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Abstract

Interfacing nanocellulosic-based biosensors with chronic wound dressings for protease point of care diagnostics
combines functional material properties of high specific surface area, appropriate surface charge, and hydrophilicity
with biocompatibility to the wound environment. Combining a protease sensor with a dressing is consistent with the
concept of an intelligent dressing, which has been a goal of wound-dressing design for more than a quarter century.
We present here biosensors with a nanocellulosic transducer surface (nanocrystals, nanocellulose composites, and
nanocellulosic aerogels) immobilized with a fluorescent elastase tripeptide or tetrapeptide biomolecule, which has
selectivity and affinity for human neutrophil elastase present in chronic wound fluid. The specific surface area of
the materials correlates with a greater loading of the elastase peptide substrate. Nitrogen adsorption and mercury
intrusion studies revealed gas permeable systems with different porosities (28-98%) and pore sizes (2-50 nm, 210 pm)
respectively, which influence water vapor transmission rates. A correlation between zeta potential values and the degree
of protease sequestration imply that the greater the negative surface charge of the nanomaterials, the greater the
sequestration of positively charged neutrophil proteases. The biosensors gave detection sensitivities of 0.015-0.13
units/ml, which are at detectable human neutrophil elastase levels present in chronic wound fluid. Thus, the physical
and interactive biochemical properties of the nano-based biosensors are suitable for interfacing with protease seques-
trant prototype wound dressings. A discussion of the relevance of protease sensors and cellulose nanomaterials to
current chronic wound dressing design and technology is included.
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Introduction

Chronic wounds are a major clinical problem with an
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indefinitely.”> * Local and systemic factors can contrib- o
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ulcers.>> On a molecular level, chronic wound fluid is  Email: vince.edwards@ars.usda.gov



https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0885328217735049
journals.sagepub.com/home/jba

Journal of Biomaterials Applications 0(0)

comprised of cytokines, chemokines, growth factors,
electrolytes, and proteolytic enzymes,®® which are
imbalanced and delay the normal wound-healing
cascade.

Proteolytic enzymes including, matrix metallopro-
teases (MMPs) and serine proteases like neutrophil
serine protease (human neutrophil elastase, HNE), are
responsible for degradation of growth factors’ and the
extracellular matrix (ECM) proteins essential for epi-
thelium closure. In general, acute wounds have normal
levels of MMPs and HNE,'®'! which facilitates the
clearance of cellular debris. However, chronic wounds
have elevated levels of MMPs (0.1-0.2 U/ml) and HNE
(0.02-0.1 U/ml) depending on the type, i.c., diabetic,
venous, pressure, and arterial ulcers.'? Thus, elevated
concentrations of MMPs and HNE delay the healing

(e)

process and are also considered biomarkers for chronic
wound treatment evaluation.'* !>

Biosensors incorporate two critical components (i) a
biomolecule (such as a peptide) and (ii) a transducer
surface (carbohydrate, polyurethane, or polysacchar-
ide). Conjugation of the substrate molecules with the
transducer surface forms the apex of activation, which
is triggered by a biochemical event giving rise to a detec-
tion signal.'®'® Biosensors lie at the heart of point of
care (POC) diagnostics. POC diagnostics, is becoming
an increasingly significant tool in advanced chronic
wound care, and POC protease evaluation has received
considerable attention. In addition wound temperature,
pH, bioburden, and moisture levels of the wound'® !
are measurable indicators of pathology and hence the
subject of dressing as well as sensor design.

Figure 1. Depiction of select structural properties of a hypothetical intelligent semiocclusive chronic wound dressing. (a) The
nanocellulosic materials possess a porous structure (porosity and pore size) and absorbency properties that facilitate exudate of the
wound environment by maintaining a moist wound environment. (b) The porous structure enables the permeation of water and
oxygen that enhance hydration and maintain moisture at the wound bed. (c) The fluorescent peptide substrate (Figure 2) is present
throughout the wound dressing and is capable of detecting HNE at the threshold of the selected nanocellulose biosensor. (d) The
release and detection of the fluorescent signal indicates the selective binding of HNE proteases with similar tailored fit of an enzyme—
substrate complex (ES) enzyme bound to the peptide substrate and signifies the presence and biochemical imbalance of HNE in the
chronic wound. (e) The anionic nanocellulosic biosensor surface acts as a sequestrant of the cationic HNE protease from the wound
fluid as a way to remove the biochemical imbalance of excess HNE protease.
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“Intelligent” dressings may be defined as materials
that respond to specific changes in the wound environ-
ment i.e. exudate volume, by altering structure or
properties to bring about a useful result i.e. moist
wound-healing conditions. The term was introduced a
quarter century ago in the context of a material with
self-adjusting water vapor rate of transmission proper-
ties.*” Figure 1 diagrams moist wound healing, protease
sequestration, and protease biomarker detection as well
as other important concepts relevant to an intelligent
dressing design that would ideally respond to a variety
of biochemical or cellular cues in a chronic wound to
facilitate development of a healing trajectory in the
wound environment.

In this paper, POC diagnostic biosensors are com-
bined with protease modulating dressings and applied
to the detection of a protease biomarker. Given the
concern over the role of unchecked proteolytic activity
in chronic wounds, protease biomarkers are one set of
indicators with an identified mechanism of action that
underlies the pathology of nonhealing chronic wounds.
Protease biomarkers have also received increased inter-
est in a variety of inflammatory diseases.”® The benefi-
cial use of diagnostic or theranostic POC systems as is
found with protease biomarkers is the ability to predict
early outcomes, gauge the healing prognosis of the
wound, and improve assessment of the effectiveness of
wound care treatment®* i.e. the healing or nonhealing
trajectory of the wound.'> A diagnostic POC sensor is
designed to detect a specific biomarker, whereas a ther-
anostic POC approach assists in guiding treat-
ment.'""?>2® Thus, protease sensors may be considered
applicable as diagnostic or theranostic depending on
the clinical treatment goals. Here the focus is on ele-
vated HNE as a chronic wound protease biomarker.

