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Marie-Th�erèse Ruf, PhD1,2; Arianna Andreoli, PhD1,2; Gabriel Vujic3; Peter Itin, MD3;
Gerd Pluschke, PhD1,2; Peter Schmid, PhD1,2

1. Swiss Tropical and Public Health Institute, Basel, Switzerland,

2. University of Basel, Basel, Switzerland, and

3. Department of Dermatology, University Hospital Basel, Basel, Switzerland

Reprint requests:
Dr. Peter Schmid, Swiss TPH, Socinstr.

57, 4002 Basel, Switzerland.

Tel: 0049 762188169;

Fax: 0041 612848101;

Email: peschmid@aol.com

Manuscript received: August 30, 2016

Revised: January 19, 2017.

Accepted in final form: February 1, 2017

DOI:10.1111/wrr.12517

ABSTRACT

Proteases are important for wound healing, but in excessive amounts or left
uncontrolled, they may cause healing impairment or other severe wound
complications. Point-of-care testing for protease activities in wounds may be
useful for monitoring the effectiveness of treatment, and for early identification
of wounds that potentially fail to heal. Here we describe an easy, noninvasive
method to collect wound fluid for evaluating the protease milieu of wounds.
Wound fluids were collected using sterile sponges applied between wound
surface and normal wound dressing. Wound fluid could be easily squeezed or
centrifuged out of the sponges and was tested for gelatinase (MMP-2 and
MMP-9) activities by gel zymography. In addition, we measured
polymorphonuclear granulocyte elastase levels by ELISA. Both gelatinases
were remarkably stable in sponge derived fluids, as no significant loss was
observed even when samples were stored for 3 days at room temperature.
Protease levels were highly diverse amongst patients and, in some cases,
showed substantial variations in the course of the treatment. The here described
wound sponge approach represents a patient-friendly and reliable method to
collect wound fluid for evaluating wound healing relevant biomarkers, such as
matrix metalloproteinases.

Acute wounds normally heal in an orchestrated manner,
characterized by a complex and coordinated series of
events: the hemostasis phase, the inflammatory phase, the
granulation phase, and the remodeling phase. Chronic
wounds usually remain in the inflammatory phase which is
characterized by high cytokine and protease levels. Partic-
ularly matrix metalloproteinases such as the gelatinases
MMP-2 and MMP-9 are elevated at early stages of wound
healing. Gelatinases are calcium-dependent zinc-containing
endopeptidases, which have the capacity to cleave various
extracellular matrix proteins.1 The substrates for MMP-2
include gelatin and the collagens I, II, III, IV, Vii, X; the
substrates for MMP-9 include gelatin and the collagens IV,
V. The activity of these proteases is normally regulated by
tissue inhibitors of matrix metalloproteinases (TIMPs).
Gelatinases are required to clean the wound and to prepare
the wound bed for neovascularization and granulation tis-
sue formation.2 However, if uncontrolled or overexpressed,
these enzymes may disrupt the balance between tissue
breakdown and tissue neo-formation and, as such, cause
chronic healing problems. Elevated levels of MMP-9 were
observed in wound fluid samples from chronic venous

ulcers,3 and wound fluids from human pressure ulcers
were found to contain elevated gelatinase activity.4 MMP-
9 is also strongly increased in diabetic ulcers5 and
increased ratios of serum MMP-9 against TIMP-1 was
found to predict poor wound healing in diabetic foot
ulcers.6 Interestingly, a combination of a selective inhibitor
of MMP-9 and of exogenously applied active recombinant
MMP-8 accelerates diabetic wound healing in mice, which
suggests that MMP-8 abets wound healing, whereas too
much MMP-9 is a pathological consequence of the
disease.7

Chronic wounds contain also high levels of polymorpho-
nuclear granulocyte (PMN) derived elastase,8 a serine pro-
teinase which can cleave a variety of extracellular matrix
proteins, including elastin, fibronectin, laminin, vitronectin,
and collagen IV.9 In addition, PMN elastase has the capac-
ity to modulate the activity of wound healing relevant
growth factors, such as transforming growth factor beta,10

and platelet derived growth factor.11,12 Interestingly, PMN
elastase cleaves vascular endothelial growth factor (VEGF)
and generates diffusible VEGF fragments that stimulate
inflammatory cell recruitment.13 Normally, the activity of
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PMN elastase is regulated by inhibitors such as the alpha
1 protease inhibitor. PMN elastase is important to clean
the wound during the early inflammatory phase. However,
if persistent or overexpressed, PMN elastase can cause
local tissue injury and is detrimental for wound healing.
Noninfected wounds in neutrophil-depleted mice seem to
heal even better without elastase.14

