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Abstract: Conventional wound dressings—gauze, plastic films, foams, and gels—do not allow
for spatial and temporal control of the soluble chemistry within the wound bed, and are thus
limited to a passive role in wound healing. Here, we present an active wound dressing (AWD)
designed to control convective mass transfer with the wound bed; this mass transfer provides a
means to tailor and monitor the chemical state of a wound and, potentially, to aid the healing
process. We form this AWD as a bilayer of porous poly(hydroxyethyl methacrylate) (pHEMA)
and silicone; the pHEMA acts as the interface with the wound bed, and a layer of silicone
provides a vapor barrier and a support for connecting to external reservoirs and pumps. We
measure the convective permeability of the pHEMA sponge, and use this value to design a
device with a spatially uniform flow profile. We quantify the global coefficient of mass transfer
of the AWD on a dissolvable synthetic surface, and compare it to existing theories of mass
transfer in porous media. We also operate the AWD on model wound beds made of calcium
alginate gel to demonstrate extraction and delivery of low molecular weight solutes and a
model protein. Using this system, we demonstrate both uniform mass transfer over the entire
wound bed and patterned mass transfer in three spatially distinct regions. Finally, we discuss
opportunities and challenges for the clinical application of this design of an AWD. ' 2006 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 82B: 210–222, 2007
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INTRODUCTION
Acute cutaneous wounds and burns often involve damage
to the underlying vascular structure; this damage can lead
to impaired transport of metabolites and immunoresponsive
factors to and from the wound site.1–3 Chronic cutaneous
wounds, such as those that develop in diabetic patients, suffer from an impaired healing response that is associated
with biochemical imbalances, such as an excess of proteases, in the wound bed;4,5 these wounds often fail to heal
for weeks or months when treated with conventional wound
dressings. Both of these classes of wounds would beneﬁt
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from a tool that allows the clinician to monitor and control
the soluble chemistry within the wound bed.
Conventional wound dressings—such as simple occlusive dressings—provide the basic functions required to
allow wound healing, namely protection from outside
agents and a barrier to evaporation. The advantages of conventional dressings are simplicity of application, familiarity, and low cost. The disadvantages of these dressings are
the requirement of frequent changes, lack of speciﬁc biochemical or mechanical activity, and lack of external
access to control and monitor the state of the wound bed.
Over the last three decades, biochemically and biologically functional dressings have been developed. These
dressings include the dermal regeneration template Inte1
gra ,6–8 and various biological dressings that incorporate
living cells.9,10 The advantages of these types of dressings
are a tailored chemical environment that encourages the
normal course of the healing process, extended periods
between dressing changes, and the possibility of improved
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clinical outcome relative to conventional dressings. The
disadvantages are cost, complexity of application, and the
fact that they do not provide any external access to monitor
and control the state of the wound bed.
In the last decade, clinicians have been interested in the
development of dressings that can be used to treat difﬁcult
wounds in both mechanically and chemically active ways;
such active dressings could be used to inhibit infection by
clearing pathogens and delivering antibiotics, to provide
diagnostic information about the state of the wound in realtime, and to stimulate healthy healing responses. The vac1
uum-assisted closure (VAC ) therapy by Kinetic Concepts
has become the most established mechanically active dressing. The VAC provides some of the above-mentioned capabilities, and over the past decade has become widely relied
upon for the treatment of chronic wounds.11–15 The VAC
system consists of a soft, porous foam sponge made from
poly(urethane) or poly(vinyl alcohol); the sponge is placed
directly on the wound bed and covered with a plastic sheet.
A vacuum is applied to the sheet via an embedded tube,
and the foam dressing is compressed beneath the plastic.
This action distributes mechanical stresses onto the tissue
in the wound bed and mediates the perfusion of wound ﬂuids through the tissue and into the evacuated exit. The
1
mechanism of function of the VAC in affecting healing is
not well established, but it is hypothesized to be the result
of a combination of mechanical stimulation of tissue activity (via deformation and ﬂuid stresses)15,16 and of regulation of the chemistry in the wound bed via perfusion with
ﬂuid. Recently, KCI has introduced a new system, the
1
1
VAC Instill , that allows an external ﬂuid to be perfused
through the foam dressing; no analysis of this system has
been reported in the literature to date.
Here, we present an active wound dressing (AWD) capable of delivery and extraction of solutes via externally controlled convective mass transfer (Figure 1). The device
consists of two separate materials that we covalently bind to
form a bilayer: a thin, porous sheet of poly(hydroxyethyl
methacrylate) (pHEMA) that contacts the wound surface
directly and carries a pressure driven ﬂow, and a sheet of
poly(dimethyl siloxane) (PDMS) that provides a vapor barrier and ﬂuidic structures (ﬂuid reservoirs and connections to
the external pumping source). As illustrated schematically in
Figure 1(B), the AWD can affect a wound in multiple ways:
convective mass exchange from the surface of the wound
bed, convective perfusion through the tissue, and application
of mechanical stresses to the tissue. Our focus in the design
and characterization of this dressing is on mass transfer—
exchange of solute between the perfusing liquid and the
wound bed. In a clinical context, the ability to generate
well-deﬁned mass exchange with the wound bed could be
useful for the delivery of therapeutics, the elimination of destructive soluble factors in the wound, and the collection of
chemical samples from the wound for diagnostic purposes.
Furthermore, we show that our design allows active mass
transfer with or without the application of signiﬁcant meJournal of Biomedical Materials Research Part B: Applied Biomaterials
DOI 10.1002/jbmb

Figure 1. Active wound dressing. (A) Schematic cross-sectional
view of an AWD placed in a wound bed, with input and output ﬂow
connections. (B) Expanded view of the interface between the AWD
and the wound bed illustrating modes of action of AWD: the wiggly
arrows represent convective mass transfer with mass transfer coefﬁcient ktotal (cm/s) into a ﬂow through the porous pHEMA sponge;
the dashed arrows represent ﬂow through the tissue (which has hydraulic permeability ktissue (cm2)); the bold arrows pointing into the tissue represent mechanical stress. (C) Image of an AWD adhered to a
curved substrate (an uninjured index ﬁnger). [Color ﬁgure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

chanical stress on the wound bed; this decoupling mass
exchange and mechanical action is not achievable with current AWDs, and may be useful clinically for the elucidation
of the distinct roles of mass transfer and mechanical stimulation in deﬁning the therapeutic function of active dressings.
Potential weaknesses of our AWD for clinical application
include the complexity of application and operation relative
to conventional dressings and current active dressings, and
binding of certain solutes to the dressings in a manner that
complicates analysis of the exudates.
The remainder of this paper is organized as follows: in
the Materials and Methods section, we describe fabrication
of the AWD and our experimental methods. In the Results
section, we present characterization of materials used in the
AWD and considerations for the design of the AWD. In
the Discussion section, we begin with a quantitative characterization of the rate of mass exchange achieved with the
AWD. We then present application of the AWD on a
model wound bed made from calcium alginate gel. With
this system, we demonstrate exchange of solutes (small
molecules and proteins) mediated by the AWD, temporal
analysis of the solutions extracted from the AWD, and spatially patterned mass exchange with a single substrate. In
the Conclusion section, we ﬁnish with considerations for
the application of the AWD in the clinic.
MATERIALS AND METHODS
Materials

