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Polymer hydrogels have long been used to hold and culture biological cells within their three-dimensional
(3-D) matrices. Typically, in such cases, the cells are passively entrapped in a mesh of polymer chains.
Here, we demonstrate an alternate approach where cells serve as active structural elements (crosslinks)
within a polymer gel network. The polymers used in this context are hydrophobically modified (hm)
derivatives of common biopolymers such as chitosan and alginate. We show that hm-polymers rapidly
transform a liquid suspension of cells into an elastic gel. In contrast, the native biopolymers (without
hydrophobes) do not cause such gelation. Gelation occurs because the hydrophobes on the polymer get
embedded within the hydrophobic interiors of cell bilayer membranes. The polymer chains thus connect
the cells into a 3-D sample-spanning network, with the cells serving as the junctions in the network. We
demonstrate that a variety of cell types, including blood cells, endothelial cells, and breast cancer cells
can be gelled by this approach. Cells gelled by hm-alginate are shown to remain viable within the
network. Also, since the crosslinking mechanism is based on hydrophobic interactions, we show that
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the addition of supramolecules with hydrophobic binding pockets can reverse the gelation and release
the cells. Cell-gels can be employed as injectable biomaterials since the connections in the network are
susceptible to shear, but recover rapidly once shear is stopped. The overall approach provides a simple

www.rsc.org/biomaterialsscience route towards the directed assembly of cell clusters and potentially to living tissue.

in this regard.* It is worth emphasizing that cellular assembly
is at the heart of biomaterial and tissue engineering.*” The

Introduction

Biological cells are the building blocks of all organisms. Most
cells in complex organisms, however, do not exist as discrete enti-
ties—instead, they are usually assembled into functional higher-
order structures, viz. tissues and organs.'™ The connection of
cells into tissue varies with tissue type. For example, cells could
be close-packed via adhesive interactions, or they could be
embedded within the extracellular matrix (ECM), which is a
fibrous polymeric material that forms a gel-like network around
the cells." In all cases, the resulting tissue is a squishy, gel-like
material within which the cells are immobilized.

Inspired by the natural assembly of complex biological
tissues from cells and ECM, scientists have begun to explore
whether cells can be assembled ex vivo to create tissue
mimics.*” A recent review by Taguchi discusses the growing
area of “cellular assembly” and describes various approaches
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standard approach in tissue engineering is to culture cells
within a polymeric hydrogel. In this case, the cells are pas-
sively entrapped as discrete structures in a three-dimensional
(3-D) network of polymer chains.*” Direct connection or
contact between adjacent cells occurs only at very high cell
densities.

Rather than the above typical case of passively embedding
cells in a polymer network, an alternative can be envisioned.
That is, a network can be formed in which the cells serve as
active structural elements (nodes or junctions or crosslinks),
with the various nodes being connected (bridged) by polymer
chains.* " In such a scenario, each polymer chain is attached
simultaneously to two or more adjacent cells and together
these elements build a sample-spanning 3-D network. One
example of such cellular assembly was shown by Mooney
et al.® who synthesized a derivative of the polysaccharide algi-
nate with grafted cell-adhesive peptides (containing the RGD,
i.e., arginine-glycine-aspartic acid, motif). The polymer chains
became bound to cells bearing RGD receptors via their RGD
domains, and the net result was the formation of a network of
cells bridged by polymer chains.

This journal is © The Royal Society of Chemistry 2014
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More recently, we and others have suggested that cell net-
working (gelling) can be induced in a simpler manner by
hydrophobic interactions.”*" In particular, we synthesized a
hydrophobically modified (hm) derivative of the -cationic
aminopolysaccharide chitosan and combined this polymer
with human blood."" We showed that hm-chitosan was able to
convert a liquid suspension of blood cells into an elastic gel.
To explain this gelation, we hypothesized that the polymer
chains inserted their hydrophobes into the lipid bilayers of
blood cells (due to their mutual hydrophobic affinity)."*** In
turn, this resulted in a network with the cells acting as junc-
tion points between polymer chains (see schematic in Fig. 1b).
In contrast to hm-chitosan, native chitosan (with no hydro-
phobes) did not cause such gelation."*

