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Abstract

Hydrogels formed from the photoinitiated, solution polymerization of macromolecular monomers present distinct
advantages as cell delivery materials and are enabling researchers to three-dimensionally encapsulate cells within diverse
materials that mimic the extracellular matrix and support cellular viability. Approaches to synthesize gels with
biophysically and biochemically controlled microenvironments are becoming increasingly important, and require strategies
to control gel properties (e.g., degradation rate and mechanism) on multiple time and size scales. Furthermore, biological
responses of gel-encapsulated cells can be promoted by hydrogel degradation products, as well as by the release of tethered

biologically relevant molecules.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogels synthesized from the chain polymer-
ization of multifunctional macromolecular mono-
mers represent an important class of biomaterials
that are increasingly used as in situ forming
materials for cell delivery and tissue regeneration
[1-5]. When combined with photoinitiated poly-
merization, gels can be fabricated under physiolo-
gical conditions, enabling gelation in the presence of
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tissues, cells, and DNA [6-8]. Highly swollen gels
provide a tissue-like microenvironment for cells; the
high water content promotes facile transport and
can be tuned to permit long-term cell survival.
Oftentimes, the gel chemistry is systematically
varied to introduce biological cues, creating tailored
hydrogel niches that promote or suppress targeted
cell interactions or functions. In essence, hydrogels
provide a tailorable microenvironment or niche that
can support cell survival and function. These
hydrogel niches represent an important departure
from classic two-dimensional cell culture to three-
dimensional cell culture, and are enabling researchers
to answer questions of both fundamental biological
and clinical importance. Specifically, biomaterials
research spans the spectrum of fundamental studies
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to better understand the role of the gel environment
on cellular functions and the biology of tissue
formation to targeted clinical applications in the
design of in situ forming cell carriers that promote
healing. Critical to these approaches is the ability to
control the gel properties on many times scales, from
seconds to months, and on many size scales, from the
molecular to macroscopic.

When designing hydrogels from macromolecular
monomers, several factors must be taken into
account to create a suitable niche for 3D cell
culture, and these requirements are often quite
stringent when forming the gel in the presence of
cells. Traditionally, covalently crosslinked gels have
been formed through the step polymerization of
high molecular weight polymers with highly reactive
low molecular weight, and often toxic, crosslinkers.
These techniques include the use of aldehydes (e.g.,
gluteraldehyde), high-energy irradiation, and the
application of addition and condensation reactions
[9]. Most of these methods are simply incompatible
with the encapsulation of cells. Thus, gels formed
from the solution polymerization of water-soluble
precursors are becoming more widely explored for
cell encapsulation, and in these systems, cytocom-
patibility of the monomer is a major concern. A
general guideline is to synthesize macromolecular
monomers with molecular weights between 2 and
40kDa, as lower molecular weights are more readily
internalized by cells and can lead to problems
with cytotoxicity and higher molecular weights are
more difficult for the body to absorb and excrete,
which can lead to accumulation of unreacted or
degraded products [10,11]. These water-soluble
macromolecules are often functionalized with vinyl
end groups, and the presence of two or more
polymerizable moieties leads to the formation of a
crosslinked network. In biomaterial applications,
methacrylate and acrylate functionalities are the
most widely studied; methacrylates have the ad-
vantages of lower toxicity [12,13], but acrylates have
higher reactivities [14].

Formation of gels from these macromolecular
monomers often involves the chain polymerization
of multifunctional monomers in solution (e.g.,
10-20 wt% solutions are common conditions).
Photoinitiated polymerizations are becoming in-
creasingly popular as an approach to form these
types of hydrogel biomaterials because of the ability
to form gels under physiological conditions with
spatial and temporal control of the initiation
process. Regardless of the initiation mechanism

employed, however, care must be taken when
conducting polymerizations in the presence of
tissues, cells, proteins, and other biologics. Often-
times the active specie used to initiate polymeriza-
tion is highly reactive, and side reactions to
polymerization can include chain transfer to pro-
teins and/or molecules on the cell membrane. This
in turn can lead to deleterious effects, eventually
compromising compatibility of the material for the
intended application. With this in mind, our group
and others have demonstrated that under mild
initiation conditions [6,8], the polymerization rate
can be tuned to allow gel formation on a clinically
acceptable timescale (< 10min) with undetectable
or minimal damage to tissues, cells, proteins, or
DNA [1,2,7,15-19].

