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Type I collagen hydrogels have been used successfully as three-dimensional substrates for cell culture and have
shown promise as scaffolds for engineered tissues and tumors. A critical step in the development of collagen
hydrogels as viable tissue mimics is quantitative characterization of hydrogel properties and their correlation
with fabrication parameters, which enables hydrogels to be tuned to match specific tissues or fulfill engineering
requirements. A significant body of work has been devoted to characterization of collagen I hydrogels; however,
due to the breadth of materials and techniques used for characterization, published data are often disjoint and
hence their utility to the community is reduced. This review aims to determine the parameter space covered by
existing data and identify key gaps in the literature so that future characterization and use of collagen I
hydrogels for research can be most efficiently conducted. This review is divided into three sections: (1) relevant
fabrication parameters are introduced and several of the most popular methods of controlling and regulating
them are described, (2) hydrogel properties most relevant for tissue engineering are presented and discussed
along with their characterization techniques, (3) the state of collagen I hydrogel characterization is recapitulated
and future directions are proposed. Ultimately, this review can serve as a resource for selection of fabrication
parameters and material characterization methodologies in order to increase the usefulness of future collagen-
hydrogel-based characterization studies and tissue engineering experiments.

Introduction

Three-dimensional (3D) scaffold-based culture models
represent a rapidly growing niche in tissue engineering

because they more closely mimic in vivo conditions than
traditional cellular monolayers.1–4 The class of materials
known as hydrogels, which range from synthetic molecules
such as poly(ethylene glycol) to native proteins, such as
collagen and fibrin, has been demonstrated to be well-suited
for use as 3D scaffolds.5–9 Collagen-based hydrogels are
gaining widespread popularity as scaffolds for tissue engi-
neering due to the abundance of collagen in natural extra-
cellular matrix (ECM). Collagen comprises 25% (by dry
weight) of total protein in vivo10,11; of the various types of
collagen, type I is by far the most prevalent form and is
popular for tissue engineering due to its ease of extraction
and adaptability for multiple applications.

Although collagen I is a viable scaffold for a wide range
of applications,12–15 comparison between studies is difficult
due to significant variation in hydrogel fabrication protocols
used by different research groups. It is well known that

scaffold material properties play an important role in cel-
lular behavior.10,12 One of the main drawbacks to using
collagen hydrogels as scaffolds for tissue engineering is that
these properties are highly variable and dependent on a large
number of fabrication parameters, such as collagen source
or gelation pH, resulting in a vast design space.10,16–20 The
need for quantitative characterization of collagen hydrogels
is recognized within the scientific community as a prereq-
uisite for quantitative studies, tissue optimization, and
comparative research.14,17,18

Recent publications have aimed to characterize collagen
material properties; however, the majority of these studies
have investigated relationships between isolated fabrication
parameters and material properties without considering the
influence of the full design space on material properties.
Further, just as there is wide variation in fabrication proto-
cols implemented by each group, there is little commonality
between fabrication parameters employed. Since fabrication
parameters and material properties are coupled in collagen
hydrogels, the data available in the literature form a set of
scattered measurements that cannot be extrapolated to form
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a complete multidimensional data set. Because of this, the
results of such studies are difficult to interpret and only
qualitatively useful to other research groups.

This review aims to provide a guide to the collagen
characterization data available in the literature to facilitate
identification of the most relevant studies for design of fu-
ture experiments. In this review, only fabrication parameters
previously identified as having a significant effect on one or
more hydrogel material properties are discussed in detail.
These parameters include collagen source, solubilization
method, polymerization pH, polymerization temperature,
ionic strength, and collagen concentration.11,14,21,22 The
hydrogel material properties covered in this review, span-
ning polymerization, mechanics, structure, and transport,
have previously been demonstrated to regulate cellular
response.9,10,22–24

For information on molecular characterization of colla-
gen, the reader is directed to articles by Abraham et al. and
Miller and Rhodes.14,25 Enhanced crosslinking techniques
and composite hydrogels, most often used to enhance the
strength of low-concentration collagen gels, are beyond the
scope of this review as it focuses on basic hydrogel fabri-
cation and properties. However, some works that involve
enhanced crosslinking are cited here in the context of their
fabrication techniques and characterization methodologies.
For further information and examples of enhanced cross-
linking of collagen hydrogels, the reader is directed to re-
views10,11 as well as several experimental studies.21,26–30

For the reader interested in dynamic remodeling of ECM,
excellent reviews by Lu et al. (general perspective on ECM
degradation and remodeling)31 and Baaijens et al. (collagen-
specific remodeling)32 are recommended.

Collagen Hydrogel Fabrication Parameters

Most collagen hydrogels are prepared using type I col-
lagen, which comprises 90% of the protein in human con-
nective tissues14,20 and is easily extracted from animal tissue
with minimal contamination by other collagens or proteins.
Type I collagen is a triple-helical protein formed of 67-nm
periodic polypeptide chains with a total molecular weight
near 300 kDa.14,33 Collagen fibrils self-assemble at neutral
pH into bundled fibers typically 12–120-nm diameter that
crosslink to produce a matrix structure11,34–36 that ultimately
forms a hydrogel in the presence of a water-based solvent.

Collagen source and solubilization

Several groups have demonstrated that the collagen
source (e.g., rat tail tendon, porcine skin, and bovine skin)
influences hydrogel properties.12,20,37 Relationships between
collagen source and polymerization kinetics, hydrogel me-
chanics, and fiber structure are discussed in more detail in
‘‘Polymerization,’’ ‘‘Mechanics,’’ and ‘‘Structure’’ sections.
Further, the method by which collagen is extracted from
tissue has been shown to alter the molecular structure of the
collagen fibrils as well as the kinetics of assembly.12,38 Acid
solubilization is most commonly used for minimally cross-
linked collagens, such as rat tail tendon, while a combination
of neutral salt solution with proteolytic extraction (pepsin
digestion) is often used in order to fully denature highly
crosslinked collagens from bovine or porcine skin.11,20,39

Many combinations of collagen sources, solubilization tech-

niques, and solvents are in use for preparation of collagen
stock solutions. Further, collagen stock solutions, even those
produced commercially, have been found to have significant
batch-to-batch variation.12,14 A review of some of the colla-
gen stock solutions referenced in the literature reveals that
there is little consistency (Fig. 1).

