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a b s t r a c t

Excessive matrix metalloproteinase (MMP) levels have been observed in wound fluid of impaired healing
wounds. This is thought to interfere with granulation tissue formation as newly formed extracellular
matrix and cytokines are degraded and the wound becomes deadlocked, unable to progress to the next
healing stages. In the cleansing phase, associated with high MMP activity levels, hydroactive wound
dressings containing polyacrylate superabsorber particles are particularly effective. We tested whether
these particles can block MMP activity in wound fluid obtained from chronic venous leg ulcers. Poly-
acrylate superabsorber particles inhibited MMP activity by more than 87% in a fluorogenic peptide
substrate assay. Further analysis revealed two underlying molecular mechanisms. First, experiments
showed direct binding of MMPs to the particles. Secondly, polyacrylate superabsorber particles can bind
Ca2þ and Zn2þ ions competing with MMPs for divalent ions required for enzymatic activity. Furthermore,
we provide the first evidence in vivo that MMPs bind effectively to polyacrylate superabsorber particles
within the hostile environment of chronic wounds. We conclude that polyacrylate superabsorber par-
ticles can rescue the highly proteolytic microenvironment of non-healing wounds from MMP activity so
that more conductive conditions allow healing to proceed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Chronic, non-healing skin wounds such as leg ulcers and pres-
sure sores represent a significant clinical problem and a financial
burden to health care systems. For most patients an underlying
disease interferes with normal tissue repair mechanisms and the
result is a chronic wound which does not heal as expected. Detailed
analysis on the molecular level has shown that impaired healing is
associated with inhibitors of tissue repair [1–4] most notably
excessive levels of protease activities such as matrix metal-
loproteinase (MMP) [5], elastase [6] and plasmin activity [7,8].
These proteases shift the balance of synthesis and degradation to-
wards the latter. They degrade growth factors [7,9] and most of all
newly formed extracellular matrix [10]. The current concept for the
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pathology of chronic non-healing wounds is that the excessive
protease levels perturb tissue repair eventually giving rise to
a wound that appears deadlocked [5,8,11].

MMPs are the best studied enzyme group in wound healing.
They constitute a family of endopeptidases which require divalent
ions such as Ca2þ or Zn2þ in the catalytic domain to display enzy-
matic activity [12]. Molecular substrates for the MMPs include all
classes of extracellular matrix proteins such as collagens (reviewed
in Ref. [13]). Furthermore, activity and bioavailability of cytokines
and growth factors can be modulated by MMPs [14–18].

MMP activity is regulated at multiple levels. Gene expression is
the major control mechanism. Several cytokines like IL-1 and TNF-
a are inducers of several MMPs. IL-1 and TNF-a are observed within
hours after wounding as a tissue response to injury [19]. However,
matrix derived signals like contact to native collagen also serve as
exquisite signals for MMP gene induction requiring autocrine EGF-
R signaling [20].

There have been several attempts to reduce protease activity
through interfering with MMP expression [21] or intelligent wound
dressing designs. Coupling specific protease inhibitors to cotton has
been proposed as one very elegant way to reduce excessive elastase
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levels in wound fluid [22–24]. Furthermore, collagen-based dress-
ings with or without oxidized cellulose have been shown to reduce
protease levels in chronic wound fluid [25,26], however, this ap-
proach utilizes collagen of animal origin with all inherent risks
associated. There is a need for wound dressings of synthetic origin
which potently inhibit excessive protease activities and which also
provide moist conditions conductive for wound healing.

Polyacrylate superabsorbers are an interesting class of synthetic
polymers with hydroactive properties. Composed of polymerized
acrylic acid with varying degrees of crosslinking these polymers are
able to absorb a multiple amount of water of their own dry weight.
Interestingly, salts reduce the water binding capacity and divalent
ions can even prevent any uptake of water. Polyacrylate super-
absorbers have a high density of ionic charges and it is this par-
ticular property which is responsible for water binding through
electrostatic forces [27]. These polymers are used in great quanti-
ties in diapers, feminine hygiene products and in wound dressings
where they are preswollen with Ringer’s solution. In preswollen
wound dressings polyacrylate superabsorbers can provide moisture
to a wound while still being able to absorb significant amounts of
wound exudate. Polyacrylate containing wound dressings are par-
ticularly effective in the cleansing phase when proteolytic activity is
high and tissue destructive. We were interested to test whether
these polymers can inhibit MMP activity and explain their mode of
action.