Another important consequence when designing
crosslinked biomaterials is that, upon network
formation, the network structure and materials
properties are fixed. For hydrogel systems, this
means that the liquid precursors are converted
directly into a solid biomaterial that must be in its
useful form. Manipulating the properties of the gel
requires careful design and control of the initial
macromolecular monomer structure, as well as the
influence of the polymerization conditions on the
evolution of the final network structure. Thus,
versatile synthetic approaches that allow precise
control of the monomer molecular weight and its
distribution, functionality and architecture (e.g.,
linear, hyperbranched), and the distribution of
chemical functionality are critical, along with
understanding how reaction conditions can be used
to influence the connectivity of the monomers in the
final network structure. For example, recent interest
has grown in the area of biomaterial formation
using mixed-mode polymerizations [20-25] or con-
trolled radical polymerizations [26-30] that lead
to dramatically different network structures than
classical chain polymerizations. Such approaches
afford users greater versatility in tailoring the
biomaterial properties from a given macromolecular
monomer chemistry. Finally, numerous applica-
tions require the eventual degradation and erosion
of the hydrogel system. Degradation is often
introduced into crosslinked hydrogel systems by
incorporation of hydrolytically or enzymatically
degradable functionalities that reside within the
backbone of the macromolecular monomer, leading
to temporal variations in the network crosslinking
density as degradation occurs. A particularly
challenging aspect of biomaterial design is tuning
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this degradation rate, and ultimate mass loss, to
match healing or the regeneration of a tissue
[2,31,32].

In this article, we aim to demonstrate some of the
needs and current directions in developing hydrogel
biomaterials from the photoinitiated polymerization
of multifunctional macromolecular monomer pre-
cursors. These directions relate primarily to the
requirements for facile approaches to modulate
network structure and incorporate diverse biologi-
cal functionalities. First, by fine tuning the chem-
istry of macromolecular triblock monomers in
combination with an externally triggerable degrada-
tion factor, namely lipase, the degradation of
poly(ethylene glycol) (PEG)-based hydrogels can
be easily controlled to accommodate extracellular
matrix (ECM) elaboration by PEG-encapsulated
chondrocytes. Second, the network structure of
PEG hydrogels formed through a photoinitiated
polymerization can be dramatically affected by the
incorporation of a multi-functional thiol through a
mixed-mode polymerization mechanism. In addi-
tion to several advantages afforded by this poly-
merization mechanism, the degradation behavior of
these networks is far different than that of tradi-
tional homopolymerizations. Third, photopolymer-
ized networks can be rationally designed such that
degradation products of the network itself lead to
important cellular responses of gel-encapsulated
cells. A striking example is discussed, in which
degradation products of a PEG-hyaluronic acid
(HA) copolymer gel can lead to differential
responses of valvular interstitial cells (VICs),
depending upon the molecular weight of the
released HA fragments. This response can be altered
by varying the network structure and, consequently,
the size of the degradation products. Finally,
polymerizable drug conjugates can be incorporated
into the network during photopolymerization, and
subsequent release of the tethered drug molecule
can lead to a cellular response of encapsulated cells.
For example, a methacrylated dexamethasone con-
jugate is presented; this molecule is copolymerized
into a PEG gel to form dexamethasone-containing
tethers, and hydrolytic degradation of ester bonds in
the tethers results in the release of dexamethasone
from the network. The liberated dexamethasone
induces osteogenic differentiation of encapsulated
human mesenchymal stem cells (hMSCs). In sum,
these examples were chosen to illustrate collectively
how alterations in the chemistry of the macromo-
lecular monomers used in the preparation of

photoinitiated hydrogels are crucial for developing
biochemically and biophysically defined gel niches
that support and promote specific cell functions
important to tissue engineers.