2-Hydroxyethyl methacrylate (HEMA), ethylene glycol dimethacrylate (EGDMA), sodium chloride, N-vinyl pyrrolidone
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(NVP), N,N,N0 ,N0 -tetramethyl ethylene diamine (TEMED),
ammonium persulfate (APS), dimethoxy phenyl acetophenone
(DMAP), calcium chloride, N-(2-hydroxyethyl)-piperazineN0 -2-ethanesulfonic acid (HEPES), ﬂuorescein disodium salt,
ﬂuorescein isothiocyanate labeled bovine serum albumin
(FITC-BSA; MW ¼ 67 kDa), and phenol red were purchased
from Aldrich (St. Louis, MO) (www.sigma-aldrich.com). To
remove unreacted ﬂuorescein, the FITC-BSA was dialyzed in
a dialysis cartridge (3500 MWCO; Slide-A-Lyzer, Pierce; 3–5
mL internal volume) against 3 L of HEPES buffer for 2 days.
Alginate (LF10/60) was obtained from FMC Biopolymer
(Philadelphia, PA) (www.fmcbiopolymer.com) as a powder
and stored at 208C until use. Methacryloxypropyl trimethoxysilane was purchased from Gelest (Morrisville, PA)
(www.gelest.com). Tygon tubing (ID ¼ 0.5 mm, OD ¼ 1.0
mm), 16 gauge hypodermic needle, and Paraﬁlm were purchased from Fisher Scientiﬁc (Hampton, NH).
Oxygen plasma treatments were performed in a plasma
cleaner (model PDC-001, Harrick Scientiﬁc (Pleasantville,
NY); www.harricksci.com) on the highest power setting
with an oxygen pressure between 300 and 350 mTorr. A
high-intensity UV lamp (BIB-150P, Spectroline; 4.5 mW/
cm2 nominal intensity at bulb surface at 360 nm) was purchased from Fisher Scientiﬁc.
An airbrush (Badger 200NH, single-action air brush) was
purchased from A.C. Moore (Ardmore, PA) (www.acmoore.
1
com). Fluoresbrite YG carboxylate microspheres (diameter
¼ 0.1 mm) were purchased from Polysciences (Warrington,
PA) (www.polysciences.com).

Figure 2. Fabrication process. (A) Synthesis of porous pHEMA. For
the devices with multiple inlets, additional barriers were polymerized
in situ, by soaking the pHEMA sheet in a solution containing photoinitiator and HEMA monomer, and exposing the sheet to UV light
through a photomask. (B) Fabrication of silicone backing with reservoirs and connections for tubing. (C) Formation of complete AWD
by covalently binding the pHEMA sheet and the PDMS layer to each
other. PDMS tabs were attached on top of the reservoirs to connect
the inlet and outlet tubing. [Color ﬁgure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Preparation of Porous pHEMA Hydrogel

A thin sheet of porous pHEMA was synthesized in a mold
formed from two glass plates, as shown in Figure 2(A).
The porosity was achieved by spontaneous phase separation
of the pHEMA due to the presence of NaCl in the solution
of monomer and cross-linker, as described by Liu et al.17
A stock solution of monomer and cross-linker was formed
as follows: HEMA monomer and ethylene glycol dimethacrylate (EGDMA) were mixed in a ratio of 99:1 (v/v); this
solution was then mixed in a ratio of 1:2 (v/v) with a solution of 0.7M NaCl in deionized water.17 A stock solution
of 438 mM APS (0.1 g/mL, w/v) in deionized water was
also prepared; this step facilitated the addition of the correct amount of APS to the solution to be polymerized (it
was otherwise difﬁcult to weigh out the small amounts of
APS crystals required). Glass plates (10 3 10 cm2) were
washed, rinsed with ethanol, dried with a stream of nitrogen gas, and exposed to an oxygen plasma for 60 s to clean
the surfaces. A mold for the polymerization of a pHEMA
sheet was formed by clamping glass spacers (1.3-mm thick,
cut from a standard glass slide) between the two glass
plates and sealing the edge with Paraﬁlm.
Just prior to injection in to the mold, 45 mL of TEMED
(300 mM) and 45 mL of the stock solution of APS (*200 nM)
were added to 10 mL of the solution of monomer and
cross-linker and the combined solution was vortexed. The

mixed solution was injected into the mold from a syringe
with a hypodermic needle (16 gauge). Phase separation
(signaled by an increase in opacity of the polymerizing
mixture) was observed after *10 min. Polymerization was
allowed to continue for a total of 120 min. This procedure
resulted in pHEMA sheets that were ﬂat, porous, and uniform over the entire 10 3 10 cm2 area, as illustrated in
Figure 3(A,B). The pHEMA sheets were intentionally created thicker than the corresponding recess in the PDMS
layer [see Formation of PDMS Backing section and Figure
3(C)], such that the pHEMA layer was compressed beneath
the silicone backing as the AWD was put under tension
during operation.
To create a version of the AWD with three independent
ﬂow regions, additional barriers were photopolymerized
into a layer of pHEMA formed as described in the proceeding
paragraphs. This process proceeded as follows [Figure 2(C)]:
After synthesis of the layer of pHEMA, excess water was
extracted from the pHEMA sheet by compressing it lightly
on a clean laboratory wipe. The sheet was then soaked with
a solution of 1% (w/v) photoinitiator in neat HEMA monomer. The layer was then placed in contact with a photomask (comprising of three layers of printed transparencies
glued together; 0.7 mm minimum feature size), clamped
between two large glass slides, and exposed it to UV light
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Assembly of Wound Dressing

Figure 3. Microscopic structure of the pHEMA sponge. (A, B) Scanning electron micrographs of freeze-dried pHEMA. The scale bars
are 50 and 10 mm for (A) and (B) respectively. (C) Optical image of
cross-section of AWD, showing the PDMS layer with ﬂuid reservoir,
and the pHEMA sponge attached to it; the pHEMA layer is synthesized to be thicker than the recess in the PDMS layer (see arrow) to
ensure that the sponge makes contact with the substrate after it is
compressed by the applied vacuum (scale bar = 1 mm).

