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ABSTRACT: Amphiphilic biopolymers such as hydrophobically

madified chitosan (hmC) have been shown to convert liquid blood : { 2 el
into elastic gels. This interesting property could make hmC useful 'y 4 ohobically ) - £7
as a hemostatic agent in treating severe bleeding. The mechanism | modified B ter
for blood gelling by hmC is believed to involve polymer—cell self- | chitosan 5 P%~  Morehmc,
assembly, ie., insertion of hydrophobic side chains from the | (hmC) >~ custer [N
polymer into the lipid bilayers of blood cells, thereby creating a 4 Rt e S
network of cells bridged by hmC. Here, we probe the above A e 0 R

. . . . . Blood Py e e
mechanism by studying dilute mixtures of blood cells and hmC in JOFE T EY S
situ using optical microscopy. Our results show that the presence B 83

of hydrophobic side chains on hmC induces significant clustering St ahide e Blood gel

of blood cells. The extent of clustering is quantified from the

images in terms of the area occupied by the 10 largest clusters.

Clustering increases as the fraction of hydrophobic side chains increases; conversely, clustering is negligible in the case of the parent
chitosan that lacks hydrophobes. Moreover, the longer the hydrophobic side chains, the greater the clustering (i.e., C;, > Cyy > Cg >
Cy). Clustering is negligible at low hmC concentrations but becomes substantial above a certain threshold. Finally, clustering due to
hmC can be reversed by adding the supramolecule a-cyclodextrin, which is known to capture hydrophobes in its binding pocket.
Overall, the results from this work are broadly consistent with the earlier mechanism, albeit with a few modifications.

I INTRODUCTION occur with the parent polymer (chitosan) (Figure 1a)°*°
The self-assembly of amphiphilic polymers in water continues showing that hydrophobes were essential for gelation. Also, in
to be a topic of great scientific interest"? Water-soluble our experiments, heparin or sodium citrate was added to the
amphiphilic polymers typically have a hydrophilic backbone blood to prevent its coagulation via the blood-clotting cascade;
and hydrophobic tails tethered to the backbone. As a specific thus, gelation by hmC was unrelated to clotting. Moreover,
example, if the backbone is the cationic polysaccharide gelation did not ensue when hmC was added to the cell-free
chitosan, it is converted into an amphiphilic polymer by (protein) component of blood, ie., blood plasma.’ Thus,
attaching n-alkyl tails to some of the amines along the gelation by hmC was unrelated to biochemical mechanisms but
backbone (Figure 1).*"° The resulting polymer, termed simply required the presence of blood cells. Moreover, hmC
hydrophobically modified chitosan (hmC), is still soluble in also gelled other kinds of biological cells including mammalian
water, provided the tails are not too long and there are only a endothelial cells.*
few tails per chain. The hydrophobic tails on adjacent hmC The mechanism for the gelation of microscale blood cells (as
chains will then associate via hydrophobic interactions, both well as nanoscale vesicles) by hmC has been hypothesized to
with each other as well as with other colloidal species in the involve hydrophobic interactions.®~*° Specifically, some of the
water. ) ) hydrophobic tails on hmC are expected to embed in the lipid
Over the past 15 years, our lab has studied hmC in membranes of blood cells (the interiors of these bilayer
conjunction with various structures covered bygl'cP'd mem- membranes are hydrophobic due to the lipid tails being located

branes, including vesicles™® and biological cells.>'° First, we there’23) Throuah such hvdronhobic anchorina. each hmC
showed that when hmC was added to nanoscale vesicles, the ) g yerop g

flowing liquid was converted into an elastic gel. Thereafter, we )
demonstrated similar gelation when hmC was mixed with Received:  February 12, 2020 LANGMUIR
liquid blood (either human or bovine). Gelation was Revised: June 9, 2020
confirmed by rheological techniques and could be demon- Published: July 17, 2020
strated visually by the “vial inversion test”, i.e., the ability of gel
samples to hold their weight in the overturned vial (Figure 1b).
Importantly, while gelation occurred with hmC, it did not
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Figure 1. E ect of adding chitosan or hydrophobically modified
chitosan (hmC) to blood. Here, bovine blood pretreated with
sodium citrate (to prevent clotting) is used without dilution. Polymer
concentration in both cases is 0.25 wt %. (a) Blood remains a flowable
liquid when the parent chitosan (see structure) is added. (b) Adding
hmC (obtained by attaching 5 mol % of C;, hydrophobes to the
chitosan; see structure) converts the blood into a gel. The gel has a
significant yield stress, which is why it is able to retain its weight in the
overturned vial.

chain is expected to bind to multiple cells, i.e., the chains will
bridge adjacent cells. Such bridging will result in a sample-
spanning three-dimensional (3-D) network of cells connected
by polymer chains,®>*° which can explain the gelation of the
blood samples.