2. Design of multifunctional degradable macromers:
synthesis of gels with controlled degradation profiles

Numerous groups are interested in exploiting the
photoinitiated polymerization of poly(ethylene gly-
col) (PEG)-based macromolecular monomers to
create hydrogels for applications ranging from cell
delivery vehicles [2,15,16,18,33-48] for tissue regen-
eration to in situ forming tissue adhesives [33-35]. In
many of these biomaterial applications, degradation
of the final gel is desired, and the mechanism of
degradation and subsequent mass loss profile are
critical parameters that dictate the usefulness of the
material for its intended application. Since the early
work of Sawhney and Hubbell [36], researchers have
exploited the usefulness of triblock copolymer
structures in controlling the final gel’s degrada-
tion-dependent properties. Specifically, lactide, gly-
colide, and caprolactone blocks have been grafted
from PEG cores of varying molecular weight. These
triblock macromolecules were then modified with
polymerizable end groups to form covalently cross-
linked gels with hydrolyzable crosslinks. The
chemistry and structure of the degradable blocks,
along with the connectivity of the final gel structure
(e.g., kinetic chain lengths and cyclization), influ-
ence temporal changes in the crosslinking density
and subsequent erosion of mass from the gel.
Metters et al. [38,39] developed a statistical-kinetic
model to describe the degradation of these types of
gels, and Bryant et al. [6,37] further demonstrated
how the gel’s degradation profile dramatically
influences the distribution of cell-secreted extracel-
lular matrix molecules in a cartilage tissue-engineer-
ing application. Because of the predominantly PEG-
like character and high water content of these gels,
degradation proceeds via a pseudo-first-order hy-
drolysis mechanism, and mass loss results from
release of degraded PEG crosslinks at early stages
and release of unattached kinetic chains at later
stages. While the shape and time scale of the mass
loss profile can be tuned through changes in the
block copolymer structure and chemistry, this
approach relies on pre-selecting the appropriate
degradation profile, which oftentimes can be quite
difficult to know without extensive experimentation.
Thus, recent research has focused on alternative
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approaches to pre-engineering the gel degradation,
and these include the design of macromers with
blocks that can be degraded by cell-secreted
proteases (e.g., peptide sequences that are cleaved
by matrix metalloproteases) or incorporating che-
mistries that degrade in response to an exogenously
delivered signal [18,40,41]. Both of these approaches
can be particularly beneficial for tissue-engineering
strategies. In the former system, cells decide when
to degrade the biomaterial, and in the latter system,
degradation can be externally triggered in response
to a monitored change in the biomaterial environ-
ment (e.g., temperature or pH). The following
paragraph illustrates one example of the useful-
ness of such a system in monitoring and con-
trolling the regeneration of cartilaginous tissue in a
PEG-based gel.

Recent publications have demonstrated that
lipase, a general class of enzymes that catalyze the
degradation of ester bonds, will cleave caprolactone
ester bonds [42,43]. Since lipase is not normally
present in the cartilage microenvironment and is not
secreted by cartilage forming cells, chondrocytes,
this approach provides a relatively simple strategy
to design gels where the degradation and mass
loss can be controlled by external delivery of lipase.
To capitalize on the lipase-catalyzed hydrolysis
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of caprolactone ester bonds, a dimethacrylated
tri-block copolymer, polycaprolactone-b-poly(ethy-
lene glycol)-b-polycaprolactone (PEG-CAP-DM)
(Fig. 1A) was synthesized. After polymerization of
PEG-CAP-DM and the formation of a network,
degradation of the polycaprolactone regions can be
achieved through exogenous delivery of lipase [44]
(Fig. 1B). Thus, there is a high-degree of external
control over the degradation of the material; the
rate of degradation can be increased or decreased
simply by controlling the amount of exogenously
delivered lipase, as well as by the number of lipase-
degradable caprolactone ester bonds per crosslink.
In this way, the temporal delivery of lipase can be
used to carefully control the rate of network
degradation to match the rate of extracellular
matrix production by gel-encapsulated chondro-
cytes. As shown in Fig. 1C, control over the mass
loss of PEG-CAP-DM hydrogels can be achieved by
controlling the concentration of lipase in the
surrounding solution. The enzyme becomes inhib-
ited periodically, so fresh lipase enzyme must be
added, and this accounts for the non-continuous
mass loss profiles shown in Fig. 1.

This externally triggerable gel mechanism pro-
vides numerous advantages for both fundamental
and applied studies in cartilage tissue-engineering
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Fig. 1. PEG-CAP-DM macromonomers (A) were photopolymerized to create a crosslinked hydrogel network (B). Shown is an ideal
network in which crosslinks 3 and 6 have been enzymatically cleaved by exogenously added lipase. (C) Experimental mass loss data and
calculated mass loss profiles (solid lines) for hydrogels synthesized from PEG-CAP-DM macromonomers and incubated in solutions with
(a) 1.0mg/ml, (b) 0.4mg/ml, (c) 0.2mg/ml, and (d) 0.1 mg/ml lipase PS [44].
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research. Degradation is critical to the evolution of
biochemically and biomechanically robust tissue,
which requires that the gel’s crosslinking density
and mass loss be tuned to match the rate at which
chondrocytes secrete extracellular matrix molecules
while simultaneously allowing for their assembly in
3D. Gels formed from these PEG-CAP-DM macro-
molecules afford new opportunities to systemati-
cally study the influence of the gel degradation
profile on cartilaginous tissue evolution. Further,
one might envision the application of such a system
in strategies to regenerate cartilage in advanced
bioreactors. Cell-gel constructs could be mechani-
cally stimulated, and the delivery of the enzyme
correlated to the evolution of a particular property,
such as mechanics, that would be monitored in real
time. In sum, strategies to develop macromolecular
monomers that afford greater control over the
degradation-dependent properties of the resulting
gel will provide significant benefits to numerous
tissue-engineering endeavors.