Strategies to reduce protease activity have been sug-
gested to promote healing of chronic ulcers. However,
proteases are also required to fight infection and to
remove tissue debris, and excessive inhibition of gelati-
nases and/or PMN elastase could be harmful. Therefore,
an easy to use point-of-care protease test, which is prac-
ticable in the clinic, would be helpful for controlling the
healing progress and for identifying wounds which are
burdened by pathologically elevated protease activities.
Moreover, because PMN elastase is secreted by activated
neutrophils this enzyme could be used as a biomarker to
monitor wound infection. Unfortunately, laboratory eval-
uation of protease activity is hardly feasible in daily clin-
ical practice. Wound fluid collection from the wound
surface is often not possible, and the analysis of protease
activities in tissue biopsies is time consuming, unpleasant
for the patient and indefinite. Taking biopsies or swabs
from chronic wounds may cause pain or even disturb the
healing process. Wound fluid collection directly from
wound fluid absorbing dressings is also hardly feasible,
because these dressings bind and retain wound fluid very
efficiently. To overcome these limitations, we applied
sterile wound sponges between the wound surface and
the wound dressing. The wound fluids absorbed by these
sponges can be easily recovered, and provide enough
biological sample material for measuring wound healing
relevant biomarkers, such as PMN elastase or
gelatinases.

METHODS

Ethics

Ethical approval for analyzing patient specimens was obtained
from the Ethics Committee of the “Ethikkommission Nordw-
est- und Zentralschweiz (EKNZ)” and was registered under
the number EKNZ 2015-018. Written informed consent was
obtained from each patient before sample collection.

Study population

Patients were recruited by the dermatology unit of the Uni-
versity Hospital Basel, Switzerland. Inclusion criteria were
the following: male and female patients aged between 18
and 100 years with clinically verified chronic venous
ulcers. Exclusion criteria were the following: strongly
infected wounds and the application of topical agents.
Wound fluid was collected at day 0 of recruitment and, if
possible, 6 weeks later. Altogether 10 patients were
included in this study, eight men and two women, with a
mean age of 69 years (45–83 years). All lesions were
found on the lower part of the leg and persisted for at least
1 year, often already since decades (Table 1).

Collection of wound fluids

Momosan white 5 cm 3 5 cm 3 1 cm, sterile sponges
(Moltoplast healthcare Innsbruck, Austria, REF 61920;
Polyurethane foam) was used for collection and recovery
of wound fluid. This device allowed easy and almost full
recovery of soaked wound fluid, just by squeezing. Small
parts of the sterile sponges (usually 1 cm3) were applied in
the center of the wound) and covered with the wound
dressing normally used for the respective patient. Second-
ary wound dressings which are known to have protease

Table 1. Patient cohort

Patient ID

Sampling

time

point

Retention

time of

sponge in

wound (days)

Storage of

sponge before

extraction of

exudate (days) Sex Age

Wound

since

Wound

location

Wound

size (cm2)

1 01_T1 4 2 Male 45 2007 Left proximal lower leg, medial 14.89

01_T2 2 3

01_T3 2 11

2 02_T1 3 4 Male 83 1994 Left lower leg, malleolus 16.59

3 03_T1 4 0 Male 60 Many years Right lower leg, malleolus medial 12.4

03_T2 7 17

4 04_T1 3 22 Male 81 Decades Right malleolus, medial 20.54

5 05_T1 2 4 Male 70 Many years Left malleolus, medial 1.1

6 06_T1 1 9 Male Many years Right malleolus, medial 123.24

7 07_T1 2 0 Female 87 2008 Right malleolus, lateral 5.37

07_T2 2 21

8 08_T1 1 1 Male 45 2015 Left lower leg, lateral 54.0

9 09_T1 2 0 Male 72 2010 Left lower leg, lateral 7.11

09_T2 2 5

10 10_T1 3 7 Female 78 Childhood Left lower leg, medial 9.8
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inhibiting characteristics were not used. One to seven days
later (mean duration time 2.8 days) sponges were removed
during routine change of wound dressings and stored at
4 8C for 0–22 days (mean storage time 7.9 days) in an air-
tight box until wound fluid extraction was done (Table 1).
Wound fluid was collected by squeezing the sponge with
two forceps. Liquid was aspirated with a pipette and stored
immediately at 220 8C after. Between 20 ml and 100 ml
wound fluid could be collected from each wound.