Figure 1 shows the distribution of collagen source, solu-
bilization, and stock solution concentrations obtained from
a survey of over 50 research articles—listed in Supple-
mentary Table S1 (Supplementary Data are available online
at www.liebertpub.com/teb). While it was not possible to
include all collagen-hydrogel-based publications in this re-
view, this sample size is large enough to provide informa-
tion representative of the field. In Figure 1(a), each bubble
corresponds to a source species with the bubble diameter
corresponding to relative frequency of experiments using
that source. Vertical bubble placement indicates to what
extent each tissue type (tendon or dermis) is used from each
source species. Figure 1(a) shows that rat tendons represent
the primary source of collagen I for hydrogel research, al-
though the contribution of bovine dermal tissue is compa-
rable. Porcine tendon and dermis are infrequently used.

FIG. 1. Overview of collagen I sources and solubilization
methods. (a) Source animal compared with source tissue;
(b) comparison of extraction methods by source tissue; and
(c) collagen content of stock solutions. Source data can be
found in Supplementary Table S1. Color images available
online at www.liebertpub.com/teb
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Figure 1(b) provides a breakdown of extraction methods
used for each tissue type (regardless of species). Figure 1(b)
indicates that collagen denaturation methods in use are
relatively consistent with the degree of crosslinking for each
source tissue; minimally crosslinked collagens sourced from
tendons are denatured using acid alone, while dermal col-
lagens, with their high crosslink density, require pepsin di-
gestion or other complex denaturation procedures.

Finally, Figure 1(c) is a histogram of stock solution
concentrations reported in the literature. Whether extracted
in-house or obtained commercially, stock concentrations are
most commonly in the range 1–5 mg/mL that is lower than
the collagen content of many native tissues. As noted in the
following sections, this limitation has implications for the
utility of collagen hydrogels as tissue mimics.

Collagen concentration

Collagen concentration in vitro and in vivo influences
tissue mechanical properties, thereby regulating cellular
behavior.40–42 It is suggested to play a role in tumor ma-
lignancy, as cancerous tissue contains 9–45 mg/mL (0.9–
4.5% wt.) collagen in the interstitium while normal tissue
contains significantly less.19 Most research that character-
izes collagen hydrogels examines limited and disjoint ranges
of collagen concentration, as demonstrated by Figure 2,
which presents the distribution of collagen hydrogel con-
centrations found in the literature (Supplementary Table
S2). The majority of these studies were performed within
the last decade. In this plot, bubble location corresponds to
the range of concentrations examined by each source. If
only a single collagen concentration was used for a study,
then the bubble falls on the dashed line. Studies that in-

vestigate broader concentration ranges are represented by
bubbles centered further from the dashed line. Bubble di-
ameter is not linked to concentration range, but rather it
indicates number of publications with identical conditions.
Bubble color indicates bubbles of the same size. Each red
bubble represents a single study. The large blue bubble,
located at 2 mg/mL, represents the majority of publications.

Although most tissue mimics have been fabricated using
hydrogels with low collagen content ( <4 mg/mL), as shown
in Figure 2, they have limited value for mimicking 3D tis-
sues due to their nonphysiological strength and microstruc-
ture, which result in an inability to support microfabrication
as bulk gels.43,44 Their use in characterization experiments
is likely because most commercially available formulations
are provided at low concentrations [Fig. 1(c) and Supple-
mentary Table S1]. Conversely, gels with extremely high
collagen content ( >20 mg/mL) form a fiber structure too
dense to permit cell migration and viability.44 Finally,
Figure 2 reveals that, as most previous works use single-
concentration hydrogels (represented by the bubbles cen-
tered along the dashed line), the majority of the literature
provides no insight into the effect of varying collagen
concentration on gel characteristics and cell response. No-
table exceptions include Ramanujan et al. and Erikson et al.,
who examined the influence of collagen concentration over
practical ranges (0–45 and 2–20 mg/mL, respectively) on
both diffusivity and fiber structure and found a decrease in
diffusion rate and decrease in fiber length and organization
with increased collagen concentration.19,27 Cross et al. per-
formed an in-depth study of the relationship between collagen
concentration and hydrogel properties, including mechanics
and fiber structure, as well as cellular response.44 For further
information on correlations of collagen concentration (as well
as other fabrication parameters) with hydrogel properties, the
reader is directed to the subsequent sections.

Control of collagen concentration in hydrogels is most
easily and accurately achieved using lyophilized collagen,
as the reconstitution step permits accurate weight mea-
surement of dry collagen and volume measurement of sol-
vent to obtain the stock solution concentration. The Sirius
red colorimetric assay45 is commonly used to measure the
quantity of soluble collagen in stock solutions.46

Polymerization temperature

Along with collagen content, temperature of polymeri-
zation significantly affects hydrogel properties. Because
reaction kinetics are temperature dependent, self-assembly
of collagen molecules occurs more rapidly at higher tem-
perature and results in fibers with a lower number of bun-
dled fibrils, resulting in a less-ordered structure26,47 and
consequently altered mechanical, structural, and transport
properties as discussed in later sections. While most previ-
ous studies have used hydrogels polymerized at 37�C to
facilitate cell seeding and viability, polymerization at room
temperature (20–26�C) or below is not uncommon but
generally inhibits inclusion of cells within the hydrogel.
Chrobak et al. found inconsistent hydrogel formation at
polymerization temperatures below 19�C43; however, as
other groups have successfully polymerized collagen hy-
drogels at temperatures down to 4�C, this is likely unique to
their experimental protocol. Yang et al. and Raub et al.

