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ABSTRACT: Bleeding from injuries to the torso region is a
leading cause of fatalities in the military and in young adults. Such
bleeding cannot be stopped by applying direct pressure
(compression) of a bandage. An alternative is to introduce a
foam at the injury site, with the expansion of the foam
counteracting the bleeding. Foams with an active hemostatic
agent have been tested for this purpose, but the barrier created by
these foams is generally not strong enough to resist blood flow. In
this paper, we introduce a new class of foams with enhanced
rheological properties that enable them to form a more effective
barrier to blood loss. These aqueous foams are delivered out of a
double-barrelled syringe by combining precursors that produce
bubbles of gas (CO2) in situ. In addition, one barrel contains a cationic polymer (hydrophobically modified chitosan, hmC) and the
other an anionic polymer (hydrophobically modified alginate, hmA). Both these polymers function as hemostatic agents due to their
ability to connect blood cells into networks. The amphiphilic nature of these polymers also enables them to stabilize gas bubbles
without the need for additional surfactants. hmC−hmA foams have a mousse-like texture and exhibit a high modulus and yield stress.
Their properties are attributed to the binding of hmC and hmA chains (via electrostatic and hydrophobic interactions) to form a
coacervate around the gas bubbles. Rheological studies are used to contrast the improved rheology of hmC−hmA foams (where a
coacervate arises) with those formed by hmC alone (where there is no such coacervate). Studies with animal wound models also
confirm that the hmC−hmA foams are more effective at curtailing bleeding than the hmC foams due to their greater mechanical
integrity.
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■ INTRODUCTION

Liquid foams are colloidal dispersions of gas bubbles in a
continuous liquid phase.1−4 The bubbles in these foams are
typically stabilized by surfactant molecules, which adsorb on
the bubbles (i.e., at the gas−liquid interface) due to their
amphiphilic character.1 The surfactants orient their hydro-
phobic tails toward the gas and their hydrophilic heads toward
the liquid phase; as a result, coalescence of bubbles is
inhibited.1,4 Foams stabilized by common surfactants like
sodium dodecyl sulfate (SDS) typically remain stable only for a
few minutes, however.3 As time progresses, the liquid between
adjacent bubbles drains away and the bubbles coarsen into
larger structures until eventually the bubbles dissipate away.1,3

To enhance the stability of foams, surfactants can be replaced
by particles that adsorb irreversibly at the gas−liquid
interface.5,6 Such foams are termed Pickering foams in analogy
with Pickering emulsions.7 Instead of directly adding particles,
another strategy is to generate the particles in situ by
combining a surfactant like SDS and a salt like potassium
chloride (KCl).8 Foams are also frequently encountered in
food science, and an alternative way to stabilize food-grade
foams is by using amphiphilic proteins, either on their own or
combined with polysaccharides.9−11

Our interest in foams stems from their use to treat bleeding.
Uncontrolled bleeding (hemorrhage) is a leading cause of
death for soldiers on the battlefield and for civilian young
adults.12−14 Among bleeding injuries, those to the trunk or
torso region cannot be treated by applying direct compression
of a bandage.13,14 Such noncompressible injuries account for
the majority of bleeding-related fatalities.13,14 Recently, we
described the use of foams based on hydrophobically modified
chitosan (hmC) to treat such injuries.15 Foams are attractive
because an expanding foam at the injury site counteracts the
discharge of blood without external compression.16 Following
expansion, the foam forms a barrier (due to its solid-like
nature), allowing active ingredients (“hemostatic agents”) in
the foam to interact with and coagulate blood. We have
previously shown that hmC acts as a hemostatic agent due to
its ability to connect blood cells into a physical network.17−19
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In addition, the amphiphilic hmC also stabilizes the bubbles in
the foamthus, the foam can be created without surfactants,
which are undesirable in biomedical applications because
surfactants tend to denature proteins and are often cytotoxic.
Surfactant-free hemostatic foams based on hmC have been
used to arrest bleeding from severe, lethal injuries in pigs and
rats.15,20,21

In working with the above hemostatic foams, we have
recognized the need for certain improvements in foam
properties. Ideally, the foam should persist at the wound site
for sufficient time to allow the active ingredient to interact with
blood and stop its discharge. However, hmC foams tend to be
mechanically weak and sometimes get pushed aside by flowing
blood. To form a more robust barrier to blood flow, a foam
with enhanced rheology and a more solid-like texture
(consistency) is needed. In this regard, we looked for insights
from studies on foam rheology. Most of these studies have
been done by applied physicists, and they all correlate physical
parameters such as the bubble size and volume fraction with
the elastic modulus G′ and the yield stress σy of the foam.22−24