In vitro experiments

To evaluate if the sponge material retains or inactivates
gelatinases we have compared MMP-2/9 levels in wound
fluids recovered from sponges (1 cm3) which were soaked
for 24 and 48 hours with 1 ml wound fluid (diluted in
1:300 in PBS), with MMP-2/9 levels in diluted wound flu-
ids which were not in contact with the sponge. In addition,
we have measured gelatinase levels in wound fluids recov-
ered from saturated sponges (soaked with >1 ml diluted
wound fluid per 1 cm3 sponge) and from nonsaturated
sponges (soaked with 0.25 ml diluted wound fluid per
1 cm3 sponge.)

Zymography

To determine gelatinase activities we used pre-cast Zymo-
gram protein (gelatin) gels (Thermo Fisher, Reinach, Swit-
zerland Novex EC61752BOX). The procedure was
executed according to the manufacturer’s protocol. Briefly,
wound fluid was diluted in water, 10 ml of this dilution
was mixed with 10 ml Tris-Glycine SDS Sample buffer
(Thermo Fisher, LC2676) and loaded onto the gel. Recom-
binant MMP-9 (1.7 nM) was used as positive control. The
gel was run with Tris-Glycine Running buffer (Thermo
Fisher, LC2675) for 1.5 hours at 125V and max. 40 mA/
gel for 90 minutes. Afterwards the gel was incubated for
30 minutes in Zymogram renaturing buffer (Thermo
Fisher, LC2670) at RT followed by 30 minutes in Zymo-
gram developing buffer (Thermo Fisher, LC2671) at RT.
Full development was performed in fresh development
buffer over night at 378C. Gels were stained with Aqua
stain solution (LuBioscience, Luzern, Switzerland,
LU001000) until the appropriate color was reached.

Detection of human polymorphonuclear granulocyte

(PMN) derived elastase

A commercially available PMN elastase assay kit
(ALPCO, Salem, NH 61-PMNHU-E01) was used accord-
ing to the manufacturers protocol. Appropriate dilutions of
wound fluids were obtained by diluting the samples in
water. Briefly, microwells were precoated with an anti-
PMN elastase antibody, which captures elastase present in
the added wound fluid. In a wash step unbound compo-
nents were removed. Then a HRP-conjugated anti-alpha
1PI antibody was added which binds to the elastase/anti-
body complex. After washing again, a HRP catalyzed
color reaction (using a TMB substrate solution) was per-
formed, and the color change was measured with a
spectro-photometer at 450 nm. With the help of a standard
curve (5—parameter curve fit) the concentration of the
PMN elastase in the wound fluid was determined.

RESULTS

Gelatinase activity in wound sponge derived wound

fluids can be easily determined by gel zymography

We have analyzed gelatinase activities in sponge derived
wound fluids of ten patients suffering from chronic leg
ulcers (Table 1, Figure 1). From four patients we got
wound fluids at different time points during treatment. Gel
zymography revealed that all sponge derived wound fluids
contained clearly detectable levels of MMP-2 and MMP-9,
both as pro-enzyme and in the cleaved forms. Band inten-
sity decreases with increasing wound fluid dilutions
(Figure 2), showing that gel zymography allows (semi)
quantitative evaluations of gelatinase activities. Generally
there was more MMP-9 than MMP-2 detectable. Levels of
activated MMP-9 were higher than pro-enzyme levels
(Figure 2). The amount of gelatinases was highly variable
between patients, and patients with high MMP-9 activities
also revealed high MMP-2 activities (Figure 3). Analyses
of wound fluids collected at different time points during
treatment showed temporal alterations in MMP 2/9 levels,
with increasing gelatinase activities in one patient (No. 7)
(Figure 3) and decreasing activities in two patients (No. 9
and 1) (Figure 3). To test for the stability of gelatinases in
sponge derived wound fluids we investigated MMP-2 and
MMP-9 activity in wound fluid samples which were imme-
diately frozen, stored for 1 or 3 days in the refrigerator, or
for 1 or 3 days at room temperature. Surprisingly, no sig-
nificant decrease in enzymatic activity was observed by
gel zymography even when samples were stored for 3
days at room temperature (Figure 4). In addition, in vitro
experiments revealed that the sponge material does not
retain or inactivate gelatinases, because contact with
sponge material up to 48 hours did not significantly affect
gelatinase levels (Figure 5A). Moreover, gelatinase activi-
ties were similar in wound fluids recovered from saturated
and nonsaturated sponges (Figure 5).