(*4.5 mW/cm2) for 5 min. The uncrosslinked solution was
extracted by rinsing the pHEMA sheet in running water for
60 min. The resulting sheet with barriers was sealed to a
functionalized PDMS layer as described in the following
subsection.
Formation of PDMS Backing

Figure 2(B) illustrates the formation of the PDMS backing
of the AWD by a molding process. A mold was formed in
Teﬂon by mechanical machining. This mold contained topographical features to deﬁne a recessed area in the PDMS
in which to lay the pHEMA layer, and ﬂuid reservoirs to
couple ﬂow between external tubing and the pHEMA sheet
(see Determination of Appropriate Dimensions of Inlet and
Outlet Reservoirs section). The PDMS prepolymer was cast
and cured on this mold for 2 h at 658C. To allow for the
formation of ﬂuidic connections, holes were bored through
the back side of the cured PDMS sheet to join the reservoirs. These holes were bored with a hypodermic needle
(16 gauge), the tip of which had been cut ﬂat and sharpened.18 Connections to Tygon tubing were formed in one
of two ways: in the ﬁrst, the tubes were press-ﬁt directly
into the holes bored in the PDMS backing; this approach
was simple, but required the PDMS backing to be at least
3-mm thick above the reservoirs in order to provide mechanical support to the tubing. In a second approach, tabs
of PDMS with prebored holes were sealed to the backing
by plasma activation of the surfaces18 to act as supports of
the tubing; this approach—shown schematically in Figure
2(B) and on the actual AWD in Figure 1(C)—was more
complicated to implement but allowed the PDMS backing
to be only 1-mm thick above the active region of the device. This second technique is required to achieve the ﬂexibility demonstrated in Figure 1(C) and that would be
necessary in clinical application.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
DOI 10.1002/jbmb

The silicone and pHEMA layers were formed independently prior to assembly, as described in the preceding two
subsections. The sealing of these two layers to form the
AWD proceeded as follows: a silanizing solution was prepared with 2% (v/v) methacryloxypropyl trimethoxysilane
in 95% ethanol in water; the pH of this solution was
adjusted to 5 using 0.1M HCl to favor hydrolysis of alkoxy
groups to form silanol groups (adapted from Revzin
et al.19). The PDMS layer was washed with ethanol, dried
with nitrogen, and oxidized in oxygen plasma for 1 min;
immediately after oxidation, this layer was immersed in a
silanizing solution for 2 min, rinsed with ethanol, and
allowed to sit at room temperature for *12 h (shorter
delays after coating led to less reliable sealing to the
pHEMA). The silanol groups reacted with the surface of
the PDMS through a dehydration reaction, yielding a covalent bond between the PDMS and the coupling silane
(Gelest). After this silanization step, a solution of photoinitiator and cross-linker (600 mg of dimethoxyphenyl acetophenone dissolved in 1 mL N-vinyl pyrrolidone and mixed
with 1 mL EGDMA) was applied to the PDMS surface
using an airbrush; the solution was sprayed until a uniform
coating of the PDMS layer was obtained. We note that it is
important that this solution be applied to the PDMS rather
than to the pHEMA to ensure that the surface of the
pHEMA is not obstructed by the ﬁlm of EGDMA. The
sheet of pHEMA was immediately placed in contact with
the coated sheet of PDMS and exposed to UV light through
the PDMS side for 10 min (intensity *4.5 mW/cm2,
obtained by placing the bilayers within 1 cm of the surface
of the UV bulb); this exposure led to a uniform covalent
seal between the two sheets. This bond was observed to
persist for more than 12 months for bilayers stored in aqueous buffer; the seal was strong enough to withstand signiﬁcant bending of the bilayer without delamination.
After the sealing step, the devices were rinsed in deionized
water for 60 min, and stored in a buffered solution (HEPES
buffered saline, pH 7.8). Before operation of the devices,
Tygon tubing was press-ﬁt into prebored holes in the PDMS.
Fabrication of Model Wound Beds

The wound dressing device was characterized on two types
of substrates: a dissolvable block of benzoic acid and a
nondissolvable calcium alginate hydrogel. The dissolvable
substrate was used to measure the global mass transfer
coefﬁcient of the device (see Analysis of Mass Transport
Mediated by Flow in a Porous Material section), while the
nondissolvable substrate was used to demonstrate the spatial control of delivery/extraction of the device, and the
effects of applied vacuum on soft, tissue-like substrates
(see Operation of Advanced Wound Dressing section).
To create the dissolvable block, benzoic acid crystals
were melted at a temperature of 2508C on a hot plate. The
melt was poured into a stainless steel ring mold placed on
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a polished silicon wafer. The melt was then cooled to room
temperature and the stainless steel ring and silicon wafer
were removed, yielding a disc 6 cm in diameter and 0.5 cm
in thickness. The benzoic acid surface produced by contact
with the silicon substrate was smooth and allowed for uniform contact with the AWD.
Calcium alginate substrates were prepared by steadily
mixing 4 mL of a 5% (w/v) sodium alginate solution (36 mM
sodium citrate) with 1 mL of a 2.5% (w/v) calcium sulfate
solution for 30 s between two 10-mL syringes connected by
a 3-way valve. The resulting mixture was injected between
two glass plates separated by 1-mm thick spacers; this process is modiﬁed from Chang et al.20 After 1 h, the plates
were removed, and the alginate sheet was fully gelled by
submersion in a solution of 60 mM calcium chloride in
HEPES buffer for an additional hour. The gels were then
stored in HEPES buffer supplemented with 10 mM CaCl2,
prior to use. The supplemental CaCl2 in the buffer prevented
dissolution of the calcium alginate gels that would occur by
leaching of Ca2+ ions into a calcium-free bath.
Experimental Conditions

To drive ﬂuid through the AWD, the inlet tubing was
attached to a column of ﬂuid the meniscus of which was
maintained at the height of the wound bed, and the outlet
tubing was attached to a peristaltic pump [Figure 4(A)]. Care

was taken to ensure no air bubbles were introduced in the
ﬂuidic circuit. The device was placed on the substrate, and
the peristaltic pump was operated to achieve ﬂow rates ranging from 104 to 103 cm3/s. At these ﬂow rates, the pressure at the exit of the AWD was just below atmospheric
pressure; this vacuum was sufﬁcient to ensure adhesion of
the dressing to the alginate substrate. Higher tensions were
also achieved with an added resistance upstream of the
AWD. Under these conditions, the liquid ﬂowed continuously from the inlet reservoir to the peristaltic pump without
formation of bubbles. For the benzoic acid discs, it was necessary to apply a thin layer of silicone grease to ensure sealing of the dressing to the rigid substrate; the grease was
placed on the PDMS surface outside the footprint of the
pHEMA sponge so as to avoid interference with the ﬂow.
We note that the role of the silicone grease is simply to prevent the vacuum-seal from being broken, since operation at
subatmospheric pressures automatically provides the means
to immobilize the device onto the substrate.
For the measurement of global mass transfer coefﬁcient
on benzoic acid substrates (see Analysis of Mass Transport
Mediated by Flow in a Porous Material section), the devices were primed for *1 h before collecting fractions for
analysis. This priming step ensured that the ﬂuid being analyzed had passed through the entire length of the AWD
(steady-state extraction). Volumetric ﬂow rates through the
device were measured for all experiments by collecting the