FIG. 2. Collagen concentration ranges used in the tissue
engineering literature. Source data can be found in Sup-
plementary Table S2. 1 mg/mL = 0.1% wt. Color images
available online at www.liebertpub.com/teb
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varied polymerization temperature between 4�C and 37�C to
control fiber structure without necessitating variation in
concentration and noted that polymerization at low tem-
peratures produced the most desirable pore size for cellular
proliferation.26,47 Similarly, Chrobak et al. found that gels
formed at room temperature can be used to create micro-
channels with better stability and less degradation over time
than those formed at 37�C.43 Table 1 summarizes poly-
merization temperatures found in the literature.

Polymerization temperature is difficult to control accu-
rately, as temperature-dependent fiber self-assembly initi-
ates as soon as the solution is neutralized. Most groups work
with solutions on ice or in an ice chamber to slow poly-
merization until the hydrogel is well mixed, at which time it
is moved to a chamber at the appropriate polymerization
temperature. Therefore, the exact temperature of the hy-
drogel during the initial stages of polymerization is het-
erogeneous and regulated by convection and conduction.

These effects cannot be strictly controlled in practice;
however, if fabrication procedures are consistent, mixing is
performed rapidly, and the polymerizing solution is moved
immediately from ice to a temperature-controlled cham-
ber, then the properties of the final hydrogel are typically
reproducible.

Polymerization pH

pH during fabrication strongly influences both structural
and mechanical properties of the collagen hydrogel.34,47,50

Yamamura et al. created hydrogels with pH ranging from 5
to 10 and found a strong positive correlation between pH
and compression modulus,13 and Raub et al. found similar
trends with hydrogels polymerized at pH in the range 5.5–
8.5.34 Sung et al. and Gobeaux et al. studied the influence
of pH on fiber size and organization across pH ranges of
7.1–8.3 and 6–12, respectively, as discussed in detail in
‘‘Structure’’ section.50,80 Although gels polymerized at ex-
treme pH may provide favorable properties for tissue
mimics, for practical purposes pH of cellularized hydrogels
is restricted to 7.4–8.4, as cell viability suffers outside this
range.80,81 Achilli and Mantovani bypassed this restriction
by first polymerizing hydrogels at pH = 10 and subsequently
rinsing with buffer to return the pH to 7.4 before seeding
cells on the surface of the gel.35 Although adequate cell
viability was achieved with this method, it is not realistic for
experiments in which cells must be seeded throughout the
gel.21 Figure 3 provides an overview of collagen hydrogel
compositions in the literature (Supplementary Table S3).
Similarly to Figure 2, Figure 3(a) is a bubble plot indicating
pH of collagen hydrogels, where bubble position shows pH
values and range (if any), bubble size represents frequency
in the literature, and bubble color indicates bubbles of the
same size. Many publications did not report pH values for
their hydrogels, but instead stated that the solution was at
‘‘neutral’’ or ‘‘physiological’’ pH. For graphical purposes,
these studies were grouped together and plotted in Figure 3

Table 1. Polymerization Temperature of Collagen

Hydrogels Used for Tissue Engineering

Polymerization temperature (�C) Reference(s)

Single temperature
4 (refrigeration) 30
20–26 (room temperature) 15, 28, 34, 41, 48–50
37 12, 13, 16, 19, 21, 27,

36, 40, 44, 51–78
Range of temperatures

4, 21, 37 35
4, 14, 24, 37 26
12–37 79
23, 37 43

Temperature gradient during polymerization
4/37 80
(4, 26, 35)/4/(4, 26, 35) 38
(22, 27, 32)/37 47

FIG. 3. Collagen hydrogel con-
figurations used in the tissue engi-
neering literature. (a) pH ranges.
(b–d) Distribution of noncollagen
hydrogel components. Compo-
nents in bold occur most frequently
and match the commercial BD/
Vitrogen hydrogel preparation
protocols. Source data can be found
in Supplementary Table S3. Color
images available online at www
.liebertpub.com/teb

686 ANTOINE ET AL.



at pH = 7.4 (green), but kept separate from those studies in
which pH was specifically noted to be 7.4 (blue) so that the
distinction could be visualized. Figure 3(b–d) shows the
breakdown of buffers, neutralization agents, and other
components found in collagen hydrogels, respectively. The
most common component in each class is highlighted in
bold in the legend.

Since early hydrogel studies have been primarily con-
cerned with comparison of cell response in two-dimensional
versus 3D culture, hydrogels have typically been polymer-
ized at a physiological pH at or near 7.4 (Fig. 3). As a result,
published protocols and manufacturer guidelines use ‘‘rec-
ipes’’ for proportions of reagents required to obtain hydro-
gels at pH 7.4. Because pH is a fabrication parameter that
can be exploited, at least within the range of cell viability
(7.4–8.4), for design of tunable hydrogels, a single recipe
is no longer adequate and calibration experiments must be
performed.

pH of collagen hydrogels is not only dependent on the
ratio of neutralization agent to acid-solubilized collagen, but
also dependent on buffer type and preparation, dilution ratio
of collagen in hydrogel, and even absolute collagen con-
centration. Figure 3 indicates that one reagent stands out in
each category: 10 · phosphate-buffered saline (PBS) as the
concentrated buffer, sodium hydroxide (NaOH) for neutrali-
zation, and distilled water for dilution. However, this unique
combination of parameters was used in less than one-fourth
of the studies surveyed for Figure 3 (Supplementary Table
S3). Because of the variation in reagents comprising hy-
drogels used by different research groups (Fig. 3), pH should
be verified for each individual configuration. A sample pH
calibration for the reagents used by our group, with varying
collagen concentration, is provided in Figure 4. Details of
the experimental methodology used to obtain the data for
Figure 4 are provided in Supplementary Data.

