modified dermal regeneration template in the presence of commercial lipase
or lipase-producing bacteria. Antibacterial activity of the coated collagen layer will be confirmed
in the presence of P. aeruginosa and MRSA. Furthermore, important properties of the commercial
bioengineered collagen-GAG matrix such as porosity of the collagen layer, cytocompatibility, cell
adhesion and proliferation will be confirmed to ensure that the coating does not compromise the
function of the matrix.

The major objectives of this research are summarized as follows:

1. Demonstrate lipase triggered release of ciprofloxacin from Pro-Drug modified commercial
bioengineered collagen-GAG matrix.

2. Optimize the antimicrobial potency and overall performance (cell attachment, porosity,
colour, etc.) by controlling coating parameters such as reaction duration, static or shaken
coating, and ad-layer modification.

3. Explore the potential for inducing lipase activity through the incorporation of organic or

inorganic lipase inducers in the coating.



3. Materials and Methods

3.1. Materials

Ethanol (EtOH, >95.0%), dopamine hydrochloride (>98%), methyl oleate, Triton X-100, gum
arabic from acacia tree and Bukholderia cepacia lipase (>23,000 U/g) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Tris hydrochloride, Tween 80, 4-nitrophenyl palmitate, Integra
Miltex Standard 4 mm biopsy punches, LB agar (Lennox), LB broth (Lennox), Mueller-Hinton
agar, and Mueller-Hinton broth were purchased from Fisher Scientific (Nepean, ON, Canada).
Gibco™ Collagenase type 1 from Clostridium histolyticum was purchased from ThermoFisher
Scientific (Grand Island, NY, USA). CyQUANT™ MTT Cell Viability Assay and Invitrogen™
LIVE/DEAD™ Viability/Cytotoxicity Kit were purchased from ThermoFisher Scientific (Eugene,
Oregon, USA). Fibroblast basal medium, Fibroblast Growth Kit-Low serum and PCS-201-012
human dermal fibroblasts were purchased from Cedarlane. 6-aminohexyl 1-cyclopropyl-6-fluoro-
4-o0x0-7-(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylate (CzsH31FN4O3, “Pro-Cip”) was

custom synthesized by Alberta Research Chemicals Inc.

3.2. Synthesis of Pro-Cip

Pro-Cip was custom-synthesized by Alberta Research Chemicals Inc (Scheme 1). The chemical
structure of Pro-Cip was confirmed by attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR), 'H nuclear magnetic resonance ("H NMR), and electrospray ionization

mass spectrometry (ESI-MS).

Boc-ciprofloxacin: 90 mL 1N NaOH was added to 20 g (60 mmol) of ciprofloxacin in 350 mL of

dioxane:water (1:1) followed by the addition of 20 g (91.6 mmol) of di-tert-butyl dicarbonate. The



reaction mixture was stirred at room temperature for 17 hours and filtered. The precipitate was
washed with 150 ml of water and then with 50 ml of acetone and then dried under high vacuum

overnight to obtain Boc protected ciprofloxacin, 1 (23.93 g 92 %).

tert-butyl (6-hydroxy-hexyl) carbamate: Boc anhydride (37.24 g, 187.7 mmol) was added
slowly to a stirred solution of 6-amino hexanol (20 g, 170.64 mmol) in 170 ml of anhydrous DCM
at 0 °C. The reaction mixture was warmed to room temperature and was stirred overnight at room
temperature. The clear and colourless solution turned cloudy. After completion of the reaction,
which was confirmed by TLC, saturated aqueous sodium bicarbonate was added to the reaction
mixture, transferred the reaction mixture into separatory funnel. The organic layer was separated,
washed with brine (1x250 ml), dried over Na>SOs. It was then filtered, evaporated under reduced
pressure, and purified by column chromatography using 1:1 hexane/ethyl acetate to obtain the

product, 2 as a sticky oil (35.19 g, 95%).

6-((tert-butoxycarbonyl)amino)hexyl 7-(4-(tert-butoxycarbonyl)piperazin-1-yl)-1-
cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate: A mixture of compound 1 (40
g, 0.0968 mmol), HBTU (36.7 g, 0.0968 mmol) and catalytic amount of DMAP was dissolved in
1L anhydrous DCM. DIPEA (16.86 ml, 0.0968 mmol) and compound 2 (21 g, 0.0968 mmol) were
dissolved in 500 mL DCM and then added to the Ciprofloxacin mixture. The reaction was
monitored by the TLC and after stirring overnight and the completion of the reaction, the reaction
mixture was washed with water. The organic phase was dried over MgSQOs, concentrated under
reduced pressure and purified by flash chromatography on silica gel eluting with DCM/MeOH

(90:10) to get (56.4 g, 92.4%) pure product, 3 as an off-white solid.



'H NMR (400 MHz, CDCl3): & 1.05-1.01 (m, 2H), 1.30-1.38 (m, 4H), 1.38-1.40 (m, 2H), 1.40 (s,
9H), 1.50 (s, 9H), 1.58 (s, 2H), 1.72-1,78 (m, 2H), 3.19-3.21 (m, 2H), 3.32-3.38 (m, 4H), 3.50 (m,
1H), 3.63-3.65 (m, 4H), 4.30 (m, 2H), 4.68 (m, 1H), 7.36 (d, J = 7.2 Hz, 1H), 7.90 (d, J = 13.2 Hz,

1H), 8.52 (s, 1H); C33H47FN4O7: MW: 630.34; MS (ESI): m/z 631[M+H" ].

6-aminohexyl 1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydroquinoline-3-
carboxylate: Compound 3 (56.4 g, 89.47 mmol) was dissolved in 800 ml of DCM, cooled to 0 °C
for 10 minutes, 150 ml of TFA was added slowly. After the addition of TFA, the reaction mixture
warmed to room temperature and stirred at room temperature overnight. After confirming from
TLC all the starting material was consumed, the reaction mixture was evaporated on rotary
evaporator to remove DCM. The reaction mixture was co-evaporated with diethyl ether 3 times.
To the semi-solid crude residue, 150 ml of ether was added and stirred for 15 min and the resulting
solid was collected by filtration. The solid was rinsed thoroughly with excess ether, dried under
high vacuum to get the product, Pro-CIP.TFA salt as an off-white solid. (Caution: Entire
evaporation on the bath needs to be done at room temperature only). Yield 59 g

'"H NMR (400 MHz, DMSO-ds): 8 1.02-1.01 (m, 2H), 1.22-1.8 (m, 2H), 1.32-1.42 (m, 4H), 1.48-
1.58 (m, 2H), 1.60-1.68 (m, 2H), 2.70-2.82 (m, 2H), 3.25-3.36 (m, 4H), 3.38-3.46 (m, 4H), 3.62-
3.70 (m, 1H), 4.15 (t, 2H), 7.45 (d, J = 7.2 Hz, 1H), 7.62-7.74 (bs, 3H), 7.80 (d, J = 13.2 Hz, 1H),
8.42 (s, 1H), 8.90-9.00 (bs, 2H); °F NMR (400 MHz, DMSO-ds): -69, -71, -74 (main peak);

C23H31FN4O; (free amine): MW: 430.24; MS (ESI): m/z 431[M+H" ].
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Scheme 1. Synthesis of 6-aminohexyl 1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-

dihydroquinoline-3-carboxylate (C25H31FN403, “Pro-Cip”).

3.3 Surface modification of bioengineered collagen-GAG matrix

In the proposed coating design, antibacterial activity primarily arises from the covalent
modification of the collagen later of a commercial bioengineered collagen-GAG matrix with a
ciprofloxacin-based antibiotic. Due to increased prevalence of the development of resistance of
bacteria to antibiotics, a ciprofloxacin based pro-drug has been designed and synthesized. The pro-
drug can undergo cleavage by lipase in the presence of bacteria and become an active drug, while
in the absence of bacteria, the drug remains inactive (Scheme 2). Pseudomonas aeruginosa and
Staphylococcus aureus (or methicillin-resistant S. aureus, MRSA) are the foremost gram negative
and gram positive pathogens responsible for burn wound infections, respectively [21]. P.
aeruginosa and S. aureus both produce lipase, as well as other wound pathogens including
Streptococcus agalactiae [29], Enterococcus [30], Acinetobacter [31], E. coli [32], Klebsiella

pneumoniae [33], Staphylococcus epidermidis [33], Proteus mirabilis [33], and Serratia
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marcescens [34]. Therefore, lipase is of interest of as an indicator of infection and as a trigger for
drug release. For this application, we designed an amine-terminated pro-Cip as the pro-drug to
facilitate anchoring to the polydopamine matrix [20].

Antibacterial surface modification of the collagen layer of the commercial bioengineered
collagen-GAG matrix was achieved via a one-pot method for the alkaline self-polymerization of
dopamine with Pro-Cip. Dopamine undergoes autoxidation and self-polymerization under alkaline
conditions in the presence of ambient oxygen to form a PDA layer (Scheme 3). Polydopamine can
act as an anchor to covalently bond the pro-drug (Pro-Cip) onto the collagen surface (Scheme 4).
Possible interactions with collagen are illustrated in Scheme 5.

Several surface modification methods were attempted, including a one-pot reaction, or an

ad-layer modification method. These two methods are described as follows.

K/N N | lipase K/N N |
I HO NH
. O _fY,NHz . on + ~ Ay NH:
O O

. O O . .
Pro-Cip Active Cipro

Scheme 2. Structure and lipase-responsive cleavage of the pro-drug “Pro-Cip.”
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Scheme 3. Self-polymerization of dopamine under alkaline conditions.
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14



HO OH,
"0 HN
H,N M o
" 0
‘1’)_{ VW
hydrogen bonding cation-rtinteraction Tt interaction
HN%
H n
o S N OH HO H
NH N _g
0 \N —é HO N
= H
N n
=N
HO OH
covalent

Scheme 5. Possible interactions of PDA and collagen (physical and covalent).

3.3.1 One-pot reaction

One-pot surface modification of the bioengineered collagen-GAG matrix is possible by
combining dopamine and the amine-terminated Pro-Cip in alkaline pH 8.5 TRIS buffer in a single
reaction (Scheme 6). The collagen surface was immersed in a solution of 0.05-3 mg/mL dopamine
with a 1:1 or 10:1 ratio of dopamine:Pro-Cip in 25 mM Tris-HCIl buffer, pH 8.5 at room
temperature. Shaking and static polymerization were both explored since shaking is known to

generate a rough surface texture which can contribute to antibacterial activity (as opposed to static
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polymerization) [25]. Shaking speed at 200 rpm was selected for generating the rough coating
topography condition. After coating the collagen layer for a duration of 1-18h, the samples were
removed from the reaction buffer and rinsed three times with 1X PBS, pH 7.4 with 10 min bath
sonication to remove any unreacted or loosely bound Pro-Cip or PDA. In some cases, inducers
were added to the coating at ratios of 10:1, 1:1 or 1:3 Pro-Cip:inducer. Inducers included olive oil,
methyl oleate, olive oil: Tween80 emulsion, CaCl,, or MgCl. The olive oil: Tween80 emulsion was

prepared by sonication of 1% olive oil with 0.9% Tween80 for 15 min at an amplitude of 100.

Surface-Modified
collagen-GAG matrix

Scheme 6. One-pot surface modification of bioengineered collagen-GAG matrix.

16



3.3.2  Ad-layer reaction

As an alternative to one-step one-pot coating, ad-layer modification was explored to
achieve covalent modification with Pro-Cip as a two-step process (Scheme 7). Firstly, the collagen
layer was immersed in 1 mg/mL dopamine in 25 mM TRIS, pH 8.5. After 1h coating in static
conditions, the samples were rinsed once in 25 mM TRIS pH 8.5, followed by transferring to a
second solution containing 5-10 mg/mL Pro-Cip in 25 mM TRIS at pH 8.5, 9.0, 9.5 or 10.0. The
samples were coated for 1-18h with shaking at 200 rpm.

In some cases, inducers CaCl, or Mg Cl» were incorporated in the ad-layer coating. For the
inducer coated samples, the first polydopamine coat was achieved with either 0.25 mg/mL or 1
mg/mL dopamine in 25 mM TRIS, pH 8.5. The inducers Ca** (CaCl,) and Mg?" (MgCl,) were
either added to the coating formulation at a 1:3 ratio with the dopamine content during the first
step, or added in the second step at a 1:1 ratio with Pro-Cip. After 1h coating in static conditions,
the samples were rinsed once in 25 mM TRIS pH 8.5, followed by transferring to a second solution
containing 10 mg/mL Pro-Cip in 25 mM TRIS, pH 8.5 for 18h with shaking at 200 rpm. Followed

the coating process, the membranes were rinsed three times with 1X PBS, PH 7.4.

17



Surface-Modified
collagen-GAG matrix

Dopamine

pH 8.5,9.0,9.5,10.0

Scheme 7. Ad-layer modification strategy for two-step covalent modification of bioengineered

collagen-GAG matrix with polydopamine and Pro-Cip.

3.3.3  Mechanism of release
After covalent attachment of Pro-Cip to the polydopamine layer, cleavage of the Pro-Cip
ester linkage by bacterial lipases results in the liberation of the active form of ciprofloxacin, only

in the presence of bacteria (Scheme 8).
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Scheme 8. PDA as a crosslinker between collagen and Pro-Cip. In the presence of bacteria

(secretion of lipase), the pro-drug becomes an active drug due to cleavage of the ester linkage.

3.3. Characterization and in vitro testing

The morphology of the coated bioengineered collagen-GAG matrix was characterized by
scanning electron microscopy (SEM). Samples were flash-frozen in liquid nitrogen followed by
fracturing to reveal cross-sectional morphology and lyophilized at -80°C prior to imaging. The
physical morphology of the samples was characterized by SEM (Nova NanoSEM 450, FEI,
Hillsboro, OR) after sputter coating with gold-palladium.