Support for the above mechanism comes from various
related experiments. For example, other amphiphilic polymers,
including hydrophobically modified variants of alginate
(hmA),* poly(ethylene oxide) (hm-PEQ),"~*° hydroxyethyl-
cellulose (hm-HEC),***" and hyaluronic acid (hm-HYA),'®
have also been shown to form gels when mixed either with
blood, with other cells, or with vesicles. Others have used hmC
to form gels in conjunction with various cells, including
bacteria.""~** Moreover, our lab has further established that
gelation of blood®*° (or vesicles®) by hmC can be reversed by
adding a-cyclodextrin (a-CD), which is a barrel-shaped
supramolecule with a hydrophobic binding pocket. Such
“ungelling” is hypothesized to occur because a-CD molecules
can sequester the hydrophobes on hmC within their binding
pockets, thereby preventing the chains from connecting
adjacent cells.®~*° Thus, the very fact that a-CD works as an
ungelling agent points to hydrophobic interactions as being
responsible for gelation in the first place.

The gelling of blood by hmC is not just of academic interest.
This property suggests that hmC could serve as a “hemostatic
agent””® and stop bleeding from wounds. Uncontrolled
hemorrhage from traumatic injury is a leading cause of death
for people aged 46 and under.”* This includes both civilian
victims of accidents or violent altercations as well as soldiers in
the theater of war. To test the hemostatic ability of hmC, we
conducted studies with animal models in collaboration with
trauma surgeons. We found that hmC-based solid dressings
could arrest bleeding from even the most severe injuries (such
as a puncture of the femoral artery in pigs), whereas a
corresponding dressing made with native chitosan was unable
to contain the same.”** In addition, hmC-based gels and foams
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and hmC-coated gauze have all been shown to act as e ective
hemostatic agents in various injury models.**~%® Thus, hmC
o0 ers significant potential as a hemostatic agent.

The practical utility of hmC as a hemostatic agent
underscores the need to better understand the mechanism
by which it gels blood. While the postulated mechanism is
reasonable, the evidence for it has been mostly indirect.*° In
this study, we attempt to substantiate this mechanism by directly
probing the microstructure in hmC—blood mixtures. Since blood
cells are microscale structures, they can be directly visualized
by optical microscopy. We therefore set out to study mixtures
of blood cells and hmC using bright-field optical microscopy.
Results for hmC are compared with those for the parent
chitosan. Important variables in our study include the degree of
hydrophobic modification, the polymer molecular weight, and
the polymer concentration. In addition, we also study hmC—
blood mixtures after addition of various cyclodextrins to probe
the ability of the latter to ungel the mixtures. Overall, the
results from this work support the earlier mechanism, but they
do suggest a few important modifications.

I EXPERIMENTAL SECTION

Materials. Chitosan was purchased from Primex (Iceland), and it
had a nominal molecular weight of 250 000. This was used in most
cases as the parent polymer to synthesize the hmC. A second chitosan
with a molecular weight of 100 000 was also purchased from Primex
for comparison purposes. Both polymers were 99% deacetylated.
Sodium cyanoborohydride and the alkyl aldehydes with n-dodecyl
(Cyp), n-decyl (Cyp), n-octyl (Cg), and n-hexyl (Cg) chains were
obtained from Sigma-Aldrich. Alpha-cyclodextrin (a-CD), methyl-
beta-cyclodextrin (mB-CD), and hydroxypropyl-beta-cyclodextrin
(hpB-CD) were obtained from TCI America. Citrated bovine whole
blood was purchased from Lampire Biological Laboratories. Mouse
fibroblast L929 cells were obtained from ATCC, as were reagents for
cell culture, including Eagle’s MEM culture media, fetal bovine serum
(FBS), penicillin, and streptomycin.