Based on the above findings, we hypothesized that hydro-
phobic interactions could be employed in a generic manner
for gelation of cells, i.e. it would neither require specific cells
nor a specific polymer backbone (as long as hydrophobes are
grafted to the backbone). The present study seeks to test this
hypothesis, ie., whether this gelation mechanism can be
extended to a variety of cells and to different hm-polymers.
Towards this end, we have studied several kinds of cells,
including human or bovine blood, endothelial cells, and
breast cancer cells. We have used two different hm-polymers:
the aforementioned hm-chitosan as well as a hydrophobically
modified derivative of alginate (hm-alginate). We chose algi-
nate because it is a biocompatible and bioresorbable polymer
that is widely used in tissue engineering and also as an
implantable biomaterial.'* The chemical structures of the hm-
chitosan and hm-alginate employed here are shown in Fig. 1a.

Our results, as shown below, confirm the cell-gelling abil-
ities of hm-polymers. Moreover, in the case of hm-alginate, we
have assayed the viability of gelled cells and we find the cells
to be mostly viable. We also demonstrate a unique aspect of
hm-polymer-mediated gelation of cells, which is that such
gelation can be readily reversed by introducing the sugar-
based supramolecule a-cyclodextrin (a-CD)."* This is possible
because the hydrophobic interactions that mediate gelation
are weak, physical bonds. a-CD has a hydrophobic binding
pocket that sequesters the hydrophobes present along the
polymer and thereby eliminates the interaction between
polymer chains and cells.""**> Overall, cell-gelling (networking)
by hm-polymers is shown to be a simple, benign process, with
its reversibility being an added benefit. This approach could
have wide utility, e.g., in biomedical applications such as
wound healing, tissue sealing, and for the injectable delivery
of cells. In the long term, it could also provide a route towards
the directed assembly of cell clusters and tissues.

Experimental section
Materials

The polymers chitosan and alginate were obtained from
Sigma-Aldrich. Chitosan (product number 448877) was of
medium molecular weight (190 000-310 000) and its degree of
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Fig. 1 Cell gelation by hydrophobically-modified (hm) polymers. (a)
Chemical structures of the two hm-polymers used in this study: hm-
chitosan (with C;, hydrophobes) and hm-alginate (with Cg hydro-
phobes). (b) Schematic depiction of the microstructure in a cell-gel
formed by hm-polymers. The polymer chains have a hydrophilic back-
bone (blue), with the hydrophobes attached to the backbone shown in
red. The hydrophobes become embedded in the hydrophobic interior of
lipid bilayer membranes, as shown in the inset (lipids are shown with
blue heads and red tails). In turn, the polymer chains bridge adjacent
cells to form a volume-filling network. Note that the cells serve as the
crosslinks or junction points in this network.

deacetylation was 80%. Sodium alginate (product number
A2033, from brown algae) had a molecular weight of
80 000-120 000. The following chemicals were also purchased
from Sigma-Aldrich: n-octylamine, n-dodecyl aldehyde, and
N-(3-dimethylamino-propyl)-N'-ethylcarbodiimide  hydrochlo-
ride (EDC). The supra-molecule a-cyclodextrin (a-CD) was
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obtained from TCI. Heparinized bovine blood was purchased
from Lampire. Human umbilical vein endothelial -cells
(HUVEC) (product number: C2517A) were purchased from
Lonza. Breast cancer cells (MCF7) were purchased from ATCC.
For MCF7 cell culture, Dulbecco’s modified eagle medium
(DMEM) containing high glucose was purchased from Fisher
Scientific, and this was supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. For HUVEC cell
culture, endothelial growth media (EGM-2) and supplement
EGM-2 bulletkit were purchased from Lonza. Live/Dead® assay
kit for mammalian cells was purchased from Invitrogen. All
chemicals and materials were used as received without further
purification.

Hydrophobically modified chitosan (hm-chitosan) synthesis

To make hm-chitosan with C,, hydrophobes, chitosan was
reacted with #n-dodecyl aldehyde following procedures
described in the literature'®'” and in our earlier studies.'™"®
The degree of hydro-phobic substitution follows the reaction
stoichiometry'® and was fixed at 6 mol% of the available
amine groups on the chitosan.