Cumulative release of ciprofloxacin from the coated surfaces was measured in vitro in the
presence or absence of lipase. The coated bioengineered collagen-GAG matrix samples were
immersed in 1.0 mL of B. cepacia commercial lipase solution in pH 7.4 PBS (5 mg/mL lipase
concentration), or PBS without lipase. The samples were incubated in the solutions with shaking
at 100 rpm, 37°C. Samples of 0.3 mL were removed at periodic intervals (1h, 3h, 6h, 24h and 48h)
and the removed volume was replenished with 0.3 mL fresh buffer, with or without lipase as

appropriate. The UV absorbance was quantified at 335 nm to quantify the release of Cip.
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The quantity of loaded Cip on the coated bioengineered collagen-GAG matrix was
quantified spectrophotometrically after digestion of the collagen layer with collagenase. The
collagen layer was removed from the silicon backing using a scalpel, immersed in a 5.0 mL
solution of PBS, and homogenized in a tissue homogenizer. Collagenase was added (500 U/mL
collagenase) and the solution was incubated with shaking at 200 rpm, 37°C for 7 days. Collagenase
was replenished with fresh enzyme every 2 days. After 7 days of incubation, the loading efficiency

was quantified based on the absorbance at 325 nm.

3.4. Antibacterial activity

The antibacterial activity and killing kinetics of the polydopamine coated bioengineered
collagen-GAG matrix (with and without Pro-Cip) was analyzed against P. aeruginosa (ATCC
27853), MRSA (ATCC 33592) and E. coli (ATCC 25922). In some cases, lipase-negative strains
E. coli Top 10 and E. coli DH5a were tested as controls for lipase-responsive antibacterial activity.
For bacteria culture, the specified bacteria strains of bacteria were streaked on LB agar and
incubated for 18h at 37°C.

For the preparation of overnight broth culture, colonies were suspended in 0.01 M PBS to
a turbidity of 0.5 MF and diluted by a factor of 100X in 0.01 M PBS, followed by adding 15.0 uL.
of the diluted suspension to 45.0 mL LB broth. The broth culture was incubated for 18 hours at
37°C with shaking at 140 rpm. Three main assays were used to quantify antibacterial activity: zone
of inhibition (ZOI), suspension-based direct contact test, or ex vivo direct contact test.

For the ZOI test, the turbidity of the overnight suspensions were adjusted to 0.5 MF.

Bacteria suspension was swabbed onto Mueller-Hinton agar three times, rotating the plate between
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each swab. Samples of 6 mm diameter were placed onto the surface of the agar and incubated for
18h at 37°C. The diameter of the inhibition zones were measured using calipers.

For the suspension-based direct contact test, lcmxlcm samples of coated or untreated
bioengineered collagen-GAG matrix were immersed directly in 1.0 mL of bacteria suspension for
a defined time interval (typically 5h unless otherwise specified). The concentration of bacteria
were quantified by drop-plating serial dilutions of the suspensions before and after the elapsed
contact time with the coated dermal regeneration templates.

For the ex vivo test, pig skins were prepared by excising the layer of fat beneath the skin
to achieve a uniform thickness followed by removing the hair with a scalpel. The surface of the
skins were cleaned with 70% ethanol prior to burning. Burn wounds were created on pig skins by
holding a soldering iron against the skin surface for a period of 15 seconds. The soldering iron was
cleaned with 70% ethanol and reheated for 2 min between each burn. After the wounds completely
cooled, the skins were sterilized in 70% ethanol for 10 min and dried completely in a Petri dish in
the BSC with the lid open prior to use in the experiment. Bacteria suspensions were prepared to
0.5 MF in PBS, and diluted twice by a factor of 10x. The wounds were inoculated with 100 uL of
diluted bacteria suspension. lcmx1cm bioengineered collagen-GAG matrix samples were placed
on the inoculated wounds. To maintain a moist environment, 10 mL of PBS was added to the
bottom of each Petri dish. The samples were incubated for the desired contact time (18h) at 37°C
prior to biopsy punching the infected surfaces with a 4mm diameter punch. The punched samples
were collected in 1 mL PBS, vortexed for 2 minutes to flush bacteria from the surface, and serially
diluted for drop-plating to allow for colony counting to quantify the remaining live concentration

of bacteria after the 18h contact period.
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Various inducers were explored to boost the activity of lipase, including methyl oleate,
olive oil, Tween 80, Ca*" and Mg?*. To explore the effects of the inducers on lipase activity,
bacteria were grown in a defined medium supplemented with the inducers at various
concentrations. The “base medium” consisted of 0.3% yeast, 0.1% bacto-peptone, 0.07% KoHPOs,
0.03% KH2PO4, 0.01% MnClz, 0.025% (NH4)2SO4, and 2% dextrose. MgCl,, CaCl, or MgSO4
were added to the base medium at concentrations ranging from 0.01-0.05%. Bacteria were cultured
on the supplemented media as previously described to produce overnight cultures, which were
then used to inoculate pig skins. The overnight cultures were spun down and diluted in PBS to a
concentration of 0.5 MF, then diluted in the supplemented medium by a factor of 1000X (prepared
as previously described). Pig skins were inoculated with 100 pL of bacteria in the supplemented
medium and incubated for 18h followed by biopsy punching to remove a sample for quantification
of lipase activity. The punched samples were collected in 1 mL 50 mM TRIS buffer, pH 7.4 and
sonicated for 2 minutes to detach bacteria followed by vortexing for 20 seconds.

Lipase activity of the bacteria recovered from pig skin was quantified by a pNpp-based
assay. Briefly, 30 puL of the sample lipase solution was added to a 96-well plate containing 270 L.
of substrate solution. Substrate solution was prepared by stirring together a solution of 30 mg of
pNPP in 10 mL of isopropanol with a solution of 0.1 g gum Arabic and 0.40 mL Triton X-100 in
90 mL 50 mM TRIS buffer pH 7.4. Lipase activity was quantified based on the absorbance at 410

nm.

3.5. In vitro cytocompatibility and cell proliferation
Since the function of the commercial bioengineered collagen-GAG matrix is to provide a

scaffold for cellular migration into the matrix, it is critical that the dressing should retain its cell-
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adhesive characteristics after the surface-modification with the polydopamine coating. To study
the cell-adhesion and proliferation on the modified matrix, fibroblasts were seeded directly onto
the surface and cytocompatibility was evaluated by MTT assay and Live/Dead staining.

PCS-201-012 fibroblasts were maintained at 37°C, 5% COx: in Fibroblast Basal Medium
with Fibroblast Growth Kit-Low serum supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin.

For the elution based test, lcm x lcm coated or uncoated bioengineered collagen-GAG
matrix samples were eluted for 24h in culture medium. After 24h, PCS-201-012 human dermal
fibroblasts were treated with the elutions of the coated or uncoated bioengineered collagen-GAG
matrices for another 24h, with 100 uL elution medium per well. The positive control was 1.0 M
acrylamide, and the negative control was blank cell culture medium. After 24h treatment, an MTT
assay was performed to analyze cell viability after exposure to the elutions. Briefly, 5 mg of MTT
reagent were dissolved in 1 mL medium, followed by dilution of the 1 mL MTT solution in 9 mL
of pre-warmed medium. The old media in the wells were removed and replaced with 100 uL of the
MTT medium per well. The plate was covered in foil and incubated at 37°C for 2 hours. After the
incubation period, the medium was replaced with 150 uL DMSO to solubilize the blue formazan
crystals at the bottom of the wells. The plate was mixed on a shaker at 120 rpm for 5 min to
completely solubilize the crystals. The absorbance was measured at 570 nm.

For the direct contact test, PCS-201-012 fibroblasts were seeded onto the scaffolds (50 000
cells/sample in 50 uL of cell culture medium) and maintained in an incubator for 2h to allow for
cell attachment. Subsequently, 1 mL cell culture media was added and cells were cultured for 7
days with media changes every 2 days. After 1, 3, 5 and 7 days, the cell culture medium was

removed and the samples were washed twice with D-PBS. For Live/Dead staining, cell culture
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medium was removed and the samples were washed twice with D-PBS. The scaffolds were then
stained using a Live/Dead Viability/Cytotoxicity Kit with staining solution consisting of 5 pL of
calcein AM (green live stain) and 20 pL ethidium homodimer-1 (red dead stain) in 10 mL D-PBS.
300 pL of the staining solution was added directly to the cells on the bioengineered collagen-GAG
matrix samples and the cells were incubated for 30 min at room temperature in the dark for
staining.

3.6. Data analysis

Data are presented as mean + standard deviation. The number of replicates is indicated as the n-
value. Data were analyzed by two-way ANOVA with Tukey’s correction (p<0.05). Statistical
analyses were conducted using Origin (Version 2023b, OriginLab Corporation, Northampton, MA,

USA).

4. Results & Discussion

4.1. Characterization of Pro-Cip

Antimicrobial surface modification of the collagen/GAG layer of commercial
bioengineered collagen-GAG matrices is desirable to mitigate the risk of infection. Our group has
previously reported a ciprofloxacin-based pro-drug, “Pro-Cip” which features a labile ester linkage
which can be cleaved by bacterial lipase produced by wound pathogens such as P. aeruginosa or
MRSA to release the active drug ciprofloxacin only when bacteria are present [20]. To facilitate
covalent modification of the collagen/GAG layer with Pro-Cip through reaction with
polydopamine, the design of the previously reported Pro-Cip small molecule was adjusted to

replace the azide group with a primary amine terminus. Pro-Cip was synthesized by Alberta
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Research Chemicals Inc. according to Scheme 1. The product was successfully synthesized as a
pale yellow solid with 97% purity (by LC-MS) and characterized by 'H-NMR and ESI-MS.

The lipase-triggerable antimicrobial activity of Pro-Cip was confirmed through
investigation of the minimum inhibitory concentration (MIC) of the drug against E. coli, MRSA
and P. aeruginosa, which could be compared to the MIC of commercial ciprofloxacin (Table 1).
The MIC of Pro-Cip was evaluated toward a lipase-positive (ATCC 25922) and lipase-negative
(Top10) strain of E. coli. The MIC of Pro-Cip against the non-lipase producing Top10 strain was
8 ng/mL, compared to 2 ug/mL for the lipase-producing E. coli strain ATCC 25922. The increased
sensitivity of the lipase-producing E. coli strain to Pro-Cip indicates that cleavage of the Pro-drug
occurred in the presence of lipase. Comparison of the MIC for ciprofloxacin and the MIC of intact
Pro-Cip against E. coli Topl0 in the absence of lipase revealed that the intact pro-drug was
significantly less active against E. coli compared to the active drug (<0.0625 pg/mL for
ciprofloxacin compared to 8 ng/mL for Pro-Cip). However, the 8 ng/mL MIC of Pro-Cip against
E. coli Top10 indicated that the intact pro-drug does possess some inherent antimicrobial activity
in its non-cleaved state. The MIC of the pro-drug was also evaluated toward two lipase-producing
wound pathogens, MRSA and P. aeruginosa. MRSA and P. aeruginosa were less sensitive to Pro-

Cip compared to E. coli, with MIC values of 32 ng/mL and 16 pg/mL respectively.
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Table 1. Minimum inhibitory concentrations for Cip and Pro-Cip against major wound pathogens.

Ciprofloxacin Pro-Cip
E. coli <0.0625 pg/mL 2 pg/mL
E. coli Top10 <0.0625 pg/mL 8 pg/mL
MRSA 0.25 pg/mL 32 ng/mL
P. aeruginosa 0.125 pg/mL 16 pg/mL

The inhibited antimicrobial activity of the pro-drug can be explained by examining the
mechanism of action of ciprofloxacin. Ciprofloxacin inhibits DNA gyrase (topoisomerase II), an
enzyme responsible for cleaving and re-ligating the DNA backbone to introduce negative
supercoils which are necessary for DNA replication, as well as topoisomerase IV which resolves
daughter chromosomes and relaxes DNA supercoils after DNA replication [35]. This inhibition is
achieved by binding of ciprofloxacin to the A subunit of DNA gyrase, which is mediated by a
water-metal ion bridge of noncatalytic Mg?" ion bridge with four coordinated water molecules
which binds the quinolone with the enzyme serine and acid residues [36]. The noncatalytic Mg?*
ion is chelated by the keto/acid of the quinolone [37]. Therefore, the modification of the acid group
in Pro-Cip with the ester linkage to a C6 alkyl chain can explain the lower activity of the pro-drug,
due to impaired binding with DNA gyrase (Scheme 9). In fluoroquinolone drugs the acid group is
typically left unmodified due to its critical role binding to DNA gyrase as well as facilitating drug

transport into the bacterial cell [38].
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Active Cipro
Scheme 9. Binding of ciprofloxacin versus Pro-Cip with DNA gyrase. Adapted from Aldred et al.

[37].

Table 2. Viability of PCS-201-012 fibroblasts after exposure to Cip or Pro-Cip.

Cell Viability (%)
Dose (mg/mL) Pro-Cip Cip
1.0 68+ 6 39+2
0.5 85+3 55+11
0.25 80+ 7 65+2
0.125 84+ 3 73+3
0.0625 90+ 3 91 + 11
0.0 100+ 9 100+9

*LC50 towards PCS-201-012 fibroblasts: LC50 of Pro-Cip > 1.0 mg/mL. LC50 of Cip = 0.67

mg/mL.
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To verify that the pro-drug was non-toxic towards human fibroblast cells, the LC50 of free
Pro-Cip in fibroblast culture medium was evaluated toward PCS-201-012 human dermal
fibroblasts (Table 2). The LC50 of Pro-Cip against PCS-201-012 fibroblasts was >1.0 mg/mL,
which exceeds the LC50 of ciprofloxacin toward the same cell line (0.67 mg/mL). Therefore, the
free pro-drug can be considered non-toxic to human cells. The risk of cytotoxicity is further
mitigated by the design for drug delivery which involves covalent immobilization of the pro-drug
to the collagen layer of the commercial bioengineered collagen-GAG matrix. Release of the active
ciprofloxacin form of the drug will only occur in the presence of lipase if bacteria are present,
which reduces exposure to the active drug. The release of the intact pro-drug Pro-Cip from the
dressing should be minimal due to rinsing of the scaffolds after the reaction to flush away any non-
covalently bound pro-drug. Release of the intact pro-drug would primarily occur in the case of
biodegradation of the polydopamine layer or collagen layer of the commercial bioengineered

collagen-GAG matrix throughout the formation of the neodermis.