2. Materials and methods

2.1. Wounds and wound fluid collection

Wound fluid (0.2–0.5 ml per wound) was collected from patients suffering from
venous leg ulcers as previously described [7]. Wound fluids from 6 patients were
included in this study, which were all characterized by high MMP-2, -9 activity
levels. Ulcera crura were of more than 6 months duration, size of the ulcers ranged
between 12 cm2 and 25 cm2; at first presentation in the clinic, ulcer beds were
covered with slough and showed poorly granulating tissue and no signs of reepi-
thelialization. In 3 patients polyacrylate superabsorber particle-containing wound
dressings (TenderWet�/Hydroclean�, Hartmann, Heidenheim, Germany/France)
were used to test whether MMPs bind to the superabsorber particles in vivo. Prior
and after treatment with the dressings the wound status of the ulcers was recorded
in a semiquantitative way. Slough was evaluated on 0–5 scale (0¼ no slough,
1¼20%, 2¼ 40%, 3¼ 60%, 4¼ 80% and 5¼100% wound surface covered with slough)
and granulation tissue was evaluated accordingly (0¼ no granulation tissue, 1¼20%,
2¼ 40%, 3¼ 60%, 4¼ 80% and 5¼100% of wound surface represented red granula-
tion tissue). Epithelialization was quantified as decrease of wound size parameters.
A summary of clinical ulcer assessment prior and after treatment with polyacrylate
superabsorber particle-containing wound dressings is presented in Table 1. For
wound fluid collection ulcers were covered with a semipermeable polyurethane film
for maximum 4 h (Hydrofilm�, Hartmann, Heidenheim, Germany). Wound fluid was
clarified by centrifugation (13 000g, 4 �C, 10 min) and immediately frozen down in
aliquots until further use at �80 �C. MMP activity was determined by gelatin
zymography and those samples with clearly visible bands were selected for further
analysis. The study adhered to the Declaration of Helsinki Principles and patient
consent was received.

2.2. Gelatin zymography

Protein content of wound fluid was determined with the Biorad Protein Assay
(Perbio Science, Bonn, Germany). Ten micrograms of total protein were heated with
non-reducing sample buffer for 10 min prior to loading on 10% SDS gels containing
Table 1
Clinical assessment of chronic venous ulcers prior and after treatment with poly-
acrylate superabsorber particle-containing wound dressings

Start End

Day Slough Granulation
tissue

Wound
size
(cm2)

Day Slough Granulation
tissue

Wound
size
(cm2)

Patient 1 1 4 1 25 34 1 4 20
Patient 2 1 4 1 20 12 1 4 19
Patient 3 1 3 2 12 21 0 5 5
1% gelatin as described previously [28]. After electrophoretic separation MMPs were
renatured by 2 washes in 2.5% Triton-X-100 in H2O for 15 min each followed by 2
washes in assay buffer (50 mM Tris/HCl, pH 7.4, 5 mM CaCl2) for 15 min each. The gels
were incubated in assay buffer for 24–48 h at 37 �C and developed by Coomassie
blue staining. Clear transparent bands indicate MMP activity while blue background
staining corresponds to undigested gelatin within the gel. To monitor MMP activity,
band intensity of MMP-2 and -9 activity was analyzed by scanning densitometry
(ImageJ software), and is presented as the percentage of the signal intensity of
untreated wound fluid.

2.3. Peptide substrate MMP-2/-9 assay

The peptide substrate MMP-2/-9 assay followed essentially the protocol of
Lauer-Fields [29] with slight modifications. One hundred micrograms of wound fluid
protein were adjusted to 150 ml with PBS. This solution was incubated with 150 mg
polyacrylate superabsorber (Favor Z3034, Stockhausen, Krefeld, Germany) pre-
swollen with 200 ml Ringer’s solution/g polyacrylate superabsorber (dry weight)
corresponding to 80% of their maximum fluid binding capacity. After 2 h the su-
pernatant was saved and 90 ml were reacted with 10 ml peptide ((Gly-Pro-Hyp*)5-
Gly-Pro-Lys(Mca)-Gly-Pro-Pro-GlyYVal-Val-Gly-Glu-Lys(Dnp)-Gly-Glu-Gln-(Gly-
Pro-Hyp)5-NH2; *Hyp¼ 4-hydroxy-L-proline) containing substrate buffer (Inno-
Zyme� Gelatinase Activity Assay Kit, Cat. No. CBA003, Calbiochem, San Diego, USA)
according to the manufacturer’s specifications. The p-aminophenylmercuric acetate
(APMS) activation step was omitted as only active MMPs in wound fluid were
quantified. This Assay Kit utilizes a triple-helical collagen-like fluorogenic substrate
that is highly selective for MMP-2 and -9. The substrate is not cleaved by MMP-1, -3,
-13, or -14. Comparable to native collagen the substrate is not cleaved by the catalytic
domains of MMP-2 or -9 lacking the C-terminal hemopexin domain as well as latent
MMPs in the wound fluids. Cleaved peptide was detected by fluorescence pho-
tometry (excitation 320 nm, emission 405 nm). Values of untreated wound fluid was
set 100% and compared to polyacrylate superabsorber-treated wound fluid as well as
polyacrylate superabsorber-treated wound fluid where MMP activity was further
blocked with EDTA (10 mM final concentration).