It is important to note that a number of creative
approaches to dressing/sensor motifs have been
reported in the literature, which addresses some of the
issues of an in situ protease sensor/sequestrant dressing
identified in this paper. Reports based on gauze dres-
sing, hydrocolloids, and hydrogels have recently shown
the potential for applying an enzyme sensor/dressing
paradigm. They all involve detecting chronic wound
protein biomarkers using an in situ POC diagnostic
approach. Derikvand et al. prepared an esterase sub-
strate biosensor by immobilizing a fluorogenic moiety
directly onto cellulosic gauze using click chemistry
(copper (I)-catalyzed azide—alkyne cycloaddition,
CuAACQC). Immobilization of the fluorophore to the cel-
lulose substrate is designed to prevent the release of the
fluorophore into the wound, and a biomolecule that is
putatively biodegradable is released instead.?” This type
of approach also has potential as a signal-release design
that could be used to monitor release of a therapeutic
molecule into the wound. Patrick and Ulijn®® assembled

a hydrogel capable of detecting and removing proteases
from solution. A poly(ethylene glycol acrylamide)
cross-linked polymer (PEGA) hydrogel was conjugated
to a peptide sequence flanked with a fluorescence res-
onant energy transfer (FRET) with a donor/acceptor
pair. The peptide sequence specific for detecting HNE
or MMP,* developed an evanescent wave fiber optic
sensor to quantify protease activity directly in the
wound bed. Detection is based on degradation of thin
gelatin films, which in the preparation are deposited on
the fiber core that also serves as the protease substrate.
Therefore, utilizing transducer surfaces immobilized
with peptide substrates with an affinity for proteases
is becoming an adaptable approach for potential
wound dressing in situ POC diagnostics.

The biocompatible properties of cellulose are attrib-
utable in part to cellulose’s low propensity to absorb
proteins making it compliant in biological milieus.**!
In addition, we and others have shown that albumin,
which is the protein of highest concentration in
wounds, does not unfold on cellulosic materials.>*33
The hydrophilic material and surface charge derives
from an abundance of hydroxyl functionality present
in the nanocellulose structure. As discussed above,
the ability to combine measurable protease detection
with a dressing motif that neutralizes the effect of pro-
teases is one of the specific goals of wound-healing
biomaterial design.** Therefore, we immobilized the
fluorescent elastase tetrapeptide or tripeptide bio-
molecule substrate (Suc-Ala—Ala—Pro—Val-4-amido-7-
methylcourmarin (AMC) or Suc-Ala—Pro-Ala—AMC)
with specificity for the HNE-sensing element onto cel-
lulosic cotton print cloth (CPC) and three nanocellulo-
sic materials including cellulose nanocrystals (NCs),
nanocellulose composites (NCCs), and nanocellulosic
aerogels (NAs). These molecular sensor features are
examined in the context of dressing/sensor properties
like (i) porosity and pore size, water vapor transmission
rate, (ii) specific surface area (SSA) as a function of
loading the peptide substrate and protease sensitivity,
and (iii) sequestration of HNE as it relates to surface
charge of the material.

Materials and methods
Cellulosic and nanocellulosic transducer materials

Cellulose print cloth (CPC) is a lightweight mercerized
bleached cotton fabric employed as a representative of
a cellulosic transducer surface. The wood cellulose NCs
were prepared using sulfuric acid hydrolysis of 100%
wood pulp cellulose and purified using ultrafiltration,
reverse osmosis, and cartridge style filters producing
NCs with an average diameter of 5-10nm and length
of 50-60nm.*>° The wood NCCs are comprised of
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NC and microfibrillated cellulose (MFC) in a ratio of
50/50.>37 A description of the preparation of NCC
was previously reported.*” The NA was prepared by
dissolving highly cleaned greige cotton in calcium thio-
cyanate octahydrate followed by casting/coagulation,
regeneration, and supercritical carbon dioxide (scCO»)
drying.*"*

Esterification of transducers and immobilization of
the fluorescent peptide substrate on the transducers

Edwards et al. previously outlined the esterification
and peptide immobilization of the transducers.**
The print cloth fabric (CPC) was pretreated as previ-
ously reported by Edwards et al.** Briefly, the CPC and
nanocellulosic transducers: wood NCs, wood NCCs 50/
50, and NA were esterified with Fmoc—Gly—OH with
the respective coupling agents (Ethyl cyanoglyoxylate-
2-oxime (Oxyma Pure), diisopropylcarbodiimide
(DIC), and 4-dimethylaminopyridine (DMAP) in N,
N-dimethylformamide (DMF) and sonicated. The
materials were washed thrice by centrifuging or filtra-
tion with DMF or dichloromethane (DCM), and in
select cases, allowed to air dry. (Note: the NA-Gly—
Fmoc was allowed to remain in DMF for storage and
was not air-dried.) The transducers CPC-Gly—Fmoc,
NC-Gly-Fmoc, NCC-Gly-Fmoc, and NA-Gly—
Fmoc were prepared for peptide coupling by deprotec-
tion or stored at ~4-8°C. A deblock solution (piperi-
dine/DMF) was used to deprotect the Fmoc protecting
group from the glycine-esterified transducers. (Note:
the NA-Gly-Fmoc was washed with DMF prior to
soaking in the deblock solution.) The materials were
washed thrice by centrifuging or filtration with DMF,
DCM, and in select cases allowed to air dry. (Note:
the NA-Gly was washed thrice with DMF and then
prepared for peptide coupling or stored in DMF for
further use).

