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Introduction

Chronic wounds are wounds that are impeded at a certain 
recovery stage and have failed to proceed through a normal 
healing process within 3 months. Annual costs from chronic 
wound care are approximately 5 billion to 10 billion 
dollars (1,2). According to the Wound Healing Society, 

chronic wounds can be classified into four categories: 
diabetic ulcers, venous ulcers, pressure ulcers, and arterial 
insufficiency ulcers (3). During the long recovery time 
for chronic wounds, patients may undergo emotional or 
physical trauma, severe pain, a sense of social isolation, and 
reduced mobility (4). This may ultimately lead to additional, 
escalated adverse events including infection, amputation, 
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Background: Chronic wounds are wounds that are impeded at a certain recovery stage and cannot proceed 
through a normal healing process. They account for an annual wound care expenditure of approximately 
5–10 billion dollars. Among all potential patients, the elderly are the most vulnerable population for chronic 
wounds. Older patients, however, present several issues that must be addressed in order to provide suitable 
chronic wound diagnosis and care monitoring. Here, we discuss our development of a paper-based detection 
device that can serve as a rapid, inexpensive, convenient, and sensitive chronic wound assessment tool for 
providing better chronic wound-monitoring platform among the elderly.
Methods: Our paper-based detection device primarily comprises two parts: a test zone made of 
chromatography paper, and a passage zone made of Whatman filter paper. In this design, our targeted 
protein, human neutrophil elastase (HNE), reacts with a pre-impregnated substrate to produce a visible and 
measurable colorimetric reaction (from colorless to light yellow). An image of the results can be captured 
with a smart phone camera, and converted to the blue color range using ImageJ software to quantify the 
mean HNE intensity, defined as test zone intensity minus blank zone intensity.
Results: Our tool produced colorimetric responses using samples from a total of 8 patients, and mean 
HNE intensities were calculated. 
Conclusions: Our paper-based device is designed to be a user-friendly, inexpensive, rapid, and accurate 
chronic wound assessment platform that can be applied to elderly healthcare and long-term care at home. It 
can provide for better healthcare outcomes via early chronic wound detection, decreased medical costs, and 
reduced clinical visit time, all of which would be particularly impactful for the elderly.
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and death (3).
Due to the decreased healing rate and the increased 

prevalence of comorbid conditions among the elderly (i.e., 
diabetes, cardiovascular diseases, cancer, and strokes, which 
may impede wound healing), a significantly higher incidence 
of chronic wounds was found in the geriatric population 
compared to younger populations (5). Other adverse 
events caused by increased age, such as lack of energy, 
neurodegeneration, and changes in skin architecture, may 
also lead to higher risk for developing chronic wounds (5). 
Furthermore, elderly patients have a higher incidence for 
admission to hospitals due to wound complications. To 
avoid these complications, there is an urgent need for a 
simple, rapid, and effective point-of-care (POC) diagnostic 
tool for early wound assessment. Besides the common HNE 
detection methods such as fluorescence assays or ELISA, 
several biosensors that offer better sensitivity as well as 
specificity were developed, such as the FRET-based HNE 
detector or an aptamer-based assay coupled with magnetic 
beads (6,7). However, although these devices provide 
superior ability to detect HNE, these methods are often 
complex to operate and require sophisticated laboratory 
equipment, which may not be applicable for clinical usage. 
In this study, we developed a paper-based diagnostic device 
that, coupled with a smartphone camera, can help monitor 
the healing progress of chronic wounds. With its accuracy, 
user-friendliness, fast-response, and low-cost, such a 
device may serve as a valuable POC diagnostic tool for 
wound assessment, and can thus improve currently adverse 
situations for the elderly in long-term care.

Methods

Our paper-based detection device was built to assay Human 
Neutrophil Elastase (HNE), one of the crucial serine 
proteases that modulates inflammation levels in chronic 
wounds, and used N-Methoxysuccinyl-Ala-Ala-Pro-Val 
p-nitroanilide as a chromogenic substrate (8). Studies have 
shown that HNE plays a vital role in the remodeling phase 
of wound healing. For example, an elevated HNE level may 
lead to excessive degradation of extracellular matrix as well 
as fibronectin (9-13). Compared to acute wounds, a higher 
level of HNE is also reported in chronic wounds, suggesting 
that HNE levels can serve as an indicator for wound 
assessment (14). The paper-based device we developed 
comprises two main parts:

(I) A test zone (chromatography paper FN5); and (II) 
a passage zone (Whatman filter paper No. 1). We created 
hydrophobic barrier test zones in our chromatography paper 
using wax printing, and fabricated our device by combining 
our test zone and passage zone portions into a single device 
(Figure 1). We selected chromatography paper for our test 
zone and Whatman filter paper for our passage zone in order 
to combine and leverage the positive characteristics of both 
paper types. This allowed us to create a device that worked 
rapidly and provided a superior colorimetric signal. More 
details, including fabrication and rationale, can be found in 
our previously published study (15). 