Figure 4. Design and operation of the AWD. (A) Experimental setup: the assembled device was
placed on the substrate, a ﬂuid reservoir was connected at the inlet with the meniscus maintained
at the height of the substrate, and a peristaltic pump was connected at the outlet and the ﬂuid exiting it was collected. (B) Expected streamlines (left) for small reservoirs devices and observed
advancing front of a solution of dye driven between reservoirs formed by the bores of the Tygon
tubing butted up against the pHEMA sponge. (C) Expected (left) and observed (right) advancing
front of a solution of dye driven between extended, low resistance reservoirs. [Color ﬁgure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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mass exiting the outlet on a balance over time. The concentration of dissolved benzoic acid collected from the outlet
was determined with a UV–vis spectrophotometer (SpectraMax Plus 384, Molecular Devices). Absorbance readings
were taken at 273 nm.
For the experiments on nondissolving substrate, sheets
of alginate gel were soaked in a solution of 100 mM ﬂuorescein or 50 mM FITC-BSA in HEPES buffer (for 1 h for
ﬂuorescein or 1 week for the FITC-BSA), prior to application of the AWD. For the extraction experiments (see Analysis of Exudate section), the wound dressing was placed on
the dye-ﬁlled gels, and fractions of the exudate stream were
collected into the wells of a 96-well plate every 4 min, as
illustrated in Figure 4(A). A ﬂuorescence plate reader
(SpectraMax Gemini EM, Molecular Devices) was used for
analysis of ﬂuid collected from the device. A digital camera (Powershot G6, Canon) was used to acquire images of
the device in operation and of the gels after operation.
RESULTS
Measurement of Hydraulic Permeability of pHEMA
Sponge and Calcium Alginate Gel

We measured the hydraulic permeability of the porous
pHEMA sponge and of the calcium alginate gels used as
model wound beds. The speciﬁc permeability, kpHEMA
(cm2), was determined using a water column drip experiment, whereby the pressure drop and volume ﬂow rate
were measured. The volume ﬂow rate, Q (cm3/s), was
measured gravimetrically on an analytical balance by collecting water that dripped through the sample (taking the
density of water, q ¼ 1.0 g/cm3), while the pressure drop
was determined by measuring the height of the column of
ﬂuid above the sponge surface. We calculated the permeability, k (cm2), using Darcy’s law:21
Q¼

1
DP ¼
R




Ak
DP
mDx

ð1Þ

where Q (cm3/s) is the volume ﬂow rate, DP (g/cm s2) is
the pressure difference, R (g/s cm4) is the hydraulic resistance to the ﬂow, A (cm2) is the cross-sectional area, m (g/
cm s) is the viscosity of the water, and Dx (cm) is the
thickness of the porous material along the direction of the
net ﬂow.
Using the slope of the volume ﬂow rate versus pressure
drop curves, and the following values m ¼ 1 3 102 g/cm s,
Dx ¼ 0.1 cm, and A ¼ 0.235 cm2, we calculated the hydraulic
permeability of the pHEMA used in this work to be kpHEMA ¼
2.0 3 109 cm2. We used this value of the speciﬁc permeability in the Determination of Appropriate Dimensions of Inlet
and Outlet Reservoirs section to aid design of the AWD, and
in the Appendix to relate to the measured tortuosity, s, of the
porous pHEMA sponge. Using the same setup, we also measured the hydraulic permeability of the calcium alginate gels
used in this work to be kalg ¼ 3.0 3 1010 cm2.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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We used scanning electron micrographs such as those in
Figure 3(A,B) to estimate the diameter of the pores in the
pHEMA to be, dpore * 10 6 4 mm (100 measurements in
10 images).
Determination of Appropriate Dimensions of Inlet
and Outlet Reservoirs

Figure 4(A) presents a schematic diagram of the AWD
mounted on a model wound bed. To generate a uniform ﬂow
within the porous layer (i.e., along the x-direction), the reservoirs must be designed appropriately. The use of small inlets
and small outlets, such as those generated by simply butting
the opening of Tygon tubing against the sponge, resulted in
a \dipole-like" pressure ﬁeld, with nonuniform ﬂow within
the sponge, as illustrated in Figure 4(B). This nonuniformity
in the ﬂow led to nonuniformity in the rate of mass transfer
with the substrate (data not shown). To avoid this effect, we
used low resistance ﬂuid reservoirs at the inlets and outlets.
The use of these reservoirs resulted in a uniform and uniaxial pressure gradient and ﬂow along the x-direction within
the porous material [Figure 4(C)].
The dimensions of the reservoir required for a uniform
ﬂow proﬁle were determined as follows: the reservoirs
should offer much less resistance to ﬂow along their length,
W (m) [see Figure 4(C)], than the ﬂuid experiences as it
ﬂows from one reservoir to the other through the pHEMA
sponge. If this condition is satisﬁed, constant pressure should
be achieved along the boundaries of the sponge at x ¼ 0
and x ¼ L under steady ﬂow, and the ﬂow between the reservoirs should be uniform (constant with respect to y) and
uniaxial along x. This condition translates into a relationship
between the hydraulic resistances of each reservoir and the
pHEMA sponge: Rres  RpHEMA, where Rres (g/s cm4) is the
hydraulic resistance of the reservoir, and RpHEMA is obtained
from the hydraulic permeability of the sponge found earlier
for Darcy ﬂow in a porous material [see Measurement of
Hydraulic Permeability of pHEMA Sponge and Calcium Alginate Gel section, Eq. (1)].
For ﬂow along the reservoir, we take the resistance to
be that of a laminar ﬂow in a rectangular duct, such that:22
Q¼

1
DP ¼
Rres




pdE4
DP
128mðW=2Þ

ð2Þ

where dE is the equivalent diameter of the reservoir, W is
the length of the reservoir, as in Figure 4(C), and Q, m, and
DP are deﬁned above for Eq. (1). Using Eq. (2), and
requiring that the resistance to ﬂow in the reservoir be at
least 10 times smaller than the resistance to ﬂow inside the
pHEMA sponge, we determined the minimum value for dE
to be 150 mm. We made ﬂuid reservoirs of dimensions
1 mm in height and 2 mm in width, yielding an effective
diameter of 1.5 mm, much larger than the minimum requirement. Figure 4(C) shows an advancing dye front in a
dressing with this reservoir design; the minimal distortion
of the front conﬁrmed the validity of this approach.
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Elution of Solutes though pHEMA Sponge

