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ABSTRACT 

Nanocrystalline cellulose is an amphiphilic, high surface area material that can be easily functionalized and is biocom-
patible and eco-friendly. It has been used singularly and in combination with other nanomaterials to optimize biosensor 
design. The attachment of peptides and proteins to nanocrystalline cellulose and their proven retention of activity pro- 
vide a route to bioactive conjugates useful in designs for point of care biosensors. Elastase is a biomarker for a number 
of inflammatory diseases including chronic wounds, and its rapid sensitive detection with a facile approach to sensing is 
of interest. An increased interest in the use of elastase sensors for point of care diagnosis is resulting in a variety of ap- 
proaches to elsastase sensors utilizing different detection technologies. Here elastase substrate peptide-celluose conju- 
gates synthesized as colorimetric and fluorescent sensors on cotton cellulose nanocrystals are compared. The structure 
of the sensor peptide-nanocellulose crystals when modeled with computational crystal structure parameters demon- 
strates the spatio-stoichiometric features of the nanocrystalline surface that allows ligand to active site protease interact- 
tion. An understanding of the structure/function relations of enzyme and conjugate substrate of the peptides covalently 
attached to nancellulose has implications for enhancing the biomolecular transducer. The potential applications of both 
fluorescent and colorimetric detection to markers like elastase using peptide cotton cellulose nanocrystals as a trans- 
ducer surface to model point of care biosensors for protease detection are discussed. 
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1. Introduction 

Advances in biosensor technology hold promise to revo- 
lutionize healthcare and diagnosis through assessment of 
health status and disease onset and progression using 
non-invasive methods [1,2]. This is especially the case in 
the area of sensor and imaging for wound healing, where 
approaches for biochemical and cellular markers are 
emerging [3]. 

Biosensor mechanism design may be defined as the 
interface of a molecular or receptor-recognition property 
with a cellular or biochemical activity, triggering a “bio- 
molecular switch” that in turn is connected with a detec- 

tor signal. Biosensors can generally be divided into elec- 
trical, optical, and mechanical, which include a wide range 
of detector technologies: colorimetric, fluorescent, bio- 
luminescent, electrochemical, piezoelectric, quartz micro- 
balance, acoustic and conductometric signals [4]. The 
“biomolecular switch” may be defined by a host of bio- 
active molecules or biological changes ranging from pH 
to enzyme or cellular sources. Detectors have been adapted 
to matrices that function at varying levels of sensitivity 
based on wavelength selectivity and sensitivity of resolu- 
tion within the electromagnetic spectrum. Although the 
sophistication and sensitivity of detectors underlie much 
of the progress in the rapidly growing field of biosensors, 
the composition of the transducer material and its inter- *Corresponding author. 
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action at the bio-molecular interface is of equal value.  
Detector interface with the biological environment can 
complicate and dampen the sensitivity of detection. Thus, 
biosensor materials must ideally be compatible with the 
complexity of the bio-system by being resistant to non- 
selective adsorption by lipids, proteins, polysaccharides, 
cellular debris and breakdown of the transducer surface. 

Nanomaterials with high surface area and biocom- 
patible properties are good transducer surfaces. Nano- 
cellulose in particular provides noteworthy advantages, 
but has received less attention than other nanomaterials 
for sensor applications [5]. As a highly crystalline bio- 
polymer with a hydrophilic, high surface area, it pos- 
sesses reactive hydroxyls that can be derivatized to co- 
valently append a wide range of biologically active mo- 
lecules. An image of freeze dried cotton cellulose nano- 
crystals displayed in Figure 1(a) reveals a translucent 
crystalline appearance with an x-ray diffraction pattern 
signature of cellulose I [6]. Prior to freeze drying cotton 
nanowhiskers display the morphology shown in the TEM 
image of Figure 1(b). Cellulose nanocrystals have also 
been reported to have chiral neumatic structures arising 
from unique self-assembly yielding inherent optical pro- 
perties that are environmentally sensitive [7]. 