3. Using polymerization mechanism to control
biomaterial properties: thiol-acrylate mixed-mode
polymerizations

Traditional interest in biomaterials formed from
multifunctional macromolecular monomers has
focused on networks synthesized through photo-
initiated chain polymerizations. Such strategies
result in the formation of a relatively highly
crosslinked network where degradation is typically
introduced through functional groups incorporated
into the network crosslinks. A hydrogel synthesized
from di(meth)acrylated PEG macromolecular
monomers provides one example (Fig. 1B). The
final degradation products of this type of system
include a distribution of relatively high molecular
weight kinetic chains in addition to the lower
molecular weight fragments that are released from
the crosslinks. The molecular weight of the degra-
dation products is intimately linked to the biocom-
patibility of the material. Equally important is the
resulting material’s degradation behavior and mass
loss profile. Thus, strategies to control the structure
of the network, where degradation occurs, as well as
the size and composition of the ultimate degrada-
tion products represent important new directions in
the development of biomaterials from macromole-
cular monomers.

As an alternative to the classic chain polymeriza-
tion of multifunctional (meth)acrylate monomers,

(meth)acrylate monomers can be copolymerized
with multifunctional thiols to form networks via a
radically mediated mixed chain-growth and step-
growth mechanism [20,23-25]. Others have used
step-growth polymerization of thiol and vinyl
groups to synthesize degradable networks (e.g.,
Michael-addition reactions) [45—47]. In complemen-
tary work, specific advantages of the photoinitiated
mixed-mode polymerization of thiol-acrylates have
been recently demonstrated. For example, the
photopolymerization of poly(ethylene glycol)-b-
poly(lactic acid)-diacrylate (PEG-PLA-DA) with a
tetrathiol monomer leads to a crosslinked network
with a substantially different structure than the
homopolymerization of PEG-PLA-DA. There are
no high molecular weight kinetic chains that evolve
during a chain polymerization, because propagation
and chain transfer occur simultaneously, leading to
network structures that are highly dependent on the
thiol:acrylate functional group ratio and relative
concentrations. Further, the network structure and
bulk network chemistry are easily modified through
changes in the thiol monomer functionality, chem-
istry, and functional group concentration. For
example, thiol-containing peptide sequences and/or
crosslinkers that are included in the initial monomer
formulation are covalently tethered into the net-
work as it polymerizes [60]. Thus, mixed-mode
polymerizations offer a higher degree of control of
the network structure, and this control is significant
since network structure is closely coupled to the
ultimate degradation behavior and mechanical
properties of the material.

Beyond advantages in controlling the evolution of
the network structure, thiol-acrylate photopolymer-
izations afford specific processing advantages. In a
typical photoinitiated chain polymerization, an
initiator is included in the formulation that absorbs
light of the appropriate wavelength and is converted
to an active specie that initiates polymerization
through the (meth)acrylate moicties. While the
polymerization occurs under physiological condi-
tions with temporal and spatial control, the use of
photoinitiators presents two additional challenges.
First, thick samples are difficult to fabricate due to
light attenuation through the sample as initiator
molecules absorb light; and secondly, initiators
and their activated species can be toxic to cells
and damaging to proteins, depending upon their
concentration [6,8]. Thiol-acrylate photopolymeri-
zations address both of these limitations. When
a thiol-containing monomer is combined with a
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di-acrylated PEG monomer, photopolymerization
rapidly occurs in the absence of any added
photoinitiator, eliminating any initiator toxicity
issues and allowing the fabrication of thick samples
(in excess of 10cm) [24].