We observed that many of the solutes used in this study
bind with the pHEMA sponge. We observed this phenomenon as a delay in the progression of the solute through the
sponge when injected from the inlet in aqueous solution;
the delay was relative to the movement of the solvent. This
behavior is not entirely surprising, given that pHEMA
beads are used as stationary phase in certain chromatographic applications.23
By looking at the theory of afﬁnity chromatography, we
can gain some insight into the effects of binding of solutes
on the operation of AWD. Following Ravindranath,24 the
retention time, tr (s), required for a binding solute to elute
from a stationary phase (in this case the pHEMA sheet) is
given by:
tr ¼ tm ð1 þ bKsm Þ

ð3Þ

In Eq. (3), tm (s) is the elution time for the mobile phase (in
this case, the buffer) and is deﬁned by the volumetric ﬂow
rate, Q (cm3/s) and the open volume within the porous medium, Vm (cm3), such that tm ¼ Vm/Q, b (¼Vm/Vs) is the ratio of the void volume, Vm, to the volume of the solid
phase, Vs (i.e., the pHEMA), and Ks–m ¼ Cs/Cm is the distribution constant, deﬁned as the ratio of concentration of the
solute in the stationary phase, Cs (mol/L), to its concentration in the mobile phase, Cm (mol/L), at equilibrium. In our
system, the retention time of a binding solute, tr, can be
thought of as a \retardation time" introduced by its interaction with the pHEMA, and will roughly correspond to the
delay in detection of the solute in the collected exudate.
We checked whether each solute bound to the sponge
by running it independently in the incoming stream, and
comparing the observed elution time, tr, with the residence
time of the mobile phase, tm ¼ Vm/Q. Table I presents
these values, as well as the distribution coefﬁcient calculated with Eq. (3), with the phase ratio, b ¼ 0.5. For example, we found that FITC-BSA eluted with no delay relative
to the solvent (tr ¼ tm ¼ 5 min), such that KpHEMA-buffer ¼
0. On the other hand, the elution time for ﬂuorescein in
water was, tr ¼ 76 min, relative to an elution time of the
mobile phase (tm ¼ 5 min), such that KpHEMA-buffer * 28
from Eq. (3). The data in Table I indicate that pHEMA has

TABLE I. Afﬁnity of Solutes for pHEMA

Solute
BSA-FITC in buffer
Fluorescein in buffer
Fluorescein in water
Phenol red in buffer
Phenol red in water
Benzoic acid in water
Green food dye in water

Distribution Coefﬁcient (K)
0
28
? (never eluted)
34
18
0
28

The pH of the buffer was 7 and the pH of the water was 5.

a substantial afﬁnity for hydrophobic solutes. We discuss
the implications of this binding on the operation of the
AWD in the Analysis of Exudate section.
DISCUSSION
Analysis of Mass Transport Mediated by Flow
in a Porous Material

The AWD is a device for exchanging solutes with wounds.
One quantitative measure of the efﬁciency of the AWD for this
process is the global coefﬁcient of interfacial mass transfer that
it provides when placed in contact with a solid boundary. By
solid boundary, we refer to one that is impermeable to convection (i.e., with speciﬁc Darcy permeability, ktissue much lower
than that of the pHEMA sponge, kpHEMA ¼ 2.0 3 109 cm2—
see Measurement of Hydraulic Permeability of pHEMA
Sponge and Calcium Alginate Gel section), but that can
exchange solute by diffusion. In this situation, the ﬂow of ﬂuid
driven through the dressing will be conﬁned to pHEMA sponge
and will not pass through the underlying tissue. Such a boundary mimics a tissue of low Darcy permeability, such as ligament
(klig * 1015 cm2)25 or cartilage (kcart * 1014 cm2).26 We
will use solid benzoic acid to mimic such a tissue.
To treat the limiting case of an impermeable substrate,
we use the formalism of convective mass transfer in dilute
solution, such that the global mass transfer coefﬁcient,
kAWD (cm/s), is deﬁned as:
kAWD ¼

J
ðCs  C1 Þ

ð4Þ

where J (mol/cm2 s) is the average molar ﬂux from the
wound bed into the dressing, Cs (mol/cm3) is the concentration of a solute at the surface of the wound bed, and C?
(mol/cm3) is its concentration in the incoming stream.27
In the case of a dissolving substrate such as benzoic
acid, we can assume local equilibrium such that the surface
concentration is equal to the saturation concentration: Cs ¼
2.2 3 105 mol/cm3.28 We measured the mass ﬂow rate by
collecting the outlet solution on an analytical balance and
the concentration of benzoic acid in the efﬂux by UV–vis
absorbance; from these two values, we obtained the molar
ﬂux (mol/s) from the benzoic acid surface for multiple ﬂow
rates through the device.
Figure 5 presents plots of the global mass transfer coefﬁcient, kAWD, versus the mass ﬂow rate of liquid through
the porous layer, Q (cm3/s), for three different devices. We
ﬁtted these experimental data to a power law function of
the form predicted by analysis of the mass transfer in this
geometry:
kAWD ¼

J
¼ aQb
ðCs  C1 Þ

ð5Þ

For the three devices we measured, we found 0.0010 <
a < 0.0022 and 0.41 < b < 0.55. We note that there is
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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We employed an existing model29 to express the prefactor, a, in Eq. (5) in terms of the diffusivity of benzoic acid
in water, DBA/water, the total volume of the device, V, and
the tortuosity of the porous medium,s:


DBA=water
a ¼ 1:128
V

Figure 5. Dependence of the global mass transfer coefﬁcient kAWD
(cm/s) on mass ﬂow rate Q (cm3/s). These data represent three separate AWDs and three benzoic acid substrates. Each symbol (l, &,
~) corresponds to a different device and substrate. The AWD was
operated on the surface of benzoic acid and the concentration of
the acid was measured in the efﬂux for multiple mass ﬂow rates
through the device. Each data point represents three to ﬁve separate efﬂux collections and absorbance readings at a single mass
ﬂow rate. Error bars are the propagated uncertainty of absorbance
values and mass ﬂow rates. [Color ﬁgure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

some degree of variability between the different devices,
and within the data points for the device 3. We believe
possible sources for this variability to be variations in the
structure of the sponge and substrate for different experiments, and channeling of ﬂuid through irregularities in substrate and the pHEMA sponge.
The measured parameters are consistent with predictions
of mass transfer into a ﬂow through a porous material, for
which b is 0.5;29 this scaling indicates that the global mass
transfer coefﬁcient, kAWD, varies as the square root of the
ﬂow rate, Q. The extraction of solute from the wound bed
can thus be controlled by varying the externally imposed
volumetric ﬂow rate: for example, in order to double the
ﬂux of a solute from the surface of a wound, the volume
ﬂow rate must be increased by a factor of 4.
To relate the observed rates of mass transfer to the characteristics of the porous exchange layer, we used existing
theories of mass transfer within porous media.29 We can
treat the ﬂow through the porous material as a uniform
(plug-like) ﬂow of speed veff (cm/s) over a solid boundary,
where veff is the net speed of ﬂuid along the direction of
motion; this speed corresponds to the front velocity of a solution of nonbinding solute (see Figure 4(C) and Elution of
Solutes through pHEMA Sponge section). This treatment is
valid provided that diffusion within the pores is fast relative to convection, or, stated otherwise, the pore Péclet
number, Pepore¼ vporedpore/DBA/water < 10. Here, vpore is the
ﬂuid velocity in the pore, dpore is the average pore diameter, and DBA/water is the diffusivity of the solute in the ﬂuid.
In the case of our wound dressing, the boundary was the
wound bed and the porous medium was the pHEMA
sponge.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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1
s