Cellulose does not tend to irreversibly adsorb proteins 
as do more hydrophobic material surfaces making it pro- 
mise in the form of cellulose-fibrin nanocomposites 
 

  

 

Figure 1. a(top) Untreated freeze-dried cotton nanowhis- 
kers magnified 15X and 60X(inset). b(bottom) TEM of 
cotton nanowhiskers. 

more biocompatible. Recent studies have shown that its 
use in artificial vascular graft applications is a good ex-
ample of its biocompatibility [8]. Cellulose in a nano- 
crystalline state provides a very high surface area matrix 
for functionalizing and hosting selectively active bio- 
molecules, while abrogating nonspecific protein binding. 
Thus nanocellulose has the potential to increase sensi- 
tivity to the bioactive response of interest. Depending on 
its functionalized structure, nanocellulose may be inter- 
faced with sensitive spectrosocopic, conductive, colori- 
metric, fluorescent, and quartz impedance detector tech- 
nologies. 

2. Applications of Nanocellulose to  
Biosensors 

Varying forms of nanocellulose have been characterized 
and discussed for their morphological properties in pre- 
vious reviews, and self-assembled nanocrystalline ma- 
terials include cellulose nanowhiskers, microfibrils, and 
microfibrillated cellulose [9,10]. These forms of nano- 
cellulose have dimensions and morphology as shown in 
Figure 1(b) that give rise to useful properties applicable 
to biosensors [5]. Nanocellulosic materials as nancom- 
pomsites, gels, microdialysis membranes, and surface 
grafted molds have been shown to function at the aque- 
ous bio-interface of a probe. 

2.1. Biosensors with Polymer, Biopolymer  
and Enzyme Composites of Cellulose 

Materials including carbon nanotubes, mesoporous silica, 
gold, quantum dots, dendrimers, biopolymers and block 
copolymers when combined with nanocellulose have 
been shown to be useful in optimizing biosensor design 
[11-17]. 

Cellulose derivatives in the form of block copolymers 
have been proposed as stimuli responsive mediators that 
can be prepared, regioselectively modified through disso- 
lution of cellulose in ionic liquids, and modified through 
radical polymerization [11]. Regioselectively modified 
cellulose as a polyethylene glycol derivative was also 
synthesized and employed to give rise to honeycomb pat- 
terned films that are formed based on amphiphilic cel- 
lulosic properties [12]. Fluorescent molecules and quan- 
tum dots were attached to the films to demonstrate the 
potential for site specific functionality suitable for bio- 
sensors. 

Enzymes can be formulated with nanocellulose as co- 
valent linkages, salt bridges, and with physical inclusion 
complexes [13-21]. The hydrophilic surface properties 
provide a biocompatible matrix for selective activity to 
occur. Glucose oxidase immobilized on nanocrystalline 
cellulose with gold nanoparticles attached through thiols 
of polyethylenimine derivatives gave varying levels of 
activity as a function of the thiol linker [13]. Dendrimers 
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as linkers attached to antigens were also linked to nano- 
cellulose and combined with zeolite to improve specific 
antibody recognition [14]. Glucose oxidase, which is of 
interest in glucose monitoring for diabetes control has its 
origin as well in the first reported biosensor [15]. Glucose 
oxidase has also been immobilized on bacterial cel- 
lulose-filtered carbon nanotube composites deposited on 
electrodes. The sensor demonstrated direct electron trans- 
fer between glucose and glucose oxidase [16]. Quar- 
ternized cellulose nanoparticles were combined with ace- 
tylene black and used for physical inclusion of glucose 
oxidase on the surface of electrodes giving both good 
glucose and hydrogen peroxide sensitivity [17]. 

Edwards et al. reported very high lysozyme activity 
when the hydrolase was attached to cotton cellulose nano- 
crystals [18], which suggests the activity of anti-micro- 
bial enzymes can be bolstered when immobilized on cot- 
ton cellulose nanocrystals, and this approach may have 
further implications for use to detect as well as inhibit 
formation of microbial biofilms [19]. Finally it is note- 
worthy that cellulases have been used in an approach that 
demonstrates how enzymatic digestion of cellulose in 
combination with soft lithography can be used to obtain 
patterned surfaces [20]. 

