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ABSTRACT: Recent studies have demonstrated the useful-
ness of three-dimensional hydrogel scaffolds for cell
instruction. However, the control of gel architectures in cell-
friendly conditions remains a challenge. Here, we report a
novel method to generate unique three-dimensional collagen
gel structures for the modulation of cell phenotypes. This was
achieved by directing collagen self-assembly with unreactive
hydrophilic polyethylene glycol (PEG) chains. Our approach
allowed the fiber sizes and mechanics of three-dimensional
collagen gels to be readily controlled. It also enabled the
recapitulation of distinctive structures such as large perimysial
collagen cables. Through different experiments, we elucidated
the underlying mechanism for this PEG-mediated thermodynamic regulation of gel structure. We further used these cell-
instructive three-dimensional gels to bring about pronounced morphological changes in encapsulated fibroblasts and their
activation to form contractile bundles. Overall, our platform fills a gap in the existing array of collagen scaffolds and can
potentially be adapted to a variety of self-assembling systems.

Collagen gels have been widely used for cell culture and to
direct cell behavior.1−4 To generate these cell-instructive

matrices, the mechanical properties of collagen gels were
typically modified by various methods such as chemical cross-
linking and change of collagen concentrations.1−4 However,
these methods may be associated with several drawbacks, such
as the limited variety of gel architectures and decreasing
permeability with increased gel stiffness.5 Emerging studies
have also shown that, although bulk mechanical properties are
important in regulating cell phenotypes, it is the micro-
structures that better relate to the length scales of cell
sensing.6,7 As such, the successful application of three-
dimensional (3D) cell-instructive gels greatly depends on the
ability to generate unique gel structures under mild, cell-
friendly processing conditions. Here, we report a method to
control the microstructure of 3D cell-encapsulating collagen
gels via incorporation of polyethylene glycol (PEG) into the
collagen pregel solutions before subsequent activation of gel
formation. With this cell-friendly approach, we were able to
directly tune the self-assembly of collagen molecules during cell
encapsulation. This method also allowed the generation of
unique gel architectures resembling perimysial collagen cables
in muscles. We further demonstrated that the unique gel
architectures produced with this method resulted in the
activation of encapsulated fibroblasts into proto-myofibroblasts.
These phenotypic changes could not be observed with

unmodified collagen gels and collagen gels formed by other
approaches such as covalent cross-linking.
First, we regulated the self-assembly of collagen gels by using

different mass ratios of hydrophilic PEG to collagen (MPEG‑COL)
during gel formation. Increasing MPEG‑COL from 0 to 25 led to a
corresponding increase in mean diameters (d) of fibers from 90
to 300 nm, as shown in the SEM images (Figure 1a,b). At
MPEG‑COL of 25, we were able to generate gels consisting of
fibers with similar diameters to perimysial collagen cables that
surround muscle fibers (Figures 1a and S1).8 As a comparison,
we also fabricated covalently cross-linked collagen gels by using
a bifunctional cross-linker, PEG-di(succinic acid N-hydroxy-
succinimidyl ester) (PEG-diNHS; Figure S1). The structures
resembling perimysial cables were reproducible by these
chemically cross-linked control gels (Figure S1).
As the total collagen concentration was fixed for allMPEG‑COL,

the increase of the collagen fiber diameter resulted in increasing
mesh size (ξ), from 1.1 to 3.0 μm as seen from the SEM images
(Figure 1b). In contrast, the chemically cross-linked control
hydrogel formed from mixture of collagen and PEG-diNHS
exhibited reduced porosity as compared to the pure collagen gel
(Figure S1).
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To investigate the mechanism by which PEG regulates the
collagen fiber diameters, we further characterized the
intermolecular interactions with Fourier transform infrared
spectroscopy (FTIR) and differential scanning calorimeter
(DSC). First, FTIR was used to investigate if hydrogen bonding
was present between collagen and PEG gel mixtures. As there
was no shift in the amide bands of collagen gels with the
incorporation of PEG, we can conclude that there was limited
hydrogen bonding between collagen and PEG (Table S1).9,10