2.4. MMP precipitation assay

To test direct physical interaction of MMPs with polyacrylate superabsorber
150 mg preswollen particles (unsorted size distribution) were incubated with
150 ml diluted wound fluid (50 mg total protein/150 ml) for 2 h. The particles were
washed 3 times with an excess of 500 ml PBS containing 1% BSA (Sigma, Deisen-
hofen, Germany). Finally, bound protein/MMPs were released from the polyacrylate
superabsorber particles by heating at 95 �C for 5 min in 50 ml sample buffer and
10 ml were analyzed by gelatin zymography and compared to 10 mg total wound
fluid protein. Unbound protein in the supernatant after incubation with the poly-
acrylate superabsorber was also analyzed in parallel. The same experiments were
carried out in the presence of 50 mM of EDTA in the binding step in order to analyze
whether binding is dependent on enzymatic activity. In another set of experiments
different sizes of polyacrylate superabsorber particles were tested for differential
binding of MMPs. Particles were sieved and size distributions below 125 mm, be-
tween 160–350 mm and 630–900 mm were incubated (100 mg preswollen particles)
with 20 mg wound fluid protein (diluted with Ringer’s solution to 50 ml) for 2 h with
constant agitation at room temperature. Supernatant was discarded and after 3
washings with Ringer’s solution bound protein was eluted in 25 ml sample buffer
(incubated at 95 �C for 5 min). The eluted protein was subjected to gelatin
zymography.

2.5. pH dependency of MMP binding to polyacrylate superabsorber particles

One gram of polyacrylate superabsorber particles (sizes between 350 mm and
450 mm) was equilibrated in 185 ml Ringer’s solution overnight at room tempera-
ture. After filtration, 5 g aliquots of preswollen polyacrylate superabsorber particles
were incubated with 25 ml Ringer’s solution and pH was adjusted with 1 N HCl or
1 N NaOH until stable pH values between 4.0 and 9.0 were obtained. One hundred
milligrams of polyacrylate superabsorber particles equilibrated at the different pH
values were incubated with 20 mg wound fluid protein (diluted with Ringer’s solu-
tion to 50 ml) for 2 h and with constant agitation at room temperature. The super-
natant was discarded and 3 washings with Ringer’s solution removed unbound
protein. Protein was released from the particles by incubation in 25 ml sample buffer
for 10 min at room temperature followed by 5 min at 95 �C. The eluted protein was
subjected to gelatin zymography.

2.6. Localization of protein binding on the polyacrylate superabsorber particles

To localize protein binding on polyacrylate superabsorber particles, preswollen
particles were incubated with 2 vol of bovine serum as substitute for chronic wound
fluid at room temperature for 2 h. Following 3 washes with Ringer’s solution, the
bound protein was fixed with 1% glutaraldehyde in PBS for 30 min followed by 2
washes with PBS. Bound protein was stained with Coomassie with the variation that
all incubation and wash buffers contained 1% acetic acid instead of 10% in standard
protocols. This adaptation was necessary to prevent shrinking of the polyacrylate
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superabsorber particles due to strongly acidic conditions. After the final washing
step polyacrylate superabsorber particles were incubated in 100 mM Tris/HCl, pH 8.0
overnight before mixing with a small amount of TissueTek and cryosectioning.
Sections were photographed and compared to polyacrylate superabsorber particle
controls which were not incubated with serum but with Ringer’s solution. Other-
wise treatment was identical. The experiments were repeated with wound fluid
protein. Due to the scarcity of wound fluid, the protein concentration was adjusted
to 2 mg/ml; this protein concentration is equivalent to a 20–30 fold dilution of
wound fluid or bovine serum. Protein staining was performed as above; immuno-
fluorescence staining was carried out on unfixed cryostat sections of wound
fluid-incubated particles. Anti-MMP-9 mAb (56-2A4, Cat. No. IM37, Calbiochem,
Darmstadt, Germany) specific for MMP-9 was used as primary antibody followed by
secondary Cy3 coupled detection antibodies (Dianova, Hamburg, Germany). To
demonstrate antibody specificity in controls the primary antibody was omitted and
replaced by an irrelevant isotype-matched antibody.