Hydrophobically modified alginate (hm-alginate) synthesis

hm-Alginate with Cg hydrophobes was synthesized by an ami-
dation reaction with n-octylamine using EDC as the coupling
reagent. The synthesis procedure followed that described by
Nystrom et al.'®*° The product was precipitated by adding
acetone and separated by vacuum filtration. This purification
step was repeated 5 times. The final product was recovered by
vacuum drying at room temperature. The degree of hydro-
phobic modification was determined by "H-NMR as described
previously.”® "H NMR spectra were taken on a Bruker AVANCE
500 MHZ spectrometer. Spectra were referenced to the 3-tri-
methylsilylpropionic acid sodium salt-d,. The calculated
degree of hydrophobic modification was 25 mol% of uronic
acid residues in the alginate chains.

Cell culture and cell gelation

For culture of MCF7 cells, high-glucose DMEM media sup-
plemented with 5 pL. mL™" of penicillin-streptomycin and 10%
fetal bovine serum (FBS) was used. For HUVEC cells,
EGM-2 media was first completed with EGM-2 bulletkit (con-
taining hydrocortisone, gentamicin-amphotericin-B, fetal
bovine serum, growth factors, ascorbic acid, and heparin).
Both cells were cultured separately in T75 flasks in a 37 °C
incubator with 5% CO,. Cells were subcultured every 5-7 days
by trypsinization with 0.25%/0.02% trypsin/EDTA. To prepare
cells for gelation experiments, confluent cells were harvested
from the T75 flask, centrifuged to a pellet and re-suspended in
0.5 mL of cell growth media or acetate-buffered saline (ABS).
Cell gelation was studied by adding stock solutions of the
corresponding polymer to the above cell suspension, followed
by gentle mixing. In the case of chitosan and hm-chitosan, the
polymers were dissolved in 0.15 M acetic acid. In the case of
alginate and hm-alginate, the polymers were dissolved in
saline solution (0.9 wt% NacCl) for osmotic balance.
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Rheological studies

A TA Instruments AR2000 stress-controlled rheometer was
used to perform steady and dynamic rheological experiments.
All experiments were done at 25 °C using a cone-and-plate geo-
metry (40 mm diameter and 2° cone angle). A solvent trap was
used to minimize drying of the sample during measurements.
Dynamic frequency spectra were conducted in the linear visco-
elastic regime of the samples, as determined by prior dynamic
strain sweeps.

Cyclodextrin gel reversal

A stock solution of 10 wt% o-CD was prepared in deionized
(DI) water and a small volume (200 pL) of this solution was
added to 2 mL of the cell-containing gel, followed by vortex
mixing. Adding just a small volume of the «-CD solution
ensured that the gel was negligibly diluted in the process.

Live-dead assay

A solution containing 4 uM of live (calcien-AM) and dead (ethi-
dium homodimer) assay reagent was prepared in PBS. To stain
the cells, 10 pL of this solution was added to the cell-gel, incu-
bated at room temperature for 15 min and then imaged on a
confocal microscope (Leica SP5 X). For imaging calcein-AM,
the excitation was done at 495 nm and emitted light was
recorded using a 505-554 nm band-pass filter. For imaging
ethidium homodimer, the excitation was done at 556 nm and
imaging was done with a 568-700 nm band pass filter. Cells
were imaged within successive optical slices of 1.3 pm thick-
ness to visualize live cells (stained green) and dead cells
(stained red) along different planes of the sample. Projections
of these images along the XY plane (top view) and XZ plane
(cross-sectional view) were then constructed using the Leica
Application Suite. All images were obtained within 1 h of
sample preparation.

Results and discussion
Cell gelation with hm-chitosan

Previously, we have demonstrated that hm-chitosan was
capable of gelling the cells in whole human blood.'! Here, we
show that the same polymer is able to gel other biological cells
as well. Specifically, we began with a suspension of HUVEC
cells in ABS and to this we added a solution of hm-chitosan
(with C;, hydrophobes). The concentration of cells in the final
sample was 1.35 x 10° cells mL ™" while the concentration of
polymer was 0.5 wt% (i.e., about 5 mg mL™'). The sample
immediately transformed into a self-supporting gel, as shown
by Photo 1 in Fig. 2. We observe from the photograph that the
gel is able to hold its weight upon vial inversion, which shows
that it has a substantial yield stress.>' Note also that the cell-
gel remains a homogeneous, transparent material with no evi-
dence of turbidity, precipitation, or phase separation. For com-
parison, an identical sample of HUVEC cells was combined
with 0.5% of the native chitosan (lacking any hydrophobes).