Peptide immobilization of CPC-Gly, NC-Gly,
NCC-Gly, and NA-Gly was achieved by activating
the tetrapeptide (Suc-Ala—Ala—Pro—Val-AMC) or tri-
peptide  (Suc-Ala—Pro—Ala—AMC) substrates with
DMAP in DMF for 20min, to which Oxyma Pure
and DIC were added. The solutions were bath soni-
cated for 3 h, placed in the refrigerator overnight, and
purified by centrifuging or filtering thrice with DMF,
DCM, or methanol (MeOH), and in select cases
allowed to air dry. (Note: the peptide—nanocellulose
acrogel (pNA) was washed thrice with DMF, thrice
with phosphate buffer saline (PBS, and stored in
PBS.) The biosensors were stored at ~4-8°C until
further use. Note: “‘biosensor” denotes the glycine
esterified transducer immobilized with the tetrapeptide
or tripeptide substrate.

Removal of a small amount of peptide (Gly—
(Succinyl)-Ala—Pro—Ala—~AMC) from the peptide—cellu-
lose conjugates was necessary to obtain mass spectro-
scopic  characterization of the peptide—cellulose
conjugate and demonstrate formation of the conjugate
bond. Thus, upon the completion of drying, the cleavage
of the peptide substrate from each cellulose and nano-
cellulose substrate material required the addition of a
cleavage cocktail (trifluoroacetic acid (TFA)/water/trii-
sopropylsilane), which reacted for 3 h. The cocktail solu-
tion from each biosensor was diluted (water/acetonitrile)
and submitted for electrospray ionization liquid chroma-
tography mass spectrometry (ESI-LC/MS) to
confirm the intact sequence of the peptide component
of the biosensor via its molecular weight i.e. mass spec
parent ion: [M + H]=1572.34 for the tripeptide-linked
portion Gly—(Succinyl)-Ala—Pro-Ala—AMC) of the
conjugate.

Characterization of biosensors and material
physical properties

Optical images of transducer. A Hirox optical microscope
equipped with an MGX lens was used to obtain high
range images with at a 350 x magnification, a resolution
of 0.5um, and a scale of 1000 pm of CPC and NC.
A digital camera, Sony Cyber-shot full HD 1080, with
a 10x optical zoom and 8.1 megapixels was used to
image the NCC and the NA with a white background.

Elemental analysis. Elemental analysis of the matrices was
calculated as previously reported.*® All samples were
submitted as solids to Midwest Microlabs for carbon
(©), hydrogen (H), and nitrogen (N) analysis. The per-
centage of nitrogen content was used to calculate the
peptide loading in pg/mg using Microsoft Excel 2007.

Degree of substitution (D.S.). The degree of substitution of
the transducers was calculated using the Touzinsky and
Gordon method*® as previously reported.*’

SSA. The SSA of the transducers were calculated as pre-
viously reported.*®**474® The SSA of the cellulose CPC
was calculated using the volume of a cylinder divided
by the weight of the matrix. The SSA of the NC was
calculated based on the volume of cylinder, density
formula, number of particles, the surface area of a
cylinder, and the SSA formula. The SSA of the NCC
and NA was determined using the Brunauer—Emmett—
Teller method*” with N, and Kr, respectively.

Porosity. The porosity of CPC and NCC was previously
described.*” The porosity of the NA was calculated
using equation (1) where the density of the transducer
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is divided by the density of cellulose skeletal density
(psk = 1.46 g/em’, p =m/V)

—p
pSK

1
Porosity = x 100 (1)

Moisture absorption and moisture vapor transmission rate
(MVTR). The moisture absorption of the transducers
was measured at 15, 30, 60, 90, 120, and 180 min after
soaking in Millipore water. Each transducer was
weighed, soaked in Millipore water, and removed
after different time intervals, slightly dried with a
Kimwipe, and weighed. After each time interval, the
transducers were removed from the millipore water,
slightly dried with a Kimwipe, and weighed. The swel-
ling capacity of the transducers was determined using
equation (2) where Ws is the weight of NA with
absorbed water and Wd is the weight of dry NA.
Precession Testing Inc. performed the water vapor
transmission rate according to procedure B—water
method at 23°C of the ASTM E96-95 method.

(Ws — Wd)

Swelling (%) = )

x 100 )

Surface charge. The zeta potential ({) of the peptide free
transducers were assessed using a Malvern Zetasizer
nano ZS90 (Malvern Inc., Massachusetts). The CPC,
NCC, and NA were ground into powder using a Wig
L Bug Ball Mill and pulsated for ~1.5min. Stock solu-
tions (5mg/0.25ml) of the ground transducers were
prepared in Millipore water from which [ mg/ml
(CPC, NC, and NA) and 0.5mg/ml (NCC) solutions
were prepared. The respective solutions were sonicated
for 2h prior to obtaining triplicate zeta potential
measurements.

Bioactivity characterization

Fluorogenic enzyme sensitivity assay. The sensitivity assay
of the cellulosic and nanocellulosic materials employed
was previously outlined by Fontenot et al.* Briefly,
duplicates of ~2mg of each biosensor were placed
into a 96-well plate and 100 ul of PBS (0.5M NaCl
and 0.1 M NaH,PO,), pH 7.3 was added. A standard
curve was constructed by employing peptide substrate
solutions with a total volume of 150 ul at concentra-
tions in the range of the peptide loading (see Table 1)
and HNE ranging from 2 U/ml to 0.0156 U/ml. To
start the reaction, 50 ul HNE ranging from 2 U/ml to
0.0156 U/ml was added to the 96-well microtiter plate
containing the biosensors to provide a total volume of
150 pl. Fluorescent measurements at 37°C were moni-
tored for 1 h at 1-min intervals using a Biotech Synergy
HT with a tungsten halogen lamp and photomultiplier
detection. The 96-well plate was shaken before each
measurement for 3s and the measurements were
acquired at 360-nm excitation and 460-nm emission.
The wound-like fluid comprised of PBS and HNE.
The fluorescent measurements were processed in
Microsoft Excel 2007 and the last measurement at 1 h
was used to generate the bar graph with error bars.