Fig. 2 demonstrates the unique polymerization
and degradation behavior exhibited by these mixed-
mode thiol-acrylate networks in relation to pure
acrylate chain-growth polymers. In the absence of
photoinitiator, the polymerization of poly(ethylene
glycol)-b-poly(lactic acid)-diacrylate (PEG-LA-DA,
structure shown in Fig. 2A) is characterized by very
low conversion of acrylate groups over time (curve
(a) in Fig. 2B). However, when a tetrathiol
(pentaerythritol  tetrakis(3-mercaptopropionate),
structure shown in Fig. 2A) is added at 15mol%
(thiol functional groups relative to total acrylate
and thiol functional groups) to the same PEG-LA-
DA composition (curve (b)), the reaction reaches
high conversions after 12min of light exposure
(5mW/cm?); the rate of reaction is enhanced
additionally by increasing the light intensity to
50mW/cm? (curve (c)). Due to the dependence of
mass loss behavior on network structure for these
networks, the thiol-acrylate mass loss profile is
altered substantially by increasing the composition
of tetrathiol in the initial monomer solution;
increasing tetrathiol content leads to a more rapid
degradation of the network as shown in Fig. 2C.
Fig. 2D depicts a pure acrylate chain-growth
systems (a) and a thiol-acrylate mixed-mode system
(b) as monomer solutions, crosslinked polymer
networks, and final degradation products. Network
structure can be easily modified by altering the
initial ratio of thiol and acrylate monomers in the
monomer precursor solution. Finally, if the thiol
monomer is a cysteine-containing peptide, hydrogel
networks can be synthesized with a diverse array of
peptide functionalities. Fig. 2E shows human
mesenchymal stem cells (hMSCs) encapsulated in
a gel formed from the photopolymerization of a
diacrylated PEG with a cysteine-containing peptide
sequence, CRGDSG. A viability stain illustrates the
ability of the incorporated RGDS functionality to
promote cell survival.

Control of the polymerization mechanism in the
development of hydrogels provides specific advan-
tages in manipulating properties through the
control of polymer structure. Through the copoly-
merization of a small set of macromolecular
monomers, a diverse array of biomaterial properties
can be realized. When thiol-acrylate systems are

employed, further advantages include the facile
ability to integrate synthetic functionalitites with
biological functionalities (e.g., oligopeptides), which
impart desirable characteristics for 3D cell culture
platforms, tissue-engineering applications, and
guided wound healing.

4. Synthesizing macromolecular monomers of
varying functionality: controlling the molecular
weight of degradation products to influence cell
function

In addition to macromolecular monomers based
on synthetic polymers, many biologically based
polymers provide an alternative direction to fabri-
cate gels. For example, tissues are comprised of
numerous polysaccharides, including hyaluronan,
chondroitin sulfate, and keratin sulfate, as well as a
water swollen network of cell-secreted extracellular
matrix (ECM) proteins including collagens and
other associated ECM components. These mole-
cules can serve as the basis for the synthesis of chain
crosslinkable macromers. Typically, (meth)acrylate-
functionalized biological monomers will react to
form gels that cells can degrade through secretion of
enzymes, and often the released products have a
potent effect on the activity and function of the
cells. For example, in addition to hyaluronan’s role
as a structural element, high molecular weight
hyaluronan is often degraded by migrating cells
during wound healing events, and the lower
molecular weight fragments can be bound or
intracellularized to influence cell proliferation,
matrix secretion, and gene expression [48—50].

Given the structure and high level of functionality
of most natural polymers, approaches to modify the
polymer pendant groups with polymerizable moi-
eties are robust and diverse. Thus, one can readily
envision multiple strategies to create multivinyl
macromers and control the ultimate connectivity
of the reacted macromolecule in the final network
structure. The importance of this is two-fold. First,
structure—property relationships can be further
tuned for a particular application. Secondly, the
molecular weight distribution of the degradation
products is influenced by the chemical modification
and crosslinking density. Wang et al. [61] recently
demonstrated the benefits of multifunctional chon-
droitin sulfate monomers to create bioadhesive gels
that promoted integration of regenerated cartilage
tissue. The chondroitin sulfate was functionalized
with chain polymerizable methacrylate groups to



C.R. Nuttelman et al. | Prog. Polym. Sci. 33 (2008) 167179 173

%wﬁr <

100

w

Initiator
time
hv

Initiator
time

Acrylate Conversion (%)

Time (min)
37°C
C 37°C lPBS pH7.4
PBS pH 7.4 time
100 T JAY T ! ! Hﬁ " time ZL
_ 80 X :
s . @ 2 %I ] ~
] ) s
§ 60 - @C@ = 1))
- = o ]
2 401 A ® _oF . /\?'
®© - O 23] i
= o . ]
20 & pef ]
& |
0 - . . . . . . .