To further demonstrate our detection device, we 
measured the level of HNE via the following steps: (I) 
immobilization of N-Methoxysuccinyl-Ala-Ala-Pro-Val 

Figure 1 Workflow and two-dimensional schematic of our paper-based detection device.
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p-nitroanilide onto the test zone; (II) immobilization of 3% 
BSA onto the passage zone to prevent non-specific binding; 
(III) incubation of both test zone and passage zone at 32 ℃  
to dry out the device; (IV) combination of two pieces into 
one device using adhesive tape; (V) absorption of wound 
fluid by placing our device onto patient wound; (VI) 
recording of the color change with a smartphone; and (VII) 
analysis of the colorimetric results and conversion of the 
results into HNE levels using ImageJ software.

Results

The sensitivity of our paper-based detection device was 
previously tested using both buffer and tear systems, 
and the limit of detection (LOD) for both systems was 
approximately 0.0186 and 0.76 µg/mL, respectively (15). 
To evaluate the real-world applicability of our paper-based 
detection device, we tested it by directly applying it to 
patient wounds. Figure 2 shows that our device provided a 
visible colorimetric response (from colorless to light yellow) 
after absorbing wound fluid from patient 4 (Figure 3),  
indicating that our device can be successfully applied in a 
clinical setting without requiring any expensive analytical 
equipment or complex operating methods. In order to 
quantify the HNE level from each patient, we converted 
the recorded colorimetric response to blue using ImageJ 
software and defined our mean intensity as (test zone 
intensity) – (blank zone intensity). A total of 8 patients were 
examined, and the HNE mean values were calculated as 
presented in Table 1. According to the results we conducted 
and other previously published research, a higher level of 
HNE can be found in delayed healing wounds (13-15). 
In this study, high levels of HNE were recorded from all 
8 chronic wound patients, suggesting a retarded wound 

healing status that is consistent with our earlier study.

Discussion

Paper-based materials have been widely used for various 
diagnostic devices for clinical tests using a variety of sample 
sources including blood, urine, saliva, and even food (16-19).  
Moreover, due to their low-cost, convenience, and user-
friendliness, these diagnostic tools can be applied in 

Figure 2 The colorimetric results from our paper-based detection 
device in clinical use. The color change (from colorless to light 
yellow) can be observed with the naked eye. 

Figure 3 Demonstration of our paper-based detection device on 
an operating table.
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Table 1 Mean intensities of HNE between different patients as  
detected by our paper-based device

Sample Sex Age Wound type
HNE mean  

intensity (a.u.)

1 M 79 Chronic wound 107.2

2 M 56 Chronic wound 120.5

3 M 68 Chronic wound 70.5

4 F 62 Chronic wound 92.5

5 M 58 Chronic wound 43.5

6 F 59 Chronic wound 150.5

7 F 52 Chronic wound 55.5

8 F 53 Chronic wound 60.5

HNE, human neutrophil elastase.
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equipment-, resource-, and energy source-poor areas 
and can also benefit disabled patients that have difficulty 
reaching medical resources.

Several methods for HNE detection have been developed 
including the use of chromogenic substrates, ELISA, and 
chemical probes (20,21). Although some of them offer 
superior sensitivity or can be operated under complex 
systems, they require complicated analytical equipment and 
are difficult to use for disabled patients. Currently, there is 
no POC device that can semi-quantify the amount of HNE 
level for chronic wound monitoring.

Compared to current HNE detection methods, our 
paper-based HNE detection device comprises the following 
advantages: (I) fast response—our device needs only  
15 minutes to complete its colorimetric reaction; (II) a small 
sample volume requirement—only 3 µL of patient sample 
is required for a test; (III) good sensitivity—our device can 
detect µg/mL levels of HNE in wound fluid system; and 
(IV) user-friendliness—as shown in Figure 3, this device can 
be operated without sophisticated laboratory facilities and 
can be easily performed. For these reasons, our detection 
device may improve wound assessment and care in elderly 
healthcare centers as well as in long-term care situations in 
the home.

To better position our device for clinical use, several 
issues must still be addressed. First of all, due to the lack 
of any standard wound fluid system for us to reference, we 
could only calculate each patient’s HNE level by establishing 
his or her individual calibration curve beforehand. In the 
near future, we hope to combine our device with another 
smartphone-based application that can calculate HNE level 
in a faster and even more convenient manner. Secondly, 
although the pNA substrate we used is relative easy to 
obtain, there is a risk of cross-reaction during diagnosis. 
The complex wound environment contains various enzymes 
or proteins that can also react with our substrate, resulting 
in a higher HNE readout. Furthermore, when placing our 
device directly onto patient wounds, other interference such 
as bloody substances may influence our colorimetric results. 
To solve these problems, we will search for other substrates 
that have higher specificity to HNE and provide different 
color changes that can be more easily distinguished from 
bloody fluids.

The development of a rapid, inexpensive, easy-to-use, 
and reliable diagnostic tool for chronic wound care will 
benefit not only patients but also their family members 
and the healthcare community as a whole. By applying 
our device, we hope to provide early chronic wound 

detection, decrease medical costs, and reduce older patients’ 
clinical visit time as well as the possible risks involved with 
transportation to a possibly distant clinical setting.
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