Generally, the smaller the average bubble size, the higher the
G′ and σy. While the bubble size does depend on the amount
of stabilizer added, it would be useful to also know the effects
of chemical variables on foam rheology, specifically those
relating to the type of stabilizer or the composition of the
continuous phase (surrounding the bubbles). However, to our

knowledge, there have been few systematic studies connecting
chemical variables to the rheology of foams.25−28

In this paper, we describe a new class of hemostatic foams
with improved rheology. We employ a double-barrelled syringe
(DBS) to generate this foam in situ: one barrel contains acetic
acid, while the other contains sodium bicarbonate. The acid
and base react at the DBS tip to form carbon dioxide (CO2)
gas in the form of bubbles. These bubbles are stabilized by
polymers present in both solutions: in the acidic solution, we
include hmC, while in the basic solution, we introduce
hydrophobically modified alginate (hmA). The hmA is
synthesized by attaching hydrophobic tails to the backbone
of the anionic polysaccharide, alginate.18 While hmA is anionic
unlike the cationic hmC, both these amphiphilic polymers are
known to serve as hemostatic agents.17,18 At the DBS tip, the
hmC and hmA mix and form a coacervate via electrostatic and
hydrophobic interactions. (The term coacervate refers to a
distinct phase formed by liquid−liquid phase separation in
mixtures of oppositely charged polymers or surfactants.29−37 A
coacervate formed by two polymers is referred to as a
“complex” coacervate29 or a “polyelectrolyte complex”.32) We
study the foams by optical microscopy and rheology under
both compression and shear. The rheology of hmC−hmA
foams is found to be enhanced when compared to control
foams with a single polymer. The enhanced rheology allows
the hmC−hmA foams to establish a more robust barrier to
blood discharge at a wound site, as we will show by studies

Figure 1. Coacervate formation in chitosan−alginate and hmC−hmA mixtures. (A) When solutions of 2% chitosan (1) and 2% alginate (2) are
mixed, the mixture appears inhomogeneous (3), and upon vortex mixing, it becomes gel-like and retains its weight in the inverted vial (4). This is
because the polymer chains form a coacervate, i.e., they bind by electrostatic interactions into a network, as shown by the inset schematic. (B)
Similar coacervation is seen with mixtures of hydrophobically modified chitosan (hmC) and hydrophobically modified alginate (hmA). These
polymers have alkyl tails along their backbone, and the ensuing hydrophobic interactions between the chains make their solutions viscous. When
solutions of 2% hmC (1) and 2% hmA (2) are mixed, the mixture again shows inhomogeneities (3), and upon vortex mixing, it also becomes gel-
like and holds its weight in the inverted vial (4). Here, the coacervate arises due to a combination of electrostatic and hydrophobic interactions
between the polymer chains.
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with animal wound models. To our knowledge, surfactant-free
foams stabilized by coacervates of oppositely charged polymers
have never been studied before, and their remarkable
properties should make them attractive for various applica-
tions.

■ RESULTS AND DISCUSSION

Coacervation. First, we describe the phenomenon of
coacervation in chitosan−alginate solutions. Figure 1A shows
vials containing a 2% chitosan solution (in acetic acid) and a
2% alginate solution (in deionized or DI water). Chitosan has a
pKa of 6.5 and thus in acidic media, its chains are cationic due
to the protonation of amines along their backbone. Alginate
chains, on the other hand, are anionic in solution due to the
dissociation of their carboxylate groups. The chitosan used
here has a high molecular weight, and a 2% solution of this
chitosan is thereby quite viscous (photo 1). The 2% alginate
solution is of a lower viscosity and flows readily in the tilted
vial (photo 2). When the two solutions are gently mixed,
discrete globs of a gooey material (the coacervate) are instantly
formed, and these globs remain suspended in a clear external
solution (photo 3). Upon shearing this sample using a vortex
mixer, the globs are reduced in size and eventually, the entire
sample appears near-homogeneous and turbid. The sample
shows elastic or gel-like character, as reflected in its ability to
hold its weight in the inverted vial (photo 4). Similar
coacervation is known to occur with a variety of oppositely
charged polymers.31,37 The phenomenon occurs because the
polymer chains bind to each other via electrostatic interactions
and thereby neutralize their charges (see the schematic in
Figure 1A). The binding of polymers results in counter ions
being released, which increases the entropy of the system.33 In
the absence of a net charge, these “polyelectrolyte complexes”
will be insoluble in water, and this explains their tendency to
phase-separate.29,35

Similar phenomena are also observed in hmC−hmA
solutions. The hmC studied here has hexadecyl (C16) tails
attached to 1.5% of the amines along the chitosan backbone.17