0 5 10 15 20 25 30 35

Time (days)
3 ~
L ]
= - < , =
: - . J o
s P :
- - L ] =
4 ., Y. @ B
= . i ’t; b4
- = = -
n N R L D -
e o, s 2 -
- s W e
. - :
: ® ‘e P
q ., o
; - . - L
. Y. .t
. Je e, . .
g 5 e A L]
o - - @ .
L)
-

Fig. 2. (A) Materials were created from the reaction of poly(ethylene glycol)-b-poly(lactic acid)-diacrylate (PEG-PLA-DA) and
pentaerythritol tetrakis(3-mercaptopropionate) (tetrathiol). (B) Conversion profiles of initiatorless photopolymerizations: (a) 100% PEG-
PLA-diacrylate, light intensity = 5mW/cm?, (b) 85mol% PEG-PLA-diacrylate, 15mol% tetrathiol, light intensity = 5mW/cm?, (c)
85mol% PEG-PLA-diacrylate, 15mol% tetrathiol, light intensity = 50 mW/cm?. (C) Experimental mass loss profiles for degradable thiol-
acrylate networks made from a PEG-PLA-DA and 10 mol% (J), 30 mol% (©), and 50 mol% ( /\) tetrathiol. (D) Pictorial representation
of the initial monomer molecules, crosslinked polymer networks, and degradation products for materials formed from (a) chain-growth
polymerization mechanism and (b) mixed-mode mechanism [25]. (E) Encapsultion of human mesenchymal stem cells in PEG-peptide gels
synthesized through the thiol-acrylate chemistry. Micrographs are from day 7 of culture of hMSCs encapsulated at a density of
5 x 10°cells/ml in gels formed from (a) PEG-DA and (b) PEG-DA with 5mM CRGDSG. The images are stained with LIVE/DEAD to
differentiate living cells (gray) from dead (black), and illustrate the ability of the CRGDSG functionalized gels to promote hMSC survival.
Scale bar = 50 um.
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allow in situ gelation and aldehyde groups to
increase adhesion through conjugation with amines
present on the tissue surface. Prestwich and
collaborators have a long-standing interest in the
functionalization of hyaluronic acid macromole-
cules to create covalent crosslinked gels with unique
biological activity [62], as well as approaches to
create multicomponent gels through reactions be-
tween functionalized hyaluronan, chondroitin sul-
fate, and gelatin [63]. Here, we illustrate a striking
example, in which a multivinyl hyaluronan (HA)
macromer is used to encapsulate valvular interstitial
cells found in the heart valve, to demonstrate the
effect of gel composition and connectivity on cell
function.

Specifically, the primary alcohol on hyaluronan
was modified with methacrylate groups (e.g.,
1.5-100% substitution) to synthesize multimetha-
crylated hyaluronan (HA-MA, Fig. 3A). This
macromolecular monomer was used to encapsulate
valvular interstitial cells (VICs) through a photo-
initiated polymerization. HA based gels provide an
advantageous system for the 3D culture of VICs
and heart valve regeneration because of HA’s
importance in heart valve development. For example,
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embryonic heart valves develop from a HA-rich
“cardiac jelly” [51], and heart valves fail to develop
in embryos that are genetically deficient in hyaluro-
nic acid synthase 2 [52]. VIC viability within these
HA gels remained high (>90% after 1 week in
culture), and significant matrix production was
observed after 6 weeks [53]. Concurrently, results
demonstrated that cell proliferation and extracellu-
lar matrix (ECM) production by VICs were both
significantly affected by HA fragments that were
exogeneously added to VIC cultures [53]. For
example, total ECM production, as measured by
"H-glycine incorporation, was greatest when VICs
were cultured for 20 days in the presence of low
molecular weight HA fragments (3,~6700 g/mol,
as shown in Fig. 3B).

From a tissue-engineering standpoint, the ability
to control ECM production over time provides
distinct advantages. As such, future work that tunes
the functionality and connectivity of the HA to the
gel will be important, so that one can engineer the
release of HA fragments of different sizes on
different time scales. Cells remodel the HA-MA
gels through enzymatic degradation. Depending
upon crosslinking density of the hydrogels, there is
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Fig. 3. (A) Structure of methacrylated hyaluronic acid (HA). (B) Soluble HA fragments of low and high molecular weight (M,) have
profound effects on total ECM production, as measured by 'H-glycine incorporation at 3 days (striped bars) and 20 days (white bars). (C)
Schematic showing structure and degradation products of HA-MA networks containing a high crosslinking density (a) or low crosslinking