4.2. One-pot surface modification of bioengineered collagen-GAG matrix with polydopamine

anchored Pro-Cip

4.2.1 Comparison of shaken or static reaction conditions to generate rough polydopamine coating

Surface modification of the collagen layer of the bioengineered collagen-GAG matrix to
impart self-disinfecting bacteria-responsive antibacterial properties can be achieved in a single
step via a one-pot reaction of dopamine and Pro-Cip under alkaline conditions. Bioengineered
collagen-GAG matrix samples were immersed collagen-side down in an alkaline solution of
dopamine and Pro-Cip at pH 8.5 to catalyze self-polymerization of dopamine with dissolved

oxygen as the oxidant.
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Polydopamine was selected as an anchoring layer due to its “universal coating properties,”
as it can interact with the material surface through covalent bonding, n-n interaction, cation-w
interaction, catechol metal coordination or hydrogen bonding. Polydopamine coating bears distinct
advantages compared to other popular surface modification methods including self-assembled
monolayer, layer-by-layer (LbL) assembly and plasma treatment due to its simplicity, versatility,
and low cost. Contrary to LbL, polydopamine coating does not require the complex synthesis of
specialized polymers for the layering process. Additionally, as a small molecule, dopamine can
easily diffuse through the matrix of porous substrates, which is ideal for coating the inner structures
of 3D porous materials such as the bioengineered collagen-GAG matrix. Polydopamine is
biodegradeable in the presence of oxidants as well as biocompatible [39]. Furthermore,
polydopamine is hydrophilic and cell-adhesive.

The reaction was conducted under static conditions or with shaking to generate a rough
surface texture. Dopamine solutions are well-known to form particulate aggregates under alkaline
conditions for self-polymerization: for example, 2 mg/mL dopamine in 50 mM TRIS pH 8.5 forms
anisotropic aggregates of >200 nm diameter after 2h reaction [40]. Shaking during the one-pot
reaction prevents particle sedimentation and results in their incorporation in the coating, whereas
static conditions particle sedimentation can be observed at the bottom of the reaction vessel. It has
previously been reported that polydopamine coating roughness can contribute to enhanced
antibacterial activity compared to smooth PDA coatings [25]. Therefore, both static and shaken
one-pot reaction conditions were explored. Both of the reaction conditions (static or shaken)
resulted in a colour change visible to the naked eye from transparent and colourless to opaque

brown or black (Figure 1). The darkness of the obtained coating was proportional to the
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concentration of PDA in the reaction solution, and darker colour was achieved by shaking
compared to static polymerization.

Polydopamine coatings are characteristically dark brown or black coloured due to their
melanin-like structure with delocalized m-electron network which can absorb a broad range of
visible light wavelengths. Therefore, achieving transparency in the coating requires either
alternative selection of monomer to create polydopamine-like coatings, co-polymerization of
dopamine with transparent molecules or polymers, and controlling the thickness and morphology
of the coating. Since polydopamine colour intensity increases with thickness, one of the simplest
methods to achieve transparency is to control the coating thickness. Coating morphology also
affects the darkness and opacity of the coating colour, as Su et al. demonstrated that shaking-
assisted formation of rough particle coatings produced darker surface colour compared to smooth
films, although it is unclear whether this arises from morphology or thicker coating of

polydopamine by avoiding the sedimentation of large particles [25].
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Reaction Conditions

Sample Shaking (200 rpm) Static

PDA 1:1 PDA 1:1
alone PDA:Pro-Cip alone PDA:Pro-Cip

0.05 mg/mL
PDA

0.25 mg/mL
PDA

3.0 mg/mL
PDA

Uncoated
(control)

Figure 1. Visual appearance of bioengineered collagen-GAG matrix coated with PDA at
concentrations ranging from 0.05 mg/mL-3.0 mg/mL under static or shaken polymerization

conditions. Samples coated with one-pot method and 1h coating time.

Polydopamine possesses inherent antibacterial activity, and in some cases can endow the
coated surface with antimicrobial potency without further modification with an antibiotic or other
antibacterial agent. The mechanism of polydopamine’s inherent antibacterial activity has been
attributed to the interaction of bacteria with positively charged amine groups in polydopamine

[25,41], or by ROS generation [42,43].
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Su et al. demonstrated that by shaking throughout the polymerization process, rough
polydopamine coatings can be produced which possess inherent antimicrobial activity against S.
aureus, E. coli and P. aeruginosa [25]. Although smooth polydopamine coatings were observed to
have minor antibacterial effect (<5%), increasing the shaking rate during polymerization >200 rpm
resulted in deposition of polydopamine particles (which typically would settle out to the bottom
of the reaction vessel) to create rough coatings which had antibacterial activity between 99-100%
in exposure to 10° CFU/mL bacteria suspensions after 24h contact. The coating roughness was
hypothesized to increase contact with the bacteria, resulting in better antibacterial activity of the
polydopamine’s positively charged amine groups.

The antibacterial activity of coated bioengineered collagen-GAG matrix samples prepared
under static or shaken conditions were confirmed via an ex vivo burn model, in order to capture
the combined antibacterial activity that may arise from direct contact with PDA alone as well as
the release of Cip from Pro-Cip (Table 3). The rough-coated samples obtained with shaking
conditions during the one-pot polymerization reaction displayed some inherent antimicrobial
activity due to the PDA coating alone, although the effect was less than 1.0 log reduction (0.9 +
0.1 against P. aeruginosa and 0.81 + 0.04 against MRSA after 18h contact). Increasing the
dopamine concentration from 0.05 to 0.25 mg/mL resulted in increased antibacterial activity from
the rough polydopamine coated samples, from 0.19 = 0.06 to 0.9 + 0.1 for P. aeruginosa or 0.77 +
09 to 0.81 + 0.04 for MRSA. Formation of polydopamine particles in solution by self-nucleation
is concentration-dependent (>0.5 mg/mL) [44]. Furthermore, coating roughness increases with
concentration and thickness [45]. Therefore, the observed increase in antibacterial activity with
increased concentration under shaken condition could arise from increased coating roughness.

Static coated samples did not display inherent antibacterial activity arising from the polydopamine
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coating when Pro-Cip was omitted from the coating, with log reduction <0.3 even when the
dopamine concentration was increased to 3.0 mg/mL. The absence of inherent antibacterial activity
was expected for the 1h static polymerization condition used, since minimizing the coating time
<3h typically promotes smooth polydopamine coating formation [23].

For static coated samples, the log reduction for P. aeruginosa and MRSA increased
significantly when the concentration of PDA and Pro-Cip was increased from 0.25 mg/mL to 3.0
mg/mL. Interestingly, for the samples which reacted under shaken conditions, the antimicrobial
activity was not significantly improved by increasing the concentration. This could arise from the
polydopamine particle formation which occurs under shaken conditions. Shaking prevents the
sedimentation of larger polydopamine particles throughout the self-polymerization of dopamine in
the reaction solution, and facilitates their incorporation into the coating. Higher concentration of
dopamine in the reaction solution could impact the PDA particle size and resulting release kinetics

of Cip and accessibility of Pro-Cip to lipase.

Ultimately, static coatings with 3.0 mg/mL dopamine concentration yielded the optimal
balance between acceptable coating colour (Figure 1) and antimicrobial potency with a 4.2 + 0.6
log reduction against P. aeruginosa and 1.2 + 0.1 log reduction against MRSA (Table 3). The
benefit of the inherent antimicrobial activity of polydopamine which could be obtained through
conducting the one-pot reaction under shaken conditions to produce a rough surface layer was

outweighed by the dark black opaque colour of the rough coatings.
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Table 3. Antibacterial activity of PDA/Pro-Cip coated bioengineered collagen-GAG matrix in an

ex vivo porcine skin burn model, after 18h contact.

Sample Log Reduction
E. coli 25922 P aeruginosa MRSA
Shake 0.05 mg/mL PDA 039+0.05 0.19+0.06 0.77 £ 0.09
0.05 mg/mL PDA 1:1 PDA:Pro-Cip 2.53+£0.08 3.08+0.03 1.05+0.04
0.25 mg/mL PDA 0.04+0.05 09+0.1 0.81 +0.04
0.25 mg/mL PDA, 1:1 PDA:Pro-Cip  2.39+0.05 1.7+£0.1 0.7+0.5
Static  0.25 mg/mL PDA 0.09+0.04 0.22+0.09 09+0.3
0.25 mg/mL PDA, 1:1 Pro-Cip 2.44 £0.09 0.65+0.04 0.5+0.1
3.0 mg/mL PDA 0.19 £0.01 -0.24 £ 0.02 -0.12 £ 0.04
3.0 mg/mL PDA, 1:1 PDA:Pro-Cip 2.14£0.05 4.2 +0.6 1.2+0.1

The ex vivo antibacterial model promoted drying of bioengineered collagen-GAG samples

throughout the prolonged exposure period, which could impede the antibacterial activity of the

coating by limiting the diffusion of lipase through the porous matrix of the collagen layer, and thus

compromise the cleavage of the Pro-drug by lipase for release of the active drug. For this reason,

a suspension-based direct contact test was adopted for preliminary screening and testing of the

various tested coating formulations. The antibacterial activity of the 3 mg/mL PDA and 3 mg/mL

PDA 1:1 PDA:Pro-Cip static coatings were evaluated by immersing 1cmx1cm samples in 1 mL of

bacteria suspension for 5h direct contact, followed by quantifying the reduction in bacteria

concentration (Table 4). Excellent log reduction of E. coli and P. aeruginosa were achieved, with
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values of 4.38 = 0.35 and 2.14 + 0.02 respectively. In comparison, the coated membrane was less

effective against MRSA, with only 0.67 + 0.01 log reduction after Sh contact.

Table 4. Antibacterial activity of static one-pot coated bioengineered collagen-GAG matrix after

Sh direct contact with bacteria suspension.

Log Reduction (inoculum 1.0x10® CFU/mL)

E. coli MRSA P. aeruginosa
3 mg/mL PDA, 1h static 0.02+£0.02 0.11 £0.02 0.25+0.07
3 mg/mL 1:1 PDA:Pro-Cip, 1h static 4.38 +0.35 0.67+0.01 2.14 +0.02

The physical morphology of the coated samples was assessed using SEM to assess the
surface roughness obtained by the shaken and static coating strategies. The samples which were
coated under shaken conditions displayed visible particulates bound to the surface of the collagen
matrix (Figure 2). It is well-documented that black PDA particles form in solution during the self-
polymerization of dopamine under alkaline conditions. In the case of a static reaction solution, the
particles sediment to the bottom of the dish, resulting in a smooth PDA coating on the sample
surface. In contrast, shaking allows the PDA particles to remain in suspension throughout the
coating process which leads to a rough surface coating which has also been associated with

increased antibacterial activity [25].
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0.25 mg/mL 1:1 PDA:Pro-Cip, 1h shaken

Figure 2. Physical morphology of collagen layer of the bioengineered collagen-GAG matrix after
coating (top view). SEM of bioengineered collagen-GAG matrix, either uncoated or after coating

with 0.25 mg/mL PDA, 1:1 Pro-Cip under shaken conditions, 1h coating time.

uncoated cross-section (fractured) PDA-coated cross-section (fractured) PDA:Pro-Cip coated cross-section (fractured)

Figure 3. Physical morphology of bioengineered collagen-GAG matrix after coating (cross-
sections after fracture with liquid nitrogen). SEM of bioengineered collagen-GAG matrix, either

uncoated, coated with 3.0 mg/mL PDA 1h static, or 3.0 mg/mL 1:1 PDA:Pro-Cip 1h static.
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The pore structure of the bioengineered collagen-GAG matrix coated under static
conditions was assessed by SEM (Figure 3). The pore structure was not significantly impacted by
coating with 3.0 mg/mL PDA or 3.0 mg/mL PDA 1:1 Pro-Cip under static conditions compared to
the uncoated bioengineered collagen-GAG matrix. This confirms the expectation that the coating
would not markedly impact the porosity of the dermal regeneration template since polydopamine

coatings typically range from 20-50 nm thickness.

4.2.2 Lipase-responsive behaviour of static coated samples

The lipase-responsive release of ciprofloxacin from the 3.0 mg/mL 1:1 PDA/Pro-Cip static-
coated matrix was quantified in the presence or absence of commercial Burkholderia cepacia
lipase (I pg/mL or 5 mg/mL) based on UV absorbance at 325 nm (Figure 4). The UV-vis
absorbance of ciprofloxacin at 325 nm UV-vis absorbance spectrum was confirmed to be free of
interference from the UV-vis absorbance of polydopamine (Supplemental Figure A2). Lipase-
responsive cleavage of ciprofloxacin from the covalently bound Pro-drug was successfully
confirmed at a lipase concentration of 5 mg/mL, with a release of ciprofloxacin exceeding 8 pg/mL

after 192h, compared to <2 pg/mL release after 192h in the absence of lipase.
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Figure 4. Cumulative release of Cip from 3.0 mg/mL 1:1 Pro-Cip coated bioengineered collagen-

GAG matrix.

Table 5. Release of ciprofloxacin from 3 mg/mL 1:1 Pro-Cip:PDA coated matrix in the presence

of 5 mg/mL B. cepacia lipase, at pH 7.4 and 37°C.

