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Novel injectable neutral solutions of chitosan form
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Abstract

A novel approach to provide, thermally sensitive neutral solutions based on chitosan/polyol salt combinations is described. These
formulations possess a physiological pH and can be held liquid below room temperature for encapsulating living cells and therapeutic
proteins; they form monolithic gels at body temperature. When injected in vivo the liquid formulations turn into gel implants in situ.
This system was used successfully to deliver biologically active growth factors in vivo as well as an encapsulating matrix for living
chondrocytes for tissue engineering applications. This study reports for the "rst time the use of polymer/polyol salt aqueous solutions
as gelling systems, suggesting the discovery of a prototype for a new family of thermosetting gels highly compatible with biological
compounds. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Injection of in situ gel-forming biopolymer is becom-
ing increasingly attractive for the development of thera-
peutic implants and vehicles [1}10]. Copolymers of
poly(ethylene oxide) and poly(propylene oxide) (known
as Poloxamers) in aqueous solutions are well-known
thermoset gel-forming materials in situ [11], but lack of
physiological degradability and induce unexpected
plasma cholesterol or triglycerides increases in rats when
injected intraperitoneally [12,13]. Recently, diblock
copolymers of poly(ethylene oxide) and poly(lactic acid)
were proposed as alternative materials to provide inject-
able drug-delivery systems because of their biodegrad-
ability and acceptance in vitro [14]. However, the need of
high polymer concentration (&25%) and high injection
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temperature (&453C) may limit the bene"ts of such
systems, particularly in delivering living cells and sensi-
tive proteins.

Chitosan, an amino-polysaccharide obtained by alka-
line deacetylation of chitin, a natural component of
shrimp or crab shells [15,16], is a biocompatible [17,18]
and biodegradable [19,20] pH-dependent cationic poly-
mer which is becoming prominent in the biomedical "eld.
Solubility of chitosan in aqueous solutions is attained via
protonation of its amine groups in acidic environments.
Once dissolved, chitosan remains in solution up to a pH
in the vicinity of 6.2. Neutralization of chitosan aqueous
solutions to a pH exceeding 6.2 systematically leads to
the formation of a hydrated gel-like precipitate.

In the present study, we focused on the transformation
of pH-gelling cationic polysaccharide solutions into
thermally sensitive pH-dependent gel-forming aqueous
solutions, without any chemical modi"cation or cross-
link. In particular, e!orts have been oriented toward
chitosan aqueous solutions where we added polyol
salts bearing a single anionic head, such as glycerol-,
sorbitol-, fructose- or glucose-phosphate salts (polyol- or
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sugar-phosphate). We found that these salts form ideal
agents for transforming purely pH-dependent chitosan
solutions into temperature-controlled pH-dependent
chitosan solutions. The combination of chitosan,
a cationic polysaccharide, and polyol-phosphate salts
was chosen to bene"t from several synergistic forces
favorable to gel formation including hydrogen bonding,
electrostatic interactions and hydrophobic interactions.
This set of phosphate salts gives a unique behavior by
allowing the chitosan solutions to remain liquid at the
physiological pH and to turn into gel if heated at body
temperature. The uniqueness also resides in overcoming
this pH barrier for chitosan solutions, which has
long been a major limitation for many applications.
Thus, the phenomenon described here is quite distinct
from that showed by solutions of water-soluble hydro-
phobically modi"ed cellulose in presence of ionic surfac-
tants [21].

2. Experimental section

2.1. Preparation of auto-gelling chitosan solution

Typical C/GP solution was obtained by dissolving
200mg of chitosan, (with medium viscosity and a degree
of deacetylation of&91%, provided by Maypro Indus-
tries Inc., Purchase, NY ), in 9ml of HCl solution (0.1 M).
To the resulting solution, 560mg of glycerophosphate
disodium salt dissolved in 1ml of distilled water, was
carefully added drop by drop to obtain a clear and
homogeneous liquid solution. The pH value of the "nal
solution before heating was 7.15.

For injection in vivo and encapsulation of chon-
drocytes and bone protein (BP), the chitosan used was
PROTASANTM UP Cl214, an ultrapure medical grade of
chitosan chloride salt provided by PRONOVA Biomedi-
cal, Oslo, Norway. This grade of chitosan has been
shown nontoxic [22]. For the preparation of 2% w/v
chitosan solution, the salt form of the polymer was taken
into consideration in the weighted mass.

2.2. Rheological evaluation

The rheological properties were examined with a CVO
rheometer, purchased from Bohlin Instruments, Inc.,
Granbury, NJ. The measuring system was concentric
cylinders (C25), requiring about 12ml of the solution as
volume for the sample. Samples were covered with min-
eral oil in order to prevent water evaporation during the
measurements.