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 HUVEC cell gelation by hm-chitosan. A mixture of HUVEC cells
and hm-chitosan (0.5 wt%) forms a homogeneous, self-supporting gel
that holds its weight in the inverted vial (Photo 1). In contrast, a mixture
of the same cells and chitosan (0.5 wt%) is a freely flowing liquid
(Photo 2). The plot shows dynamic rheological data for the elastic
modulus G’ (red circles) and the viscous modulus G” (green triangles) as
functions of the frequency w. The hm-chitosan/HUVEC sample (closed
symbols) shows an elastic, gel-like response, consistent with Photo 1.
On the other hand, the chitosan/HUVEC sample (open symbols)
responds like a viscous solution, consistent with Photo 2. The sche-
matics indicate that the hm-chitosan connects cells into a network (as
in Fig. 1b) whereas the chitosan does not.

In this case, the sample remained a freely flowing liquid, as
shown by Photo 2 in Fig. 2.

To quantify the rheological differences between the above
two samples, dynamic rheological measurements were per-
formed. The data plotted in Fig. 2 are for the elastic (G') and
viscous (G") moduli as functions of the angular frequency w.
For the hm-chitosan/HUVEC sample, G’ exceeds G" over the
entire frequency range and both moduli are weakly dependent
on frequency. This is the rheological signature of a gel-like
sample.”* The frequency-independent plateau in G’ at low fre-
quencies is indicative of a sample-spanning network. On the
other hand, for the chitosan/HUVEC sample, G" exceeds G’
over the frequency range and both moduli exhibit a strong
dependence on frequency. This rheological response is
indicative of a viscous or liquid-like sample.”* Overall, the
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rheological data support the visual observations. We should
point out that a solution of 0.5% hm-chitosan is not a gel on
its own,'® i.e., the gel is formed only when the cells are com-
bined with hm-chitosan. Based on our previous work, the
likely mechanism for gelation is that the hydrophobes from
hm-chitosan chains insert into the bilayers of HUVEC cells,
resulting in the cells being bridged by polymer chains into a
3-D network.'"'® A schematic of such a network was shown
earlier in Fig. 1 and is indicated again in Fig. 2. Our obser-
vations with gelling two different types (and sizes) of cells, i.e.,
blood cells'* and HUVECs, suggests that hm-chitosan can act
as a generic gelator for a variety of cell types.

Cell gelation with hm-alginate

Next, we explored cell gelation using hm-alginate (having Cg
hydrophobes). One advantage of alginate derivatives including
hme-alginate is that they can be dissolved in water at physiologi-
cal pH whereas chitosan derivatives are soluble only under
mildly acidic conditions. Our initial studies were done with
heparinized bovine blood; note that heparin deactivates
thrombin and thereby ensures that the blood will not undergo
the natural clotting process. To this blood, we added a solution
of hm-alginate so that the concentration of polymer in the
overall sample was 0.93 wt%. For comparison, a second
sample was made by combining the same blood with an iden-
tical concentration of the parent alginate polymer. The
mixture of hm-alginate and blood quickly formed a gel that
supported its weight in the inverted vial, as shown by Photo 1
in Fig. 3. In contrast, the mixture of alginate and blood
remained a freely flowing liquid (similar to the blood alone),
as indicated by Photo 2 in Fig. 3.