Wound sponge derived wound fluids contain clearly

detectable levels of PMN elastase

Wound sponge derived wound fluids were also investi-
gated for PMN elastase levels by ELISA. While all sam-
ples contained PMN elastase amounts, which are much
higher than those reported in serum of healthy persons
(<0.5 mg/ml), there were considerable patient-to-patient
differences in concentration, ranging from 31 to 914 mg/ml
PMN elastase in wound sponge derived wound fluid
(Table 2). PMN elastase levels also changed during treat-
ment (Table 2). Patient 7 with increasing gelatinase activ-
ity in the course of treatment also revealed increasing
PMN elastase levels, whereas the patients with decreasing
gelatinase activities also revealed decreasing PMN elastase
levels (Patient 9) (Figure 3, Table 2).

DISCUSSION

Easily practicable laboratory methods are required to quan-
tify markers of impaired wound healing.15 Increased prote-
ase activity is currently the best available predictor for
wound healing problems.16 Especially excessive levels of
PMN elastase and gelatinases provide an unfavorable
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milieu for neo-vascularization and extracellular matrix for-
mation, which is a prerequisite for complete wound heal-
ing. The here described wound sponge approach represents
an improved method to collect wound fluid for the deter-
mination of wound healing relevant biomarkers, such as
protease levels in chronic wounds. Activities or protein
levels of these proteases in wound sponge derived fluids
are quantifiable and may be used to monitor status and
progress of wound healing. Temporal changes in gelatinase
activities and PMN elastase levels seem to correlate with
each other, suggesting that both are suitable to examine

the vulnerability of the wound milieu. Since inflammatory
cells are the main source of PMN elastase, this protease
may also be suitable as biomarker to investigate and moni-
tor the inflammatory status of a wound. Future studies

Figure 2. Gel zymography of wound fluid from Patient 9. A

1:2 serial dilution of wound fluid. The intensity of zymogra-

phy bands was concentration dependent. Gelatinase activity

was still visible at dilutions> 10,000.

Figure 3. Gel zymography of wound fluid from different

patients. Wound fluids were used in a 1:300 dilution from

five different patients. All sponge derived fluids contained

clearly detectable levels of both MMP-2 and MMP-9, both

as pro-enzyme and in the cleaved forms. There was gener-

ally more MMP-2 than MMP-9 visible. Protease levels were

highly variable between patients and between different sam-

pling time points from the same wound. As standard (line 1)

we used 1.7 nM recombinant cleaved MMP-9. Please note

that the standard runs faster than the MMP-9/lipocalin com-

plexes in wound fluid.

Figure 1. Example of two wounds exhibiting decreasing (A and B) and increasing protease levels (C and D) in the course of

the treatment. a) Patient 9 at T1; b) patient 9 at T2; c) patient 7 at T1, d) patient 7 at T2. [Color figure can be viewed at

wileyonlinelibrary.com]
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with a bigger cohort of patients under more standardized
conditions (e.g., standardized collection times and stan-
dardized secondary dressings) are required to investigate if
gelatinase activities and/or PMN elastase levels are suit-
able early biomarkers to predict which wounds are prone

to become chronic. In addition, measuring changes in pro-
tease activity may help to monitor the effectiveness of
treatment and could help to avoid inappropriate use of
expensive wound care products.

Most information on protease levels relies on biopsy
studies;17 but biopsies reflect a site specific situation,
which does not necessarily mirror the general wound
milieu. Moreover, protein extraction from small biopsies is
time consuming and error prone. Other groups used swabs
taken from wound surfaces.18 However, swabs generate
only low sample volumes and require specific extraction
procedures. Recovery of proteins from wound dressings is
also hardly feasible, because modern hydrocolloid or algi-
nate dressings retain wound fluid derived proteins very
efficiently and would require time consuming extraction
procedures, which are not practicable in clinical settings.
In contrast, the wound sponge approach described here is
easily practicable, not harm—or painful for the patient and
provides enough sample material for multiple testing.