2.2. Detection of Cellular Markers 

Detection of cellular markers has shown to be facilitated 
through a nanocelluose matrix. Electrospun cellulose ni- 
trate nanofibers when combined with conductive mag- 
netic nanoparticles were shown to be useful in the sen- 
sitive detection of E coli bacteria [21]. A sensor that de- 
tects urate, a metabolite useful as a diagnostic marker of 
S. aureus and P. aeruginosa, utilized a carbon fiber sen- 
sor laminate in combination with cellulose acetate, which 
filtered out large proteins, and was partially successful 
when used with blood and blister fluid [22]. 

2.3. Cellulose-Based Fluorescent Detection 

Bioactive, fluorescent nanocrystalline cellulose (NCC) 
has recently been shown to provide numerous interesting 
applications [23] which includes quantification and lo- 
calization of nanoparticles within cells [24] using po- 
sitively charged fluorescent NCC for bio-imaging, and 
the attachment of peptide and enzyme fluorophores to 
NCC for biosensing. For example fluorescent cellulose 
analogs derivatized with rhodamine B or fluorescein-5- 
isothiocyanate [25] have been assessed for cellular imaging. 
Whereas the fluorescent NCC analog 1-pyrenebutyryl-3- 
aminopropyl-silanized cellulose and terpyridine-modified 
pyrylene cellulose, a self assembled supramolecular com- 
plex with high affinity for transition metal [26], both 
have potential for biosensing and imaging applications. 
Fluorescent coumarin and anthracene analogs of TEMPO 

oxidized, propargylamino-cellulose were also prepared 
through “Click” chemistry [27]. 

Fluorescent Peptide Analogs 
Fluorescent tryptophan-containing peptide conjugates of 
TEMPO oxidized nanocellulose were prepared and re- 
tained their fluorescent properties [28]. A higher yield 
general route to peptide conjugation on cellulose surfaces 
has also been recently disclosed using a xyloglucan- 
peptide conjugate for activation [29]. Intramolecularly 
quenched fluorogenic substrates of neutrophil serine pro- 
teases that distinguish human neutrophil elastase, pro- 
teinase 3, and chathepsin G activities at free and mem- 
brane bound subnanomolar concentrations of HNE have 
been reported [30] as sensitive biosensors for HNE. Here 
we examine the use of HNE elastase substrates that are 
fluorescent peptide. 

2.4. Cotton Cellulose Nanocrystals as Sensors 

Shown in Figure 2 is a diagram of the process for the 
preparation of cotton cellulose nanocrystals. Using this 
approach as described by Wu [6] nanocrystals with rod- 
like geometrical shapes (159-nm length and 15-nm aver- 
age diameter) as shown in Figure 1(b) have been pre- 
pared and characterized with TEM and X-ray crystallog- 
raphy. When calculated with a value of 1.5 g·cm−3 for the 
density of crystalline cellulose the specific surface area 
of cotton cellulose nanowhiskers is 186.2 m2·g−1 and for 
dimensions closer to microfibrillated cellulose (700 - 900 
or 1000 nm) 512 nm in length and 10 - 40 nm in diame- 
ter), surface area is approximately 131 m2·g−1 which is 
consistent with the TEM images. 