Time (h) Released Cip (ng/mL)
Lipase (5 mg/mL) PBS
0 0 0
5 0.85 £ 0.01 0.04 £ 0.07
8 1.3+0.3 0.25+0.09
18 1.8+0.5 0.43+0.09
24 20+0.3 0.59 +£0.05

The MIC of ciprofloxacin against E. coli, MRSA and P. aeruginosa are <0.0625 pg/mL for
E. coli, 0.125 pg/mL for P. aeruginosa, and 0.25 pg/mL for MRSA (Table 1). The released
ciprofloxacin in the presence of 5 mg/mL commercial lipase exceeds the experimentally

determined MIC values for the tested bacteria strains (Table 5).
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To further explore the lipase-responsive antibacterial activity of the Pro-Cip-coated
bioengineered collagen-GAG matrix, the 1h shaken-coated samples were tested against a lipase-
producing (ATCC 25922) and non-lipase producing (Top10) strain of E. coli (Figure 5, Table 6).
The bioengineered collagen-GAG matrix coated with PDA alone (without Pro-Cip) did not exhibit
any ZOI against E. coli ATCC 25922 or Top10. The absence of a ZOI should not be interpreted as
a lack of antibacterial activity, since the PDA coating is covalently bound to the collagen layer and
therefore is not mobile to diffuse through the agar to create an inhibition zone. In this case, the ex
vivo direct contact test provides a better description of the antimicrobial impact of the
polydopamine layer when Pro-Cip is not included in the coating, where a <1.0 log reduction was
observed for rough coated membranes. When Pro-Cip was included in the coating, the membranes
static-coated with PDA and Pro-Cip did show inhibition zone size of 8.8-9.0 mm toward the lipase-
positive E. coli ATCC 25922, indicating release of ciprofloxacin from the coating. Since the
membranes did not exhibit inhibition zones against a non-lipase producing strain of E. coli Top10,
the ZOI observed in the lipase-positive strain support the expected cleavage of the pro-drug Pro-

Cip by lipase to release the active drug ciprofloxacin.
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e
E. coli 25922 ~ | E. coliTop10

Figure 5. Zone of inhibition of shaken one-pot coated bioengineered collagen-GAG matrix with
or without Pro-Cip against E. coli 25922 (lipase positive) or E. coli Topl0 (lipase negative).
Coatings were composed of: (A) 0.25 mg/mL PDA 1h shaken, (B) 0.05 mg/mL PDA 1h shaken,
(C) 0.25 mg/mL PDA 1:1 PDA:Pro-Cip 1h shaken, (D) 0.25 mg/mL PDA 10:1 PDA:Pro-Cip 1h
shaken, (E) 0.05 mg/mL PDA 1:1 PDA:Pro-Cip 1h shaken, (F) 0.05 mg/mL PDA 10:1 PDA:Pro-

Cip 1h shaken.

Inhibition zone diameters corresponding to the membranes tested in Figure 5 are noted below in

Table 6.
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Table 6. Zone of inhibition of 1h shaken one-pot coated bioengineered collagen-GAG matrix

against E. coli 25922 (lipase positive) and E. coli Top10 (lipase negative).

Sample Treatment Diameter (mm)

E. coli 25922 E. coli Top 10

A 0.25 mg/mL PDA, 1h shaken 0 0
B 0.05 mg/mL PDA, 1h shaken 0 0
C 0.25 mg/mL PDA, 1:1 PDA:Pro-Cip, 1h shaken 8.9 0
D 0.25 mg/mL PDA, 10:1 PDA:Pro-Cip, 1h shaken 9.0 -
E 0.05 mg/mL PDA, 1:1 PDA:Pro-Cip, 1h shaken 9.0 0
F 0.05 mg/mL PDA, 10:1 PDA:Pro-Cip, 1h shaken 8.8 -

4.2.3 Cytocompatibility of one-pot polydopamine coatings

PDA/Pro-Cip-coated bioengineered collagen-GAG matrix samples were eluted in growth
medium for duration of 24h, followed by treating primary human dermal fibroblasts (PCS-201-
012) with the eluted medium for 24h to evaluate the cytotoxicity of released matter from the
coating (Figure 6). The cell viability of cells exposed to the PDA or PDA/Pro-Cip elutions was not
statistically significantly different compared to the cell viability of elutions from uncoated

bioengineered collagen-GAG matrix, and all tested samples had cell viability of >90%.
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Figure 6. Cytotoxicity of elution from coated bioengineered collagen-GAG matrix towards human
dermal fibroblasts. Coated bioengineered collagen-GAG matrices (1.0 cm?) eluted in culture media
for 24h, followed by exposure of PCS-201-012 human dermal fibroblasts to elution for 24h.
Coatings included 3.0 mg/mL PDA 1h static ("PDA”), 3.0 mg/mL 1:1 PDA:Pro-Cip (“1:1 PDA
Pro-Cip”), untreated, negative control of blank culture medium (“NC”) and positive control of 1.0

M acrylamide (“PC”).

Typically, cell viability could be quantitatively confirmed through MTT assay of PCS-201-
012 fibroblasts cultured in direct contact with the coated samples. However, polydopamine is
known to reduce MTT, which interferes with the assay result which is dependent on the reduction
of MTT to formazan by dehydrogenases in the mitochondria of living cells [46]. Therefore, cell

viability of cells in direct contact with the coated samples was determined based on Live/dead
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staining of the cells with calcein-AM and ethidium homodimer-1 (Figure 7). After 48h attachment,
the cells in direct contact with the coated surfaces displayed good viability with minimal cell death
and elongated and flattened cell morphology and even distribution on the scaffold, with similar

appearance to fibroblasts cultured on the uncoated negative control.

Uncoated

Figure 7. Cell viability of PCS-201-012 human primary dermal fibroblasts on one-pot static-coated
bioengineered collagen-GAG matrix samples, 48h after seeding. Live/Dead assay (calcein-AM
and ethidium homodimer-1). Samples included uncoated bioengineered collagen-GAG matrix,
matrix coated with 3.0 mg/mL PDA 1h static, or matrix coated with 3.0 mg/mL 1:1 PDA:Pro-Cip

1h static.

4.3. Surfactants for boosted lipase activity
As previously discussed, static 1h one-pot coating of bioengineered collagen-GAG matrix

with 3 mg/mL PDA 1:1 PDA:Pro-Cip yielded promising antibacterial activity against E. coli and
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P aeruginosa, with log reductions of 4.38 + 0.35 and 2.14 + 0.02 respectively after Sh contact.

However, the antibacterial activity of the 3 mg/mL PDA 1:1 PDA:Pro-Cip static-coated membrane

was insufficient against MRSA, with 0.67 £ 0.01 log reduction after the same duration. Therefore,

various surfactants were explored as potential additives to improve the cleavage efficiency of the

Pro-drug in the presence of MRSA. Nonionic surfactants can increase enzyme catalytic efficiency

and interact with the enzyme itself to stabilize the active conformation of lipase (whereas ionic

surfactants can have a denaturing effect) [47]. Furthermore, the coating duration was increased

from lh static coating to 18h coating with shaking increase coating thickness. Coating

formulations with surfactants are described in Table 6.

Table 6. PDA coating formulations for boosted lipase activity

Sample PDA Cip Additive Condition

A 3 mg/mL - - 1h static

B 3 mg/mL 3 mg/mL - 1h static

C 3 mg/mL 3 mg/mL - 18h shaking

D 3 mg/mL 3 mg/mL Tween 20 (2.5 v/v%) 1h shaking

E 3 mg/mL 3 mg/mL Tween 80 (2.5 v/v%) 1h shaking

F 3 mg/mL 3 mg/mL Triton X-100 (2.5 v/v%) 1h shaking

G 3 mg/mL 3 mg/mL Olive oil (2.5 v/v%) 1h shaking

H - - - negative control

The antibacterial activity of the surfactant-coated samples was screened by zone of

inhibition (Figure 8).
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Figure 8. Effect of coatings incorporating surfactants on the ZOI diameter in exposure to one-pot
coated bioengineered collagen-GAG matrix. (A) 3 mg/mL PDA 1h static coat, (B) 3 mg/mL 1:1
PDA:Pro-Cip 1h static coat, (C) 3 mg/mL 1:1 PDA:Pro-Cip, 18h shaken coat (D) 3 mg/mL 1:1
PDA:Pro-Cip, 1h shaken coat with Tween 20, (E) 3 mg/mL 1:1 PDA:Pro-Cip, 1h shaken coat with
Tween 80, (F) 3 mg/mL 1:1 PDA:Pro-Cip, 1h shaken coat with Triton X-100, (G) 3 mg/mL 1:1

PDA:Pro-Cip, 1h shaken coat with Olive oil, (H) negative control (uncoated).

Zone diameters for the surfactant-coated samples are reported in Table 7. Increasing the
coating thickness by extending the duration of the polymerization reaction from 1h static to 18h
with shaking increased the ZOI from 15 to 20 mm in E. coli, and 8 to 10 mm in P. aeruginosa.

However, the increased concentration of Pro-Cip in the 18h-coated sample was still insufficient to
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produce a discernable ZOI against MRSA. The incorporation of nonionic surfactants Tween 20,
Tween 80 and Triton X-100 did not boost the efficacy of cleavage of Pro-Cip by lipase and actually
appeared to have a negative effect on the antibacterial activity of the coatings, as evidenced by the

smaller ZOI diameter.

Table 7. ZOI of PDA-coated bioengineered collagen-GAG matrix with various surfactant

additives.
Inhibition Zone Diameter (mm)

Sample* E. coli Top 10 MRSA P a.
A 0 0 0 0
B 15 12 0 8
C 20 16 0 10
D 10 7 0 7
E 11 7 0 7
F 10 7 0 7
G 8 7 0 7
H 0 0 0 0

*(A) 3 mg/mL PDA 1h static coat, (B) 3 mg/mL 1:1 PDA:Pro-Cip 1h static coat, (C) 3 mg/mL 1:1
PDA:Pro-Cip, 18h shaken coat (D) 3 mg/mL 1:1 PDA:Pro-Cip, 1h shaken coat with Tween 20,
(E) 3 mg/mL 1:1 PDA:Pro-Cip, 1h shaken coat with Tween 80, (F) 3 mg/mL 1:1 PDA:Pro-Cip, 1h
shaken coat with Triton X-100, (G) 3 mg/mL 1:1 PDA:Pro-Cip, 1h shaken coat with Olive oil, (H)

negative control (uncoated).
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The surfactant-coated samples were further evaluated for antibacterial potency by
immersion in bacteria suspension for 5h contact (Table 8). The antibacterial activity against MRSA
and P. aeruginosa was improved by increasing the coating duration from lh to 18h (increase in
log reduction from 0.67 + 0.01 to 1.11 £ 0.21 for MRSA, and increase from 2.14 + 0.02 to 4.56 +
0.05 for P. aeruginosa). Similar to the ZOI results, the incorporation of various surfactants did not
boost the antibacterial activity against the three tested bacteria, but actually had a negative impact
on the antibacterial activity. The addition of surfactants could potentially compromise the coating
process. The addition of surfactant might increase aggregation of PDA particles which form during
the self-polymerization of dopamine under alkaline conditions, which could result in increased
sedimentation of PDA and Pro-Cip in the reaction solution and decrease the efficiency of coating
with the collagen layer of the bioengineered collagen-GAG matrix. Alternatively, the incorporation

of surfactant might solubilize PDA oligomers, reducing their ability to deposit as a coherent film.
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Table 8. Antibacterial activity of surfactant-containing coatings after Sh direct contact with bacteria

suspensions.
Log Reduction
(inoculum 1.0x10® CFU/mL)
Sample E. coli MRSA P. aeruginosa
A 3 mg/mL PDA, 1h static 0.02+£0.02 0.11 £0.02 0.25+0.07
B 3 mg/mL 1:1 PDA:Pro-Cip, 1h static =~ 4.38 £0.35 0.67+0.01 2.14 +0.02
C 3 mg/mL 1:1PDA:Pro-Cip,18h shake =~ 4.42 + 0.28 1.11 £0.21 4.56 +0.05
3 mg/mL 1:1 PDA:Pro-Cip with
D 3.94+0.19 0.31+0.06 0.32+0.11
Tween 20 (2.5 v/v%), 1h shake
3 mg/mL 1:1 PDA:Pro-Cip with
E 3.99+0.11 0.31+0.04 0.74 £ 0.41
Tween 80 (2.5 v/v%), 1h shake
3 mg/mL 1:1 PDA:Pro-Cip with
F 3.71 +£0.11 0.62 +0.21 0.27 £0.03
Triton X-100 (2.5 v/v%), 1h shake
3 mg/mL 1:1 PDA:Pro-Cip with
G 442 +0.28 0.27 +£0.08 1.79 £0.02

Olive oil (2.5 v/v%), 1h shake
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Figure 9. Cumulative release of ciprofloxacin after 192h exposure to lipase from coated
bioengineered collagen-GAG matrix containing surfactants. Exposure to 5.0 mg/mL or 1 pg/mL

B. cepacia lipase, pH 7.4 and 37°C.

The cumulative release characteristics of the surfactant-coated membranes confirmed that
the overall release of ciprofloxacin from lipase-exposed samples was lower in comparison to the
formulation which did not include surfactant in the coating (Figure 9). For 18h shaken
polymerization condition (without surfactant), the release of ciprofloxacin after 192h exposure to
5 mg/mL commercial B. cepacia lipase was 8.5 = 4.6 png/mL, compared to 8.90 = 0.08 pg/mL
(Tween 20), 5.1 £0.1 ug/mL (Tween 80), 10.43 + 0.03 pg/mL (Triton X-100) and 4.5 + 0.1 pg/mL
(olive oil). The lower cumulative release of ciprofloxacin from the surfactant-coated membranes

was consistent with the lower antibacterial activity observed in the surfactant-coated samples.
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4.5. Inducers for boosted lipase activity

Another strategy to boost the antibacterial activity against MRSA involved incorporating
inducers in the coating in order to boost the lipase activity: either by boosting production of
bacterial lipase by substrate induction, or by enhancing the activity of the enzyme itself. The effects
of various inducers (methyl oleate, olive oil, Tween 80, Mg?* and Ca?*) on the lipase activity of P
aeruginosa and MRS A were explored in vitro to screen for inducers which may be viable additives
for the coating to boost lipase activity on Pro-Cip. The bacteria were grown in the presence of
various inducers in broth media followed by culture on ex vivo pig skin for 18h before sampling
for lipase activity. Lipase activity was quantified spectrophotometrically using a pNPP-based
lipase assay.