The used sponge material consists of chemically cross-
linked hydrophilic polyurethane with a special honeycomb
cell structure. Others had argued that hydrophilic materials
may not be ideal for analytic wound fluid collection,
because molecules of interest could bind to the material,
which necessitates an extra elution step.19,20 However, the
hydrophilic foam used by us allowed almost complete res-
toration of the soaked wound fluid just by squeezing, and
we could show that gelatinases are not inactivated or
retained by the material. It may be that hydrophobic foams
are better suited for other molecules in question. Conse-
quently, if other markers are to be analyzed appropriate in
vitro test should be performed to evaluate which foam
material is the best.

The proteolytic wound milieu is mainly determined by
the protease concentration and not so much by the total
amount of secreted protease. High protease concentration

Figure 5. Gel zymography of wound fluid after different

incubation conditions. Sponges were soaked with wound

fluid (patient 07_T2) diluted 1:300 in water. Neither incuba-

tion time (24 hours, 48 hours), nor the amount of wound

fluid added (1 ml or 0.25 ml) affected the gelatinase activi-

ties when compared to wound fluids which were not in con-

tact with the sponge.

Figure 4. Gel zymography of wound fluid from two patients

after different storage conditions. Wound fluid was stored

under different conditions and for a different time length.

Sponge derived gelatinases were remarkably stable and

zymography band intensities were not significantly affected

by storage conditions.

Table 2. PMN elastase levels in sponge derived wound

exudate

Sample

Concentration of PMN elastase

in wound exudate (lg/ml)

01-T1 564

01-T2 335

01-T3 270

02-T1 784

03-T1 235

03-T2 31

04-T1 187

05-T1 414

06-T1 914

07-T1 214

07-T2 810

08-T1 119

09-T1 263

09-T2 66

10-T1 232
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in a weakly exudating wound may cause more damage
than low protease concentration in a strongly exudating
wound, although the total amount of expressed protease
may be the same. Wound fluid soaked from a single
sponge placed into the center of the wound may generate
meaningful information on the general wound environ-
ment, although there may be some heterogeneity with
respect to protease expression in different wound areas.
Therefore, measuring protease levels in sponge derived
wound fluid most likely reflects the overall wound milieu
better than samples extracted from swaps or biopsies.
Moreover, MMP-9 has been found to exist at higher levels
in wound fluid than in the corresponding tissue, and it has
been suggested that much of the destructive effects
observed in chronic wounds is caused by the wound fluid
which is corrosive in nature resulting in a continuum of
ECM breakdown.21

Point-of-care protease testing using wound sponge
derived fluids may help to decide if there is a need to
modify therapy, especially as there are several treatment
options available to reduce pathologically elevated prote-
ase activities in chronic ulcers.22 Doxycycline, an antibi-
otic that is also a competitive inhibitor of MMPs has been
shown to speed up healing of chronic venous leg ulcers.23

Another option to inactivate MMPs is the use of wound
dressings that incorporate a collagen and oxidized regener-
ated cellulose matrix (ORC), which binds and inactivates
MMPs.24 A reduction in neutrophil-derived elastase, plas-
min, and MMPs was reported when wound fluid derived
from diabetic foot ulcers was added to these dressings.25 A
combination of collagen and ORC revealed significant pro-
tease inhibition and increased growth factor levels in the
wound.26 Nanocrystalline silver (NCS) has also been sug-
gested to decrease undesirable high levels of MMP-9, sug-
gesting that NCS containing dressings are suitable for the
treatment of wounds with pathologically elevated MMP-9
levels.27

Special caution with regard to protease activities should
be exercised when using skin grafts or modern bioengi-
neered skin equivalents for the treatment of hard to heal
chronic wounds.28 These devices may fail if protease
activity is very high, because degradation of the matrix
proteins will likely occur. Therefore, a point-of-care prote-
ase test may help clinicians to make cost-effective deci-
sions about which treatment is or is not appropriate. For
example, in a wound with high protease burden it would
be better first to use protease lowering dressings before
applying very expensive tissue engineered products.

In conclusion, our results indicate that the here
described wound sponges applied between wound surface
and wound dressing improve sampling of wound fluid suit-
able for point-of-care protease testing in wound manage-
ment. Moreover, this sampling technique generates enough
material for multiple tests, and may also help to avoid
more expensive diagnostic tests, e.g., unpleasant invasive
tests such as wound biopsy. Notably sponge derived gelati-
nases are remarkable stable and, as such, suitable for test-
ing in clinical routine settings.
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