2.7. Long-range MMP inhibition assays

To investigate whether polyacrylate superabsorber particles inhibit MMP ac-
tivity without direct contact wound fluid was subjected to gelatin zymography in
triplicate. The gel was cut into 3 identical portions; the first part was developed as
described above. The second part was developed as above but in the presence of
polyacrylate superabsorber particles (15 g preswollen particles in 30 ml assay
buffer: 50 mM Tris/HCl, pH 7.4, 5 mM CaCl2). The third part was developed as above
with a final EDTA concentration of 50 mM blocking all MMP activity. To explore
whether polyacrylate superabsorber particles bind and compete for Ca2þ ions in the
MMP assay buffer, Ca2þ ion concentrations were determined 5–120 min after ad-
dition of the particles. Titration experiments were performed with fixed volumes of
assay buffer, 30 ml, and variable amounts of polyacrylate superabsorber particles
ranging from 1 g to 15 g were added to the assay buffer. Calcium was determined
with conversion of calcium to a calcium–o-cresolphthalein complex under alkaline
conditions (COBAS test system, Roche Diagnostics GmbH, Mannheim, Germany) and
subsequent measurement in a modular P-Module analyzer (Roche Diagnostics
GmbH, Mannheim, Germany). In parallel we tested the ability of polyacrylate
superabsorber to bind Zn2þ ions. The assay buffer consisted of 50 mM Tris/HCl, pH
7.4, 100 mM ZnCl2 and titration experiments were performed as detailed above.
Unbound Zn was determined in a Perkin–Elmer 1100b atomic absorption spectro-
photometer after sterile filtration. Filtration was necessary to remove small super-
absorber particles which otherwise blocked the injection system.

2.8. In vivo binding of MMP-2, -9 to polyacrylate superabsorber particles

Three patients were treated with polyacrylate superabsorber particle-contain-
ing wound dressings (TenderWet�/Hydroclean�, a CE marked wound dressing,
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Fig. 1. Polyacrylate superabsorber inhibits MMP-2/-9 activity. One hundred micro-
grams of wound fluid protein were incubated with polyacrylate superabsorber for 2 h.
MMP-2/-9 activity was measured in the supernatant with a fluorogenic peptide sub-
strate. The activity of untreated wound fluid was set 100% and the activity decrease
after polyacrylate superabsorber treatment was calculated to the untreated wound
fluid. Wound fluid from 3 different patients was analyzed. MMPs were not activated
with APMS prior to the assay, thus the values represent MMP-2/-9 activities in neat
wound fluid. Addition of EDTA further showed specificity of the assay for MMPs.
Hartmann, Heidenheim, Germany/France). Patients presented chronic ulcera crura
of more than 6 months duration, due to primary or secondary venous insufficiency
(mean age of patients: 76 years). Dressing changes were done daily and according to
the manufacturer’s instructions. After 24 h dressings were changed and spent
dressings were collected and stored at �80 �C until further analysis. Dressings were
dissected while thawing and the lower half of the dressing facing the wound was
analyzed further. Polyacrylate superabsorber particles were isolated and 300 mg
particles were incubated with 225 ml sample buffer for 10 min before incubation at
95 �C for 5 min. Aliquots and serial dilutions were loaded onto plain SDS gels and
gelatin zymography gels (see above). SDS gels were stained with Coomassie blue for
semiquantitative determination of protein concentration; zymograms indicated the
enzymatic activity within the samples. Dressings of the 3 patients were analyzed at
the first day of treatment and one dressing in the period between 6 and 12 days after
treatment. MMP-9 Western blots were performed by loading 10 mg control wound
fluid, 10 ml of released wound fluid proteins from the polyacrylate superabsorber
particles at day 1 and day 12; 10 ml corresponded to 10 mg as determined from
Coomassie stained serial dilutions. Proteins were transferred and probed with MMP-
9-specific mAb (56-2A4, Cat. No. IM37, Calbiochem, Darmstadt, Germany) and
peroxidase-coupled secondary antibodies (Dianova, Hamburg, Germany). The ECL
reagent (Roche, Mannheim, Germany) was used for detection.