For induction of lipase activity in P. aeruginosa, methyl oleate and olive oil were both
effective carbon sources to boost lipase activity from 0.64 umol/min/cm? in the negative control
to 4.11 or 6.66 umol/min/cm? for methyl oleate and olive oil respectively (Figure 10). CaCl,
boosted lipase activity from 1.77 umol/min/cm? to 6.72 pmol/min/cm? as the CaCl, concentration
increased from 0.01% to 0.05%. The addition of MgCl> and MgSOs to the growth medium also
successfully boosted lipase activity in P. aeruginosa, with a maximum lipase activity achieved
with supplementation of the medium with 0.01% CaCl, and 0.05% MgClL. The relationship
between Ca?" and Mg?" concentration and the induced lipase activity appears to be complex, as

lipase activity does not simply increase with increased concentration of the inducer.
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Figure 10. Lipase activity of P. aeruginosa grown in the presence of various inducer carbon sources

(left) or ions (right).

The induced lipase activity of MRSA was similarly explored in an ex vivo model (Figure
11). Methyl oleate and olive oil effectively boosted the lipase activity from 3.45 umol/min/cm? in
the negative control to 7.31 and 7.42 pmol/min/cm? respectively for methyl oleate and olive oil.
Supplementation with Ca** and Mg*" also resulted in elevated lipase activity in the ex vivo model,
although increasing the inducer concentration did not exhibit a direct relationship with increased

lipase activity.
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Figure 11. Lipase activity of MRSA grown in the presence of various inducer carbon sources (left)

or ions (right).
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Various inducers including Ca**, Mg?* and olive oil (emulsified with Tween-80) were
added to the coating formulation at 10:1, 1:1 or 1:3 ratio with the PDA content (Scheme 10). The

samples were coated for 18h with shaking at 200 rpm.

Surface-Modified
collagen-GAG matrix

o o
(N it
s Pro-Cip U
+
' Dopamine

N = one-pot
method
+

Inducer | 10:1.1:10r1:3

Pro-Cip:Inducer

Scheme 10. Incorporation of various inducers to the coating formulation for enhanced lipase

activity against Pro-Cip.
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The ZOI for inducer-coated bioengineered collagen-GAG matrix samples were tested in
response to E. coli, P. aeruginosa and MRSA (Figure 12, Table 9). MgCl, and CaCl, were both
effective additives to boost the release of ciprofloxacin from the pro-drug coated membranes, as
evidenced by the increase in ZOI diameter from 9 mm to 12 mm in each case (1:3 ratio for MgCl»
or 1:1 ratio for CaCly). Olive oil/Tween 80 emulsion was also effective in boosting the zone
diameter from 9 to 13 mm against MRSA. A subtle increase in zone diameter was observed for
inducer-coatings toward P. aeruginosa, from 11 to 12 mm in the presence of the additives 1:1
MgCl,, 1:1 CaCl; or olive oil/Tween 80 emulsion (10:1 and 1:1 ratios). The zone diameter did not
directly correspond to inducer concentration, as in some cases the optimal concentration for

maximizing zone diameter was at the lowest or intermediate ratio tested (10:1 or 1:1).
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Figure 12. ZOI for inducer-coated bioengineered collagen-GAG matrix samples. (1) 3.0 mg/mL
PDA shaken 18h coat, (2) 3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat, (3) 3.0 mg/mL 1:1
PDA:Pro-Cip shaken 18h coat with 10:1 Pro-Cip:OliveOil, (4) 3.0 mg/mL 1:1 PDA:Pro-Cip
shaken 18h coat with 1:1 Pro-Cip:OliveOil, (5) 3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat with
1:3 Pro-Cip:OliveOil, (6) 3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat with 10:1 Pro-Cip:MgCl,,
(7) 3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat with 1:1 Pro-Cip:MgCl, (8) 3.0 mg/mL 1:1
PDA:Pro-Cip shaken 18h coat with 1:3 Pro-Cip:MgCla, (9) 3.0 mg/mL 1:1 PDA:Pro-Cip shaken
18h coat with 10:1 Pro-Cip:CaCly, (10) 3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat with 1:1
Pro-Cip:CaCl,, (11) 3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat with 1:3 Pro-Cip:CaCl,, (12)
3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat with 10:1 Pro-Cip:OliveOil/Tween8OEmulsion, (13)
3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat with 1:1 Pro-Cip:OliveOil/Tween80Emulsion, (14)

3.0 mg/mL 1:1 PDA:Pro-Cip shaken 18h coat with 1:3 Pro-Cip:OliveOil/Tween80Emulsion.
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Table 9. ZOI of inducer-coated bioengineered collagen-GAG matrix.

Zone diameter (mm)

Sample Ratio MRSA P a. E. coli

1 PDA - 0 0 0

2 1:1 Pro-Cip - 9 11 24
3 0]0) 10:1 8 11 24
4 1:1 9 8 25
5 1:3 9 8 25
6 MgCly 10:1 10 10 25
7 1:1 10 12 26
8 1:3 12 10 25
9 CaCly 10:1 9 10 25
10 1:1 12 12 25
11 1:3 11 10 25
12 00 & T80 10:1 13 12 25
13 1:1 9 12 26

14 1:3 11 8 24




Table 10. Antibacterial activity of inducer-coated bioengineered collagen-GAG matrix after 18h

contact with bacteria suspensions (low initial inoculum, ~10* CFU/mL).

Bacteria concentration after 18h (CFU/mL)

Sample Ratio MRSA P. aeruginosa E. coli Top10

1 inoculum - 1.5+0.2x10*  2.1+0.2x10* 1.4+0.2x10* 1.5+0.3x10*
(time=0)

2 1:1 - 0 0 0 0
Pro-Cip

3 00 10:1 0 0 0 0

4 1:1 0 0 0 0

5 1:3 0 0 0 0

6 MgCl, 10:1 0 0 0 0

7 1:1 0 0 0 0

9 1:3 0 0 0 0

10 CaCly 10:1 0 0 0 0

11 1:1 0 5.6+1.9x 10! 0 0

12 1:3 0 59+0.8x10° 0 0

13 00 & T80 10:1 0 1.6+1.3x 103 0 0

14 1:1 0 5.7+0.6 x 10 0 0

15 1:3 0 3.3+3.3x 10! 0 0

The antibacterial activity of the inducer-coated membranes was evaluated via direct
immersion in bacteria suspension. Complete eradication of MRSA and P. aeruginosa (no
detectable CFU with a detection limit of 33 CFU/mL) was achieved when the coated bioengineered
collagen-GAG matrix was inoculated with a low concentration (10* CFU/mL) for 18 hours (Table
10). When the initial bacterial concentration reached 108 CFU/mL, the coated bioengineered
collagen-GAG matrix could attain a 4-4.9 log reduction of two tested bacteria MRSA and P,
aeruginosa which are the major culprits of wound infection. Specifically, as shown in Table 11,
within 8h contact, the log reduction of MRSA was increased from 4.04 + 0.07 in the sample without

inducer (1:1 Pro-Cip) to 4.39 + 0.08 for the coating containing 1:3 MgCl, or 4.49 + 0.06 in the
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coating containing CaCl,. Mg?" and Ca?" were also effective inducers for P. aeruginosa, and
boosted the log reduction from 4.70 = 0.07 for the 1:1 Pro-Cip sample without inducers to 4.90 +

0.04 (1:1 MgCly) or 4.91 + 0.05 (1:1 CaCl).

Table 11. Antibacterial activity of inducer-coated bioengineered collagen-GAG matrix after 8h

contact with bacteria suspensions, inoculum concentration 10® CFU/mL.

Log reduction after 8h

Sample Ratio MRSA P. aeruginosa
1 NC - 9.0 x 10° CFU/mL 1.9 x 10'° CFU/mL
2 1:1 Pro-Cip - 4.04 £0.07 4.70 £ 0.07
3 0]0) 10:1 3.91£0.01 476 +0.01
4 1:1 3.94+0.03 473 +0.01
5 1:3 3.93+0.02 4.68 +0.01
6 MgCl, 10:1 4.30+0.05 4.88 +0.01
7 1:1 4.32+0.03 4.90 + 0.04
9 1:3 4.39+0.08 4.85+0.01
10 CaClz 10:1 4.27+0.02 4.85+0.01
11 1:1 4.33+£0.05 491 +0.05
12 1:3 4.49 £ 0.06 4.86+0.01
13 OO0 & T80 10:1 4.25+0.03 4.82 +0.02
14 1:1 4.32 +£0.01 4.81 +0.06
15 1:3 4.31+0.04 4.82 +0.06
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Cumulative release of ciprofloxacin was evaluated for the top performing samples against
MRSA (one-pot 18h coating with 1:3 dopamine:CaCl> or 1:3 dopamine:MgClz). Release of
ciprofloxacin from the coating was evaluated from in vitro in the presence or absence of 5.0 mg/mL

commercial B. cepacia lipase (Figure 13).
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Figure 13. Cumulative release of ciprofloxacin from 18h shaken one-pot coated bioengineered
collagen-GAG matrix containing Ca?" or Mg?* inducers, in the presence of 5 mg/mL B. cepacia

lipase, pH 7.4 and 37°C.
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The cumulative release of ciprofloxacin from the coated bioengineered collagen-GAG
matrix containing inducers Ca®" or Mg?* was significantly higher compared to the 18h shaken 1:1
PDA:Pro-Cip coating which was prepared under the same conditions but with the absence of the
inducers. The release after 8h for the CaCl, and MgCl, coatings were 18.6 £ 0.9 pgand 19 £ 1 pg,
respectively. In contrast, release from the coating without CaCl, or MgCl, was 6.7 + 0.2 after 8h.
The increased release of ciprofloxacin from the coatings containing divalent cations emphasizes
the role of the inducers in boosting cleavage of the pro-drug, which was consistent with the
observed antibacterial activity of the inducer-loaded membranes. The in vitro release of
ciprofloxacin from the Pro-Cip coated bioengineered collagen-GAG matrix cannot be directly
compared with the antibacterial result given the differing type and concentration of lipase
concentration, but improved antibacterial activity was observed in the same 8h contact period.
Against MRSA, after 8h a log reduction of 4.39 + 0.08 (1:3 dopamine:MgCly) or 4.49 £ 0.06 (1:3
dopamine:CaCly) were achieved compared to 4.04 + 0.07 log reduction in the coated sample
without inducers. Similarly, against P. aeruginosa, log reductions of 4.85 + 0.01
(dopamine:MgCl) or 4.86 + 0.01 (dopamine:CaCly) were achieved, compared to 4.70 + 0.07
without inducers.

Divalent cations Ca** and Mg?* can increase lipase activity by binding to pockets within
the enzyme to influence enzyme structure [48]. P. aeruginosa lipase contains a Ca>* binding pocket
within its structure which bridges the active site cleft wall to the loop containing His?*! (part of the
catalytic triad) which pushes the histidine residue to the optimal position in the active site of the
enzyme [49]. S. aureus lipase contains a calcium binding pocket as well [50]. Divalent cations
such as Ca** and Mg?* can stimulate either the production or activity of lipase in some bacteria,

but can have an inhibitory effect in others [51]. Zouaoui et al. reported that Ca** and Mg?" can
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increase P. aeruginosa lipase activity, while Zn**, Cu** and Mn?" inhibit the activity [52]. The
lipase activity of S. aureus SAL3 is not increased in the presence of Ca** [53], nor is SAL2,

although SAL1 does show Ca** dependent lipase activity which is higher in the presence of Ca?*

[54].
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Figure 14. Physical morphology of 1:1 PDA:Pro-Cip 18h shaken coating. SEM of: (Left) Top view

of the collagen surface, (Right) cross-section view.
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Figure 15. Physical morphology of 1:1 PDA:Pro-Cip 18h shaken coating with CaCl,. SEM of:

(Left) Top view of the collagen surface, (Right) cross-section view.
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Figure 16. Physical morphology of 1:1 PDA:Pro-Cip 18h shaken coating with MgCl,. SEM of:

(Left) Top view of the collagen surface, (Right) cross-section view.

For the samples which were coated with a thick polydopamine layer by shaking for 18h
(Figures 14-16), comparison of the top versus cross-section of nitrogen fracture samples of coated
bioengineered collagen-GAG matrix revealed that the top surfaces (the outer surface of collagen
exposed to the one-pot reaction solution) were coated with abundant polydopamine particle debris.
In contrast, the inner pores (visible in the cross-section image) were relatively free of these large
particle agglomerations and the inner pore structure remained intact. The agglomerated particle

masses were more evident in the 18h shaken samples with CaCl, and MgCl..
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Uncoated

1:1 PDA:Pro-Cip, 1h static

1:1 PDA:Pro-Cip, 18h shake

18h shake, with CaCl2

18h shake, with MgCl2

Figure 17. Cell proliferation of PCS-201-012 human primary dermal fibroblasts on coated
bioengineered collagen-GAG matrix, 3 days after seeding. Live/Dead assay (calcein-AM and
ethidium homodimer-1). High concentration 18h shaken samples, with or without inducers (MgCl>

and CaCly).
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Uncoated

1:1 PDA:Pro-Cip, 1h static

1:1 PDA:Pro-Cip, 18h shake

18h shake, with CaCl2

18h shake, with MgCl2

Figure 18. Cell proliferation of PCS-201-012 human primary dermal fibroblasts on coated
bioengineered collagen-GAG matrix samples, 7 days after seeding. Live/Dead assay (calcein-AM
and ethidium homodimer-1). One-pot 18h shaken samples, with or without inducers (MgCl, and

CaCly).