Sequestration of elastase from wound-like fluid with
transducers. The protocol from the sensitivity assay
was modified for the sequestration assay. To 96-well
plate, a standard curve (1-0.0156 pmol/ml) of the tetra-
peptide or tripeptide substrate (200 pl) was added. To
another set of wells, a 0.5 U/ml of HNE (100 pl) in PBS
was added in duplicates to ~2mg of the CPC, NC,
NCC, NA, and Promogran (a commercially available
sequestrant dressing) in a 96-well plate and allowed to
sequester for 24 h at room temperature. After which,
the transducers (CPC, NCC, NA, and the Promogran)
were removed from each well and squeezed to remove
excess solution. The volume of the HNE solution was

Table I. Specific surface area, peptide loading, sensitivity, and surface charge values for the cellulose and nanocellulose materials.

SSAP Peptide® Sensitivity® Surface charge® % Protease
Biosensors® (m%g™") (ng/mg) (U/ml) (mV) sequestered
pCellulose print cloth 0.016 7.19 0.500 -1 17
pNanocrystals 261 88.13 0.015 —43 67
pNanocellulose composite 0.035 30.00 0.125 -2 17
pNanocellulose aerogel 156 20.31 0.125 -36 53

*The biosensor is defined as the nanocellulose material immobilized with a tetrapeptide (Suc—Ala—Ala—Pro—Val-AMC) or a tripeptide (Suc—Ala—Pro—

Ala—AMC, aerogel).

®The specific surface area was determined by Brunner Emmett Teller nitrogen absorption.
“The peptide loading is based on percent nitrogen from element analysis and calculated based on formulas previously reported by Edwards et al.>
“The sensitivity values were obtained as reported in the Materials and methods section.

®The surface charge as determined by Zeta potential.
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reverse pipetted and adjusted to 100l volume with
PBS. The 100 ul of HNE with the NC was transferred
to a micro-centrifuge tube, centrifuged, and the
supernatant was transferred to a new well, reverse
pipetted, and the volume was adjusted to 100 pul with
PBS.

To start the reaction, 100 ul of HNE, 0.5 U/ml, was
added to the wells containing the 200 pul volume of the
tripeptide or tetrapeptide substrate standard curve for
a total volume of 300ul. Subsequently, 200 pl of
0.5 umol/ml tripeptide or 0.125 pumol/ml of the tetra-
peptide substrate solution was added to the biosensor
wells to provide a total volume of 300 ul. Fluorescent
measurements at 37°C were monitored for 1 h at [-min
intervals using a Biotech Synergy HT. The 96-well plate
was shaken before each measurement for 3 s and the
measurements were acquired at 360 nm excitation and
460 nm emission. The fluorescent measurements were
processed in Microsoft Excel 2007 software program
and the last measurement at 1 h was used to generate
the bar graph with error bars.

Fibroblast cytotoxicity assay. To the nanocellulose and cel-
lulose peptide conjugate materials (2 mg), a total of 1 ml
of Dulbecco’s Modified Eagle’s Medium (DMEM) with-
out bovine serum, was added. Initially, 0.5 ml of medium
was added to the samples and allowed to sit for a few
minutes after vortexing. An additional 0.5 ml of medium
was then added, the mixtures were vortexed for 2 min,
and were finally sonicated for 10 min. Then, the samples

were incubated in the dark overnight. Samples were cen-
trifuged at ~20,000g at 4°C for 15min. Serum was
added to ~500 pL of the supernatant, to a final concen-
tration of 10%. In triplicate, 100 pL of the serum con-
taining supernatant was added to confluent fibroblasts in
a 96-well microplate. The plates were incubated over-
night in a CO, incubator. Promega MTS reagent was
added to the treated fibroblasts. An initial optical dens-
ity (O.D.) was measured at 495nm, the plate was incu-
bated for 30 min, and the O.D. was measured again at
495 nm. To calculate the formazan produced, the initial
O.D. for each well was subtracted from its final O.D.

Results and discussion

Selection of transducer surfaces for protease sensor/
dressing material

Each material evaluated as a protease sensor transducer
surface has structural and biophysical characteristics
that influence its functional properties, sensor sensitiv-
ity, and interface compatibility with a dressing.
Figure 2 depicts the range of cellulosic (print cloth,
CPC, as a control) and nanocellulosic materials pre-
sented in different physical forms such as NCs,
NCCs, and NAs.

The type of transducer surface selected for dressing
interface depends on the environment of the wound and
compatibility with semiocclusive or moist healing dres-
sings, i.e., thin films, hydrogels, alginates, hydrocolloids,

Figure 2. Optical images of (a) CPC, (b) NC, (c) NCC, and (d) NA.
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Figure 3. Structure of the (a) tetrapeptide (Suc—Ala—Ala—Pro—Val-AMC) and (b) tripeptide (Suc—Ala—Pro—Ala—AMC) substrate
anchored on to glycine-esterified cellulosic or nanocellulosic materials.

or gauze. Thus, the property design that consists of tex-
ture, thickness, wettability, and porosity in the material
composition of the sensor plays an important role in
sensor selection as a compatible interface with the dres-
sing. For example, the CPC fabric prepared from cotton
fibers offers a planar surface with a woven cross pattern
structure that would be compatible with a woven, non-
woven, or fibrous wound contact layer. With regard to
the nanocellulosic materials, the nanocrystalline cellu-
lose presents as a powder which as seen with SEM con-
tains crystals that have a geometrical rod-like shape. A
previous report has addressed an approach to inter-
facing nanocrystalline protease sensors in powder form
with dressings through interface of a cellulose mem-
brane, filtration layer that deposits the dialyzed protease
from wound fluid on the sensor surface by way of size
exclusion filtration.”® The combination of cellulose NCs
and MFC into a composite with a ratio of (50/50:NC/
MFC) yields the NCC pporous, paper-like film, which
was developed to provide a solid material nanocellulosic
interface with dressings.*® Similarly, the NA is a light-
weight solid material with an open porous intercon-
nected structure, which may be prepared from raw
greige cotton** and is compatible with highly exudative
wounds.