density (b) [53].
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a complex distribution of degradation products that
can result (Fig. 3C). Degradation of gels containing
a high crosslinking density (a) will lead to a greater
distribution of lower molecular weight HA frag-
ments than gels containing a low crosslinking
density (b). As such, by controlling the structure
of HA-MA gels, one can potentially control the
outcome of enzymatic degradation such that de-
gradation products will have a profound cellular
effect on ECM production by gel-encapsulated
VICs. For example, initially it might be important
for ECM production to be high; thus, the release of
low molecular weight HA fragments during degra-
dation of a HA-MA gel would stimulate ECM
production. However, once sufficient ECM has
been formed, ECM production should cease (to
prevent fibrosis of the tissue) in the latter stages of
tissue evolution and remodeling. In general, the
ability to manipulate the structure of gels containing
natural matrix components affords an excellent
opportunity to promote or suppress selected func-
tions of cells residing in these niches. Models that
predict the release and molecular weight distribu-
tion of networks formed from these types of
macromolecular monomers will provide useful tools
for the design of experiments and hypothesis testing.

5. Asymmetric macromolecular monomers: synthesis
of gels with drug-releasing tethers

Functionalizing gels with biological signals is
critical for many applications ranging from cell
carriers to drug delivery devices. While most
synthetic monomers allow one to create and
engineer gels with carefully tuned structures and
desired matrix properties, synthetic polymers lack
any biologically recognized functionality, and at
best, facilitate non-specific interactions (e.g., protein
adsorption) that can be exploited with limited
control. Thus, there is a great deal of interest and
opportunity in the development of strategies to
tether biological signals or therapeutic molecules to
hydrogel systems. One obvious approach is the
synthesis of multifunctional monomers that are
asymmetric in their functionality, containing at least
one polymerizable group and at least one conju-
gated drug, peptide, or protein. The bioactive
molecule of interest can be either permanently
linked or released over time through degradable
linkers, depending on the requirements for the
application. Examples of this type of approach
include the tethering of transforming growth factor

beta (TGFP) to gels through polymerization of
monoacrylated PEG conjugates; the conjugated
TGFB was found to be active and increased ECM
production by smooth muscle cells [64]. Numerous
others use this type of approach to create asym-
metric monomers with acrylate functionalities
conjugated to peptide sequences of interest, espe-
cially those that promote cell adhesion (e.g.,
RGD, YIGSR, REDYV, and IKVAYV) (reviewed in
Ref. [65]).

Design of synthetic-biologic monomer conjugates
allows one to manipulate the concentration of the
functional group (i.e., by proper selection of the
comonomer ratio); however, high loadings are
difficult to achieve, so such strategies are best suited
for potent molecules that are therapeutically effec-
tive at low doses. One such example is the
development of functionalized gels that direct the
differentiation of adult stem cells. Recent interest
has emerged in the use of bone marrow-derived
stem cells for tissue-engineering applications. Hu-
man mesenchymal stem cells (hMSCs), also com-
monly referred to as bone marrow stromal cells, are
a unique class of multipotent cells that are non-
committed and remain in an undifferentiated state.
When treated with the right chemicals, hormones,
and growth factors, hMSCs can be transformed into
the cells of bone, cartilage, fat, tendon, muscle, and
other tissues [54-57]. For example, the synthetic
glucocorticosteroid, dexamethasone, is a potent
inducer of osteogenic differentiation of hMSCs
when it is added to two-dimensional cultures.
However, interesting questions remain for investi-
gators developing three-dimensional culture niches
for hMSCs and bone regeneration, especially how
one might use the scaffold chemistry to integrate
osteogenic signals in a manner that delivers these
factors in the right context at the right time, dose,
and location.