63



After 3 days of direct contact, high densities of viable cells were observed for the ad-layer
coated samples as well as the 1:1 Pro-Cip static coated sample (Figure 17). The cell proliferation
appeared to be slower on the high-concentration 18h coated samples compared to the samples
coated with 1h static condtions (all ad-layer samples as well as the 1:1 Pro-Cip static sample).
However, despite lower viable cell density on the 18h shaken coated samples, dead cells were not
observed in the red staining with ethidium homodimer-1. After 7 days proliferation on the coated
bioengineered collagen-GAG matrices, the one-pot coated dark black samples with the thick 18h
shaken polydopamine coatings (with or without MgCl, or CaCly) showed lower cell proliferation
rate on the coated surfaces compared to the negative control or to the thin lh static coated
membrane (Figure 18). However, the thick one-pot shaken coatings were still cytocompatible as

minimal dead cells were observed under red fluorescence.
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Figure 19. Cell viability of PCS-201-012 fibroblasts after 3-7 days direct contact with one-pot 1h
or 18h shaken samples, with or without inducers (MgCl, and CaCl,). Different letters (A, B, C, D)

indicate significant differences by ANOVA with Tukey correction, n=5 (p<0.05).

64



Cell viability and cell density of PCS-201-012 human dermal fibroblasts cultured in direct
contact with the coated bioengineered collagen-GAG matrix was evaluated based on enumeration
after live/dead staining since typical quantification with MTT assay is not feasible for this
application due to interference of polydopamine with the redox-based assay (Figure 19). After 7
days direct contact, there was no significant decrease in cell viability was observed in the coated
samples compared to the negative control. Coating with 1:1 PDA:Pro-Cip for 1h (static) did not
significantly impact the proliferation rate of the cells compared to uncoated bioengineered
collagen-GAG matrix, with a cell density of 3.3 + 0.4 x10* cells/mm? compared to 3.7 + 0.4 x10*
cells/mm? in the negative control. The 18h shaken coatings (with or without inducers added)
compromised the rate of cell proliferation. Without inducers, 18h shaken coating resulted in a
reduction from 3.7 + 0.4 x10* cells/mm? (negative control) to 1.21 + 0.08 x10* cells/mm? after 7
days. With Ca?* or Mg?" incorporated in the 18h shaken coating, cell density was 2.5 + 0.1 x10*

cells/mm? or 2.4 + 0.1 x10* cells/mm? after 7 days, respectively.

4.6. Ad-layer coating for boosted loading capacity of Pro-Cip

Increasing the coating time of one-pot static polymerization of dopamine and Pro-Cip from
1h static to 18h with shaking was demonstrated to be effective in increasing the antibacterial
activity of the coatings by increasing the thickness of the PDA/Pro-Cip coating, as previously
discussed. The addition of inducers for lipase activity further boosted the antibacterial efficacy of
the coatings. However, increasing the PDA thickness layer is undesirable for several reasons,
including the opaque black colour which is visible to the naked eye and may negatively impact the

surface properties of the collagen as well as the acceptability of the product to health care
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providers. Consultation with stakeholders such as clinicians and patients would be necessary to
determine whether surface colour of the dermal regeneration template impacts perception of the
product aesthetically or psychologically, and whether colour would make visual assessment of the
wound and monitoring fluid accumulation or infection more difficult. To mitigate the colour
change to the dermal regeneration template imbued by the coating process, an ad-layer coating
strategy was implemented to achieve a higher concentration of Pro-Cip on the bioengineered
collagen-GAG matrix with reduced polydopamine content (Figure 20). Rather than incorporating
dopamine and Pro-Cip in a one-pot reaction under alkaline conditions to achieve self-
polymerization in one step, a two-step process was implemented where the collagen layer was
coated with polydopamine under alkaline conditions as the first step. As a second step, the PDA-
coated bioengineered collagen-GAG matrix was immersed in a Pro-Cip solution under alkaline
conditions. The polydopamine surface remains active after deposition and can be further modified
by reaction with amine terminated small molecules in alkaline buffer solution [23]. Various pH
ranging from 8.5-10.0 were implemented in the second step to explore the effect of pH on the
efficiency of Pro-Cip modification due to the nucleophilic primary amine. The nucleophilic ad-
layer modification of the polydopamine coating depends on the pKa of the nucleophilic amine as
well as the chemical equilibrium of catechol/quinone in the coated layer, which is shifted toward
the quinone under alkaline conditions [55,56]. The appearance of the ad-layer coated samples was
similar to the unmodified bioengineered collagen-GAG matrix, with minor visible brown

discoloration due to the polydopamine modification (Figure 20).

66



SR BRSPS PSS LR

Figure 20. Appearance of Ad-layer coated bioengineered collagen-GAG matrix. (A) uncoated
bioengineered collagen-GAG matrix, (B) 3.0 mg/mL PDA 1h static coat, (C) 3.0 mg/mL 1:1
PDA:Pro-Cip 1h static coat, (D) Ad-layer pH 8.5, (E) Ad-layer pH 9.0, (F) Ad-layer pH 9.5, (G)

Ad-layer pH 10.0.

The loading of Pro-Cip was quantified based on the absorbance of ciprofloxacin at 325 nm
after digestion of the modified collagen layer with collagenase (Table 12). Compared to the one-
pot method of coating the collagen with PDA/Pro-Cip, the ad-layer method resulted in higher
loading capacity of Pro-Cip to the sample, with 51.7 ug/cm? of Pro-Cip present within the collagen

layer compared to 40.1 + 14.5 pg/cm? in the one-step coating. The coating efficiency was lower at
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pH 9.5, potentially indicating depolymerization of polydopamine which can occur under strongly

alkaline conditions approaching pH 10-11 [26,57].

Table 12. Loading Pro-Cip to one-pot or ad-layer coated bioengineered collagen-GAG matrix.

Loaded Pro-Cip (pg/cm?)

3 mg/mL 1:1 PDA:Pro-Cip (One-pot method, 1h static) 40.1 £14.5
3 mg/mL 1:1 PDA:Pro-Cip (Ad-layer pH 8.5) 51.7+6.4
3 mg/mL 1:1 PDA:Pro-Cip (Ad-layer pH 9.5) 13.9+ 8.8

P. aeruginosa
MRSA

E. Coli 25922
E. Coli DH5a

Figure 21. ZOI of ad-layer coated bioengineered collagen-GAG matrix at various pH during the
second ad-layer coating step. (1) 3.0 mg/mL PDA 1h static coat, (2) 3.0 mg/mL 1:1 PDA:Pro-Cip

1h static coat, (3) ad-layer pH 8.5, (4) ad-layer pH 9.0, (5) ad-layer pH 9.5, (6) ad-layer pH 10.0.
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Z0I testing of the ad-layer coated samples revealed that despite higher concentration of
Pro-Cip loaded to the ad-layer pH 8.5 coated sample, there was still no detectable ZOI against

MRSA (Figure 21, Table 13).

Z0l for the ad-layer coated membranes are reported in Table 6 as follows. No zone was

measurable for MRSA or P. aeruginosa.

Table 13. ZOI of PDA-coated ad-layer coated bioengineered collagen-GAG matrix at various pH

during the second coating step.

Inhibition Zone Diameter (mm)

E.Coli E. Coli

MRSA Pa.
25922 DHS5a
1 3.0 mg/mL PDA 1h static 0 0 0 0
2 3.0 mg/mL 1:1 PDA:Pro-Cip 1h static 8 0 0 0
3 Ad-layer pH 8.5 14 9 0 0
4 Ad-layer pH 9.0 14 9 0 0
5 Ad-layer pH 9.5 15 9 0 7
6 Ad-layer pH 10.0 16 9 0 7

* E. coli DH5a is a non-lipase producing strain

Given the limited efficacy of the ad-layer coatings against MRSA, the reaction time with

Pro-Cip in the second step was extended to 18h with shaking at 200 rpm in 10 mg/mL Pro-Cip.
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The incubation time was extended with shaking to increase the coated amount of Pro-Cip without
increasing the darkness of the black colour of the polydopamine coating. Given the efficacy of
adding inducers MgCl, and CaCl, to the coating when the one-pot method was implemented, the
divalent cations were incorporated in the ad-layer coatings (either in the first or second step).
Finally, two dopamine concentrations for the first coating step were compared — 1.0 mg/mL or
0.25 mg/mL dopamine under static conditions for lh, 25mM TRIS pH 8.5. The physical

appearance of the ad-layer coated samples are illustrated in Table 14.
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Table 14. Physical appearance of ad-layer coated bioengineered collagen-GAG matrix compared

to 18h shaken coatings.

Coating

Method Sample Colour

One-pot 3 mg/mL PDA, 1:1 Pro-Cip static 1h coat

3 mg/mL PDA, 1:1 Pro-Cip shaken 18h coat

3 mg/mL PDA, 1:1 Pro-Cip shaken 18h coat, with
MgCl,

3 mg/mL PDA, 1:1 Pro-Cip shaken 18h coat, with
CaCl»

Ad-layer Ad-layer 10mg/mL 18h coating

with 1.0 mg/mL

dopamine in ipitial Ad-layer 10mg/mL 18h coating,
reaction solution  ith MgCl, incorporated in the first coating step

Ad-layer 10mg/mL 18h coating,
with CaCl, incorporated in the first coating step

Ad-layer 10mg/mL 18h coating,

with 10 mg/mL MgCl; incorporated in the second
coating step

Ad-layer 10mg/mL 18h coating,

with 10 mg/mL CaCl; incorporated in the second
coating step

Ad-layer Ad-layer 10mg/mL 18h coating,
with 10 mg/mL MgCl; incorporated in the second
with 0.25 mg/mL  coating step
dopamine in ipitial Ad-layer 10mg/mL 18h coating,
reaction solution  ith 10 mg/mL CaCl, incorporated in the second
coating step

FhA
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Each of the ad-layer coatings were less opaque and lighter in colour compared to the 18h
shaken coatings which were opaque black. The addition of MgCl, and CaCl, during the first
coating step resulted in a darker surface colour compared to the corresponding 1.0 mg/mL
dopamine coated sample without inducers. Incorporating the inducers in the second step
successfully mitigated the darker coating colour which occurred when inducers were added
concurrently with dopamine (relative to the 1.0 mg/mL dopamine sample without inducers added).
The 1.0 mg/mL coatings with inducers added in the second step were still darker in colour
compared to the uncoated bioengineered collagen-GAG matrix, so the same strategy of adding
MgCl> and CaClzy in the second step was implemented with a reduction in the dopamine
concentration in the first coating step from 1.0 mg/mL to 0.25 mg/mL. The lower concentration
resulted in very acceptable coating colour which was similar to the unmodified bioengineered
collagen-GAG matrix.

Cumulative release of ciprofloxacin from the coated surfaces was measured in vitro in the
presence or absence of lipase. The coated bioengineered collagen-GAG matrix samples were
immersed in 1.0 mL of B. cepacia commercial lipase solution in pH 7.4 PBS (5 mg/mL lipase

concentration), or PBS without lipase (Figure 22).

72



30
—#— 3 mg/mL 1:1 Pro-Cip 1h static, lipase

| - 3 mg/mL 1:1 Pro-Cip 1h static, PBS
—@— 3 mg/mL 1:1 Pro-Cip 18h shaken, lipase
| -3 mg/mL 1:1 Pro-Cip 18h shaken, PBS
—A&— 10 mg/mL ad-layer, lipase

--»-- 10 mg/mL ad-layer, PBS

[\S]
()}
1

[\
]
|

15 +

—_—
o
|

Cumulative Release (ug/mL)

Figure 22. Release of ciprofloxacin from 18h shaken coated and 10 mg/mL ad-layer coated
bioengineered collagen-GAG matrix in the presence of commercial lipase. Exposure to 5.0 mg/mL

B. cepacia lipase. pH 7.4 and 37°C.

The 10 mg/mL ad-layer coating (1.0 mg/mL dopamine, 18h Pro-Cip coat without inducers)
had a similar release profile to the 18h shaken one-pot CaCl, and MgCl, coated bioengineered
collagen-GAG matrix samples, but with the advantage of a much lighter surface colour similar to
the appearance of uncoated bioengineered collagen-GAG matrix. The ad-layer coating released

16.3 + 0.3 pg/mL after Sh exposure to 5 mg/mL B. cepacia lipase, compared to 15.9 + 0.7 pg/mL
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and 11.5 £ 0.5 pg/mL for the 18h shaken one-pot CaCl> and MgCl, coated bioengineered collagen-
GAG matrix, respectively. This result appears to be very promising as similar antibacterial activity
should be achievable without the dark surface colour. The inducers CaCl, and MgCl, were then
incorporated in the ad-layer coating to further boost the lipase activity. Release was evaluated from
the inducer-coated membranes in the presence of 5 mg/mL commercial B. cepacia lipase (Figure
23). The incorporation of Ca?* and Mg?* to the coating boosted the release of ciprofloxacin from

16.3 £ 0.3 pg/mL to 24.5 + 0.5 pg/mL and 24.9 £+ 0.7 pg/mL, respectively.

50
—— ad-layer no inducer, lipase
45+ v ad-layer no inducer, PBS
—®&— ad-layer Ca2+, lipase
40 ¢ adlayer Ca2+ PBS
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Figure 23. Release of ciprofloxacin from 10 mg/mL ad-layer coatings with CaCl2 and MgCI2
lipase inducers incorporated in the first coating step with dopamine in the presence of commercial

lipase. Exposure to 5.0 mg/mL B. cepacia lipase. pH 7.4 and 37°C.
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In an effort to mitigate colour change to the coated bioengineered collagen-GAG matrix
surface, Mg?" and Ca?" were added in the second step along with lowering the dopamine
concentration to 0.25 mg/mL (Figure 24). No significant difference was observed between the
cumulative release of ciprofloxacin from the surfaces coated with 1.0 mg/mL dopamine versus
0.25 mg/mL dopamine, indicating that the ad-layer method can be used to fine-tune polydopamine
layer thickness (and hence coating opacity) without impacting release characteristics. However,
incorporating the inducers in the second ad-layer reaction concurrently with Pro-Cip reduced the

cumulative release, with the release limited to a range of 2.1-2.4 ng/mL after 24h.