Synthesis and physical properties
of the biosensor layer

The synthesis of some of the sensor components and
preparation of the materials has been previously
described.****°  The cellulosic and nanocellulosic
transducers were covalently modified with a fluorescent
peptide substrate using peptide coupling chemistry, as
previously reported.’*4%44 Figure 3 exhibits the
structural profile of the fluorescent tripeptide (Suc—
Ala—Pro—Ala—AMC) and tetrapeptide (Suc—Ala—Ala—
Pro—Val-AMC) elastase substrates conjugated to the

cellulosic or nanocellulosic materials. Immobilization
of the peptide substrate via the cellulosic hydroxyl
group was accomplished through glycine esterification
of the COOH-terminal carboxyl group attached to cel-
lulosic hydroxyls, leaving the N-terminus of the glycine
amino functionality for peptide conjugation. The succi-
nyl group (Suc) of the peptide substrate is then attached
to the amino group of glycine to give peptide—cellulose
conjugates, which constitute the biosensor design of
each of the materials (pCPC, pNC, pNCC, and pNA).

SSA and peptide loading on sensor

The cellulosic and nanocellulosic materials were evalu-
ated for SSA and peptide-loading capacity (Table 1).
The structure and SSA of the materials influence the
quantitative loading of the fluorescent peptide substrate
on the biosensor surface by way of the number of avail-
able cellulose hydroxymethyl groups. On the other
hand, it is important to note that the hydroxymethyl
groups that are the principle functionality of ester bond
attachment to the sensor molecule may account for
<2% of the available hydroxyl functionality on the
surface of cellulosic-based materials.”' Table 1 provides
the SSA and peptide-loading values for the cellu-
lose and nanocellulose materials, which rank as
follows pNC > pNA > pNCC > pCPC (highest SSA to
lowest). Accordingly, increasing the SSA of the mater-
ials results in a similar order of loading of the peptide
substrates onto the transducer surface during the prep-
aration of the sensor, which is shown in Figure 4. The
pNC has the greatest peptide loading on a transducer
surface. In general, CPC has a 2-13,000-fold lower SSA
compared to the nanocellulosic biosensors. It is note-
worthy that the reduction in the SSA of the pNCC is
due to aggregation of the nanocrystalline particles
blended with the microcrystalline particles.** On the
other hand, the pNA has a relatively high SSA, but it
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Figure 5. Reaction progress curves of human neutrophil elas-
tase (HNE) with biosensors. Each reaction is the real-time
fluorescent imaging based on the reaction of .5 units/ml HNE
with 2mg of biosensor.

has a lower peptide loading, which is attributed to the
relatively small pore sizes (>2-50nm) within the NA
structure. Thus, the nanocellulosic surfaces are primar-
ily preferred as transducer surfaces for increasing pep-
tide loading.

Sensor bioactivity, sensitivity, and elevated HNE
levels in chronic wounds

The biosensors clastase activity is shown in Figure 5 as
HNE reaction progress curves, which plots the
enzyme’s reaction with the cellulosic and nanocellulosic
peptide conjugates by way of fluorescence as a function
of fluorophore release. The HNE/peptide—cellulose
conjugate reaction progress curves demonstrate the
relative levels of fluorescent signal emitted from each
sensor with time.

The detection sensitivity of the HNE biosensors is a
function of transducer surface properties and peptide
recognition sequence, which confer affinity for the

Figure 6. The fluorescence response of the cellulose and
nanocellulose biosensors with HNE protease. (a) Reaction pro-
gress curves of human neutrophil elastase (HNE) with biosen-
sors. Each reaction is the real-time fluorescent imaging based
on the reaction of .5 Units/ml HNE with 2 mg of biosensor.

(b) Sensitivity graph of the biosensors with 2 mg of biosensor.
Standard curves (STD) were run at 0.03 and 0.25 moles of
peptide substrate.

protease. Figure 6 shows the sensitivity values that
reflect enzyme activity at the lowest concentration.
The order of the detection sensitivities was found to
be pNC > pNA >pNCC > pCPC. The general order
of sensitivity correlates with transducer surface SSA
as discussed above, and the levels of enzyme activity.

The cellulose nanocrystaline sensor (pNC) is the
most sensitive protease biosensor of those examined
here,”® which is consistent with a higher SSA and also
parallels the peptide loading on the material (Figure 4).
The nanocellulosic sensors also appear promising for
use in chronic wound protease detection considering
that the HNE detection sensitivities of the nanocellu-
lose biosensors range from 0.015 U/ml to 0.5 U/ml.
Thus, the nanocellulosic sensors are within the range
to detect HNE levels comparable to those found in
chronic wound fluid, see Table 1.

Relationship of sensor sensitivity to protease activity
in chronic wound fluid

Recent reports on protease diagnostic studies describe
sensitivity and specificity in the context of the ability to
identify chronic and healing wounds, respectively.'?
When analyzed for best classification of sensitivity
and specificity of a nonhealing trajectory, the min-
imum elevated HNE range that characterizes a
chronic wound was reported as 0.35-0.78 mU/110 pl.
This observation is also consistent with Yager et al. who
showed that pressure ulcer wounds have elastase activ-
ity in the range of 1-50 mU/ml'® and the earlier report
by Trengove et al.’* where 500 mg/ml HNE was noted.
The level of HNE was also found to depend on the type
of chronic wound (diabetic, venous pressure, and
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arterial ulcers).'” Accordingly, based on the HNE
activities that the sensors of this study detect, and
the transducer surfaces evaluated here, the detection
sensitivity of pNC detects HNE activity at levels pre-
sent in most types of chronic wounds as listed.'? On
the other hand, the clastase sensitivities of the pNCC
and pNA seem to fall within the range indicated by
the same report for elevated HNE levels in arterial
ulcers: median HNE levels in arterial ulcers were
(110mU/ml)."?