Collagen hydrogels are often fabricated using culture
medium containing phenol red, which provides a useful
visual indicator of pH. pH paper is also valuable for esti-
mation of hydrogel pH, especially those fabricated using
phenol-red-free media or PBS, although it lacks sufficient
accuracy for studies that require precise pH regulation.
Electronic pH probes provide the most accurate measure-
ments; however, they require immersion of the electrode tip

in solution and, therefore, large sample volumes that may be
impractical for some applications.

Ionic strength

Finally, ionic strength has been demonstrated to af-
fect hydrogel polymerization and subsequently structural
and mechanical properties as described in later sections.47

Gobeaux et al. varied ionic strength from 24 to 1300 mM for
very-high-concentration gels ( > 75 mg/mL) polymerized at
pH of 7.4, and measured resulting changes in hydrogel op-
tical and structural properties.50 Achilli and Mantovani
varied ionic strength over a much smaller range, from 64.2
to 174 mM, but still they found a significant effect on po-
lymerization and mechanical properties.35

Although few publications directly report ionic strength
of collagen hydrogels, most recipes utilize 10· buffers
(media or PBS) diluted to 1· strength in the final hydrogel
in order to obtain hydrogel ionic strength similar to that of
standard buffer solutions (Supplementary Table S3). Re-
ported values using such recipes fall within the range 130–
300 mM.12,21,34,47,54,60,70,76,79 Finer control of ionic strength
has been achieved by adjusting the concentration of phos-
phate in the buffer or adding sodium chloride (NaCl) to the
hydrogel.35,50,79 Ionic strength is seldom measured directly
for collagen hydrogels, but rather it is calculated from
known or estimated concentrations of all ionic compounds
present in solution.79

Collagen Hydrogel Characteristics

The following sections describe polymerization, me-
chanics, structure, and transport of collagen hydrogels. Each
section provides a brief overview of the importance of the
parameter for tissue engineering as well as information
about current measurement techniques. Finally, correlations
of each property with fabrication parameters and other
properties are described.

Polymerization

As noted in previous sections, the kinetics of collagen
fiber network assembly—a multistep process, including
fibril formation, fiber nucleation and development, and
crosslinking—is dependent on almost all fabrication pa-
rameters12,26,38,47,50,79; further, the addition of external
crosslinking agents also affects fibrillogenesis.21,64 Poly-
merization kinetics provide insight into the molecular
processes linking controllable fabrication parameters with
the final state of the hydrogel. For example, Kreger et al.
examined how collagen source and extraction method af-
fect material properties.12 Under identical polymerization
conditions, they determined that acid-solubilized collagens
polymerize more rapidly than pepsin-digested collagens
and noted that these results are consistent with previous
research that indicates that telopeptides, which are dam-
aged or destroyed by pepsin digestion, play a key role in
fiber nucleation.12

The importance of characterization of polymerization
becomes clear when one considers that the ideal poly-
merization temperature or pH to achieve target structural
or mechanical properties may not align with optimum
conditions for viability in cell-seeded gels. In particular,
lag time before polymerization begins and duration of

FIG. 4. Dependence of hydrogel pH on NaOH fraction
and absolute collagen concentration. Color images available
online at www.liebertpub.com/teb
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polymerization are critical parameters for the design of
mixing and incubation protocols to maximize viability.

Fibrillogenesis is frequently measured through spectro-
photometric measurements of hydrogel turbidity, which have
been demonstrated to correlate with degree of polymeriza-
tion.12,38 Most previous works have measured turbidity at
31321,38,79 or 405 nm12,64 using standard spectrophotometric
equipment with temperature-controlled sample chambers.
Total change in absorbance (DAbs) as well as three temporal
parameters—lag time (tL), polymerization rate (dAbs/dt), and
half-time (t1/2)—can be easily quantified from typical tur-
bidity data (Fig. 5). Duration of polymerization (twice the
half-time) is strongly dependent on temperature but it is
typically on the order of 10 min to several hours12,35 for most
applications.

Mechanics

The influence of ECM stiffness on cell biology—including
morphology, cytoskeletal stiffness, adhesion, migration, and
proliferation—has been well-established; however, these ef-
fects have not yet been quantified for many cell types.9,18,40,82–85

The relationship between tissue elasticity and cell signaling
and response has significant implications for many types of
disease, especially cancer. In fact, increased ECM stiffness,
along with elevated collagen concentration, is a hallmark of
many tumors.58,86,87 ECM stiffness has also been linked
with endothelial integrity and consequently regulation of
angiogenesis.13,77,88,89 The link between tissue stiffness and
cell response has two major implications for tissue engi-
neering using collagen hydrogels. For in vitro hydrogels
meant to mimic specific tissues, hydrogel mechanical prop-
erties must be matched to the corresponding in vivo tissue
properties in order to obtain physiologic behavior of cells in
the hydrogel. Alternatively, hydrogel mechanical properties
must be varied in a controlled fashion in order to answer

outstanding questions about cell behavior in normal and
disease states.

While the term ‘‘stiffness’’ is used in the preceding par-
agraph in a general sense to describe the mechanical resis-
tance to deformation of a material (tissue or hydrogel), it
cannot be used for meaningful discussions of material prop-
erties because it is strictly an extrinsic, structure-dependent
property. Mechanical properties must first be defined in
terms of specific types of deformation: tension, compres-
sion, or shear. All of these deformation modes are com-
monly used in practice for characterization of biological
tissues and care must be taken to avoid attempts to compare
measurements obtained in different deformation modes. The
elastic moduli of biological tissues have been reported to
range from 102 Pa (brain) to 108 Pa (tendon).90 However,
due to the different deformation modalities used to obtain
these and similar in vivo data (elastic modulus can refer to
either tensile or compression modulus), comparisons can
seldom be drawn between such measurements.17,84,90,91

Further, because soft biological tissues as well as collagen
hydrogels are nonlinear viscoelastic materials, mechanical
properties are both time and strain dependent. If only a
single value is reported for an experimental study, then an
implicit approximation of linear elasticity (whether ac-
knowledged or not) is made, and special attention must be
paid to the experimental conditions under which the mea-
surement was obtained.