The hydrophobes allow hmC chains to associate and thereby
thicken the solution.17,18 This is why a 2% hmC solution is

extremely viscous or gel-like (Figure 1B, photo 1). In the case
of the hmA, it has octyl (C8) tails attached to 25% of the
carboxylates along the alginate backbone.18 Because the
hydrophobes are shorter, the 2% hmA solution is only
moderately viscous (photo 2 in Figure 1B). When the hmC
and hmA solutions are mixed, the result is similar to that for
chitosan−alginate: discrete globs of the coacervate appear
(photo 3), and upon shearing, the globs are homogenized into
a gel-like sample (photo 4). This coacervate gel is expected to
contain a network of the hmC and hmA chains bound via both
electrostatic and hydrophobic interactions (see the schematic
in Figure 1B).34 The gel-like behavior of these coacervates is
also confirmed by dynamic rheology. Figure S1 (in the
Supporting Information) shows plots of the elastic modulus G′
and the viscous modulus G″ as a function of frequency ω. Both
the chitosan-alginate coacervate (Figure S1a) and the hmC−
hmA coacervate (Figure S1b) show gel-like rheology,38,39 that
is, G′ > G″ across the ω range, and G′ approaches a plateau at
low ω. The plateau in G′ implies that the gel does not relax
over long timescales.38,39 The rheology also shows that the
hmC−hmA coacervate is more elastic (higher ratio of G′/G″)
and stiffer (higher value of G′) than the chitosan-alginate
coacervate. Also, both coacervates have higher moduli
compared to their parent polymer solutions.

Foam Generation. To generate the foams in our study, we
use a DBS, as schematized in Figure 2. The foam is formed via
the reaction of an acidic solution (acetic acid, CH3COOH)
and a basic solution (sodium bicarbonate, NaHCO3) loaded in
separate barrels of the DBS. The two solutions come into
contact at the mixing tip, whereupon the following reaction
occurs

+

→ + +

CH COOH NaHCO

CH COONa CO (g) H O
3 3

3 2 2 (1)

The net result is the formation of carbon dioxide (CO2) gas
in the form of bubbles. A foam arises instantly if these bubbles
remain stable for some period of time, for which a stabilizer
(e.g., a surfactant or an amphiphilic polymer) must be present
in at least one of the barrels. In our case, we are interested in

Figure 2. Foam generation using a double-barrelled syringe (DBS). (A) To generate an hmC foam, one barrel of the DBS has hmC dissolved in
acetic acid (CH3COOH) while the other barrel has a sodium bicarbonate (NaHCO3) solution. At the mixing tip of the DBS, CO2 gas is produced
by the acid−base reaction, and bubbles of the gas are stabilized by hmC chains in the foam. (B) To generate an hmC−hmA foam, the same setup is
employed but with the second barrel of the DBS containing hmA dissolved in NaHCO3. In this case, the bubbles in the foam are stabilized by both
hmC and hmA chains, which are collectively expected to form a coacervate.
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surfactant-free foams due to their intended use in biomedical
applications.15 Therefore, an amphiphilic polymer (hmC or
hmA or both) must be included for foam formation. If we only
had the parent polymers (chitosan or alginate or both) in the
DBS, we cannot form a stable foam.15

The key contrast in this work is between a foam made with
hmC or hmA alone and one with both hmC and hmA. In the
case of the hmC foam (Figure 2A), one barrel of the DBS has a
solution of hmC in 1.1 M CH3COOH, and the other has a
solution of 1.1 M NaHCO3. The bubbles in this foam will be
stabilized by hmC chains, and there will be no coacervate.
Note that the use of identical molarities for the acid and base
ensures that the foam will have a near-neutral pH, which we
confirmed via a pH sensor. In the case of the hmC−hmA foam
(Figure 2B), the first barrel has the hmC solution as before,
while the other barrel has a solution of hmA in the base. The
bubbles in this foam will be stabilized by hmC and hmA chains
that will collectively be in a coacervate (or, put differently, the
coacervate will surround the bubbles). The question then is
whether this coacervate will have a significant effect on the
properties of the foam.

Foam Appearance, Stability, and Microstructure.
First, we will use visual observations and optical microscopy
to contrast an hmC−hmA foam and one with hmC. (The
foams with hmC or hmA alone are similar in most respects,
and so the contrast is made with the hmC one.) Figure 3A
shows photos of a foam made with 4% hmC and Figure 3B has
photos of a foam made with 2% hmC and 2% hmA. The
concentrations were chosen such that the total polymer
content in the two foams was the same. Both these foams
expand when released out of the DBS tip, but they have
different textures. With regard to foam stability, we studied this
by injecting the above foams into vials and measuring the

height of the foams as time progressed (Figure S2, Supporting
Information). The hmC foam reduced appreciably in height
within 30 min, with some of the dissipated foam remaining
stuck to the vial walls. The hmC−hmA foam, on the other
hand, remained stable for a much longer time and reduced to
around half its height in ∼2 h. Thus, hmC−hmA mixtures
impart greater stability to the foam compared to hmC alone.