Surface charge of biosensors and its effect
on protease sequestration

The cellulose and nanocellulose materials each demon-
strated varying levels of protease sequestration activity.
Figure 7(a) shows the percent of HNE protease seques-
tered from wound-like fluid with the cellulose trans-
ducer (CPC), nanocellulose transducers (NC, NCC,
and NA), and they are contrasted with a protease-mod-
ulating dressing that is currently employed clinically.
Each transducer surface was assessed for its ability to
actively sequester HNE protease from wound-like fluid
over a 24-h time period. The transducers sequestered
17-67% of cationic HNE protease from the mimicked
wound fluid during a 24-h incubation period.*>=** The
materials possessed the following order of sequestration
activity pNC > pNA > pNCC > pCPC. The proposed
nanocellulosic materials, as well as the cellulose
CPC, have a 1- to 5-fold increase in protease sequestra-
tion compared with the clinical protease sequestrant
dressing that was assessed (Figure 7(a)). Furthermore,
the percentage of sequestration correlates with the
surface charge values of each material, which indi-
cates that a higher negative surface charge, leads to
an increase in protease sequestration as shown in
Figure 7(b).

Previously it has been shown that protease seques-
tration dressings with a net negative charge under
wound conditions remove positively charged serine
proteases as HNE from chronic wound fluid.>*
Thus, negatively charged materials consistent with
phosphorylation, sulfonation, and oxidation, form a
salt bridge with the cationic serine proteases like
HNE by way of positively charged side chains of the
proteins amino acids, i.e., arginine.****>% Accordingly,
the surface charge of each of the materials of this study
was determined by evaluating the zeta potential to
determine the relation of charge to clastase sequestra-
tion or binding to the material. Both the cellulose and
nanocellulosic transducers have negatively charged sur-
faces as listed in Table 1. The nanocellulosic trans-
ducers have a greater surface charge ranging from
—12 to —42mV compared to CPC (—11mV) as deter-
mined by the Zeta plateau for each material.

Water vapor transmission rates of dressings and
Fibroblast compatibility of sensor materials

The importance of water vapor transmission rates in
wound dressings has historical roots in the landmark
paper of Winter”® demonstrating that moist wounds
heal faster than dry wounds. Thus, the principle goal
of chronic wound dressing design has been to modulate
moisture in the wound bed to create a more optimal
environment for healing. Following Winter’s Nature
paper, ensuing generations of dressing design led to
different types of materials that progressed to what is
referred to as a semiocclusive motif, which promotes a
moist wound bed with no maceration by modulating
the moisture vapor transmission rate MVTR.

Semiocclusive dressings and their constituent mater-
ials are in seven separate categories based on selected
treatment and materials suitable for the wide range of
exudative chronic wounds that exist.'”* For example,
a minimally exudative wound may require a hydrogel,
which is composed of a hygroscopic polymeric mater-
ial; a moderately exudative wound, a hydrocolloid,
which is semipermeable and absorbent; and an exces-
sively exudative wound, an alginate capable of high
water uptake and ion exchange to preclude adher-
ence.®® Other favorable properties of dressings requisite
for maintaining a moist environment at the wound bed
include modulation of gas exchange (oxygen and mois-
ture), acting as a barrier for microorganisms, removing
wound fluid, and nonadherence to the wound bed upon
removal of the dressing.®"** Accordingly, the materials
of this study are grouped by way of compatibility with
semiocclusive dressings. Semiocclusive dressings utilize
structural properties like porosity, permeability, polar-
ity, and absorbency to maintain moisture and allow gas
exchange such as oxygen and water vapor.®!-%?

The correlation of water vapor transmission rate
(WVTR) and porosity also aligns with the dressing’s
water uptake. Recently, Xu et al. have reported a poly-
urethane-based dressing with moderate porosity that
demonstrates biochemical and cellular markers for a
peak-accelerated healing rate at an optimal WVTR of
2038 g/m>d~! in full thickness wounds.®* In Figure 8,
percent water uptake by the putative sensor/dressing
material is compared with the percent water uptake
rates of a clinical semiocclusive dressing that also func-
tions as a protease modulating dressing. The range of
water uptake of the nanocellulosic materials was from
250% to 1000%. Properties of porosity, pore size,
water vapor transmission rate, and wettability directly
affect the semiocclusive value of moist wound healing.
Therefore, from a perspective of accelerating or enhan-
cing a more favorable environment for healing, the
properties as outlined and listed in Table 2 reflect the
potential function of materials of this study in
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Figure 7. Graph of cellulose and nanocellulose materials as protease sequestrant materials. (a) Percent of HNE protease seques-
tered from wound-like fluid with cellulose-based transducers including CPC, NC, NCC, NA, and the commercially available oxidized
sequestrant dressing. (b) Graph of zeta potential plotted versus the percent of protease sequestered from the transducers.

Table 2. Porosity and pore size values of the transducer surfaces.

Transducer Porosity® Pore size® WVTR at Wettability®
surfaces® (%) (nm) 24 h? (gm~2d7?) (Contact angle®)
Cellulose print cloth 58 210 um 674 <5
Nanocellulose composite 28 33 553 79
Nanocellulose aerogel 98 >2-50 - <5

*The transducer surface is defined as the nanocellulose material without any alteration or attachment of peptide substrate.
®The porosity of the cellulose print cloth fabric and the nanocellulosic aerogel were calculated using equation (1) and porosity of
the nanocellulose composite was determined using mercury intrusion.

“The pore size measurements of the cellulose print cloth were obtained using a Hirox microscope by measuring the diameter of
several cross-stitchings, the average pore size of the nanocellulose composite as determined using mercury intrusion, and pore
size of the nanocellulosic aerogels as determined by gas adsorption.

9The water vapor transmission rate according to the ASTM E96-95 method B.

“The wettability of the materials was determined using contact angle measurements.

minimally exudative wounds due to the range of water
vapor transmission rates, which is in the range of 522—
674gm >d~".