75



w
W

—— 1 mg/mL DA, Mg2+, lipase
--¥-- 1 mg/mL DA, Mg2+, PBS
—@— 1 mg/mL DA, Ca2+, lipase
-4~ 1 mg/mL DA, Ca2+, PBS
—A— 0.25 mg/mL DA, Mg2+, lipase
--%---0.25 mg/mL DA, Mg2+, PBS
—@— 0.25 mg/mL DA, Ca2+, lipase
-9 - 0.25 mg/mL DA, Ca2+, PBS

»
(e
T

>
W
T

N
(e
T

—_—
(9]
T

—
(e
T

Cumulative Release (ug/mL)

Figure 24. Release of ciprofloxacin from ad-layer coated bioengineered collagen-GAG matrix with
Ca2+ and Mg2+ added in second ad-layer coating step in the presence of commercial lipase.

Exposure to 5.0 mg/mL B. cepacia lipase. pH 7.4 and 37°C.

76



Table 15. ZOI of inducer-loaded ad-layer coatings on bioengineered collagen-GAG matrix.

Method Inducers Dopamine
Sample Log Reduction
added  (mg/mL)
E.
MRSA
coli
One-pot 3 mg/mL static 1h coat 23 0
shaken 18h coat 21 9
shaken 18h coat,
22 7
with MgClx
shaken 18h coat,
22 11
with CaClx
Ad-layer I8step 1.0 10mg/mL 18h coating 25 11
Ad-layer 1% step
1:3 dopamine:CaCl, 25 12
with inducers
1:3 dopamine:MgCl 24 10
20 step 1.0 10 mg/mL MgCl,
18 0
10 mg/mL CaClx 19 0
0.25 10 mg/mL MgCl, 17 0
10 mg/mL CaCl» 17 0
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Figure 25. ZOI of 18h shaken coating with or without inducers in the coating. (A) 3 mg/mL 1:1
PDA:Pro-Cip 1h static coat, (B) 3 mg/mL 1:1 PDA:Pro-Cip 18h shaken coat, (C) 3 mg/mL 1:1
PDA:Pro-Cip 18h shaken coat with MgCl, (D) 3 mg/mL 1:1 PDA:Pro-Cip 18h shaken coat with

CaCly, (E) 10 mg/mL ad-layer coating pH 8.5.
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The antibacterial activity of the ad-layer coated bioengineered collagen-GAG matrix was
analyzed against P. aeruginosa (ATCC 27853), MRSA (ATCC 33592) and E. coli (ATCC 25922).

Z0I diameters are reported in Table 15 and indicated further in Figures 25-27.

P | P aeruginosa |5
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Figure 26. ZOI of 10 mg/mL ad-layer coated bioengineered collagen-GAG matrix with Ca2+ and

Mg2+ incorporated in the first coating step.
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Figure 27. ZOI of 1.0 mg/mL and 0.25 mg/mL ad-layer coated bioengineered collagen-GAG

matrix with inducers added in the second step (1:1 Pro-Cip:MgCI2 or 1:1 Pro-Cip:CaCl2).

The ad-layer 10 mg/mL coated membrane had similar zone of inhibition diameter to the
highly concentrated 18h coatings with the inducers, with the additional benefit of being much

lighter in colour. The ad-layer coating outperformed the static coated membrane (3 mg/mL 1:1
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Pro-Cip 1h static coating) against MRSA with an increase in ZOI from 0 to 11mm against MRSA
(no improvement was observed against P. aeruginosa). The addition of CaCl, to the ad-layer
coating was effective in boosting the ZOI from 11 to 12 mm in MRSA or § to 9 mm in P,
aeruginosa. The addition of MgCl> within the coating did not exhibit improved zone diameter
compared to the ad-layer coating without inducers added. Deposition of the inducers to the coating
during the second coat with Pro-Cip proved to be detrimental to the performance of the coating,
as no ZOI was observed against MRSA (compared to 8 mm in the ad-layer coating without
inducers added).

The antibacterial activity of the ad-layer coated bioengineered collagen-GAG matrix was
further analyzed against P. aeruginosa (ATCC 27853), MRSA (ATCC 33592) and E. coli (ATCC
25922) in a suspension-based test. lecmxlcm samples of coated or untreated bioengineered
collagen-GAG matrix were immersed directly in 1.0 mL of bacteria suspension for 5h. The
concentration of bacteria was quantified by drop-plating serial dilutions of the suspensions before

and after the elapsed contact time with the coated dermal regeneration templates (Table 16).
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Table 16. Antibacterial activity of ad-layer coated bioengineered collagen-GAG matrix with or

without inducers, 5h contact time.

Log Reduction

E. coli MRSA Pa
Inoculum (CFU/mL) 43x 108 3.1x10° 48x 108
3 mg/mL PDA, 1:1 Pro-Cip static 1h coat 3.27+0.08 1.26 £0.01 1.86 £ 0.03
3 mg/mL PDA, 1:1 Pro-Cip shaken 18h coat 3.53+£0.06 2.36+0.03 2.47+0.09
3 mg/mL PDA, 1:1 Pro-Cip shaken 18h coat, with MgCl» 3.57+0.03 2.41+0.06 2.32+0.08
3 mg/mL PDA, 1:1 Pro-Cip shaken 18h coat, with CaClz 3.47+0.02 2.48 +£0.04 2.13+0.13
Ad-layer 10mg/mL 18h coating 3.66 £ 0.04 2.49+0.09 4.10+0.07
Inoculum (CFU/mL) 3.2x107 1.1x108 1.02x10%
Ad-layer MgCl2 7.5 (100%) 8.0 (100%) 8.0 (100%)
Ad-layer CaClz 7.5 (100%) 8.0 (100%) 8.0 (100%)
Inoculum (CFU/mL) 1.73 x 10® 3.36x 108 451 x 108
Ad-layer Coat 1: 1.0 mg/mL dopamine,

2.78 +0.03 1.44 +0.03 2.85+0.01
Coat 2: 1:1 Pro-Cip:MgClz
Ad-layer Coat 1: 1.0 mg/mL dopamine,

2.81£0.09 1.48 £0.02 2.80 +0.05
Coat 2: 1:1 Pro-Cip:CaClz
Ad-layer Coat 1: 0.25 mg/mL dopamine,

2.84+£0.07 1.48 +£0.03 2.89+0.01
Coat 2: 1:1 Pro-Cip:MgClz
Ad-layer Coat 1: 0.25 mg/mL dopamine,

2.89 +0.07 1.49+0.03 2.85+0.03

Coat 2: 1:1 Pro-Cip:CaClz

*Double line divides separate experiments, as inoculum concentration varied with each

experiment.
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The 10 mg/mL 18h ad-layer coating (without inducers) performed similarly or better to the
one-pot 18h shaken coatings with inducers added. Log reduction of 2.49 + 0.09 was achieved
against MRSA after 5h contact, as well as 4.10 £ 0.07 log reduction against P. aeruginosa (a
marked improvement over the one-pot shaken coatings with inducers which exhibited a 2.32 +
0.08 log reduction with MgCly or 2.13 + 0.13 with CaCl,). Incorporating inducers into the ad-layer
coating further boosted the antibacterial potency. No colonies were detected in any of the plates
after the Sh contact period. (Complete 100% kill after Sh). The inoculum concentrations were
1.02x10% CFU/mL for P. aeruginosa, 1.1x108 CFU/mL for MRSA, and 3.2x10” CFU/mL for E.
coli.

Adding MgCl> and CaCl; in the second step with Pro-Cip reduced the antibacterial potency
of the coatings compared to when it was added in the first step, as the log reductions ranged from
~2.7-2.9 for E. coli and P. aeruginosa, and ~1.4-1.5 for MRSA (compared to 100% reduction when
inducers were added in the first coating step with dopamine). Adding the inducers in the second
step may reduce the loaded quantity of the inducers within the coating. Furthermore, it seems that
the incorporation of MgCl, and CaCl; in the second step during the Pro-Cip coating may have
interfered with the modification of the coating with Pro-Cip, since higher antibacterial activity was
observed for the ad-layer coating prepared without any inducers added (log reductions were 3.66
+ 0.04 for E. coli, 2.49 £ 0.09 for MRSA and 4.10 + 0.07 for P. aeruginosa).

Physical morphology of the ad-layer coated bioengineered collagen-GAG matrix was

examined by SEM (Figure 28).
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Figure 28. Physical morphology of ad-layer coated bioengineered collagen-GAG matrix (coated
with 1.0mg/mL dopamine & 10 mg/mL Pro-Cip). (Left) Top view of the collagen surface, (Right)

cross-section view.

The 1.0 mg/mL dopamine, 10 mg/mL Pro-Cip ad-layer coating (Figure 28) had less surface
particle surface debris compared to the 18h shaken samples, as expected due to the lower
concentration of dopamine, shorter reaction time and static polymerization conditions used to
prepare the dopamine layer. The inner pore structure was free of particle debris and retained the
expected pore structure. In future work, lower concentrations of dopamine may be explored for
fabrication of the initial ad-layer to see if a uniform smooth coating can be obtained on the top
layer of the sample.

PCS-201-012 human dermal fibroblasts were seeded onto the coated bioengineered
collagen-GAG matrix samples to verify cell attachment, viability, and proliferation after 3 and 7

days of direct contact (Figures 29 and 30).
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Uncoated

10 mg/mL ad-layer

10 mg/mL ad-layer
with CaClz

10 mg/mL ad-layer
with MgCl2

Figure 29. Cell proliferation of PCS-201-012 human primary dermal fibroblasts on ad-layer coated
bioengineered collagen-GAG matrix samples with or without inducers incorporated in the first

step, 3 days after seeding. Live/Dead assay (calcein-AM and ethidium homodimer-1).
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Uncoated

10 mg/mL ad-layer

10 mg/mL ad-layer
with CaCl2

10 mg/mL ad-layer
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Figure 30. Cell proliferation of PCS-201-012 human primary dermal fibroblasts on ad-layer coated
bioengineered collagen-GAG matrix samples with or without inducers incorporated in the first

step, 7 days after seeding. Live/Dead assay (calcein-AM and ethidium homodimer-1).
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The ad-layer coated samples demonstrated excellent cytocompatibility and cell attachment.
After 3 and 7 days attachment to the ad-layer coatings, good proliferation was observed as the cell
density was similar to the uncoated negative control. Several dead cells could be observed after
ethidium homodimer-1 red staining after 7 days direct contact with the ad-layer coated surfaces
(with or without CaCl, and MgCl), indicating that the ad-layer coatings did slightly negatively
impact cell viability after 7 days. Cell viability of PCS-201-012 human dermal fibroblasts was not
significantly different from the uncoated bioengineered collagen-GAG matrix (Figure 31). After 3
days direct contact, similar cell density was observed on the ad-layer coated samples to the
untreated bioengineered collagen-GAG matrix, with or without divalent cation inducers
incorporated in the coating. When the contact period was extended to 7 days, proliferation rate on
the coated sample appeared to be impacted with lower final cell density on the ad-layer coatings,
with 3.7+0.4 x10* cells/mm? on the untreated bioengineered collagen-GAG matrix compared to
2.96+0.08 x10* cells/mm? on the 10 mg/mL ad-layer coating, 3.1+0.2 x10* cells/mm? with the

incorporation of Ca?*, and 3.0+0.2 x10* cells/mm? with the incorporation of Mg?*.
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Figure 31. Cell viability of PCS-201-012 fibroblasts after 3-7 days direct contact with ad-layer
coated bioengineered collagen-GAG matrix. Ca** and Mg?" incorporated in the first ad-layer
coating step. Different letters (A, B, C, D) indicate significant differences by ANOVA with Tukey

correction, n=5 (p<0.05).

Cytocompatibility, cell attachment and proliferation were similarly quantified for ad-layer

coatings in which CaCl, and MgCl, were incorporated in the second step (Figures 32 and 33).
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Uncoated

Ad-layer
1 mg/mL dopamine
1:1 Pro-Cip:MgCl2

Ad-layer
0.25 mg/mL dopamine
1:1 Pro-Cip:MgCl2

Ad-layer
1 mg/mL dopamine
1:1 Pro-Cip:CaCl2

Ad-layer
0.25 mg/mL dopamine
1:1 Pro-Cip:CaCl2

Figure 32. Cell proliferation of PCS-201-012 human primary dermal fibroblasts on ad-layer coated
bioengineered collagen-GAG matrix. Ca?" and Mg?" incorporated in the second ad-layer coating

step. 3 days after seeding. Live/Dead assay (calcein-AM and ethidium homodimer-1).
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Uncoated

Ad-layer
1 mg/mL dopamine
1:1 Pro-Cip:MgCl2

Ad-layer
0.25 mg/mL dopamine
1:1 Pro-Cip:MgCl2

Ad-layer
1 mg/mL dopamine
1:1 Pro-Cip:CaCl2

Ad-layer
0.25 mg/mL dopamine
1:1 Pro-Cip:CaCl2

Figure 33. Cell proliferation of PCS-201-012 human primary dermal fibroblasts on ad-layer coated
bioengineered collagen-GAG matrix. Ca?" and Mg?" incorporated in the second ad-layer coating

step. 7 days after seeding. Live/Dead assay (calcein-AM and ethidium homodimer-1).
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The samples coated with MgCl; in the second step showed similar cell proliferation to the
uncoated negative control with minimal cytotoxicity after 3 days of direct contact, with minimal
dead cells observed under red fluorescence and similar cell density of 1.9 + 0.1 x10* cells/mm?
and 1.7 + 0.1 x10* cells/mm? for the ad-layer Mg?* coatings produced with 1.0 mg/mL or 0.25
mg/mL dopamine, respectively (compared to 1.78 + 0.08 x10* cells/mm? in the negative control)
(Figure 34). The cell viability and proliferation on the samples that were coated with CaCl; in the
second step appeared to be compromised, even after 3 days contact. Cell density was lower in the
CaCl, coated samples after 3 days contact, with a reduction from 1.78 + 0.08 x10* cells/mm? in
the negative control to 0.75 + 0.06 x10* cells/mm? or 0.94 £ 0.06 x10* cells/mm? for the ad-layer
Ca®" coatings produced with 1.0 mg/mL or 0.25 mg/mL dopamine, respectively. Furthermore,
observation of the cell shape under live/dead fluorescent staining revealed a round morphology as
opposed to the typical flattened and extended morphology which is observed in healthy fibroblasts
after successful attachment. Interestingly, the CaCl, sample with the inducer added in the first
coating step (with the dopamine) did not exhibit the same issues, where there was no significant
difference in cell viability between the coating and the negative control. Chelation of calcium by
the polydopamine catechol groups may limit release of calcium, which may be more prevalent
when calcium is incorporated in the first step and co-deposited during polymerization of dopamine.
When calcium is loaded to the polydopamine layer in the second step, loose adsorption of the
calcium ions to the coating may facilitate release resulting in the sensitivity of the fibroblasts to

the coating.
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Figure 34. Cell viability of PCS-201-012 fibroblasts after 3-7 days direct contact with ad-layer
coated bioengineered collagen-GAG matrix, Ca** and Mg?" incorporated in the second ad-layer
coating step. Different letters (A, B, C, D) indicate significant differences by ANOVA with Tukey

correction, n=5 (p<0.05).