Characterization of collagen hydrogel mechanical prop-
erties must be performed so that resulting measurements
can be matched with in vivo data; this implies matching
both deformation modality and temporal/strain characteris-
tics. Although full mechanical characterization of visco-
elastic parameters under all three deformation modalities
is possible using dynamic mechanical analysis in tension,
compression, and torsion, this is not practical for many re-
searchers and further corresponding data for in vivo tissue
are seldom available. As an alternative, if the physiologi-
cally relevant type of deformation, strain range, and time-
scale can be identified, then more limited characterization
may be sufficient for adequate ECM matching. For example,
tendon and muscle often undergo rapid tension and rela-
tively high strains, and are further anisotropic. In contrast,
physiological deformation of brain or breast tissue is more
commonly quasi-steady-state compression. Fortunately, most
tissues undergo relatively small strains under physiological
conditions and exhibit linear behavior within this regime,
simplifying analysis.91

A significant amount of literature exists for mechani-
cal characterization of collagen hydrogels covering a wide
range of measurement methodologies, time, and strain scales.
Figure 6 provides a comparison of experimental settings
used to estimate tensile, compression, and shear moduli.
The inverse of the strain rate is plotted on the abscissa as
a characteristic time, while the strain (expressed in %) is
plotted on the ordinate as a characteristic length. As an
example, Yamamura et al. performed confined compression
of collagen hydrogels deforming at 0.01 (1%) strain/s from
5% to 15% strain; this study is plotted at (100 s, 10%) with a
bar extending to (100 s, 15%) to indicate the strain range
used to estimate compression modulus.13 From the figure, it
is clear that tensile and compression tests are generally
performed with long time scales and at relatively high

FIG. 5. Diagram of a typical spectrophotometric mea-
surement for quantification of polymerization kinetics. The
polymerization half-time t1/2 is defined as the time at which
half of the total change in absorbance DAbs/2 is attained.
The rate of change of absorbance at the half-time is defined
as the polymerization rate dAbs/dt, while the lag time is
defined as the zero-absorbance intercept of the line with
slope dAbs/dt and intercepting (t1/2, DAbs/2). Color images
available online at www.liebertpub.com/teb
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strains in order to best estimate relaxation moduli, while
oscillatory shear measurements are performed at much
shorter time scales and smaller strains in order to obtain
additional information about the viscous component of
deformation. Chandran and Barocas provide an excellent
review of experimental methodologies for each defor-
mation mode, discussing underlying physics and high-
lighting advantages and limitations of each.65

In all deformation modes, it is critical to maintain sample
integrity by humidification or immersion in a buffer solution
during measurements; further, high-resolution load cells
must often be used in order to resolve the small forces as-
sociated with compliant hydrogels. Tensile tests in particu-
lar require simultaneous imaging of the specimen gauge
region in order to quantify the cross-sectional area and ob-
tain an accurate measurement of true strain. In tension,
failure stress and strain are often of interest in addition to
the elastic modulus. Compression testing can be performed
using either confined or unconfined samples. In both cases,
accurate positioning of the platen at the sample surface to
avoid sample preloading can be difficult. Surface tension at
the interface can further complicate matters; this effect has
previously been minimized through the use of a porous
platen (especially for confined compression)44,65 or hydro-
phobic platen.92 Oscillatory shear measurements generally
require initial frequency and shear sweeps to determine the
boundaries of linear response; most of the literature has
concluded that *1 Hz and 5% strain produce linear response
in collagen hydrogels. Although atomic force microscopy
(AFM) is extensively used for localized tissue and cell
mechanical measurements,7,84 it is poorly suited for mea-
surement of bulk properties due to the heterogeneity of
collagen hydrogels.93

The effect on mechanical properties of each of the fab-
rication parameters described in this review has been
quantified. Both collagen source and solubilization affect
hydrogel mechanics.12 All studies that investigate the effect
of collagen concentration on hydrogel elastic and shear

moduli demonstrate positive correlation.12,41,44,60,76,77 Si-
milarly, increasing pH increases all metrics of collagen
hydrogel modulus.13,34,35,60 The relationship between ionic
strength and compression modulus is less straightforward,
and appears to be interdependent with pH and tempera-
ture.35 Crosslinking agents, by design, increase mechanical
properties of hydrogels.15,21,26,28,30,41,85

In general, there is poor agreement between quantitative
mechanical measurements in the literature, not only due to
differences in deformation mode and timescale but also due
to variation in hydrogel fabrication parameters. This be-
comes especially apparent when conflicting correlations are
found; for instance, Achilli and Mantovani determined that
increasing polymerization temperature from 4�C to 37�C
decreases mechanical properties, with negligible correlation
at pH = 7 but strong correlation at pH = 10.35 These results
contradict the findings of Raub et al. several years earlier26

where mechanical properties increased by two orders of
magnitude over the same temperature range, but at a pH of
7.4. Differences between these studies, such as collagen
concentration (Raub et al.26: 2 mg/mL; Achilli and Manto-
vani35: 4 mg/mL) and deformation mode (Achilli and
Mantovani35 characterized tensile and compression moduli
while Raub et al.26 investigated only shear modulus), may
explain the discrepancy; however, further characterization is
clearly necessary to fully understand the relationship be-
tween hydrogel mechanical properties and polymerization
temperature. Further, more detailed reporting of hydrogel
fabrication protocols in order to highlight similarities and
differences would assist the reader in accurately interpreting
mechanical characterization data.