Second, DSC was used to determine the relative ratios of free
water and hydrogen-bonded, bound water for different
MPEG‑COL before and after gelation. A higher fraction of
unfreezable bound water would lead to a smaller endothermic
peak during melting.11 According to the DSC analysis, an
increase in MPEG‑COL from 0 to 25 resulted in a reduction in the
endothermic peak in the pregel solutions (Figure 1c). However,
following gelation, there were no major differences in the areas
of the endothermic peaks between different MPEG‑COL (Figure
1c).
The calorimetric analysis demonstrated that solubilized

collagen molecules in the pregel solution formed extensive
hydrogen bonds with water, which decreased the overall
entropy due to the lowered motility of the bound water. This
reduced entropy drove the collagen molecules to self-assemble
into fibers bundles. It had been previously reported that, during
such self-assembly, new hydrogen bonds formed between
collagen molecules at the expense of collagen−water hydrogen
bonds.12 Due to the larger number of water molecules, the gain
in entropy due to the release of bound water far outweighed the
loss of entropy due to collagen association, thus favorable
entropy was restored (Scheme 1a). Furthermore, the DSC
analysis disclosed that the addition of the long, hydrophilic

PEG chains further increased the amount of bound water in the
pregel solutions. This result indicated that PEG addition further
lowered initial entropy of the pregel solution, thus generating a
larger driving force for the formation of larger collagen fiber
bundles (Scheme 1b).
We further investigated the effect of PEG on the mechanical

properties of the bulk gels and the comprising fibers. The bulk
rigidity was quantified by measuring the storage moduli (G′) of
the gels subjected to low-amplitude oscillatory shear
deformation. As MPEG‑COL was increased from 0 to 5 and 10,
a corresponding decrease in G′ was observed (Figure 2a).
However, further increase of MPEG‑COL from 10 to 25 resulted
in the increase of G′ from approximately 2 to 6 Pa. This
complex change in G′ with varying MPEG‑COL could be
attributed to the simultaneous changes in fiber diameter and
spacing.13 It had been shown that an increase in spacing
between fibers resulted in the reduction of G′, but a significant
increase in fiber diameter contributed to increasing G′.14 The
G′ of pure PEG solution was almost zero, indicating that the
incorporated PEG chains did not make a direct contribution to
the gel mechanics (Figure 2a).
The bending rigidity (κ) of the individual collagen fiber was

quantified from G′ and ξ using the MacKintosh model (details
presented in Experimental Section).14 According to the model,
κ is directly proportional to the square root of (G′ξ5). Unlike
the bulk storage modulus which had complex changes with
different MPEG‑COL, the κ values increased with MPEG‑COL due to
the increasing fiber diameters (Figure 2b).
Although there were different trends for the bulk gel storage

modulus and single fiber mechanical properties, we expected
that cells cultured within the gels were more greatly affected by
single fiber stiffness due to their similar length scales.15,16 It had

Figure 1. Structure of cell-instructive collagen gels formed by thermodynamic control. (a) Increasing the mass ratio of PEG to collagen (MPEG‑COL)
increased fiber diameters. The collagen gels formed by thermodynamic control had distinct architecture from chemically cross-linked control gels
(Figure S1). Also, the size of the collagen fiber bundles in MPEG‑COL = 25 resembled that of perimysial collagen cables found in muscles (Figure S1;
scale bars represent 1 μm, inset magnified 4×). (b) The increase in MPEG‑COL from 0 to 25 resulted in an increase in the mean fiber diameter (d;
green diamond) and mesh size (ξ; open red triangle). (c) Increasing MPEG‑COL from 0 (open black square) to 5 (open red circle), 10 (open blue
triangle), and 25 (open pink triangle) reduced water’s melting endothermic peaks in pregel solutions. This indicated increased proportions of
unfreezable bound water. However, following complete self-association of the collagen fibrils to form fibers, the melting endotherms were uniform
for all MPEG‑COL from 0 (solid black square) to 5 (solid red circle), 10 (solid blue diamond), and 25 (solid pink diamond), thus, indicating no
disparity in bound water fraction (bars represent standard error; *single-factor ANOVA test, α < 0.01).
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been shown in previous studies that cells were only able to
sense the mechanical properties within the order of micro-
meters.15,16 Apart from the generation of unique gel
architecture, another notable feature of this mode of control
was the increase in mesh size from 1.1 to 3.0 μm with
increasing fiber rigidity. The rigidity of hydrogels was
conventionally increased by increasing either polymer concen-
tration or cross-linking densities.1−4 This typically led to a