ð6Þ

Given Eq. (6) and assuming b ¼ 0.5, we can predict the
mass transfer for a given ﬂow rate through the wound
dressing, using the independently obtained tortuosity of the
sponge, s. We estimated the tortuosity of our porous material to be *3 (see Appendix) by using the measured permeability and approximate values for porosity and pore
diameter.21 Using the total volume of the active area of the
device (V ¼ Vm + Vs ¼ 0.625 cm3) and the diffusivity of
benzoic acid in water30 (DBA/water ¼ 8 3 106 cm2/s) in
Eq. (5), we then predicted that the prefactor for our system
should be a ¼ 0.0013; this value is consistent with the
experimentally observed values (0.0010 < a < 0.0022).
Although our results for interfacial mass transfer mediated by the AWD are consistent with the established correlation in Eq. (5), it is useful to point out the conditions for
which this correlation might not apply. In our experiments,
the Péclet number, Pepore, ranged from 0.125 to 1.25, indicating that diffusion within the pores was fast relative to convection. If Pepore were to become large (>10), hydrodynamic
dispersion would become important in deﬁning the mass
transfer,31 and at high rates of perfusion or for larger solutes
(with low diffusivity), the exponent in Eq. (4) would change
to b ¼ 0.33. At the maximum mass ﬂow rate (and maximum
pore velocity) used for our experiments, the square root scaling may break down for extracted molecules with free diffusivities less than 1 3 106 cm2/s, leading to lower rates of
mass transfer relative to the prediction of Eq. (5).
We ﬁnish this subsection with two comments regarding
the signiﬁcance of the global coefﬁcient of mass transfer of
the AWD as measured on the block of benzoic acid: (1) as
mentioned at the start of this section, this measure of the rate
of mass transfer is relevant to operation of the AWD on solid
substrates that have a much lower Darcy permeabilities than
to the pHEMA sponge in the AWD; in this situation, the
operation of the AWD leads to negligible convection through
the substrate and the mass transfer between the substrate and
the AWD occurs by diffusion off of the surface of the substrate into the ﬂow. In the general case of a convectively
impermeable substrate, the rate of mass transfer from the tissue will be controlled by the sum of the resistance to transfer
through the tissue, (1/ktissue) (s/cm), and the resistance to
transfer in the AWD, (1/kAWD) (s/cm), such that the total
coefﬁcient for mass transfer that should be used in calculating ﬂux [via Eq. (4)], ktotal (cm/s), is given by,
1
ktotal

¼

1
kAWD

þ

1
ktissue

ð7Þ
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Thus, kAWD reported in this section (Figure 5) is an upper
bound on mass transfer coefﬁcient provided by the AWD on
a solid substrate. (2) As we will discuss in our analysis of the
operation of the AWD on a calcium alginate gel in the Operation of AWD section, in the case of a substrate with a nonnegligible value of Darcy permeability, the rate of mass
transfer achieved with the AWD can be substantially
increased, relative to the case of an impermeable substrate,
by ﬂow through the substrate.

Operation of AWD

In this section we present results from the operation of the
AWD on a slab (1-mm thick) of calcium alginate hydrogel
(4 wt % solid). We used this substrate to mimic a soft tissue with a ﬁnite Darcy permeability: the calcium alginate
hydrogel has a Young’s modulus *170 kPa32 similar to
that of dermal tissue (*130 kPa),33 and a Darcy permeability, kalg ¼ 3 3 1010 cm2, that lies between that of
bone (kbone * 106 cm2)34 and other soft tissues (muscle,
kmuscle ¼ 2.4 3 1013 cm2; dermal tissue, kdermis ¼ 8.7 3
1014 cm2).35,36
Operation of the AWD on a calcium alginate substrate
leads to three phenomena: (1) mass transfer from the substrate by diffusive exchange, for a impermeable substrate,
as described in the Analysis of Mass Transport through a
Porous Material section, (2) mass transfer by convective
permeation of the working ﬂuid through the substrate, and
(3) mechanical deformation of the substrate. We use this
model wound bed to demonstrate both qualitative and
quantitative aspects of the operation of the AWD. We ﬁnish this section with a discussion of the relevance of these
ﬁnding for clinical application of the AWD.
The images
in Figure 6(A–C) present qualitative demonstration of the
use of the AWD for the exchange of small solutes with an
alginate wound bed. Figure 6(A) shows a wound bed fully
saturated with green food dye; Figure 6(B) shows the same
wound bed after application of the AWD for 150 min with
a ﬂow of clear buffer (HEPES; ﬂow rate, Q ¼ 1.0 3 103
cm3/s); and Figure 6(C) shows the same model wound bed
after application of the AWD for 170 min with a ﬂow of a
solution of phenol red (1 mM in HEPES buffer; Q ¼ 1.0 3
103 cm3/s). For solutes that do not react with one another
(e.g., phenol red and food dye), the processes of delivery
and extraction were completely independent and could be
carried out simultaneously (data not shown). In a clinical
setting, this capability would be useful, for example, for
delivery of therapeutic agents with simultaneous assessment
of the state of wound through analysis of the exudates; the
AWD would allow a clinician to monitor the wound and
change the therapeutic regimen as necessary without interrupting the treatment or displacing the wound dressing for
collection of exudate.
Uniform Delivery and Extraction of Solute.