Figure 3 shows the synthesis of the peptide-cellulose 
conjugate. Peptide incorporation on cotton cellulose 
nanocrystals was characterized with DS levels ranging 
from 0.02 - 0.06 using the approach described for 
colorimetric elastase sensors [31]. The relationship of the 
specific surface area to the DS levels for these types of 
conjugates has been characterized in terms of derivati- 
zation of available hyroxymethyls on the surface of the  
 

 

Figure 2. Schematic flowchart of the preparation of cotton 
cellulose nanocrystals. 
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Figure 3. Synthesis of peptide-cellulose conjugate. DCC = 
dicyclohexylcarbodiimide. DMF = dimethylformamide 
 
nanocrystal. Other work on cellulose nanocrystals has 
examined the limits of specific surface area coverage in 
functionalization reactions, and demonstrated in some 
cases that maximum reaction of hydroxymethyls is pos- 
sible on the surface [32]. When peptide nanocellulose 
conjugates of cotton were compared with paper the cel- 
lulose nanocrystaline surface was found to have a 8000 
times greater surface area. The activity of the peptide- 
cellulose conjugate on nanocrystalline cellulose is greater 
than what was found on paper. Thus specific surface area 
plays a role in activity, yielding higher sensitivity when 
colorimetrically assessed than paper in the detection of 
elastase activity. 

5. Human Neutrophil Elastase (HNE) in  
Chronic Diseases  

Human neutrophil elastase (HNE) is a serine protease 
that is often released in higher than normal concentra- 
tions from immune cells e.g. neutrophils under inflame- 
matory disease conditions. Numerous inflammatory- 
based disease states secrete HNE and matrix metallopro- 
teases which in turn have prolonged deleterious effects 
stemming from excessive degradation of extracellular 
matrix proteins [33-35], fibronectin [36,37], and growth 
factors [38]. In some cases these effects are central to the 
pathology of inflammatory-based diseases as rheumatoid 
arthritis [39] chronic obstructive pulmonary disease [40], 
adult respiratory distress syndrome [41], and glomeru- 
lonephritis [42]. Some of these diseases have therapeu- 
tic protocols that either have suggested or required treat- 
ment with HNE inhibitors [43,44]. 

HNE has been shown to be a specific marker for pso- 
riasis [45], an early prognostic marker of acute pan- 
creatitis [46] and of cardiovascular events in patients 
with angina pectoris [47]. HNE has also been docu- 
mented as a biomarker in neonatal sepsis [48] and septic 
shock [49], and has been suggested as a biomarker for 
newborns with cystic fibrosis transmembrane conductan- 
ce regulator related metabolic syndrome (CRMS), a form 

of cystic fibrosis (CF) that does not meet the diagnostic 
criteria for clinically diagnosed CF [50]. Thus, the preva- 
lence of HNE in some chronic inflammatory diseases 
suggests its use as an analyte for diagnosis and treatment. 

6. HNE Biosensors 

Some of the types of sensor approaches to HNE detection 
are outlined in Table 1. The molecular basis of some of 
these sensor motifs include peptide cross-linked dextran 
hydrogels with a tunable quartz crystal microbalance de- 
tection [51], chromogenic peptide substrates tethered to 
collagen, polyamide polyesters, silica gel [52], ethoxya- 
crylate resin [53], and cellulose [54], and DNA-based 
aptasensors [55]. A variety of sensor design motifs have 
also been employed, and these include: 1) a microchip 
integrated with reagent-release capillaries is reported as a 
“drop-and-sip” technique, which utilizes a single micro- 
liter droplet of HNE-containing solution with fluore- 
scence image analysis of the hydrolyzed substrate pro- 
duct [56]; 2) fluorometric detection of HNE activity with 
synthetic supramolecular pore sensors [57,58] the co- 
valent immobilization of HNE on biosensor chips having 
surface plasma resonance capability has been employed 
for analysis of HNE inhibitors [59]; 3) a microdialysis 
sampling assay of HNE activity where the substrate is 
delivered through the microdialysis probe to external 
solutions containing HNE, and the product, pNA, is 
recovered back into the probe [60]. 

Recently the discussion of a clinical pathway that in- 
cludes a point of care protease test as part of the decision 
making process in managing and treating non-healing 
wounds has been introduced, and the numerous potential 
clinical advantages of using a point of care protease test 
in guiding therapy have been cited [3]. Although all 
chronic wounds have not been found to have elevated 
HNE and proteases the advantages of detecting patho- 
logical levels of HNE at an early stage has been well 
documented over the years [3,61,62]. Thus, the in situ 
detection of HNE and other proteases through dressing 
design motif is of potential diagnostic value in providing 
improved healing resolution in chronic wounds. 