Rheological data confirm the differences between the above
samples. Fig. 3a presents data from dynamic rheology. The
hm-alginate/blood sample shows the rheological signature of a
weak gel, as noted earlier in Fig. 3: i.e., G' > G" over the fre-
quency range, with both moduli showing negligible variation
with frequency. On the other hand, the alginate/blood sample
exhibits a viscous response: both moduli vary sharply with fre-
quency and G” > G’ at all frequencies. Next, Fig. 3b presents
data from steady-shear rheology on the same samples. Here,
the apparent viscosity is plotted as a function of shear stress.
The alginate/blood sample displays a constant viscosity of
~0.2 Pa 57! (Newtonian response). In contrast, the hm-algi-
nate/blood sample shows a shear-thinning (non-Newtonian)
response, with a high viscosity at low shear-stresses followed
by a decrease in viscosity at higher shear stresses. The zero-
shear viscosity, ie., the viscosity in the low-shear limit, is
~1000 Pa s, which is four orders of magnitude higher than
that of the alginate/blood sample. The steep drop in viscosity
around a stress of 2 Pa is indicative of a yield stress in the
material, i.e., the sample flows negligibly at stresses below this
value, consistent with its ability to hold its weight under vial
inversion. Also, it should be noted that 0.93 wt% hm-alginate
alone (without blood) is not a gel; rather its rheological profile
(Fig. 3b) is indicative of a viscous liquid with moderate shear-
thinning.”>** The above data show that gelation of blood can
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(b) Steady-Shear Rheology
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Fig. 3 Blood gelation by hm-alginate. A mixture of heparinized bovine blood and hm-alginate (0.93 wt%) forms a gel that supports its weight in
the inverted vial (Photo 1). In contrast, a mixture of the same blood and alginate (0.93 wt%) forms a thin liquid (Photo 2). Data from dynamic rheology
(a) and steady-shear rheology (b) substantiate these observations. In (a), the elastic modulus G’ (red circles) and the viscous modulus G” (green tri-
angles) are plotted as functions of the frequency w. The hm-alginate/blood sample (closed symbols) shows an elastic, gel-like response whereas the
alginate/blood sample (open symbols) shows the response of a viscous sol. In (b) the apparent viscosity is plotted as a function of the shear stress.
The hm-alginate/blood sample shows a very high viscosity at low stresses and a sharp drop in viscosity at a particular stress (reflecting a yield stress
in the sample). In contrast, the alginate/blood sample shows a low viscosity and Newtonian behavior, while a sample of hm-alginate alone at the

same concentration shows a moderate viscosity.

be induced by hm-alginate (but not native alginate). Once
again, this implies a cell network bridged by hm-alginate
chains, with the driving force being the affinity between the
hydrophobes on the polymer and cellular bilayers (Fig. 1).

To demonstrate the ability of hm-alginate to gel a variety of
cells, we tested two cell types, HUVECs and mammalian breast
cancer cells (MCF7). Hm-alginate was able to gel both types of
cells and results are shown here for MCF7. Initially, a freely
flowing suspension of MCF7 cells was placed in a tube and to
this a solution of hm-alginate in PBS was added. The concen-
tration of cells in the overall mixture was 1.15 x 10" cells mL ™"
while the concentration of polymer was 0.93 wt%. Upon
addition of hm-alginate, the cell suspension was transformed
into a gel that did not flow in the inverted tube, as can be seen
from the photograph in Fig. 4a. When this gel was observed
under optical microscopy, clusters of cells were evident
(Fig. 4b) and it appears that the cells are connected into a 3-D
network, consistent with the schematic in Fig. 1. In contrast, a
mixture of MCF7 cells with the native alginate (at identical
concentrations of cells and polymer) remained a freely flowing
liquid. Dynamic rheological data (Fig. 4c) again confirm the
differences between MCF7 samples containing hm-alginate
and alginate. The former shows the signature of a gel (G' > G,
both nearly independent of frequency) whereas the latter
shows the response of a viscous liquid (G” > G', both varying
with frequency). Thus, our results confirm the ability of
hm-alginate to act as a generic gelator for various cells, similar
to hm-chitosan.