Figure 6. Delivery/extraction experiment. (A–C) Images showing a
top view of an alginate gel at various stages of a sequential process
of extraction and delivery (scale bar ¼ 1 cm): (A) before extraction (t
¼ 0 min); (B) completed extraction (t * 150 min); (C) completed
delivery (t * 320 min). (D, E) The effect of applied vacuum on the
alginate substrate. (D) Alginate gel after application of the AWD for
8 h with low tension (*14 kPa) in the AWD (ﬂow rate, Q ¼ 103
cm3/s); the thickness of the gel remained essentially unchanged
(scale bar ¼ 5 mm). (E) Alginate gel after application of the AWD for
120 min at high tension (83 kPa), obtained by using a large resistance upstream of the AWD; the thickness of the gel shows signiﬁcant compaction. The arrows in (D) and (E) indicate where the
edges of the pHEMA sponge where positioned. [Color ﬁgure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

Mechanical Deformation of Wound Bed. As stated in the

introduction, a potential advantage of the AWD relative to
existing active dressings is that it allows mass exchange to be
achieved with or without the imposition of signiﬁcant mechanical stress on the wound bed. To illustrate this point, we
operated the dressing under two distinct conditions and observed the deformation induced in the alginate substrate by
cutting it with a scalpel in the direction orthogonal to the ﬂow
[along y, see Figure 4(C)] immediately after removal of the
AWD. Figure 6(D) shows an photograph of the cross-section
of a slab of alginate on which the AWD operated for 8 h at a
ﬂow rate of 1.0 3 103 cm3/s, as for the experiments in
Figure 6(A–C). At this ﬂow rate, the maximum tension experienced by the substrate (as measured that the outlet) was
105 mmHg ¼ 14 kPa. The uniformity of the thickness of the
slab indicates that the AWD did not induce signiﬁcant deformation of the substrate during operation. This result indicates
that the AWD can be used to achieve mass exchange [as in
Figures 6(A–C)] without imposing signiﬁcant stress on the
wound bed. We note for comparison that the standard stress
applied by the VAC is 125 mmHg ¼ 16.7 kPa. Figure 6(E)
shows a cross-section of a slab of alginate on which the
AWD operated for 120 min at a maximum tension of
600 mmHg ¼ 83 kPa, obtained by placing a large resistance
upstream of the AWD. As is apparent in the photograph, this
level of tension resulted in considerable compression (*40%
reduction in thickness) of the alginate in the region exposed
to the pHEMA sponge of the substrate. While this level of
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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vacuum is not recommended clinically,37 this result indicates
that the AWD can be used to stimulate the wound bed
mechanically as well as chemically.
We turn to the analysis
of the temporal evolution of the concentration of solutes in
the efﬂux of the AWD as it is operated on either solid
(benzoic acid) or soft (calcium alginate) substrates. These
experiments allow us to demonstrate the operation of the
AWD with both small and large solute and to gain insight
into the transient chemical signal that can be observed at
the outlet of the AWD for diagnostic applications. Figure 7
presents the temporal evolution of the concentration of solute in fractions of the ﬂuid exiting the wound dressing in
the initial period after beginning operation on a block of
benzoic acid, on an alginate gel initially saturated with a
solution of ﬂuorescein (initial concentration, C0 ¼ 100 mM
in buffer), or on an alginate gel initially saturated with ﬂuorescently labeled bovine serum albumin (initial concentration, C0 ¼ 50 mM in buffer).
In all three cases presented in Figure 7, the concentration observed at the outlet of the AWD rises initially. In
the case of benzoic acid, this rise terminates in a plateau
concentration. This steady state concentration is maintained
because the dissolution of the solid maintains a constant
concentration the bottom surface of the AWD. This steady
state value was used to determine the coefﬁcients of mass
transfer, kAWD, presented in Figure 5. In contrast, when the
AWD was operated on alginate, the concentration passed
through a maximum before dropping to zero. This failure
to reach a plateau value was due to the depletion of the
solute from the substrate. With this depletion, the transfer
of out of the substrate eventually became the rate limiting
step in the exchange process [i.e., ktissue > kAWD in Eq.
(7)]. Eventually, the substrate also became entirely emptied
of the solute, as shown graphically in Figure 6(B). We note
that benzoic acid and FITC-BSA were evacuated more rapidly than ﬂuorescein. The slower rate of elution of ﬂuorescein was due to the afﬁnity of this solute for the pHEMA
sponge (see Table I). In each case, the time required to
reach the plateau or maximum corresponded closely to the
retention time, tr [Eq. (3)].
Finally, we note that the complete extraction of FITCBSA occurred within an interval of time (*150 min) that
was too short to be explained by purely diffusive mass
transfer within the alginate substrate. A simple prediction
for the time for FITC-BSA to diffuse across a 1 mm-thick
gel is, tdiff * (thickness)2/2DBSA/gel *5 3 104 s *800
min. This observation suggests that the AWD was driving
ﬂow through the substrate such that solute was convected
to the outlet without diffusing to the interface with the
AWD; this mechanism is likely to become important relative to diffusion for large solutes at long times. The permeation of the alginate is not unreasonable given that the
Darcy permeability of the gel is nonnegligible relative to
that of the pHEMA sponge: kalg/kpHEMA ¼ 0.15.

Analysis of Solutes in Exudate.
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Figure 7. Time dependence of concentration of solute observed in
exudates. The ﬂuid exiting the AWD was collected to quantify the
amount of solutes extracted as a function of time. Diamonds correspond to the benzoic acid, the circles correspond to a FITC-BSA,
and triangles correspond to ﬂuorescein. The concentrations are all
normalized by initial solute concentration: 22 mM for benzoic acid
(this value is the saturation concentration that is maintained at the
surface of the dissolving solid ¼ Cs), 50 mM for FITC-BSA, and 100
mM for ﬂuorescein). The following experimental conditions applied to
all experiments: ﬂow rate ¼ 1.1 3 103 cm3/s; composition of substrate ¼ benzoic acid disc or calcium alginate gels; thickness of alginate gel substrates ¼ 1 mm. [Color ﬁgure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

These results give us guidance regarding the performance of the AWD in potential clinical applications. Of particular interest is the implication for binding solutes: if the
AWD is used to wash a particular solute out of a wound
bed, one can expect signiﬁcant retardation of the extraction
process for solutes with afﬁnity for the pHEMA. A possible
route to circumventing binding could be a surface modiﬁcation of the pHEMA; such an approach would require the
use of passivating molecules such as poly(ethylene glycol)
that would not have deleterious effects on the wound bed.
Mass Exchange Within Multiple Regions Within the
Wound Bed.
A desirable feature in an advanced wound

dressing would be the ability to exchange solute selectively
with different regions of a wound. By creating impermeable barriers within the pHEMA layer, we conﬁned the
ﬂow pattern inside the pHEMA sponge to three separate
regions (Formation of Preparation of Porous pHEMA
Hydrogel section), each with independent reservoirs and
ﬂuidic connections. By using distinct ﬂuids for each inlet
reservoir, it was possible to ﬂow three separate streams
inside the sponge, and transfer the resulting pattern onto
the substrate.
Figure 8 illustrates this mode of operation with a solution of phenol red, a clear buffer, and a solution of green
dye as the separate incoming ﬂuids. A comparison of the
dye patterns in the pHEMA sponge (frame (A)) and in the
substrate (frame (B)) conﬁrmed the ﬁdelity of the transfer
process.
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Figure 8. Patterned delivery of solutes. (A) Top view of AWD acting
on a calcium alginate substrate after operation for 120 min to deliver
three separate solutes. (B) Top view of corresponding patterned
substrate. The scale bars in both images correspond to 1 cm. [Color
ﬁgure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