2.9. Statistical analysis

Statistical analysis was performed using the SigmaStat program 12.0.2 (SPSS
GmbH, München, Germany). Significance of difference was analyzed using the un-
paired t-test. All data are presented as mean� SD. A p value of less than 0.05 was
considered significant.
MMP-2

15.8 (+1.5)2.8 (+0.7)100 (+0)MMP-2

63.3 (+13.1)42.3 (+8.2)100 (+0)MMP-9

p = 0.043

p = 0.412
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MMPsWF supernatantWF

B

Fig. 2. MMPs bind to polyacrylate superabsorber particles. Direct interaction of MMPs
with polyacrylate superabsorber was analyzed by incubating wound fluid obtained
from chronic venous leg ulcers with polyacrylate superabsorber particles for 2 h.
Particles were washed and bound protein/MMPs were released in SDS sample buffer.
The gelatin zymogram shows 10 mg untreated wound fluid protein on the left lane, the
supernatant after polyacrylate superabsorber incubation representing unbound pro-
tein in the middle lane and the fraction which bound to the particles on the right lane.
The assay was performed with 6 independent wound fluid samples from 6 different
patients. (A) A representative zymogram; (B) to monitor MMP-2 or -9 activity 6 zy-
mograms were analyzed by scanning densitometry and the results are presented as
relative densitometric units� SD.
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3. Results

3.1. Inhibition of MMP activity

As a global assay we first tested whether polyacrylate super-
absorber can inhibit MMP activity in wound fluid obtained from
chronic venous leg ulcers. For this we used Ringer’s solution-pre-
swollen superabsorber to avoid any concentration effects by the
superabsorber due to competition for water in wound fluids. In
preliminary experiments we determined the maximum amount of
Ringer’s solution which can be absorbed by 1 g of superabsorber in
24 h at room temperature. After filtration of the excess liquid, the
swollen superabsorber was weighted and for subsequent experi-
ments we activated the superabsorber with 80% of the maximum
binding volume. This turned out to have almost no effect on the
volume of wound fluid incubated with the superabsorber, thus
avoiding concentration or dilution of wound fluid proteins in the
tests. For the global analysis we first employed a peptide substrate
assay system [29]. Non-metalloproteinase endoproteases did not
cleave this substrate as seen from the EDTA negative controls.
Polyacrylate superabsorber particles inhibited MMP activity by
more than 87% (Fig. 1) while EDTA inhibited MMP activity by more
than 98% as would be expected from the literature.

3.2. Binding of MMPs to polyacrylate particles

To test physical interaction of MMPs with polyacrylate super-
absorber particles, 50 mg of total chronic wound fluid protein were
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Fig. 3. MMP binding to polyacrylate superabsorber depends on particle sizes. Direct interacti
was incubated with preswollen polyacrylate superabsorber of different particle size ranges
sample buffer and 20 ml were analyzed by gelatin zymography. Ten micrograms untreated
particles of different size ranges. Larger particles >630 mm were less efficient in absorbing pr
different patients. (A) A representative zymogram; (B) to monitor MMP-2 or -9 activity 6 z
relative densitometric units� SD.
incubated with polyacrylate superabsorber particles representing
an unsorted mixture of different particle sizes (between 160 mm
and 900 mm). There was a clear binding of MMPs to the particles as
revealed by gelatin zymography of the eluted proteins (Fig. 2) and
the semiquantitative densitometric evaluation suggested a prefer-
ential binding of MMP-9. The supernatant of the incubated chronic
wound fluid still contained significant amounts of MMPs but much
less when compared to the untreated wound fluid (Fig. 2). Adding
EDTA in the incubation step to render MMPs inactive did not in-
terfere with binding to the polyacrylate superabsorber particles
(data not shown). We next analyzed whether the size of the poly-
acrylate superabsorber particles had any influence on the binding
activity of MMPs. Dry polyacrylate superabsorber particles were
size fractionated before swelling with Ringer’s solution. Fractions
with particle sizes below 125 mm and 160–350 mm showed com-
parable binding. With larger sizes, 630–900 mm, binding decreased
and was less extensive (Fig. 3). The pH during the binding step had
some negative effect in the more acidic range at pH 4.0. From pH 5
to 9 binding was very homogenous and robust (data not shown). To
localize bound proteins on the particles we used bovine serum as
substitute for wound fluid proteins. Incubation for 2 h in serum
revealed that the proteins were strongly concentrated on the sur-
face of the particles extending into a cortical zone of protein
binding (Fig. 4A). Controls treated identically but without serum
incubation showed that the particles were not stained and that the
slightly modified staining protocol did not interfere with protein
detection (Fig. 4B). When using diluted wound fluid at 2 mg/ml,
binding was also seen in the outermost cortical zone (Fig. 4C and D).
60 - 3
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otein/MMPs. The assay was performed with 6 independent wound fluid samples from 6
ymograms were analyzed by scanning densitometry and the results are presented as