The above results can be generalized in several ways. On the
one hand, we expect other hydrophobically modified biopoly-
mers to also be capable of inducing cell gelation by an identi-
cal mechanism.”'® More generally, such gelation should be
possible for any structures covered with a lipid membrane

1020 | Biomater. Sci, 2014, 2, 1016-1023
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Fig. 4 MCF7 cell gelation by hm-alginate. A mixture of MCF7 cells and
hm-alginate (0.93 wt%) forms a self-supporting gel (a). The optical
micrograph of this sample (b) shows a connected network of cell clus-
ters. Dynamic rheological data in (c) compare the hm-alginate/cell
sample (filled symbols) with an alginate/cell sample (open symbols;
same polymer and cell concentrations). For both cases, the elastic
modulus G’ (red circles) and the viscous modulus G" (green triangles)
are shown as functions of frequency. A gel-like response is observed in
the case of hm-alginate, but not with alginate.
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(bilayer), since hydrophobic moieties have a propensity to
embed in these membranes.'>'® Vesicles and liposomes are
self-assembled containers having a bilayer membrane enclos-
ing an aqueous core. Previously, we have induced gelation of
vesicles using either hm-chitosan'®**?® or hm-alginate.””
Hydrophobic interactions were shown to be the key factor in
these cases as well; specifically, gelation did not occur if the
polymer chains did not bear hydrophobes. Additional support
for such a mechanism has been provided using techniques
such as small-angle neutron scattering (SANS)'®** and cryo-
transmission electron microscopy (cryo-TEM).>>*® One should
also note that gelation requires a critical density of nodes (i.e.,
vesicles or cells) as well as connectors (i.e., polymer chains) in
the sample.">'® The effect of vesicle and hm-chitosan concen-
trations on gelation has been reported before in the form of a
“phase map” that distinguishes regions corresponding to
elastic gels from regions corresponding to viscoelastic solu-
tions.'® We expect similar phase maps to exist for the case of
cells as well. One additional factor with cells is that the cell
morphology (size and shape) varies from one type of cell to
another, and so the results will be unique to each cell type.

Reversal of hm-alginate-induced cell gelation

A distinct advantage of cell (or vesicle) gelation by hm-poly-
mers is that it is based on weak, non-covalent interactions and
hence can be reversed by addition of species with hydrophobic
binding pockets.'®> Reversal of gelation has been shown in

(a) Cells connected (gel)
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previous studies with blood"" as well as with vesicles.”® We
demonstrate this now for the case of MCF7 cells gelled by hm-
alginate. To the gel from Fig. 4, we add the supramolecule
a-cyclodextrin (a-CD) at a concentration of 0.91 wt% (9.4 mM).
As shown in Fig. 5, the gel (Photo 1) is immediately trans-
formed into a freely flowing liquid (Photo 2). This result is cor-
roborated by dynamic rheology (Fig. 5b). The initial sample
has a gel-like response whereas, after addition of a-CD, the
sample shows a viscous response (G" > G', both varying with
frequency). The mechanism for the reversal of gelation is
shown by the schematics in Fig. 5a and b. Initially, the hydro-
phobes (red tails) along the polymer chains are embedded in
cell membranes. When the o-CD is added, the hydrophobic
tails instead become sequestered within the hydrophobic
binding pockets of a-CD molecules (shown in orange)."*'*> The
polymer chains are thus prevented from interacting with the
cell membranes. In turn, because the cells are no longer
bridged by polymer chains, the gel is converted to a liquid, i.e.,
the cells are released. Note that the ability to reverse gelation
through a-CD further substantiates the fact that hydrophobic
interactions are responsible for the gelation in the first place."!
Similar results on reversal of gelation were observed in all the
cases mentioned above, i.e., regardless of cell type or the type
of hm-polymer. We should also note that the size of the
binding pocket in a-CD is such that it effectively binds the
single-tailed hydrophobes on our hm-polymers; however, it is
not large enough to bind the twin-tails on lipids that

(b) Cells released (sol)
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Fig. 5 Reversal of hm-alginate-induced cell gelation by a-cyclodextrin (x-CD). A cell-gel of MCF7 cells and hm-alginate (0.93 wt%) is shown in
Photo 1 (same as in Fig. 4). When 0.91 wt% «-CD is added, the sample is converted into a flowing liquid (Photo 2). These observations are supported
by dynamic rheological data in (c) for the elastic modulus G’ (red circles) and the viscous modulus G” (green triangles) as functions of the frequency
. The initial sample (filled symbols) shows a gel-like response whereas upon addition of a-CD (open symbols), the response is that of a viscous sol.
The schematics in (a) and (b) illustrate the mechanism for this reversal. The a-CD supramolecule has a barrel shape with an inner hydrophobic
pocket. When added to the cell-gel, these supramolecules sequester the hydrophobic tails present on the polymer chains. In turn, the connections
between the cells are eliminated and thereby the gel is converted to a liquid.
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constitute cell membranes.” Thus, the use of a-CD to reverse
cell-gels constitutes a simple, benign, and biocompatible
approach.