The ability to control infusion over independent regions
of a wound would be useful, for example (1) when delivering gradients of solutes to direct cell migration as part of
the re-epithelialization process, or (2) when collection of
exudate from different regions of the wound would help
assess the progress of the healing process. In either case,
the spatial resolution of the distinct zones would be limited
by the separation between the barriers, and the minimum
barrier width that can retain structural integrity. Based on
observation of shape and strength of the polymerized barriers, we expect to obtain submillimeter minimum feature
sizes with the method described in the Preparation of Porous pHEMA Hydrogel section. The introduction of solid
barriers also makes it possible to maintain each region at
different negative pressures, making it possible to turn off
ﬂow in some of the regions, or infuse/extract from each
region at different rates.
CONCLUSION
We described material characterization, device fabrication
and basic operation of an AWD. This AWD allowed for
mass exchange with a substrate with both spatial and temporal control. The delivery of solutes demonstrated the feasibility of using this device to act as a therapeutic tool; the
collection of solutes indicated the possible use in \diagnostic mode" for continuous assessment of wounds. Furthermore, the methods of characterization of mass transfer
shown here may be useful as tools to elucidate the different
1
modes of action of other AWDs, such as the VAC . In particular, we believe it would be valuable to distinguish the
role of convective mass transfer from that of mechanical
stress.
We have also identiﬁed potential limitations that may
need to be addressed for the implementation of our AWD
in the clinic. Some of these limitations stem from the differences between the properties of real wound beds and the
models used in this study. For instance, exudative wounds
will produce ﬂuid and add convective mass transfer to the
diffusive mass transfer studied here: using data from James

et al.4 we estimate that the AWD would have to evacuate
an additional 0.5 3 103 cm3/min/cm2, corresponding to
*3 3 103 cm3/min in a device such as the one described
here; this extra ﬂow is well within the operating range of
the AWD.
The implementation of the AWD on arbitrary wound
shapes poses another potential challenge, in that it would
be impossible to fabricate AWDs to ﬁt every possible
wound shape. A possible approach would be to use a device with an active area that is larger than the footprint of
the wound bed, and apply an inert sealant (i.e., vaseline) to
the edge of the wound; the sealant would occlude the area
of the device outside the wound site, ensuring that healthy
tissue around it is not affected by the AWD. For larger
wounds, a combination of devices running in parallel could
be used; our demonstration of operation with barriers supports the hypothesis that independent regions from distinct
devices could be operated side by side without interfering
with one another.
We would like to thank Dr. Roger Yurt and Dr. Lisa StaianoCoico (Cornell Weill Medical College), and Dr. Deepak Kilpadi
(Kinetic Concepts), for insightful discussions; David Putnam for
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APPENDIX
Theory of Flow in Porous Media

We follow Bejan’s treatment of mass transfer based upon a
uniform Darcy ﬂow through a homogeneous and isotropic
porous medium at low Peclet number. Under these assumptions, the global Sherwood number (Sh—a nondimensional
mass transfer coefﬁcient) is related to the Peclet number
(Pe) as in the expression below:
Sh ¼ 1:128Pe0:5

ðA1Þ

where
Sh ¼

ktotal Leff
;
Deff

ðA2Þ

Pe ¼

veff Leff
;
Deff

ðA3Þ

Deff (cm2/s) is the solute diffusivity in the porous medium,
Leff (cm) is the effective ﬂow path length, veff (cm/s) is the
dye front velocity, and kAWD (cm/s) is the global mass
transfer coefﬁcient for nondissolving substrates.
We are interested in relating the mass transfer coefﬁcient, kAWD, to the observed macroscopic quantities (such
as Q), but Eqs. (A1)–(A3) depend upon the microscopic
structure of the porous material. For example, a ﬂuid particle must travel an effective ﬂow path of length Leff, which
is larger than the macroscopic length of the porous medium
length, L. The ratio of the length of true ﬂow path to the
macroscopic length of the system in the direction of macroscopic ﬂux is the tortuosity of the material, s ¼ Leff/L.21 In
addition, the actual velocity of a ﬂuid particle within a porous medium (veff) is larger than the volume ﬂow rate (Q)
divided by the macroscopic cross-sectional area (A) of the
device due to the reduced area available for ﬂow, Aeff. We
were able to directly measure veff by following a front of
dye (nonbinding) as it moved across the device. With this
measurement and the known volume ﬂow rate, we
extracted the effective area (Aeff ¼ Q/veff). Also, the diffusive transport of a solute within a porous medium (Deff) is
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decreased relative to the diffusivity of the solute in free solution (DBA/water) due to porous nature of the medium. This
effective diffusivity must also be taken into account when
comparing experiment to theory. In light of these microscopic properties which affect ﬂow through a porous medium, we deﬁne the following quantities:
Leff
L
 
Aeff 1
DBA=water
¼
A s
s¼

Deff

Aeff ¼

Q
veff

ðA4Þ
ðA5Þ
ðA6Þ

We can thus rewrite Eq. (A1) as
kAWD



DBA=water Aeff 1 1 0:5 0:5
¼ 1:128
Q
s
A sL Aeff

0:5
DBA=water
¼ 1:128
Q0:5
ALs2

ðA7Þ

We obtain the tortuosity, s, by deriving Darcy’s Law
within the capillary theory by Kozeny,21 and expressing the

permeability of the material, kpHEMA, as:
kpHEMA ¼

2
udpore

32s2

ðA8Þ

Here, u is the porosity of the medium (void fraction of
total volume), s is its tortuosity, kpHEMA is the permeability
(cm2) measured by the drip experiment (see Measurement
of Hydraulic Permeability of pHEMA Sponge and Calcium
Alginate Gel section), and d is the average pore size (cm)
estimated from SEM images (such as those in Figure 3).
Expressing Eq. (A6) in this way has the advantage of
presenting our results in terms of measurable and known
quantities. The permeability was measured using the water
column drip experiment (kpHEMA ¼ 2.0 3 109 cm2), and
the pore size was estimated from SEM images (dpore *
10 mm). Finally, the porosity of our pHEMA sponge was
estimated in two ways: (1) the effective area for ﬂow (Aeff)
divided by the total area (A) gives an estimate of Vs/V (u *
0.52), and (2) use of the known volume fraction of HEMA
and water in the initial prepolymer solution in combination
with the literature values for the equilibrium water content
of pHEMA also gives an estimate of the porosity (u *
0.53).38 We used these values of u, dpore, and kpHEMA to
obtain a value of s * 3 based on Eq. (A7). We then used
this value of s from Eq. (A6) in Eq. (6).
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