Synthesis. hmC was synthesized using the procedure described
previously.>® Briefly, chitosan was dissolved at 1% w/v in a 0.2 M
acetic acid solution. An equal volume of ethanol was then added as a
cosolvent before the temperature was increased to 55 °C. Varying
amounts of n-alkyl aldehyde were dissolved in ethanol and mixed into
the chitosan solution to give varying levels of hydrophobic
modification (0.5, 1.0, 2.0, and 5.0 mol % relative to the amines on
chitosan chains). The reaction mixture was treated with an aqueous
solution of sodium cyanoborohydride and left to react overnight.
Afterward, the hmC was precipitated by raising the pH to around 10.
The precipitate was purified by multiple washes of ethanol and water
and then dried to a powder.

Solution Preparation. hmC was dissolved in 0.04 M acetic acid
solution at various concentrations. Sodium chloride was then added at
a concentration of 0.9% w/v for osmotic balance. The bovine blood
was diluted (10x) with normal saline. The pH of the blood was 7,
while the pH of the hmC solutions was 3. The cell concentration in
the blood is expected to be 108 cells/mL.

Cell Culture. ATCC L929 mouse fibroblasts were cultured in
Eagle'’s MEM media supplemented with 5% FBS, 50 1U/mL
penicillin, and 0.05 mg/mL streptomycin. Cells were harvested,
pelleted by centrifugation, and resuspended to give a cell
concentration of approximately 2 x 107 cells/mL in normal saline.

Optical Microscopy. To prepare a sample for microscopic
observation, 20 pL of the hmC solution was pipetted onto a glass
slide. A 20 uL amount of diluted blood (or L929 cell suspension) was
then added. The combined solutions were mechanically mixed with a
stirring rod, and a coverslip was placed on top of the sample. Samples
were then imaged immediately using an Olympus IX51 microscope at
100x and 400x magnification. A Hamamatsu A3472-06 camera was
used to capture multiple micrographs for each sample.
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Figure 2. E ect of adding chitosan or hmC to blood. Citrated bovine blood is diluted 10x relative to that used in Figure 1. This blood is mixed
with 0.05 wt % of (a) chitosan and (b) hmC (having 5 mol % of C,, hydrophobes). Images of the samples from optical microscopy are shown.
Note the significant clustering of blood cells in b compared to a. Scale bars are 100 pm.

Image Analysis. Clustering in the samples was analyzed using the
ImageJ program. Images were thresholded and subjected to the
Imagel particle analyzer function. The sizes of all clusters greater than
48 pm? were recorded for each sample. For a given sample, several
parameters were calculated to obtain an estimate for the extent of
clustering. The measure used here, as described below, is the fraction
of the image area occupied by the 10 largest clusters.

I RESULTS

We performed our experiments with bovine blood. As with
human blood, it is a combination of di erent cell types (red
cells, white cells, platelets), but the red blood cells (RBCs) are
by far the most abundant, and these typically have diameters of
about 6—8 pm.?’ The blood used here has been treated with
sodium citrate, which is a known inhibitor of the blood-clotting
cascade.”® Elimination of any interference from the clotting
cascade is important for our experiments. Another inhibitor of
blood clotting is the biopolymer, heparin.?® As demonstrated
previously,®*” hmC can gel both citrated as well as heparinized
blood, which shows that this gelation is independent of the
clotting cascade. Here, we chose to use citrated blood for all of
our experiments. One reason to avoid heparin is that it is an
anionic macromolecule that can interact electrostatically with
the cationic chitosan and hmC. Thus, by using citrated blood,
we avoid complications due to electrostatic e ects, which
makes our results easier to interpret.

The protocol for our microscopic studies involves
combining 20 pL of polymer (hmC or chitosan) solution
with 20 pL of citrated blood on a microscope slide, quickly
mixing the two on the slide, and observing the mixture
thereafter by bright-field microscopy. In the polymer solution,
we included 0.9% w/v of NaCl for osmotic balance with blood
cells. This was important to ensure that the blood cells did not
su er osmotic stress when mixed with the polymer solution.
With regard to the blood, we diluted the original stock solution
by 10x in normal saline. This was done because at the original
concentration the density of blood cells was too high when
viewed under the microscope, which made it di cult to
distinguish if the cells were lying on top of each other or
undergoing aggregation. With the diluted blood (cell
concentration = 108 cells/mL), the cells could be resolved
better, as shown below.