We now focus on the mechanical (rheological) properties of
the foams in their stable, expanded state. The foams have very
different rheology, and this is reflected in the photos in Figure
3. Test 1 in Figure 3A,B compares the responses of the foams
to a gentle perturbance from a spatula. When an area of the
hmC foam is tapped by the spatula, the bubbles dissipate and
the foam collapses over the disturbed area. This shows the
fragility of the hmC foam. In contrast, when the hmC−hmA
foam is tapped by the spatula, the foam deforms over the
affected area, but it does not dissipate or collapse. Instead, this
foam exhibits an elastic responsethat is, it recoils against the
applied deformation. Test 2 shows the differences between the
foams in another way. Here, each foam is placed between
parallel plates and the top plate is brought down to compress
the foam. After compression to half its initial height for a
minute, the top plate is retracted to its initial height. Figure 3A
reveals that the compression causes most of the bubbles in the
hmC foam to dissipate. When the plate is raised back, the
residue from the foam remains adhered to each plate, but most
of the bubbles in the middle have disappeared. This
demonstrates the inability of the foam to withstand
compressive stress. Conversely, the bubbles do not break in
the hmC−hmA foam when the plates are compressed (Figure
3B). When the plate is raised back, the foam sticks to both
plates but still retains its integrity. We can summarize the
differences between the above foams by making analogies to

Figure 3. Visual comparison of an hmC foam and an hmC−hmA foam. Both have a total polymer concentration of 4 wt %. In Test 1, the foam is
lightly tapped with a spatula. In Test 2, the foam is compressed between parallel plates to half of its initial height for 1 min, and then, the top plate is
raised back. (A) With the hmC foam, in Test 1, the bubbles dissipate in the tapped area and the foam collapses. In Test 2, the compression causes
the bubbles to burst and the foam is dissipated by the end. (B) With the hmC−hmA foam, in Test 1, the foam does not dissipate; rather it responds
like an elastic object. In Test 2 also, the foam retains its integrity after the deformation.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.0c22818
ACS Appl. Mater. Interfaces 2021, 13, 13958−13967

13961

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c22818/suppl_file/am0c22818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c22818/suppl_file/am0c22818_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c22818?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c22818?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c22818?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c22818?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.0c22818?rel=cite-as&ref=PDF&jav=VoR


common foams: the texture or consistency of the hmC foam is
similar to that of a frothy material such as a shower foam,
whereas the hmC−hmA foam has a consistency comparable to
that of a thick mousse or meringue.

Next, we characterized the hmC and hmC−hmA foams by
optical microscopy. Representative images are provided for
hmC foams (Figure 4A,B) and hmC−hmA foams (Figure
4C,D) at total polymer concentrations of 2 and 4%. In all
cases, as expected, the images show numerous bubbles that fill

up the entire view. The bubbles are not closely packed in the
hmC foams (bubble volume fraction 50−60%), and one can
see small gaps between them. The bubbles do appear nearly
closely packed in the hmC−hmA foams (bubble volume
fraction 60−70%), although Plateau borders are not seen
between the bubbles (which would arise if the bubbles were
tightly packed). Bubble sizes from these images were analyzed
using ImageJ, and the distributions are provided for each
sample. A striking observation is that the bubbles are smaller in

Figure 4. Optical micrographs of foams with various polymer contents and the corresponding bubble size distributions: (A) 2% hmC; (B) 4%
hmC; (C) 1% hmC + 1% hmA; (D) 2% hmC + 2% hmA. Foams (A,C) have the same total polymer concentration as do foams (B,D). The
corresponding bubble size distributions are shown as histograms and were obtained by analyzing several images of each foam. All scale bars are 750
μm.

Figure 5. Dynamic rheology of hmC and hmC−hmA foams. In (a,b), data are compared for a 4% hmC foam and a 2% hmC + 2% hmA foam
(same total polymer content). The data plotted are for the elastic modulus G′ (filled circles) and the viscous modulus G″ (unfilled triangles) as
functions of (a) frequency and (b) stress amplitude at a constant frequency of 10 rad/s. In (c), G′ values for hmC and hmC−hmA foams are
plotted against the total polymer concentration. In (d), the same G′ data are plotted against the average bubble diameter in the foams.
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