Fig. 4. Protein binds to the cortical zone of polyacrylate superabsorber particles. To analyze the localization of protein binding on polyacrylate superabsorber particles, neat bovine
serum substituting for wound fluid was incubated with the polyacrylate superabsorber particles for 2 h (A). After 3 washes the bound protein was fixed and stained with Coomassie
blue. The particles were cryosectioned and photographed. (A) Polyacrylate superabsorber particles which were reacted with bovine serum, (B) control particles treated identically
with the exception of the serum incubation step. (C) The experiments were repeated with wound fluid protein adjusted to 2 mg/ml. Note: this protein concentration in diluted
wound fluid is 20 to 30-fold lower compared to the protein concentration of bovine serum used in (A). (D) In the controls the wound fluid protein incubation step was omitted. (E)
Immunofluorescence staining with an anti-MMP-9-specific mAb. (F) To demonstrate antibody specificity in controls the primary antibody was omitted and replaced by an irrelevant
isotype-matched murine antibody. All specimens were photographed at the same magnification 2.5�. Particles are delineated with dots; the bars correspond to 300 mm.
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This may reflect the 20 to 30-fold lower protein concentration as
would be normally seen in wound fluid or bovine serum. Due to the
limit of the amount of wound fluid available, assays had to be
performed in diluted samples. Moreover, positive immunofluores-
cence staining further indicates the absorption of MMPs to the
superabsorber particles (Fig. 4E and F).

3.3. The indirect inhibition of MMP activity

We next tested whether inhibition of MMPs required direct
binding to polyacrylate superabsorber particles or whether in-
hibition of MMPs might be mediated by binding of Ca2þ and Zn2þ

to the polyacrylate superabsorber particles. For this purpose MMP
activity in wound fluid was assessed by gelatin zymography de-
veloped in the absence (Fig. 5, positive control) or in the presence
of polyacrylate superabsorber particles (Fig. 5, SAP-treated), or in
the presence of polyacrylate superabsorber particles plus EDTA
(Fig. 5, negative control (EDTA)). After Coomassie staining the
gelatinolytic activity was compared in the 3 samples. Because the
MMP amount was identical in all samples, differences in gelati-
nolytic activity correlate to different specific MMP activities. Poly-
acrylate superabsorber particles strongly inhibited MMP activity
which was completely blocked by EDTA to almost undetectable
levels (Fig. 5). In these experiments MMP-2 appears to be highly
repressed while MMP-9 showed residual activity of around 21% of
the control. These experiments suggest that the inhibitory activity
of polyacrylate superabsorber particles does not require direct
physical contact of the MMPs and the particles. Rather the data
indicate that MMPs can be inhibited in an indirect fashion, in that
Ca2þ and Zn2þ bind to the polyacrylate superabsorber particles
and are no longer available for MMP activity. Titration experi-
ments of polyacrylate superabsorber particles showed that al-
ready 1 g preswollen polyacrylate superabsorber particles per
30 ml assay buffer reduced the Ca2þ concentration to 2.24 mM,
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Fig. 5. Polyacrylate superabsorber particles inhibit MMP activity without direct physical contact. Gelatin zymography gels were cut into 3 identical parts each containing marker
and wound fluid lanes. On the left hand side the zymogram was developed according to standard conditions. The typical band pattern is clearly seen. In the middle lane the
zymogram part was developed in 30 ml assay buffer with the addition of 15 g preswollen polyacrylate superabsorber particles. The right hand lane corresponds to addition of EDTA
to the assay buffer. Polyacrylate superabsorber clearly inhibited MMP activity in the gelatin zymography. EDTA completely blocked MMP activity as seen by the absence of
translucent bands. The assay was performed with 6 independent wound fluid samples from 6 different patients. (A) A representative zymogram; (B) to monitor MMP-2 or -9 activity
6 zymograms were analyzed by scanning densitometry and the results are presented as relative densitometric units� SD.
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while 2 g preswollen polyacrylate superabsorber particles de-
creased the Ca2þ to 1.4 mM (Fig. 6A). Moreover, within 5 min after
adding polyacrylate superabsorber particles the calcium concen-
tration was reduced to 10% of the starting concentration and
stayed constant for the remainder of the observation period (data
not shown). For Zn2þ binding, the 100 mM starting concentration
of the assay buffer was already reduced to 5.2 mM when adding 1 g
of preswollen polyacrylate superabsorber particles (Fig. 6B).
Adding 15 g reduced the Zn2þ concentration in the supernatant to
1.3 mM.