Figure 2 shows representative images at 100x magnification
of a mixture of the above blood with 0.05 wt % of hmC or the
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parent chitosan. The hmC in these experiments was obtained
by modifying a chitosan of 250 kDa molecular weight with C,,
hydrophobes with the degree of modification being 5 mol %
with respect to the amines on the chitosan. Note that the cells
seen in the image are all RBCs. The two images in the figure
illustrate the key di erences between the two polymers. When
chitosan is added (Figure 2a), the blood cells remain as mostly
discrete structures. (This image is virtually identical to those of
the blood cells without adding any polymer.) There may be at
most a few small clusters of cells, although it is not clear if
these are truly clusters or if the cells are simply overlapping
(but unconnected) at the same spot in the image. In
comparison, when hmcC is added, the majority of blood cells
are clustered (Figure 2b). The clusters in this case are dense
structures and consequently appear dark in the image. Because
most of the cells are in clusters, there is considerable “empty”
space in the image where no cells are seen. Thus, we infer that
hmC induces blood cells to cluster, while chitosan does not. A
closer look at the clusters induced by hmC are shown in the
two images of Figure 3. These again reveal the clusters to be
dense aggregates of individual cells. All of the cells appear to be
intact, and there is no obvious disruption or hemolysis of the
cells.

Similar results were also obtained with cells other than
blood. Specifically, we studied L929 mouse fibroblast cells
( 10—20 pm in size), which were resuspended in normal
saline at a concentration of about 2 x 107 cells/mL. This cell
suspension was combined with 0.05 wt % of hmC (with 5 mol
% Cy, hydrophobes) or chitosan, and representative images are
shown in Figure 4. We again observe that the cells remain as
discrete structures when combined with chitosan (Figure 4a).
However, when combined with the hmC (which is the same as
above), the cells become aggregated into large and dense
clusters (Figure 4b).

We then attempted to quantify the di erences between
images of clustered and unclustered cells, such as those in
Figure 2a vs 2b or Figure 4a vs 4b. We used the Imagel
software to analyze the images. The software can threshold the
image and identify the outlines of all “clusters” (defined as
those with a size > 48 um?, which is the approximate area of a
single RBC)?’ and thereby also make a cluster size distribution.
This is shown by Figures S1 and S2 in the Supporting
Information. However, as noted above, it is not clear in the
case of the chitosan samples (Figures 2a and 4a) if there are
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Figure 3. Close ups of blood-cell clusters induced by hmC. These
are from Figure 2b, i.e., for mixtures of citrated bovine blood with
0.05 wt % hmC (Cy,, 5 mol %). Scale bars are 20 pm.

indeed clusters or if the cells are merely overlapping. For this
reason, measures such as the fraction of cells in clusters or the
average sizes of clusters were not reliable ways to di erentiate
between samples (Figure S2). Note that the key information is
contained in the largest clusters, which are a very small fraction
of the distribution in terms of number density.

The procedure we chose to use is depicted in Figure S1.
First, we threshold the image and identify the 10 largest
clusters using ImageJ. The 10 largest clusters in Figure 2a and
2b (in decreasing order of size) are numbered in panels A and
B of Figure S1. Next, we show the same fields of view in panels
C and D after these “top 10" clusters are removed. Note that
panel D looks very di erent from panel B because the “top 10”
clusters in the hmC sample occupied a large fraction of the

area. On the other hand, panels C and A look about the same
because the “top 10” clusters in the chitosan sample were a
small fraction of the area. This shows that the total area of the
10 largest clusters is one measure for quantifying the extent of
clustering. We normalize this area by the total area occupied by
all of the cells/clusters in the image. The same procedure is
then repeated for 3 or more images from the same sample. The
average and standard deviation are thus calculated for the
normalized areal fraction (%) of the 10 largest clusters, which
we term Agqer- FOr the images in Figure 2, we calculate Ayger
to be 5 £ 3% for the case of blood + chitosan (Figure 2a),
whereas it is substantially higher at 62 + 2% for blood + hmC
(Figure 2b).