Structure

It is well known that the fiber structure of ECM can
regulate cellular morphology, proliferation, migration, and
gene expression,9,13,40,47,58,74 and is therefore an important
parameter for hydrogel characterization. Fiber structure in
collagen gels is complex and often defined quantitatively in
terms of parameters, such as mean fiber diameter D, fiber
density (or volume fraction), pore size P, degree of cross-
linking (or number of crosslinks per fiber), and orientation Ø
(Fig. 7). These parameters can be used to help elucidate the
cellular characteristics described previously; for example,
fiber orientation describes anisotropy of the material and can
therefore be a predictor of directionality of cell migration.

Several methodologies for measurement of hydrogel fiber
structure are available. AFM has similar limitations for fiber
structure imaging as for mechanical characterization; mea-
surements are too localized for accurate estimation of bulk
network properties. Historically, collagen hydrogel fibers
have been imaged using scanning electron microscopy
(SEM)54,70,75 and transmission electron microscopy38,79 for
qualitative/semiquantitative analysis of network and fibril
structures, respectively. Although these methods provide
high-resolution images and preserve relative information
about fiber dimensions,26 they require significant sample
manipulation, drying, and chemical processing. These can
lead to shrinkage and collapse of the fiber structure, which
prevent quantitative analysis of 3D fiber structure and SEM
images.14,20,26,34,80 While more advanced electron micro-
scopy techniques, such as cryo-SEM and environmental

FIG. 6. Modes and physical scales of collagen hydrogel
mechanical characterization. Data points corresponding to
studies that investigate a range of scales are centered at the
mean value and plotted with a bar extending to the upper
bound of the range investigated. Because of the log-log
scale, lower bounds are not plotted. Source data and appli-
cation notes can be found in Supplementary Table S4. Color
images available online at www.liebertpub.com/teb
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SEM, have been developed, which do not require sample
dehydration, these still necessitate high vacuum or sample
fixation that can alter the structure of the hydrogel.

Although electron microscopy remains in use for high-
resolution imaging of hydrogel topology where quantitative

results are not necessary, its limitations have led to the de-
velopment of optical imaging techniques for fiber structure
measurement of fully hydrated, unmodified hydrogels.
These include two closely related techniques, two-photon
fluorescence (TPF) and second-harmonic generation (SHG),
as well as confocal reflectance microscopy (CRM) and
confocal fluorescence microscopy, all of which have be-
come popular modalities for recording fiber structure as
they can be used to obtain images of gels in the hydrated
state.20,26 Figure 8 provides a qualitative comparison of
sample images acquired using each of these modalities.

TPF and SHG are both based on two-photon laser exci-
tation and therefore have the advantages associated with
near-infrared illumination: that is, high penetration depth
and low phototoxicity. Further, the use of fluorescence or
second-harmonic generation provides good signal-to-noise
ratio due to suppression of background light. However, they
require high laser power and have difficulty penetrating
dense tissue.20 CRM, although somewhat noisier than TPF
or SHG due to nonspecificity of reflected light, is more
commonly used, most likely because of availability of
necessary equipment. CRM is an established technique in
which images are formed by the light reflected from colla-
gen fibers. Because reflected light does not undergo a
spectral shift, CRM requires replacement of the micro-
scope’s fluorescent excitation filter with a beamsplitter
(typically 80/20) and removal of the emission filters. This
permits the reflected light to reach the microscope detector,
which is usually a photomultiplier tube for laser-scanning
confocal microscopes. CRM has been successfully per-
formed across a range of wavelengths (405–543 nm) and
magnifications (40· to 63· using water or oil-immersion
objectives).

For all three optical modalities, the distance of the focal
plane into the hydrogel is a critical parameter. It has been
demonstrated that collagen fibers form a significantly dif-
ferent network at the surface of the coverslip than within the
gel; therefore, images acquired too close to the coverslip
produce misleading information and are likely a source of
inconsistencies in fiber structure data in the literature.40

Therefore, the distance of the focal plane from the sample

FIG. 7. Representative scanning electron microscopy
(SEM) image of collagen hydrogel33 annotated to indicate
commonly quantified fiber structure parameters P (pore
size), D (fiber diameter), and Ø (orientation). Scale bar =
500 nm. Figure reproduced with permission of the publisher.

FIG. 8. Representative images of collagen hydrogels using various modalities. (a) Transmission electron microscopy37

(scale bar = 500 nm), (b) SEM33 (scale bar = 500 nm), (c) second-harmonic generation33 (scale bar = 50mm), and (d) con-
focal reflectance microscopy33 (scale bar = 50 mm). Figures reproduced with permission of the publishers. Color images
available online at www.liebertpub.com/teb
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surface should be clearly reported with all fiber structure data.
Further, the overall hydrogel thickness has been shown to
influence hydrogel network formation for gels at or below
1.5 mg/mL collagen concentration40; although hydrogels for
3D tissue engineering generally require higher concentrations
at which this effect is negligible, this dimension should
nonetheless be clearly stated in experimental methodologies.