The elastic modulus (G@) and the viscous modulus (GA),
as function of the temperature, were determined from the
oscillating measurements at a frequency of 1 Hz. The
temperature was varied at the rate of 13C/min. The
gelation point was determined as the temperature at

which both G@ and GA followed the power law with the
same exponent n, found around 0.48, in good agreement
with the proposition of Winter and Chambon [23,24].

2.3. In vivo injection

A liquid C/GP aqueous formulation with a pH value
around 7.15, containing 2.0% w/v of chitosan, was ad-
ministered by dorsal subcutaneous injections in adult
Sprague}Dawley rats (&250 g). Sterile formulations were
obtained by regular liquid autoclaving of chitosan solu-
tions, 0.22lm "ltration of GP solutions, and sterile prep-
aration of C/GP solutions to be injected. Rats were
anesthetized by intraperitoneal injection of an aqueous
Hypnormt/Midozalant solution, and prepared sterile
for dorsal injections. Each injection was 0.2ml in volume
and performed through hypodermic syringe equipped
with a gauge 22G1 needle. After sacri"ce, C/GP explants
and surrounding tissues were histologically processed
using Haematoxylin}Eosin stains.

2.4. BP-loaded C/GP gels and in vivo delivery

BP (Sulzer Biologics, Wheat Ridge, CO) is derived
from bovine bone and is an osteogenic mixture of TGFb
family members including several BMPs. Injectable gel
systems were prepared from solubilized (100mM HCl)
solutions of 94% deacetylated chitosan. Solubilized BP
was added and bu!ered to pH 7.2 using a b-glycerophos-
phate solution. Final gel systems contained 2% chitosan
and 50 or 150 lg/ml BP. Long}Evans rats (5 per treat-
ment) were anesthetized and gel-containing samples
(200ll) were injected subcutaneously above the pec-
toralis muscle without incision. Animals were sacri"ced
by CO

2
asphyxiation at 4 weeks. Explants were his-

tologically processed using Von Kossa and Toluidine
Blue stains.

2.5. Encapsulation of chondrocytes

Articular cartilage tissue was obtained from 4 month
old calf knees. The chondrocytes were enzymatically re-
covered as described elsewhere [25]. Isolated primary
chondrocytes were suspended in C/GP solution at an
initial concentration of 107/ml and the mixture was
poured into 100mm Petri dishes, allowed to gel at 373C
and cored into 6mm discs. The discs were then cultured
in 10% fetal bovine serum containing DMEM (Gibco,
Grand Island, NY) supplemented with 50lg/ml
gentamycin (Sigma), 50lg/ml ascorbic acid (Sigma)
and 2 mM glutamic acid (Sigma) at 373C in humidi"ed
5% CO

2
incubator. Specimen were taken after 1}28 days

of culture, sectioned using a vibratome to 0.1mm thick-
ness and incubated with the vital dye calcein-AM and
non-viable dye ethidium homodimer-1 (molecular
probes).
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Fig. 1. Sol/gel transition of typical C/GP solutions, (a) pH&7.15 and
(b) pH adjusted to &6.85, during a heating}cooling cycle, at 13C/min,
between 5 and 703C. (i) Changes of elastic modulus, as temperature
increases, shows a drastic rise of G@ (elastic modulus) at the incipient gel
zone (a)&373C and (b)&453C. (ii) The decrease of the elastic modulus
upon cooling indicates a certain thermoreversibility of these C/GP gels
formed near neutral pH.

Table 1
Dependence of the temperature of incipient gelation (¹

'
) on the

chitosan characteristics

Chitosan DDA! M
8
" Polydispersity ¹

'
#

(%) (g/mol) D
1

(3C)

70 80.794]104 5.0 66
81 12.375]104 5.8 57
81 41.207]104 5.3 57
81 84.617]104 4.9 57
91 55.207]104 3.3 37

!Deacetylation degrees were obtained by using 13C-NMR spectro-
scopy.
"Molecular weights (M

8
) were determined by using size-exclusion

chromatography.
#Temperature of incipient gelation determined by rheological

measurements.

3. Results and discussion

3.1. Auto-gelling chitosan/glycerophosphate solution

Admixing a glycerol-phosphate disodium salt to
a chitosan aqueous solution, an example of the new
system, increases the pH of the solution due to the neu-
tralizing e!ect of the phosphate groups (base). In the
presence of this salt, however, chitosan solutions remain
liquid below room temperature, even with pH values
within a physiologically acceptable neutral range from
6.8 to 7.2. These nearly neutral chitosan/glycerol-phos-
phate (C/GP) aqueous solutions will gel quickly when
heated. Fig. 1a shows the rheological behavior of a typi-
cal C/GP neutral solution (pH+7.15), during a heat-
ing}cooling cycle between 5 and 703C. The sharp rise of
the elastic modulus upon heating, curve (i), clearly indi-
cates that the liquid solution turned into a solid-like gel
in the vicinity of 373C, while the decrease of the same
elastic modulus upon cooling, curve (ii), reveals a tend-
ency of the gel to return to a liquid state. Such a tendency
towards complete thermoreversibility becomes more
pronounced for C/GP solutions having lower pH be-
tween 6.5 and 6.9, as shown in Fig. 1b.