Using the above measure, we can quantify the e ects of
di erent variables on blood-cell clustering. First is the degree
of hydrophobe modification, with the hydrophobe length
maintained at C,,. We compared hmC variants with di erent
degrees of Cy, hydrophobes (0.5, 1, 2, and 5 mol % relative to
the amine groups). Each of these was mixed with blood at a
polymer concentration of 0.05 wt %. Figure 5A—D shows a
systematic trend in the images, with the extent of blood-cell
clustering increasing with the mol % of hydrophobes. These
images were quantified by the procedure described in Figure
S1, and the results for the cluster areal fraction (Aguser) are
presented in the bar graph in Figure 5E. An increase in Aguster
with mol % hydrophobes is shown by the data, i.e., the more
hydrophobes per chain, the more clustering.

Next, we tested n-alkyl hydrophobes of di erent lengths (Cg,
Cg Cyo Cip). Di erent variants of hmC with each of these
hydrophobes were synthesized, with the degree of modification
kept constant at 5 mol % relative to the amine groups. The
di erent polymers were tested with blood at a polymer
concentration of 0.05 wt %. Images for the di erent cases are
shown in Figure 6A—D, and here, again the images show a
systematic trend, i.e., that clustering increases with the length
of the hydrophobes (C,, > C,; > Cg > Cg). From these images,
the cluster areal fractions (Ayuser) Were extracted, and the
results in Figure 6E show a steady increase in this parameter
with increasing hydrophobe length.

We then studied di erent concentrations of the hmC that
had 5 mol % of C;, hydrophobes. Images with blood for
polymer concentrations spanning 4 orders of magnitude are
shown in Figure 7A—D. No clustering of blood cells is seen at
the lowest hmC concentration of 0.00005 wt % (Figure 7A). In

(a) Chitosan |« &

(b) hmC . X‘.:& ®
_,,t' k ' 2
T 15 SN
% : g
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Figure 4. E ect of adding chitosan or hmC to L929 mouse fibroblast cells. Cells are combined with 0.05 wt % of (a) chitosan and (b) hmC (Cy,
hydrophobes, 5 mol %) and observed by optical microscopy. Note the significant clustering of cells in b compared to a. Scale bars are 400 pm.
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Figure 5. E ect of varying the degree of modification of hmC by C,, hydrophobes. Images are for citrated bovine blood mixed with 0.05 wt % of
hmC having di erent mole percents of Cy, hydrophobes: (A) 0.5%, (B) 1%, (C) 2%, and (D) 5%. Scale bars are 100 uym. (E) By analyzing the
images, the extent of clustering is quantified (in terms of Ay the areal fraction of the 10 largest clusters) and plotted against the hydrophobe
mole percent. Error bars represent standard deviations from multiple measurements.

Figure 6. E ect of varying the length of hydrophobes on hmC. Images are for citrated bovine blood combined with 0.05 wt % of hmC containing
di erent lengths of n-alkyl hydrophobes (5 mol % modification): (A) Cg, (B) Cg, (C) Cyp, and (D) Cy,. Scale bars are 100 pm. (E) By analyzing
the images, the extent of clustering is quantified (in terms of Ay, the areal fraction of the 10 largest clusters) and plotted against the hydrophobe
length. Error bars represent standard deviations from multiple measurements.

terms of number densities, this concentration translates to

102 chains/mL, and we calculate that each chain has about
80 hydrophobes (based on the graft density). Thus, there are

10 hydrophobes on the hmC chains, but this is insu cient
to cause clustering of the 10 blood cells/mL. However,
significant clustering is observed when the hmC concentration
is increased 10-fold to 0.0005 wt %, i.e., to  10™ chains/mL
(Figure 7B). The cluster areal fractions (Aquser) from these
images are plotted in Figure 7E, and from the data, the
clustering is nearly zero up to 0.00005 wt % and then remains
practically the same for concentrations from 0.0005 to 0.05 wt
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% (i.e., spanning 2 orders of magnitude). Thus, for a polymer
like the hmC tested here (with a large number of long
hydrophobes), there appears to be a low threshold
concentration beyond which clustering becomes significant.
The molecular weight (MW) of the hmC was also tested as
an additional parameter. The polymers studied thus far had a
molecular weight of 250 kDa. For comparison, we obtained a
chitosan with a lower MW of 100 kDa and converted this to an
hmC by attaching 5 mol % of C;, hydrophobes. The two
polymers were combined with blood at a concentration of 0.05
wt %, and the corresponding images are shown in Figure 8.
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