Regardless of imaging modality, quantitative analysis of
fiber network images is necessary for extraction of structural
parameters. Although many researchers have investigated
collagen hydrogel network structure, no standard automated
image analysis technique has yet emerged and therefore wide
variation exists in published structural characteristics. Ap-
proaches in recent publications utilize algorithms exploiting
a wide range of image segmentation and thresholding tech-
niques,12,21,26,27,34,41,44,47,49,64,76 grid-based estimation,27,40,49

and even Fourier transforms and autocorrelation.34,40,68 Fur-
ther, manual estimation of dimensions of user-identified fibers
and pores is not uncommon.12,13,21,34,37,54,62,75 Finally, existing
algorithms do not appear to be robust enough to accurately
analyze images with a high density of fibers, a parameter pri-
marily regulated by collagen concentration. For example, al-
though Kreger et al. investigated polymerization kinetics and
mechanical properties of 0.5–4 mg/mL hydrogels, fiber struc-
ture data are notably absent for samples above 3 mg/mL.12

With one exception,44 which presents fiber structure images
inconsistent with other publications, no studies have been
found that present fiber structure analysis of collagen hydro-
gels >4 mg/mL collagen concentration. This is a significant
limitation, as collagen hydrogels below this concentration,
while initially widely studied, have not been success-
fully matched to in vivo tissues and in particular lack suf-
ficient structural integrity to support microfabrication and
perfusion.19,43,44,53

All collagen fabrication parameters discussed in this re-
view have been demonstrated to influence one or more
metrics of fiber structure. Increasing collagen concentration
has been correlated with increased fiber density and reduced
pore size but has no effect on fiber diameter.12,19,41,50,60,64,70,71,75

However, increasing pH or temperature promotes electro-
static interactions and fiber nucleation, accelerating poly-
merization and produce fibers with reduced diameter and
networks with small pore size.26,34,35,47,60,80 Similarly, de-
creasing ionic strength of the hydrogel produces decreased
fiber diameter and pore size.35,50

Although correlation between collagen source and fiber
structure is difficult due to differences in collagen extrac-
tion and hydrogel preparation, it has been shown that the
monomer/oligomer ratio can be used to control the degree of
crosslinking within the collagen network.76 In a review by
Wolf et al., it is shown that pepsin-digested collagens, most
often those produced from bovine tendon or porcine skin
(Fig. 1 and Supplementary Table S1), produce fiber net-
works with long fibers and large pores compared with
nonpepsin-treated collagens such as that extracted from rat
tail tendon (Fig. 1 and Supplementary Table S1).20 They
conclude that this is due to the reduction in fiber nucleation
sites associated with telopeptide removal.20 Carey et al.
suggested that the culture medium used in hydrogel fabri-
cation (PBS, MEM, DMEM, or M199) influences hydrogel
fiber structure but that this relationship is negligible relative
to the effect of other fabrication parameters.40 Sung et al.

indicated a difference in fiber shape depending on the neu-
tralization medium used to fabricate the hydrogel (HEPES
or NaOH).80

Fiber structure has often been measured in conjunction
with other material properties, such as polymerization ki-
netics,12,21,38,50,64,79 mechanical properties,12,13,16,21,26,30,

34,35,41,44,47,54,55,60,72,76 or diffusivity.19,27,49,72 The goal of
such experiments is usually development of predictive mod-
els that eliminate the need for time-consuming, expensive
measurement of all relevant properties. However, because of
the interdependence of hydrogel properties on fabrication
parameters, such correlations have value only under limited
conditions.

Transport

Oxygen, nutrients, and other soluble bioactive molecules
in avascular tissue are primarily transported by diffusion.27,94

Quantification of diffusion processes is a key step to un-
derstanding transport limitations within tumors19,87 as well
as designing effective drug-delivery strategies.27 Because
diffusion requirements are application dependent, thorough
characterization of the transport properties of collagen hy-
drogels is necessary before hydrogels can be designed to
match desired properties.10

The diffusive capacity of a hydrogel, characterized by
the diffusion coefficient D, depends on both the gel fiber
structure and the size and shape of the diffusing species.10

The effective diffusion coefficient of a molecule in a col-
lagen hydrogel can be estimated from the diffusion coeffi-
cient of the molecule in the interstitial fluid if the fiber
structure (permeability and fiber shape characteristics) is
known8,19; however, a far more reliable estimate can be
obtained by direct measurement using the method of fluo-
rescence recovery after photobleaching (FRAP).19,94–96

FRAP is a well-established experimental technique in which
a fluorescent probe is homogenously distributed in the dif-
fusion medium, locally bleached, and imaged in a time se-
ries to produce an intensity decay profile from which the
diffusion coefficient can be measured based on Fick’s sec-
ond law. Using a confocal microscopy, high-resolution
data can be obtained and no calibration is necessary. For
further details on the method and analysis, see Seiffert and
Oppermann.95

The fluorescent probe used in FRAP measurements in
collagen hydrogels is often an easily labeled model protein
such as dextran19,27,49,94 because it is available in a wide
range of molecular weights and thus can be matched to a
molecule of interest. Bioactive molecules in ECM range from
small soluble cytokines and growth factors, with molecular
weight on the order of 100–101 kDa,10,94,97,98 to large insol-
uble macromolecules, such as glycosaminoglycans (GAGs)
and proteoglycans, with molecular weight on the order of
102–103 kDa.94 Examples of other molecular probes that
have been used for FRAP diffusivity measurements include
bovine serum albumin and lactalbumin.19 It should be noted
that care must be taken when performing FRAP using a
molecule different than the molecule of interest as molec-
ular weight matching may not be sufficient to mimic all
ECM interactions.94

For FRAP measurements, the thickness of the hydrogel is
typically limited to several 100mm to limit out-of-plane
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diffusion and background noise. It should be noted that, due
to the possible dependence of fiber structure on gel thick-
ness,40 this may introduce error when extrapolating FRAP
diffusion measurements to thicker hydrogels. FRAP samples
are usually formed between coverslips, on special multiwell
slides, or in similar molds.19,27,49 The fluorescent probe can
be introduced during hydrogel fabrication49 or by soaking
the polymerized gel in probe-containing medium for 12–
72 h.19,27,72,94 FRAP in collagen hydrogels has most often
been performed using laser-scanning confocal microscopy.
While wide variation exists in the literature in choice of
imaging parameters, such as resolution, magnification, and
bleach region size and shape, most measurements require
use of all available lasers at full power to obtain sufficient
bleaching.