3.4. Inhibition of MMP in chronic venous leg ulcers

With these in vitro data we were interested to test the MMP
binding of polyacrylate superabsorber particles in vivo in 3 pa-
tients with chronic venous leg ulcers. In a proof of concept study
dressings containing polyacrylate superabsorber particles were
used to treat wounds in the cleansing phase. Dressing changes
were done daily and the dressings remained in place for 24 h.
Spent dressings were collected and frozen down at �80 �C. Poly-
acrylate superabsorber particles from the lower part of the
dressing which faced the wound were analyzed. For total protein
estimation in the wound fluids serial dilutions were run on SDS
gels and stained with Coomassie blue. Fig. 7 shows a representa-
tive example of a total of 6 dressings analyzed (dressings were
analyzed at day 1 and between day 6 and day 12 following
treatment). At the first treatment day (Fig. 7A) and 12 days after
treatment (Fig. 7B), zymograms revealed strong MMP-2/-9 activ-
ity, indicating that MMPs bound efficiently to polyacrylate
superabsorber particles in vivo. At the first treatment day in ad-
dition to the expected bands of MMP-2 and -9, we noticed several
smaller bands (Fig. 7A). These bands disappeared at later time
points around day 6–12 (Fig. 7B). The band pattern became clear
and distinct after treatment in all patients analyzed. Furthermore,
the additional small bands present in the zymogram of the first
treatment day were not detected in wound fluid, suggesting
a more complex pattern of MMP activity within the wound tissue
compared to wound fluid. Staining of MMP-9 in Western blots
showed several bands (Fig. 7C). Strong staining at 92 kDa dem-
onstrated the presence of MMP-9. A weak staining at 50 kDa and
a strong band around 30 kDa might be suggestive for break-down
products of MMP-9.

4. Discussion

In chronic, non-healing wounds overexpression of MMPs con-
tributes to the pathophysiology of healing disorders [30]. MMPs
degrade newly formed extracellular matrix [5,10,31,32], control
activity and bioavailability of cytokines and growth factors
through proteolytic degradation or indirectly through release from
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Fig. 6. Polyacrylate superabsorber particles bind Ca2þ and Zn2þ ions; (A) 15 ml assay
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matrix-bound and inactive states [14–18,32]. In some cases this
may result in increased but perturbed growth factor activities
[15,18,32].

MMPs share structural similarities notably the requirement of
divalent ions in the active center as co-factor. Devoid of this co-
factor enzymatic activity is lost, however, this is reversible as
addition of Ca2þ is able to restore activity. Current concepts as-
sume that blocking excessive MMP activities in non-healing
wounds would contribute to normalize wound healing. Granula-
tion tissue could develop faster and support epithelial wound
closure. Our experiments suggest that polyacrylate superabsorbers
potently deplete chronic wounds of MMP activity. Depletion is not
complete but this may actually be desirable as complete absence
of MMP-9 is characterized by a delayed healing phenotype in
MMP-9 gene deficient animals [33]. Our data may explain the
mode of action of polyacrylate superabsorber containing dressings
besides regulation of the moisture content of the wound and
suggest two mechanisms of action. First, MMPs bind directly to the
particles and thus become compartmentalized away from the
wound bed. The large amount of carboxyl groups and Naþ moie-
ties within the polymer provides ample opportunities for protein
adsorption to the particles by electrostatic interactions. Thus, the
high density of electrostatic charges in and on the particles may
explain our observation. Binding was not dependent on enzymatic
activity as adding EDTA during the binding step did not prevent
MMPs from binding to the polyacrylate superabsorber particles.
Secondly, polyacrylate superabsorber inhibits MMP activity with-
out direct physical contact. In the presence of polyacrylate
superabsorber particles in the assay buffer, the concentrations of
Ca2þ as well as Zn2þ ions were significantly lowered and enzy-
matic function was strongly reduced. Polyacrylate superabsorbers
are known to bind divalent ions and it appears that the affinity is
sufficiently strong to compete effectively for Ca2þ and Zn2þ ions
with MMPs. In the extracellular milieu, calcium may have an im-
portant role in this context as its concentration is approximately
100-fold higher than zinc levels in extracellular fluids such as
serum. Having demonstrated the potent capability of polyacrylate
superabsorbers to bind divalent ions, one might raise the question
whether other Ca2þ or intracellular Zn2þ-dependent cellular pro-
cesses might be significantly disturbed. As our in vitro data dem-
onstrate that the divalent ion levels were not reduced to
undetectable values other Ca2þ or intracellular Zn2þ-dependent
processes may still occur particularly as Ca2þ ions are replenished
from the deeper wound bed. Indeed the Ca2þ ion concentration is
sufficient for fibroblasts to remain viable in three-dimensional
dermal equivalents [34]. These results suggest that polyacrylate
superabsorber strongly inhibits MMP activity in the wound fluid
and possibly superficial layers of the wound bed.