Moreover, the moisture absorption of the materials
rank in the following order NA>, CPC>, and NCC,
and the MVTR and porosity values are consistent with

this. As shown in Table 2, the NCC has a MVTR of
~553gm~d~" that is commensurate with levels asso-
ciated with gas exchange at the wound bed for other
types of commercially available thin films with an
MVTR ranging from 400 to 800gm >d—'>%64
Similarly, the CPC has an MVTR within the same
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range (674 gm~2d~"). On the other hand, the NCC has
a twofold reduction in moisture absorption compared
to the CPC. The NA, which has a greater porosity
(98%) allows for a fourfold greater absorption of
wound-like fluid compared to the NCC and a twofold
increase compared to the CPC. Therefore, the three-
dimensional structure of the NA provides the greatest
capacity for moisture absorption uptake, which is also
consistent with an increase in percent protease
sequestration.

Water vapor transmission rates are a function of
pore size, porosity, and material polarity (wettability).
Tables 1 and 2 list the porosity, pore size, and relative
polarity (Zeta Plateau) values of the cellulose and nano-
cellulose transducers. The larger pore sizes (210 pm)
and a moderate porosity (58%) of CPC enable
increased wicking of wound-like fluid into its structure.
The nanocellulose materials have smaller pore sizes
compared to cellulosic print cloth, however, increased
porosity improves the swelling and water uptake. For
instance, the NCC has a 25% porosity and a 33-nm
pore size, which also influences the barrier and mech-
anical properties®® of the system by allowing gas and
moisture permeation®®*®” while abrogating entry of
microbes. Hence, the materials of this study are
viewed as having varying compatibility profiles with
different types of semiocclusive dressings. The porous
nature of both the NCC and NA and their relative
wettability create a compatible design with semiperme-
able absorbent dressings like hydrocolloids and films.
On the other hand, the increased swelling capacity of
the aerogel (NA) would be compatible with an alginate
or gauze dressing.

Experiments were also conducted to measure the
effect of the sensor materials on dermal fibroblasts incu-
bated overnight. As shown in Figure 8b formazan pro-
duction was measured to assess cytotoxicity of the
sensor materials to fibroblasts. No significant cytotoxi-
city of the materials on fibroblast growth and integrity
was observed. Thus, preliminary assessments demon-
strate the compatibility of the sensor materials with
proliferative cells associated with initiation of wound
healing.

Nanomaterial considerations in the design
of a protease sensor/sequestrant dressing

The nanomaterials NCC and NA considered here are
designed to improve the sensor properties afforded by
nanocrystalline cellulose, and optimize these in a cellu-
losic nanomaterial design. For example, the free par-
ticle nature of the NCs maximizes the interaction with
HNE and has the highest SSA and surface charge of the
three materials, thereby yielding the highest sensitivity
(0.015 U/ml) and protease sequestration (67%). The
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Figure 8. (a) Moisture absorption studies of CPC (blue), NCC
(green), NA (yellow), and a commercially available oxidized
sequestrant dressing (OSD, a composite of oxidized regenerated
cellulose and collagen, navy). (b) Fibroblast cytotoxicity evalu-
ation as outlined in the Materials and Methods section. The graph
displays the A O.D.490 nm measured after Promega MTS reagent
was added to sensor-treated fibroblasts, and incubated for 30 min
to assess formazan production. Error bars represent SD. Tet-PC:
tetrapeptide—cellulose analog on print cloth, Tet-wNC: tetra-
peptide—nanocrsyalltine cellulose, Tet-NNC 50/50: tetrapeptide—
nanocomposite 50/50, tripeptide—nanocellulosic aerogel.

NCC offers presentation of nanocellulose as a film
and was developed to provide an approach to trans-
form the nanocellulosic crystals into a sheet-like mater-
ial that will align with a material-layered interface at
the wound contact layer (Figure 9). However, the dif-
ference in protease detection sensitivity between pNCC
and pNC arises from particle aggregation of the NCs
during the nanocomposite preparation process, which
lowers SSA, and thus results in abrogation of protease
binding to the pNCC transducer surface. Thus, the
incorporation of the NCs into the pNCC provides a
porous structure but a 7000-fold reduction in SSA
(0.035 m’g~") occurs.*® The reduction in the SSA par-
allels the lower level of peptide loading and sensitivity
(0.13 U/ml) as shown in Figure 3. However, the porous
structure of NCC facilitates permeation of moisture
vapor and gaseous molecules and may be adapted to
contour with semiocclusive films, hydrocolloids, algin-
ates, and gauze.
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Figure 9. lllustration of (a) a multilayered semiocclusive protease dressing designed with fluorescent sensor, (b) depiction of the
dressings without and with ultraviolet illumination, and (c) the mode of action pathway of the biosensor. Assembly of the sensors
involves the following synthesis of peptide on cellulose or nanocellulose material -> characterization of peptide—cellulose conjugate
(sensor) -> interface of sensor with dressing material. (a) The image of pCPC, pNCC, and pNA biosensors interfaced between two
barrier layers and sandwiched between a contact and top layer of an intelligent protease dressing. The contact layer (hydrocolloid,
hydrogel, or thin film) absorbs wound exudate and allows passage of wound fluid. The interchangeable nanocellulosic biosensor is
sandwiched between two barrier layers where the sensor detects and sequesters protease, while the barrier captures the released
fluorophore. Each layer of the bandage contributes to maintaining moisture via its open semipermeable structure. (b) The first row
images depict pCPC, pNCC, and pNA without the top barrier and top layer; the second row images illustrate the top barrier and top
layer of the protease sensors with ultraviolet illumination. (c) Shows the HNE reaction path that hydrolyzes the substrate peptide
bond scissile to the COOH-terminal fluorophore.®
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The pNAs have lower detection sensitivity (0.13 U/
ml) than the pNC (0.015U/ml), which may be attribut-
able to pore size restriction limiting the HNE enzyme’s
penetration into the NA structure interior to react with
the peptide substrate. On the other hand, the aerogel
sensor achieves a higher level of protease sequestration
compared to CPC and NCC due to its increased por-
osity, negative charge, and higher swelling capacity.
The NA swelling capacity compensates for its lower
surface charge (—36mV) compared to the NC
(—43mV) by absorbing and increasing the interaction
between the wound-like fluid and the NA (Figure 7).
The proposed nanocellulosic materials, as well as the
CPC, have a 1- to 5-fold increase in sequestering pro-
tease than a commercially available protease seques-
trant dressing (Figure 7). Therefore, the structures of
CPC, NCCs, and the nanocellulose aerogel demon-
strate promise for a potential wound dressing interface
as a biosensor layer that would also function as prote-
ase sequestrant.