Viability of cells in cell-gels

A key remaining question is the fate of the cells within a cell
gel, i.e., do the cells continue to remain viable even as they
serve as the nodes in a 3-D polymer-bridged network? To
assess the effect of gelation on cell viability, we performed live-
dead assays on hm-alginate-MCF7 cell-gels (composition iden-
tical to that in Fig. 5 and 6). Calcein-AM was used as the live
stain and ethidium homodimer as the dead stain. Following
exposure of cells to these stains, confocal microscopy was used
to image the resulting fluorescence after an incubation time of
1 h (Fig. 6). Live cells are indicated by their green fluorescence
due to conversion of calcein AM to calcein by intracellular
esterases. Conversely, red fluorescence is indicative of dead
cells due to permeation of ethidium through their membranes
followed by intercalation of this dye within nucleic acids. Con-
focal microscope images at different optical sections of the gel
reflect a superposition of green and red fluorescence. Fig. 6a
shows a projection of multiple optical sections captured at
different heights of the cell gel. Fig. 6b shows a projection of
the same images on the XZ plane. We find that the vast
majority of the cells are stained green whereas only a few cells
are stained red. This demonstrates that gelation of MCF7 cells
by hm-alginate is benign to the cells over the period examined.
The images also indicate the presence of a 3-D network of cells
throughout the sample. Although more extensive studies on
cell viability (over longer timescales) need to be conducted,
our initial results from this live-dead assay do suggest that cell
gelation by hm-polymers is a benign process. The ability to
form gels of cells in this manner by self-assembly (and also to
reverse the gelation, on demand) could prove to be useful in
biomedical engineering. For example, cell-gels could serve as
injectable biomaterials. The shear-thinning property of cell-
gels (see Fig. 4) should allow them to be injectable by a
syringe. Once the gel is ejected from the tip of the syringe
needle, we have found that it reforms and reverts to its initial
gel state within seconds, as confirmed by rheological studies
(data not shown). This property ensures that an injected gel
will remain localized at the site of injection.

Conclusions

We have shown that a variety of cells can be gelled by hm-bio-
polymers (hm-chitosan and hm-alginate). These hydrophilic
biopolymers with hydrophobic grafts attached along their
backbone have the ability to transform freely flowing cell sus-
pensions into elastic gels. The gelling mechanism is based on
the insertion of hydrophobes on the polymers into the lipid-
rich cellular membrane, which results in the bridging of cells
into a physical 3-D network. Such cell gelation occurs without
the need of an external crosslinking reagent because the
functional components (cells) also serve as active structural
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Fig. 6 Live/dead assay of MCF7 cells in an hm-alginate-induced cell-gel.
Confocal microscopy was used to image the fluorescence in various
optical sections of an hm-alginate/MCF7 cell-gel (green fluorescence is
indicative of live cells while red fluorescence is indicative of dead cells).
A stack of such images is presented in (a) as a projection on the XY plane
(top view) and in (b) as a side (cross-sectional) view along the XZ plane.
Scale bars in both images are 500 pm. The images show that the
majority of cells are alive in the gel.

components (nodes or junction points) in the network. An
additional and unique advantage of cell gelation with hm-poly-
mers is that the cells can be detached from the gel by introduc-
tion of the supramolecule a-CD, ie., without the use of
enzymes or harsh oxidizing or reducing agents. Furthermore,
the process of cell-gelation with hm-alginate is benign to cells,
as demonstrated by a live-dead cell assay. Owing to the gener-
ality of hydrophobe-cell-membrane interactions, we expect
that the gelation mechanism demonstrated here can be
extended to other hydrophobically modified biopolymers and
also to gel a variety of cell types. The use of hm-polymers for
cell-gelation may find several significant biological appli-
cations, e.g. in 3-D cell culture, injectable cell gels (for cellular
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therapy), tissue sealants and hemostatic materials, and in
tissue engineering.
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