There have been many attempts to reduce MMP activity in
chronic wounds. These can be summarized as inhibiting MMP en-
zymatic activity irreversibly by e.g. PVP-iodine preparations [35].
This effect was dose dependent and at higher PVP-iodine concen-
trations gelatinolytic activity was completely absent in gelatin
zymography after treatment of wound fluids. At high dilutions of
PVP-iodine protease activity was preserved. This MMP-2, -9 in-
hibitory mechanism may explain in part the beneficial effects of
PVP-iodine observed in clinical trials with chronic wounds [36]
besides the known antimicrobial activity. Apart from irreversible
destruction of MMPs, selective absorption of MMPs into a wound
dressing via specific baits has been proposed [22–24]. Moreover,
collagen-containing wound dressings are available which are able
to reduce protease levels in wound fluid [25,26].

Our proof of concept study in patients with chronic venous leg
ulcers confirmed the in vitro data particularly the strong binding of
MMPs to polyacrylate superabsorber particles. To our knowledge
this is the first evidence in vivo that polyacrylate superabsorber
particles bind MMPs and thereby rescue the chronic wound en-
vironment from these proteases. Moreover, there was evidence
that the gelatinolytic pattern of zymograms at day 1 normalized to
the typical MMP-2, -9 pattern following treatment with poly-
acrylate superabsorber particles and concomitant clinical im-
provement of the wounds. At day 1, zymograms showed multiple
additional bands, which were smaller in size than the pre-
dominant MMP-2 and -9 bands and whose identity remains elu-
sive at present. One might speculate that these may be derived
from colonizing bacteria in the wound bed or might reflect deg-
radation products of the MMPs due to the excessive protease load
of the wounds. This might also indicate a more complex MMP
activity pattern in the wound tissue compared with wound fluid
where the smaller bands were absent in zymograms. The pre-
sented study does not allow any conclusion regarding the thera-
peutic efficiency of polyacrylate superabsorber particle on ulcer
healing. Ongoing clinical multicenter studies will have to provide
this type of evidence. However, our data may provide insights to
dissect potential mechanisms underlying the polyacrylate super-
absorber particle-mediated accelerated healing of chronic ulcers.
This therapeutic approach may be particularly promising in
chronic wounds at the early cleansing phase. During this phase
MMP levels are high, granulation tissue formation is perturbed
and inhibition of MMP activity may be most desirable. Later, when
a healthy granulation tissue has formed and MMP levels decrease,
MMP inhibition may be less relevant to normalize healing. This



Fig. 7. Polyacrylate superabsorber particle-containing wound dressings bind MMPs in patients with chronic venous stasis ulcers. (A) Patients were treated with daily dressing
changes of polyacrylate superabsorber particle-containing wound dressing. The first dressing was saved and dissected and the polyacrylate superabsorber particles were recovered
from the lower side, facing the wound. Superabsorber-particle-bound protein was eluted with sample buffer and boiling. To quantify protein content, serial dilutions were run on an
SDS gel and stained with Coomassie blue. The amount of ml loaded on the gel is indicated on the top; 10 mg wound fluid protein were run as an internal standard (WF). On the right,
a parallel zymogram gel shows gelatinolytic activity. (B) The spent dressing after 12 days treatment was processed according to (A). The MMP band pattern changed between day 1
and day 12 becoming clearer with distinct bands. Coomassie blue staining of SDS gels demonstrates equal loading of gels presented in (A) and (B). (C) Western blotting for MMP-9 of
recovered wound fluid protein from spent dressings at day 1 and day 12. Ten microliters corresponding to 10 mg total protein liberated from the polyacrylate superabsorber particles
were analyzed for MMP-9 expression. The left lane represents an untreated wound fluid control. WF d1 represents wound fluid protein at day 1 and the right hand lane represents
wound fluid protein at day 12. While the 92 kDa band becomes weaker the band at 30 kDa appears to increase in strength. The clinical state of the wounds is summarized in Table 1.

S. Eming et al. / Biomaterials 29 (2008) 2932–2940 2939
might have caused the disappointing results of a clinical study in
276 patients suffering from diabetic foot ulcers where a collagen-
based dressing was compared against saline gauze dressing. There
was no statistically significant superiority in the overall wound
closure rate compared with saline soaked gauze [37].
5. Conclusions

Our experiments suggest that polyacrylate superabsorber
particles reduce the MMP activity in chronic wounds by multiple
mechanisms. This may deplete the wound environment from
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inhibitory factors and provide an environment conductive for
tissue build-up besides the hydroactive properties regulating
moisture content of the wound.
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