7. Cotton Cellulose Nanocrystals as HNE  
Sensors 

Figure 4 shows a model of a peptide-conjugated nano- 
crystal constructed from a “minimal size” cellulose nano- 
crystal containing 180 anhydroglucose units, and con- 
structed to reflect the proximal DS level on the nano- 
crystalline surface observed (0.06) as recently reported 
[31]. The molecular model portrays the putative ac- 
cessibility of the peptide substrate on the surface of the 
nanocrystal by serine protease elastase. The glycine- 
succinyl-linker that is esterified to cellulose places the  
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Table 1. Design and mode of detection for several human neutrophil elastase (HNE) sensors. 

Sensor 
Method of Detection 
(Mechanism Sensor) 

Reported Limits of 
Sensitivity 

Probe Material & Molecular Structure 

In situ peptide micro-dialysis 
HPLC-UV: 

pNA, 405 nm 
0.025 - 0.5 U/mL 

Polycarbonate/polyether 
Membrane-20kDa MW cutoff (Steuerwald, et al.,  

2006: Ref. [60]) 

1)Peptide-Hydrogel Particles 
2)Capillary assembled 

Microchip 

Fluorescence: 
1) FRET-linker hydrolysis.

2) Metal ion fluorescent 
probe 

1)100 ng/mL 
2) 1 M 

1) aminolnaphthalenesulfonic acid (EDANS): Peptide linker:
4-(4-dimethylaminophenylazo (Stair, et al., 2009: Ref. [51])

(DABCYL) ; Donor: linker: Acceptor 
2) peptidyl-4-methyl-coumaryl-7-amide (Henares, et al., 

2007: Ref. [56]) 

Peptide-Multifunctional  
Synthetic Pores 

On-off binding of  
fluorimetric  

Carboxyfluorescein (CF): 
barrel pore diffusion. 

1.4 × 10−8 M 

Octakis(-OCH2CO-Leu-ARg-Trp-His 
Val-NH2)-p-octiphynyl + biopolymer  

substrates - Barrel + CF 
(Das, et al., 2002: Ref. [58]) 

Peptide-Dextran Hydrogel 
Quartz Crystal Microbalance:

via hydrogel  
lysis/conductance. 

2.5 - 30 U/mL 
Oxidized dextran cross-linked with HNE  

substrate peptides. (Stair, et al., 2009: Ref. [51]) 

DNA-complimentary  
aptasensor 

Fluorescence: 
Fluorescein-haripin  

oligonucleotide opened by 
scrambled sequence. 

0.34 nM 
HNE aptamer: 5’-fluorescein-based  

molecular beacon: scrambled sequence.  
(He, et al., 2010: Ref. [55]) 

Peptide-Cellulose 
Ethoxyacrylate 

Visible Wavelength  
Absorption: 

pNA-405 nm 
0.5 - 6 U/mL 

HNE peptide substrate 
(Edwards, et al. 2008 & Edwards, et al.,  

2005: Ref. [53] & [54]) 

Peptide Collagen, polyamide, 
silica gel 

Visible Wavelength  
Absorption: 

pNA-405 nm 

0.25 - 0.30 bs 
Units. (405 nm) IWF*

HNE peptide substrate (Hasmann,  
et al., 2011: Ref: [52]) 

 

 

Figure 4. Model of peptide-conjugated cellulose nanocrystal. 
Six tetrapeptides (Succinyl-Ala-Ala-Pro-Val-CMA) with 
amino-terminal of peptide attached to glycine-cellulose (see 
Figure 3). 
 
peptide at a distance from the surface of the crystal. 
However, it can be seen how elastase may dock the 
COOH-terminal subsites of enzyme recognition without 
apparent steric interference from the crystal surface. On 
the other hand, on an extended sheet-like cellulose crys- 

talline surface, elastase may bind to the surface and hy- 
drolyze available peptide substrates releasing the chro- 
mophore or fluorophore. 