decrease in mesh size and could be associated with
compromised mass transfer and reduced viability of encapsu-
lated cells.5,17 However, this reduction in mesh size was not a
concern in our system.
Fibroblasts were incorporated into the collagen gel

presenting the unique perimysial cables-like architecture
(MPEG‑COL = 25) in order to examine the effects of modified
fiber structures on cellular phenotype and organization. The

Scheme 1. Regulation of Collagen Structure through Addition of PEGa

a(a) Under gel-forming conditions, the large proportion of H-bonded bound water (dotted), decreased the overall entropy of the system, providing
the thermodynamic driving force for self-association of fibrils. Fiber bundle formation subsequently reduced the bound water fraction and restored
overall entropy of the system. (b) With the incorporation of hydrophilic PEG (red spheres), the proportion of bound water further increased, thus,
creating lower entropy and an even larger larger driving force for fibril self-association. As such, the size of the resultant collagen fibers increased. (c)
Fiber thickness and mesh size were expected to increase with the mass ratio of hydrophilic PEG chains to collagen (MPEG‑COL).

Figure 2. Mechanics of cell-instructive collagen gels formed by thermodynamic control. (a) As MPEG‑COL was increased from 0 (square/orange) to 5
(circle/black), and 10 (up-facing triangle/brown), the storage modulus (G′) decreased. However, further increase of MPEG‑COL to 25 (down-facing
triangle/gray) resulted in an increase in G′. This complex trend could be attributed to the concurrent changes in mesh size and fiber rigidities. G′ of
pure PEG solution (tilted square/green) was close to zero, indicating negligible contribution to chain entanglement. (b) The fiber bending rigidities
(κ; left-facing triangle/purple) increased with MPEG‑COL due to increasing fiber diameters (bars represent standard error; *single-factor ANOVA test,
α < 0.01).
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cells were loaded into the different hydrogels by mix ing them
with pregel solutions and subsequently incubating the mixtures
at physiological temperature and pH to activate gel formation.
The hydrophilic PEG chains were then removed by washing.
Throughout culture for 10 days, the fibroblasts in pure collagen
gels retained their spindle-shaped morphology and exhibited
limited cell−cell adhesion. Such cellular organization was
commonly observed when fibroblasts were cultured in soft,
cell-adhesive hydrogels, such as Matrigel.18 Interestingly,
fibroblasts encapsulated in collagen-PEG gel prepared at
MPEG‑COL of 25 formed large cell bundles with extensive cell−
cell contact (Figure 3a,b). These fibroblast bundles bear
resemblance to contractile proto-myofibroblast, which are
commonly found during wound healing.19,20 Additionally, the
normalized actin levels of fibroblasts in the PEG-containing gels
was approximately 2.5 times of myofibroblasts (Figure 3b).19,20

After completion of the cell culture over 10 days, the contractile
functions of the fibroblasts in gels prepared at varied MPEG‑COL
were further examined by measuring the degree of gel
shrinkage. The collagen-PEG gel prepared at MPEG‑COL of 25
underwent 38% more shrinkage than the pure collagen gel.
This result indicated that the fibroblast bundles generated
higher contractile function than their counterparts with limited
cell−cell contact (Figure 3c).
To confirm that PEG molecules in the hydrogel during gel

formation did not directly influence the cellular organization,
we further encapsulated fibroblasts in pure collagen gels and
incubated the cell−gel constructs in media supplemented with
PEG. The addition of PEG after stable gel formation did not
result in differences in cellular morphology (Figure S2).
Separately, cells cultured in media supplemented with PEG
exhibited minimal differences of cellular metabolic activity as
characterized with reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Figure S3). We
therefore interpret that the morphological changes should be