Since the properties of chitosan solutions are greatly
in#uenced by the chemical characteristics of chitosan,
including molecular weight and the degree of deacetyla-
tion, chitosan samples with varied molecular weight and
degree of deacetylation were used in C/GP thermogelling
systems at physiological pH. We found that the temper-
ature of incipient gelation increases as the degree of
deacetylation decreases, while the molecular weight
showed no signi"cant e!ect on the temperature of gela-
tion (Table 1).

Although the polyol-phosphate agents used here are
also divalent anions, they do not induce the purely ionic
cross-linking that is responsible for the gelation of
chitosan aqueous solutions with other divalent anions
such as sulfate, oxalate, molybdate or phosphate [26].
The polyol aspect of these agents a!ects the system in
part by its in#uence on water, allowing temperature-
dependent hydration or dehydration of chitosan chains.
The role of hydration or dehydration forces and water
structure has been extensively investigated in biological
and colloidal systems [27]. In particular, polyols and
sugars were shown to stabilize proteins against denatura-
tion due to their structuring e!ect on water, by strength-
ening hydrophobic interactions [28,29]. Based on these
previous studies and considering the observation that
C/GP solutions gel upon heating, we hypothesized that
hydrophobic forces play an important role in the gelation
process. However, we are now conducting experiments
aiming to correlate the modulation of these forces in the
presence of glycerol-phosphate.

The addition of a glycerol-phosphate salt to chitosan
aqueous solutions directly modulates electrostatic and
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Fig. 2. Subcutaneous gel-implants had bean-like shapes and remained
quite morphologically intact when excised at 3, 6, 12, 24, 48, 72 h and
7 days. All implants were intimately integrated within the subdermal
"brous membranes.

Fig. 3. An osteoinductive mixture of proteins (BP) delivered from
C/GP gels induces bone and cartilage formation in the rodent ectopic
model. (a) Von Kossa stain of C/GP gel without BP demonstrated
"brous, unmineralized tissue. (b) Von Kossa stain of C/GP gel with
10lg BP demonstrated immature, mineralized bone, mineralized carti-
lage, and non-mineralized cartilage containing chondrocytes. (c) Tol-
uidine blue stain of C/GP gel without BP demonstrated "brous, non-
cartilagenous tissue. (d) Toluidine blue stain of C/GP gel with 30lg BP
demonstrated an abundance of chondrocytes encompassed by a terri-
torial cartilagenous matrix. Original magni"cation was 4] for (a), (b),
and (c) and 10] for (d).

hydrophobic interactions, and hydrogen bonding be-
tween chitosan chains, which are the main molecular
forces involved in gel formation. The e!ective interac-
tions responsible for the sol/gel transition are multiple:
(1) the increase of chitosan interchain hydrogen bonding
as a consequence of the reduction of electrostatic repul-
sion due to the basic action of the salt, (2) the
chitosan}glycerol-phosphate electrostatic attractions via
the ammonium and the phosphate groups, respectively,
and (3) the chitosan}chitosan hydrophobic interactions
which should be enhanced by the structuring action of
glycerol on water. The nontrivial aspect of such a gela-
tion, namely its temperature dependence, most predomi-
nantly originates from the strengthening of chitosan
hydrophobic attractions upon increasing the temper-
ature, due to the presence of the glycerol moiety [28,29].
At low temperatures, strong chitosan}water interactions
protect the chitosan chains against aggregation. Upon
heating, sheaths of water molecules are removed by the
glycerol moiety, which in turn allows association of
chitosan macromolecules. Thus, although electrostatic
forces may be modulated by temperature, either via con-
formation-charge coupling or due to pair correlation of
divalent ions [30], hydrophobic interactions are expected
to play a major role in the gelation of C/GP solutions. It
should be noted that such a gelation would still not occur

without the attractions through mechanisms (1) and (2),
which are present within the C/GP solutions, and which
also explain the role of the pH in the temperature-con-
trolled gelation of C/GP aqueous systems.