The affinity of elastase for the tripeptide sequence is 
enhanced when it is conjugated to nanocellulose as re- 
flected in Michaelis Menten kinetic Km values for both 
the freely soluble peptide and the peptide-nanocellulose 
conjugate. The substrate binding affinity is increased 
30-fold when the substrate is annealed to the cellulose 
whisker (chemical structure shown in Figure 3). The 
increased affinity of elastase for the cellulose nanocrys- 
talline bound substrate may be due to enhanced binding 
of the cationic surface of elastase to the negatively 
charged cellulose nanocrystalline surface. It is notewor- 
thy in this regard that the cellulose nanocrystalline sur- 
face is negatively charged with up to 10% of the surface 
hydroxyls being sulfated due to the sulfuric acid step of 
the nanocrystalline preparation (Figure 2). 

The role of the COOH-terminal peptide leaving group 
in sensor detection merits some comment. Both para- 
nitroaniline (pNA) and coumadinamide (CMA) have 
been used to assess elastase substrate activity through 
colorimetric and fluorescence detection [63]. Although 
the pNA substrate is highly specific for elastase the AMC 
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substrate is much more sensitive. Fluorescent elastase 
substrates attached to cotton cellulose nanocrystals have 
recently been prepared similar to a colorimetric HNE 
sensor reported [31] and shown to be sensitive to low 
levels of elastase concentrations. Figure 5 shows the 
fluorescent response of 2 milligrams of a tetrapeptide- 
nanocellulose analog prepared from cotton cellulose 
nanocrystals upon incubation with human neutrophil ela- 
stase. The analogous colorimetric responses for elastase 
are shown in Figure 6 based on single time point deter- 
minations elastase units. 

Figure 6 portrays the color change of the nanocrystals 
upon amplification of the colorimetric response when 
para-nitroaniline is released from the peptide and reacts 
with a color amplifying reagent. As shown recently for 
the reaction of elastase with the peptide-nanocellulose 
conjugates there is a strong color response associated 
with the amplification reaction of para-nitroaniline with 
amplifying reagents [31]. The images of the nano- 
crystalline sensor following incubation with elastase de- 
monstrate the visual color response positive for the pres- 
ence of elastase activity. Treatment of the elastase sensor 
with HNE concentrations commensurate with wound 
fluid activity results in a visible color within minutes. 
The color response is a result of the reaction of para- 
nitroaniline, which is hydrolyzed from the nanocellulose 
 

 

Figure 5. a(top, l. to r.) Fluorescent response of untreated 
cotton nanocrystals, tetrapeptide-nanocellulose, tetrapeptide- 
nanocellulose with 2 U/mL of HNE and tetrapeptide-filter 
paper with 2 U/mL of HNE. b(bottom) fluorescent respon- 
se of the tetrapeptide in solution at different concentrations 
ranging (l. to r.) 0 to 0.25 µmole/mL with 2 U/mL of HNE. 

 

Figure 6. Cellulose nanocrystals after released pNA has 
reacted with the color amplifying reagent. 
 
peptide conjugate, and is diazotized or reacts with a cin- 
namonaldehyde analog. In a similar manner fluorescent 
CMA analogs gives a strong reponse when visualized on 
a fluorescent lamp (Figure 5). These types of adducts 
may have potential as point of care diagnostics where 
incubation times are minimized [3]. This type of sensor 
approach has also been aligned with dialysis cellulose 
membranes to demonstrate the potential for in situ wound 
dressing use [31]. 

8. Conclusion 

The versatility and sensitivity that cellulose nanocrystals 
afford are playing a role in providing a biocompatible, 
high surface area material that can be combined with 
biologically active molecules as peptides and proteins in 
biosensor design. The cotton cellulose nanocrystals shown 
here provide an example of how bioactive conjugates 
with high enzyme affinity can be used to prepare a sensi- 
tive biosensor for a clinically relevant protease. 
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