attributed to the local fiber stiffness tuned with the PEG chains.
Previous studies reported the activation of quiescent fibroblasts
when cultured on substrates with increased rigidity.21 However,
unlike the two-dimensional studies, our 3D configuration
allowed extensive reorganization and formation of bundles with
good cell−cell contacts.
In summary, through the incorporation of nonreactive PEG

molecules, we were able to generate unique gel structures not
reproducible by chemical cross-linking. We were also able to
achieve increased stiffness of individual collagen fibers,
accompanied with increasing mesh size. Through the control
of hydrogel structure mediated by thermodynamic forces, we
were able to regulate the cues for fibroblasts activation. As this
study only examines the feasibility of PEG-mediated
thermodynamic control for generation of cell-instructive
collagen gels, further characterizations in terms of gene and
protein expression have to be carried out to determine the
underlying mechanisms. Overall, this study was the first to
demonstrate that thermodynamic control could be used to
generate unique cell-instructive scaffolds during cell encapsu-
lation. This mode of control could potentially be applied to
other self-assembling gels such as peptide and fibrin.

■ EXPERIMENTAL SECTION
Extended experimental procedures can be found in the Supporting
Information. Materials were ordered from Sigma-Aldrich, unless
otherwise specified.

Pure collagen gels and chemically cross-linked collagen gels were
synthesized by using a previously established method.1 For the
synthesis of PEG-modified collagen gels through thermodynamic
control, PEG-diOH (Mw 7500) was dissolved in DI water at a
concentration of 300 mg/mL. The solution was then added to the
collagen/DMEM/reconstituting solution mixture at different MPEG‑COL
before incubation at 37 °C for 1 h. The synthesized gels were imaged
by SEM (JSM-5600VL, JEOL) for analysis of mean fiber diameters
and mesh sizes. FTIR (Shimadzu FTIR-8400) and DSC (Mettler

Figure 3. Regulation of fibroblast phenotype through cell-instructive collagen gels formed by thermodynamic control. (a) Fibroblasts cultured within
the respective gels for 10 days were stained to reveal the nuclei (red) and actin filaments (green). Fibroblasts in pure collagen gels (MPEG‑COL = 0)
were spindle-shape and formed interconnected networks while those in PEG-containing gels (MPEG‑COL = 25) aggregated to form fibroblast bundles
resembling proto-myofibroblasts This phenotype was not observed in the chemically cross-linked control gels (scale bars represent 50 μm). (b) The
fibroblasts in the PEG-containing gel had a higher level of normalized actin expression. (c) The fibroblasts in PEG-containing gels contracted the gels
extensively, while no contraction was observed in pure collagen gels (bars represent standard error; *Student’s t-test, α < 0.05 in (b) and α < 0.01 in
(c)).
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Toledo DSC) characterizations were also carried out to investigate the
mechanism of collagen gel structure regulation. The gels’ storage
moduli (G′) were further quantified by a rheometer (ARG2, TA
Instruments). Following which, the average bending rigidities (κ) of
the fibers were calculated by using the MacKintosh model from the
following equation:14

κ ξ= ′G kT5
(1)

, where G′ is the storage modulus in Pa, ξ is the mesh size in μm, k is
the Boltzmann constant, and T is the temperature in K.
For the cell culture experiments, suspended mouse fibroblast cell

lines L929 (ATCC) was mixed with appropriate solutions to form
pure collagen hydrogels or PEG-containing modified hydrogels with
final cell density of 500 cells/μL. After incubation, the samples were
rinsed thrice and fresh media was added. Media was exchanged once
every 3 days. Following 10 days of culture, the gels were fixed and
stained according to standard procedures and imaged with the
confocal microscope (Nikon C1) for visualization of nuclei and actin
filaments. The images obtained were further analyzed by ImageJ for
quantification of actin expression. The final areas of the different gels
were also tabulated and normalized by the initial gel areas to give the
percentage gel shrinkage.
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