As one example, dexamethasone has been co-
valently linked into PEG hydrogels by copoly-
merization of a dexamethasone-PEG conjugate
(PEG526MMA-nLac-Suc-Dex, (a) in Fig. 4A) with
di-acrylated PEG (PEG3400DA) in the presence of
a photoinitiating molecule. A small concentration
(2.8mM) of a mono-acrylated PEG-cell adhesive
peptide sequence (Acryl-PEG-RGD) was included
to promote cell adhesion and viability [15].
This copolymerization results in the tethering of
dexamethasone to the network through a degrad-
able bond ((b) in Fig. 4A). Over time, these
degradable lactide bonds hydrolyze and release
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Fig. 4. (A) Dexamethasone was covalently linked to a photoreactive poly(ethylene glycol) molecule through a degradable poly(lactide)
bond (PEG526MMA-nLac-Suc-Dex, (a)) and incorporated into a hydrogel network through photopolymerization (b). Over time,
dexamethasone is released from its insoluble, hydrogel-bound form (b) to a soluble form (c) where it is able to interact with cells and cause
osteogenic differentiation of gel-encapsulated hMSCs. (B) Human MSCs were seeded on tissue culture plastic and cultured in the presence
of control media (CON, top left), 100nM dexamethasone (top right), and supernatant from dexamethasone that had been released from
PEG-Dex hydrogels (bottom). (C) Human MSCs were photoencapsulated in PEG3400DA hydrogels (solid bars) containing 2.8 mM of a
mono-acrylated cell adhesive sequence (Acryl-PEG-RGD), which promotes cell viability, and cultured in CON media or Dex media. Cells
were also encapsulated in PEG3400DA hydrogels in the presence of PEG526MMA-4Lac-Suc-Dex and cultured in CON media (solid bar,
“Released Dex”’). After 2 weeks in culture, total mRNA was isolated and gene expression of core binding factor alpha (Cbfal) was
assessed using real-time RT-PCR. An asterisk denotes that results are significant when compared to CON results (p <0.05) [58].

soluble dexamethasone ((c) in Fig. 4A). The rate of
dexamethasone release is controlled by varying the
chemistry of the linking spacer. Only one of the
hydrolyzable bonds must be degraded for dexa-
methasone to be liberated; in general, increasing the
number of hydrolyzable lactic acid repeat units
improves the chances that just one of those bonds
will cleave to release dexamethasone. Importantly, a
variety of dexamethasone conjugates can be re-
leased depending upon which ester bond hydrolyzes
first. This does not necessarily lead to the release of
pure dexamethasone per se; rather, the released

dexamethasone conjugates may or may not have
biological activity. However, there is evidence that
carboxylic acid-containing dexamethasone conju-
gates are capable of autocatalysis of the remaining
ester bonds, leading to rapid degradation of
dexamethasone conjugates to pure dexamethasone
upon hydrolysis of a single ester bond [58,59].
Further control over dexamethasone release can
be achieved by manipulating the chemistry of
the ester bond. For example, a caprolactone ester
bond degrades much more slowly than a lactide
ester bond; thus, incorporating caprolactone bonds
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results in slower dexamethasone release. Similar
control can potentially be achieved using other
types of degradable bonds.

Released dexamethasone causes monolayer
hMSCs to attain the osteogenic phenotype, similar
to when the cells are cultured in dexamethasone-
containing media (Fig. 4B). Osteoblastic cells are
characterized by a more stellate and flattened
morphology as opposed to the elongated, spindle-
shaped hMSCs. Furthermore, cells exhibit increased
gene expression of core binding factor alpha 1
(Cbfal), an important transcription factor impli-
cated in osteogenic differentiation, in gel-encapsu-
lated (3D) hMSCs (Fig. 4C). This example shows a
compelling case for the importance of introducing
functionality into gels in a tissue-engineering
application, and a plethora of future work remains
in order to develop more sophisticated gel platforms
that integrate multiple functionalities that can be
displayed in a manner that is controlled in both time
and space. This will become increasingly important
as new classes of therapeutic molecules emerge (e.g.,
miRNAs), and more sophisticated delivery plat-
forms evolve where the gel itself can amplify or
offset the cells response to the delivered signal.

6. Conclusions

In situ forming hydrogel materials are promising
candidates for cell delivery applications. While many
hydrogels cannot be formed in the presence of
cells, photoinitiated polymerizations of aqueous
macromolecules, such as PEG-based macromolecu-
lar monomers, are enabling researchers to three-
dimensionally encapsulate cells in hydrogel materials
that mimic the extracellular matrix and support
cellular viability. As exhibited by the examples in this
article, chemical control over macromolecular mono-
mers used in photoinitiated polymerizations for
hydrogel cell delivery materials affords substantial
control over diverse gel properties, including degra-
dation rate and mechanism of gel degradation. While
traditional polymeric scaffolds have generally been
thought of as passive materials that provide little
more than a structural element to support three-
dimensional cell growth and survival, more recent
hydrogel scaffolds are being synthesized through
photoinitiated polymerizations of aqueous macro-
molecules to actively promote targeted cell responses
to degradation products, as well as providing control
over the release of biologically relevant small
molecules. Future biomaterial platforms will benefit

from advances in polymer chemistry to synthesize
hydrogel niches with highly defined biochemical and
biophysical microenvironments.
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