Thermoreversibility of gelation is linked to the pH
value attained in C/GP solutions before heating and to
the fact that cooling after heat-induced gelation weakens
hydrophobic forces but strengthens hydrogen bonding.
Thus, systems having pH values between 6.9 and 7.2
before heating appear to be only partially thermoreversi-
ble as indicated by rheological measurements presented
in Fig. 1a. However, complete thermoreversibility is at-
tained for C/GP solutions with pH values ranging from
6.5 and 6.9 (Fig. 1b), suggesting inhibition of hydrogen
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Fig. 4. Cartilage formation within chondrocytes-loaded C/GP gels during 3 weeks in vitro and in vivo. Toluidine blue stain of ultra-thin sections from
in vitro cultures at 22 days (a and b) or in vivo implants at 21 days (c and d). Metachromatic staining indicates the accumulation of pericellular
proteoglycan. In vitro or in vivo implants were generated with 107 primary chondrocytes per ml (a and c) or no cells (b and d). Some basophilic cells
(arrow) were observed to invade the in vivo implants. Magni"cation: 40].

bond formation at lower pH due to the presence of
signi"cant interchain electrostatic repulsion. As a conse-
quence of such repulsion forces, the incipient zone of
gelation is shifted to a higher temperature (&453C).

3.2. In vivo gelation

Thermogelling C/GP aqueous formulations can be
easily administered within the body endoscopically or
through injections, opening new avenues for minimally
invasive and site-speci"c in situ-forming implants. Thera-
peutic agents, drugs or living biologicals are incorpor-
ated prior to the injection within the thermogelling C/GP
solutions. Homogeneous gel-implants were injected and

formed in situ in many body compartments: subcu-
taneously, intra-muscularly, intra-articularly, in the
cul-de-sac of the eye and in bone and cartilage defects.
Fig. 2 shows the dorsal subcutaneous injection of an in
situ thermogelling C/GP formulation. Several chitosan
formulations with degree of deacetylation ranging from
40 to 95% were tested in this manner. Histological analy-
sis over several weeks con"rmed the results of Dornish
et al. [23] on the safety of chitosan. In addition, we found
that the degree of deacetylation was the key factor gov-
erning both the rate of degradation and the in#ammat-
ory response. While lower degree of deacetylation
resulted short residence time and in#ammatory cell in-
duction, higher degree of deacetylation had longer
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residence time (several weeks) and resulted in no detect-
able in#ammation.

3.3. BP and chondrocytes delivered in vivo

C/GP gels lend themselves particularly well for the
delivery of sensitive biological materials such as proteins
and living cells. Unique features of this gel system perti-
nent to such applications are the induction of gelation at
neutral pH and physiological osmolarity by a temper-
ature increase to 373C. Thus, biological materials may be
mixed with the liquid formulation at low temperatures,
therefore maintaining their activity, and injected into
a body temperature environment which induces gelation
and thereby retention at the site of injection. The use of
a cationic polysaccharide such as chitosan further adds
the interesting aspect of adhesion to tissue surfaces,
which usually bear net anionic characteristics. Two key
experiments were performed to exemplify the use of
C/GP gels in such applications. C/GP gels were "rst
formulated with a bone-inducing growth factor prepara-
tion (BP) and injected subcutaneously in rats. This well
established assay is routinely used to demonstrate the
activity of bone-inducing growth factors delivered in
matrices with the simple monitoring of ectopic cartilage
and bone formation [31]. The presence of di!erentiating
cartilage and bone tissue in the histological sections from
in vivo explants in Fig. 3, demonstrate that C/GP gels
can deliver active BP leading to de novo cartilage and
bone formation in an ectopic site. To further establish
cytocompatibility of our C/GP preparations and demon-
strate the absence of any toxic elements compromising
cell viability, we encapsulated several established cell
lines (cos-7, L929 and Rat-1) as well as freshly isolated
primary cells (bovine and human chondrocytes). All
C/GP-cell preparations were able to maintain more than
80% cell viability over extended period of time when
cultured in vitro (not shown). The application of cell
transplantation for tissue repair was tested directly by
implanting isolated bovine articular chondrocytes em-
bedded in C/GP gels subcutaneously in athymic mice.
A detailed analysis of the implant after a 3 weeks period
revealed several areas of remodeling chondrocytes secret-
ing a matrix characteristic of normal cartilage. This pro-
teoglycan-rich matrix is evident in Fig. 4 via its intense
staining with toluidine blue. RNAse protection assays
demonstrated that the implanted chondrocytes also ex-
pressed bovine cartilage speci"c genes such as type II
collagen and the large aggregating proteoglycan ag-
grecan (not shown).

In conclusion, chitosan is currently seen as a promising
bioerodible cationic biomaterial, while polyol phosphate
salts are well-known biocompatible agents. The delivery
of biological therapeutics with thermo-setting chitosan
hydrogel presented in this paper represents a signi"cant
achievement in the "eld of drug delivery. The mechanism

of gelation, which does not involve covalent cross-
linkers, organic solvents or detergents, combined with
a controllable residence time, renders this injectable bio-
material uniquely compatible with sensitive biologics.
This type of therapeutic delivery system has the potential
to non-surgically deliver molecules that could otherwise
be inactivated with other types of vehicles.
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