Ramanujan et al. successfully used FRAP to measure the
diffusion coefficient of dextrans with a wide range of mo-
lecular weights (4–2000 kDa) in collagen hydrogels and
correlated decreased diffusivity with an increase in collagen
concentration.19 Erikson et al. performed similar experi-
ments with 2000-kDa dextran in collagen supplemented
with decorin or hyaluronan,27 and Gillette et al. measured
the diffusion coefficient of 3–500-kDa dextrans in collagen/
alginate hydrogels.49 Stylianopoulos et al. predicted using
numerical models that the ionic strength of the hydrogel
solution can affect the diffusion of charged particles.78 To
our knowledge, the effects of collagen source and solubili-
zation, hydrogel pH, and hydrogel polymerization temper-
ature on diffusion rates in collagen hydrogels have not yet
been experimentally investigated.

Concluding Remarks

Significant progress has been made in recent years toward
characterization of polymerization, mechanical, structural,
and transport properties of collagen hydrogels. Figure 9 is a
log-polar graphical representation of current knowledge of

collagen hydrogel properties in a 3D fabrication parame-
ter space. Each material property investigated—structure,
transport, or mechanics—is plotted in one-third of the fig-
ure. The fabrication parameters collagen concentration and
polymerization pH are plotted on the radial and angular
axes, respectively, while polymerization temperature is iden-
tified by color. Each object on the plot represents the pa-
rameter space investigated in a single publication, with
object size indicating concentration and pH ranges and a
color gradient used to indicate the maximum and minimum
color included in the investigation. In this figure, no dis-
tinction is made between studies that investigate hydrogels
polymerized at multiple discrete temperatures and studies
that investigate the effect of temperature gradients during
polymerization.

Figure 9 quantifies previously characterized hydrogel
configurations; however, only three fabrication parameters
could be shown and material properties are categorically
presented. Figure 10 provides an overview of known rela-
tionships between all fabrication parameters and all material
properties described in this review. Each parameter-property
correlation is indicated by the color of the line. Green and red
links indicate positive and negative correlations, respectively.
Blue links are used to indicate relationships that have been
investigated but they involve non-numerical fabrication pa-
rameters (such as collagen source). The black link signifies
that studies have conclusively determined that no significant
correlation exists between collagen concentration and fiber
diameter. Dashed lines indicate fabrication-property rela-
tionships that are not well defined; in some cases this means
that conflicting data can be found in the literature, while in
other cases a single study has determined that this relationship
is complex and dependent on other fabrication parameters. As
an example, contradictory correlations have been measured
between polymerization temperature and all mechanical
properties. Finally, missing lines signify relationships for
which no experimental studies were found.

FIG. 9. State of collagen hydro-
gel characterization. Each object
represents the fabrication parame-
ter ranges covered by a single ex-
perimental study from the
literature. Log(collagen concentra-
tion) and polymerization pH are
plotted as radius and angle, re-
spectively. Polymerization temper-
ature is plotted as a color contour.
Studies outside the ranges (0–100)
mg/mL, (5–11) pH units, and (0–
37) �C are not shown. Diffusing-
molecule hydrodynamic radius and
deformation mode for mechanical
characterization are not represented
in this figure. Color images avail-
able online at www.liebertpub
.com/teb
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Figures 9 and 10 highlight the state of collagen charac-
terization as well as areas requiring further investigation.
For example, very little data are available in the literature
for diffusion of bioactive molecules in collagen hydrogels.
The relationships between diffusivity and many fabrication
parameters, including polymerization temperature, poly-
merization pH, and collagen source and solubilization (not
shown in Fig. 9), remain unknown. Figures 9 and 10 are
meant to be used as references for generation of missing
characterization data as well as for design of experiments
within the previously studied fabrication space in order to
avoid necessitating new characterization.

Not only is the fabrication parameter space of collagen
hydrogels broad and not adequately characterized, but also
the full potential of many aspects of hydrogel character-
ization is yet to be realized. The scientific community has
not yet reached consensus on a deformation modality for
mechanical characterization, even within specialized appli-
cations, such as microvascular tissue engineering or tumor
engineering. Because individual studies are often restricted
to measurements using a single deformation modality, it
remains unclear how different modalities correlate with one
another. With respect to fiber structure characterization, ac-
curate methods for quantification of structural parameters in
hydrogels above 3 mg/mL are generally not available. This
is a significant limitation, as the current trend is toward
the use of higher concentration hydrogels due to improved
replication of the properties of in vivo tissue. Finally, a
physics-based model that could predict material properties
as a function of fabrication parameters would be of great
benefit to the entire community working with collagen
hydrogels.

In this review, we note that the literature appears to
contain contradictions with respect to material properties of
collagen hydrogels, which we trace back to differences in
fabrication protocols and characterization techniques. To
minimize such ambiguities, it is necessary that researchers
report fabrication and measurement protocols in increased

detail, including seemingly inconsequential information. For
example, all fabrication parameters should be reported:
collagen source, solubilization, concentration in the hydro-
gel, polymerization temperature, polymerization pH, and
ionic strength. Fiber structure and mechanical strength are
often critical parameters for engineered tissues, and we
recommend that they be characterized for collagen hydro-
gels for most applications. If fiber structure is quantified,
then details about the algorithms used should be included or
provided in accessible references. Based on the literature,
SHG and CRM are the recommended modalities for accu-
rate fiber structure quantification. Mechanical characteriza-
tion should be performed using carefully designed strain
rates and ranges. Not only must these parameters be clearly
reported, but also the criteria for their selection should be
explained. In general, low strain rates and small deforma-
tions will provide the best approximation to linear elasticity
as well as the most relevant information for mimicking
in vivo tissues. If possible, full viscoelastic characterization
should be performed. Such transparency will improve inter-
pretability of the data on collagen hydrogel characterization,
and facilitate future research efforts in this promising field.
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