4.7. Pro-Cip Triglyceride

The structure of the small-molecule pro-drug Pro-Cip features ciprofloxacin covalently
modified by an alkyl chain via a labile ester linkage for cleavage by lipase, with a -NH; to allow
for covalent modification of the polydopamine layer and anchoring to the bioengineered collagen-
GAG matrix. We explored the performance of an alternative pro-drug structure with a
ciprofloxacin-modified glycerol backbone with the hypothesis that cleavage efficiency may be
higher toward a pro-drug substrate which more closely resembles the native triglyceride substrate
of lipase (Scheme 11). The alkyl chain length for the amine-terminated anchor of the pro-drug for
covalent reaction with polydopamine was selected based on the dimension of the hydrophobic

pocket of P. aeruginosa lipase which accommodates a chain length of 8-10 carbons [49].
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Ciprofloxacin

Triglyceride

HoN

Scheme 11. Structure of ciprofloxacin-based triglyceride pro-drug.

The MIC of the novel Pro-Cip triglyceride was evaluated in comparison to the performance
of the small-molecule Cip pro-drug (Table 17). The novel Pro-Cip triglyceride did exhibit lipase-
responsive antibacterial activity towards E. coli 25922 and E. coli Top10, as evidenced by the
lower MIC value after exposure to commercial lipase. However, the triglyceride pro-drug did not
exhibit lipase-responsive cleavage in the presence of MRSA or P. aeruginosa as evidenced by the

high MIC of 26.5 uM for P. aeruginosa or >26.5 uM for MRSA.
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Table 17. MIC for lipase-exposed Pro-Cip and Pro-Cip-Gly.

MIC (uM)
Lipase
P aeruginosa  E. coli MRSA Top10
exposure®
Cipro 0 0.38 <0.19 0.75 <0.19
Pro-Cip 0 37.2 4.6 74.3 18.6
5h 37.2 23 37.2 9.3
24 h 37.2 23 37.2 9.3
Pro-Cip-Gly 0 26.5 6.6 >26.5 26.5
5h 26.5 3.3 >26.5 6.6
24 h 26.5 3.3 >26.5 3.3

*Pro-drugs were pre-exposed to 10 mg/mL B. cepacia lipase (>30,000 U/g) for the specified
duration (Oh, 5h or 24h) prior to testing for MIC. Concentration reflects the dose of pro-drug

concentration prior to lipase exposure.

Ultimately, anchoring the small molecule Pro-Cip to a thin-layer polydopamine coating
applied to the bioengineered collagen-GAG matrix by the ad-layer method proved to be the most
effective strategy for endowing the bioengineered collagen-GAG matrix with potent lipase-
responsive antibacterial activity. Pro-Cip activation only happens in the presence of bacteria which
reduces the chance of resistance and since Pro-Cip is covalently bonded to the PDA-collagen there
is a low chance of migration to other tissues. This gives the Pro-Cip coating strategy an advantage
over other commercial antimicrobial DRT products, such as PriMatrix® Ag Antimicrobial Dermal

Repair Scaffold. Primatrix® Ag is an acellular dermal matrix consisting of Type III collagen from

94



fetal bovine dermis, which is enriched with ionic silver for antimicrobial action. However, it is
worth noting that despite providing protection against microbial colonization, the action of ionic
silver does not prevent endotoxin. In fact, PriMatrix® Ag Antimicrobial Dermal Repair Scaffold
was recalled on May 22, 2023 due to potentially high endotoxin levels. The antimicrobial
mechanism of action of silver nanoparticles has been attributed to various phenomena, including:
uptake of free Ag" which can disturb production of ATP and DNA replication, generation of ROS,
and damage to cellular membranes [58]. As an antimicrobial agent, ionic silver bears several
disadvantages such as sustained leaching from the wound dressing. As ionic silver is highly
reactive with chloride anions which are abundant in wound fluid, they rapidly form AgCl which
depletes the concentration of active Ag” in the dressing [10,11]. Silver can also bind with ECM
proteins such as collagen through interaction with carboxylic acid groups, imidazole, sulthydryl
and amines [11,12] which may reduce its efficacy. Further, ionic silver poses a risk of cytotoxicity
towards keratinocytes and fibroblasts and can hinder cell proliferation by increasing ROS and
damaging DNA [11,13-17]. Even in intact skin, silver nanoparticles with size of >30 nm can
penetrate the stratum corneum to reach the epidermis, with higher permeation in damaged tissues
[58]. Furthermore, bacterial resistance can form to Ag" [10,11,58-61], which also increases the

chance of other antibiotic resistance [60—65].

5. Conclusions

Burn wounds are at a high risk of infection, which jeopardizes patients' health. Although
utilizing a bioengineered collagen-GAG matrix can promote the healing procedure, the chance of
infection remains. The presence of bacteria in the wound under bioengineered collagen-GAG

matrices is hard to monitor. By the time infection is identified, removal of the matrix is required,
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bringing complications and discomfort to the patient, extra work for healthcare workers and
increasing costs.

Here, we report a polydopamine-based surface modification of a commercially available
bioengineered collagen-GAG matrix with a bacteria-responsive pro-drug which is inert when
bacteria are not present, and undergoes cleavage by lipase in the presence of pathogenic bacteria
to release an active antibiotic, ciprofloxacin. This responsive antibacterial coating achieved an
impressive log reduction of bacteria against two major wound pathogens MRSA and P. aeruginosa,
with up to 100% (8.0 log reduction) achieved against MRSA and P. aeruginosa after 5h contact.
Importantly, the coatings exhibited minimal impact on cell attachment and proliferation assessed
in vitro. The incorporation of Pro-Cip is a promising bacteria-responsive method for the control of
high-risk infections that compromise wound healing.

Key performance metrics such as lipase-responsive bacterial killing, and cytocompatibility
were demonstrated:

1. Responsive bacterial killing: the surface of the bioengineered collagen-GAG matrix could
be endowed with lipase-responsive bacterial killing capabilities using the PDA/Pro-Cip
one-pot coating. This means that the surface of the matrix could be activated to release
antibacterial drugs when exposed to bacteria.

2. The antibacterial activity of the matrix could be fine-tuned by extending the coating
duration or by using a two-step coating process involving ad-layer PDA layer modification
with Pro-Cip.

3. The PDA/Pro-Cip coating used in the study is non-toxic to skin cells and doesn’t

compromise cell attachment or viability.
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4. Several inducers have been successfully incorporated into the dermal matrix to further

optimize the responsive bacterial killing capabilities.

6. Future Work

Future work for the development of a polydopamine/Pro-Cip self-disinfecting coating for
a bioengineered collagen-GAG matrix should focus on the wholistic evaluation of the coating
formulations using an appropriate animal model. Preliminary assessment should focus on the
impact of the polydopamine coating alone, to address concerns over whether polydopamine
interferes with cell interaction with the collagen layer of the dermal regeneration template due to
the modified surface chemistry after coating. Furthermore, this design can be used for other
bioactive molecules of bioagents such as anti-scar drugs, vascularization drugs, endotoxin-
encapsulating molecules, or other antibiotics.

Future work may include an exploration of altering the polydopamine coating chemistry to
achieve a transparent and colourless coating. Dopamine derivatives such as polynorepinephrine
may also offer lighter coating colour due to differences in coating morphology. For example, Tan
et al. demonstrated that polynorepinephrine coatings were lighter in colour relative to
polydopamine, potentially arising from thinner and smoother coating morphology [66].
Copolymerization of dopamine with other monomers or peptides has been explored as a strategy
reduce colour opacity. Copolymerization can disrupt the conjugation of the PDA network,
decreasing its visible light-absorbing properties. Kohri et al. achieved colorless polydopamine
coating by 2:1 of 2-bromoisobutyryl-substituded dopamine in a 2:1 ratio with dopamine, where
the 2-bromoisobutyryl-substituded dopamine reacts with the dopamine amine group to prevent

cyclization and reduce colour [67]. Due to reaction with the amine group the coating thickness was

97



compromised, but high transparency of 80% was achieved at 450 nm. Chen et al. reported a
dibutylamine-DOPA-lysine-DOPA (DbaYKY) tripeptide which achieved universal surface
modification after 5 min coating in TRIS pH 8.5 with no visible colour change [68]. The tripeptides
were terminated with RGD sequence or a cell-adhesive B-peptide polymer to further promote cell
adhesion. Post-synthesis treatments have been explored to modify the PDA structure after its
formation in order to reduce visible light absorbance. Lu et al. used alkaline solution (pH 12.5) to
partially disassemble polydopamine to oligomer structures which can be used to prepare
transparent films (in this case, cast with PVA) which enabled visible light transmittance of 75.9%
[69]. Alternative “universal” coating chemistries to polydopamine have been developed which do
not confer a dark black or brown colour to the surface. For example, polyphenol coatings derived
from phenolic compounds in plants such as pyrogallol, tannic acid, epigallocatechin gallate,
epicatechin gallate and epigallocatechin can form polydopamine-like coatings in a similar auto-
oxidation process, with the advantage of being colourless [23]. The polyphenol coatings of 10-65
nm thickness spontaneously form due to auto-oxidation in alkaline pH (pH 7.8) in the presence of
dissolved oxygen, and display characteristics which are valued in polydopamine coatings such as
cytocompatibility, antibacterial properties, and ROS scavenging antioxidant ability [70]. In a
different strategy, Liu et al. reported a universal surface modification strategy based on
polymerization of bis(vinyl sulfonyl)methane to produce coatings which are transparent white or
colourless [71]. Surfaces such as silicon wafers, glass, metals (steel, titanium, and gold), metal
oxide (Al2O3), polypropylene and PDMS were successfully coated, although the materials required
pre-treatment with oxygen plasma. Similar to polydopamine coatings, the PBVS coatings were
cell adhesive and could be functionalized with amine- or thiol- containing molecules by Michael

addition.
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Different antibiotics may be explored for development of new pro-drugs to improve the
performance against gram positive bacteria such as MRSA. For example, it is known that
modification of the fluoroquinolone substituents can impact the drug’s activity. Substitution of
fluoroquinolone at C5 and C7 can be controlled to add gram positive activity [38]. The structure-
activity relationship is dependent on the composition of the side-chain moieties. Caution should
be employed to ensure that the eventual release of the pro-drug or cleaved product after
biodegradation of the bioengineered collagen-GAG matrix does not increase the risk of emergence
of antibiotic-resistant strains.

Other potential inducers may be explored for boosted lipase activity. These inducers may
include (but are not limited to) divalent cations, non-ionic surfactants (Tweens, Triton X-100,
Spans), fatty acids (stearic acid, arachidic acid, triacetin, tripropionin, tricaprylin, tricaprin,
palmitic acid, linolenic acid and oleic acid), oils (olive oil, palm oil, coconut oil, soybean oil),
methyl oleate, soybean lecithin, fatty alcohols (decanoyl alcohol, lauryl alcohol, myristyl alcohol,
palmityl alcohol, stearyl alcohol, oleyl alcohol), methyl stearate, ethyl stearate, n-butyl stearate, n-
dodecyl stearate, methyl oleate, ethyl oleate, n-butyl oleate, 1,2-propanediol 1-stearate, glycerol
1-stearate, POE 8 monostearate Myrj 45, POE 8 bis(stearate), POE 2 palmity ether Brij 52, POE
2 stearyl ether Brij 72, POE 2 oleyl ether Brij 92, POE 10 palmityl ether Brij 56, POE 10 stearyl
ether Brij 76, POE 10 oleyl ether Brij 97, POE 20 palmityl ether Brij 58, POE 20 stearyl ether Brij
78, and POE 20 oleyl ether Brij 98.

Finally, the versatility of polydopamine chemistry enables the use of this design for other
bioactive molecules such as anti-scar drugs, vascularization drugs, and other antibiotics. This
design has the potential to incorporate materials that can encapsulate endotoxin and prevent

toxicity such as platelet membrane [72], cationic polymers (polyethyleneimine, poly(L-lysine) and
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poly(L-histidine)[ 73], polymyxin B [74,75], lipopolyamines [76] or histidine [77]. Later on, they

can be eliminated by cleaning the wound or eschar removal.
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Figure A2. UV-vis absorbance spectra of ciprofloxacin and PDA from 230-430 nm.
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