Interfacing nanocellulosic biosensors into an in situ
paradigm as a dressing motif

The approach of using a sensor with attenuated prote-
ase sensitivity interfaced to a protease-modulating dres-
sing is consistent with monitoring occupied elastase
binding sites in the protease sequestrant dressing,
which is saturated with wound fluid during the time
interval of wound treatment.'® This type of application
is also aligned with efforts to develop new-targeted
approaches to ensure protease-modulating dressings
are functioning optimally. Although there have been a
few clinical reports of success treating chronic wounds
with protease-modulating dressings,®® or topical anti-
biotics that inhibit proteases,®” reports of using in situ
protease sensors to clinically monitor the efficacy of
dressing treatments are scarce to none. It is worth
noting that although the elastase sensitivity level of
the pCPC sensor is too low to detect the concentration
of HNE in the medium to low range of chronic wound
fluid (0.02-0.1 U/ml).'>* It is an example of a weakly
sensitive sensor that might serve to signal protease sat-
uration capacity in a protease-modulating dressing.
The use of this type of approach is viewed as especially
beneficial when used with other combined therapies
such as recombinant growth factors or targeted com-
bining therapies where high protease levels in wound
fluid inhibit therapy efficacy.'®-3*7°

Interfacing the biosensors into a dressing motif
entails a multilayered bandage design as previously
reported.” Figure 9(a) shows the prototype dressing
with multiple layers including a contact, barrier, nano-
cellulosic biosensor, and top layer. The interchangeable
biosensor design is applicable for the wNCC and NA,

or even for CPC, see Figure 9(b), which depicts the
interfacing of the biosensors in a multilayered wound
dressing.

The layers of the dressing/sensor motif have different
roles. For example, the wound contact provides exud-
ate absorption, thereby allowing the wound protease-
containing exudate to proceed through the barrier layer
to the biosensor layer. The insertion of nanocellulosic
materials (Figure 9) between the two barrier layers
allows entrapment and prevents backwashing of the
sensor’s signal molecule (fluorophore) into the wound
bed. The biosensor layer contains the fluorescent eclas-
tase peptide substrate that activates at the threshold
levels of the protease titer and sequesters positively
charged proteases.

Figure 9(b) shows an image of the pCPC, pNCC,
and pNA interfaced into a multilayered intelligent pro-
tease sequestrant dressing. The fluorescent detection
method is achieved by (i) activation via a handheld
long wave ultraviolet light or (ii) removal of the ban-
dage from the wound bed and analysis of the dressing
with a long wave ultraviolet light, see Figure 8(b)
second row. Figure 9(c) depicts the mode of action
pathway of HNE reacting with the peptide substrates
anchored onto the cellulosic or nanocellulosic trans-
ducer. The HNE substrate binds at the C-terminus of
the carbonyl amino bond of the peptide substrate, and
cleaves the 7-amino-4-methylcoumarin fluorophore.
Illumination of the dressing indicates that the presence
of the HNE protease is within the sensitivity limits of
the biosensor. The wound-dressing motif provides a
new approach to detect HNE present in the wound
and to sequester proteases as a POC regimen for eval-
uating and treating chronic wounds.

The potential benefit of incorporating biosensors
into dressings is twofold considering that the biosensors
are interfaced with a surface that also treats the chronic
wound. The nanocellulosic materials provide enhanced
sequestration compared to a commercially available
protease sequestrant dressing, and further suggests
that protease modulating dressings now being
employed clinically can be improved.

Conclusions

Here we have evaluated cellulosic and nanocellulosic
materials as an interface for a multilayered intelligent
protease sequestrant wound dressing for chronic
wounds. The proposed dressing both detect and seques-
ter proteases in a simulated wound-like fluid solution
via the use of CPC (control) and nanocellulosic mater-
ials (NCs, NCCs, and NAs). The nanocellulosic mater-
ials were seclected because of their (i) structural
and biophysical similarities to commercially available
dressings, i.e., gauze, films, and hydrogels, (ii) their
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favorable permeability, moisture retention, charge
properties, and/or sensor functions, and (iii) their
SSA, peptide loading, detection sensitivity, surface
charge for sequestration purposes, and permeability
as a function of a biosensor layer.

Despite the limited clinical studies that define diag-
nostic and treatment parameters for wound protease
therapy there has been ample reason to treat chronic
wounds with protease modulating dressings as evi-
denced by their widespread use and commercializa-
tion.”® More precise diagnostic and treatment criteria
are required to advance the clinical use of POC prote-
ase diagnostic/dressing approaches. However, identify-
ing and lowering elevated proteases in patients with
chronic wounds is an acceptable approach to correcting
a biochemical defect that hinders successful wound ther-
apy. Thus, this study has presented the option of placing
different types of protease sensor materials as dressing
interfaces based on cellulose and nanocellulose to detect
dressing bound protease. Undoubtedly, there are
numerous approaches for utilizing this type of design,
and it is envisioned that it would benefit wound treat-
ment options some of which have been outlined in this
paper. Furthermore, interfacing the nanocellulosic bio-
sensor with an intelligent dressing paradigm is adaptable
to the detection of other biomarkers of clinical interest
as well, via substitution of the biomolecule with a tar-
geted POC approach.
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