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Fibrous networks formed by biological polymers such as collagen or fibrin exhibit non-
linear mechanical behavior. They undergo strong stiffening in response to weak shear 
and elongational strains, but soften under compressional strain, in striking difference 
with the response to the deformation of flexible- strand networks formed by molecules. 
The nonlinear properties of fibrous networks are attributed to the mechanical asymmetry 
of the constituent filaments, for which a stretching modulus is significantly larger than 
the bending modulus. Studies of the nonlinear mechanical behavior are generally per-
formed on hydrogels formed by biological polymers, which offers limited control over 
network architecture. Here, we report an engineered covalently cross- linked nanofibrillar 
hydrogel derived from cellulose nanocrystals and gelatin. The variation in hydrogel com-
position provided a broad- range change in its shear modulus. The hydrogel exhibited 
both shear- stiffening and compression- induced softening, in agreement with the pre-
dictions of the affine model. The threshold nonlinear stress and strain were universal for 
the hydrogels with different compositions, which suggested that nonlinear mechanical 
properties are general for networks formed by rigid filaments. The experimental results 
were in agreement with an affine model describing deformation of the network formed 
by rigid filaments. Our results lend insight into the structural features that govern the 
nonlinear biomechanics of fibrous networks and provide a platform for future studies 
of the biological impact of nonlinear mechanical properties.

hydrogels | fibers | mechanical properties

Networks formed by protein fibers are ubiquitous in biological systems. The cellular cytoskel-
eton is composed of actin fibers, microtubules, and intermediate filaments (1). The extracellular 
matrix (ECM) contains collagen, elastin, and fibronectin fibers (2). The scaffold of blood clots 
is a gel formed by a branching network of fibrin fibers (3). The stiff nature of the constituent 
fibers impacts many biological processes, including cell migration, intracellular communication, 
tumor formation, and pathological conditions such as fibrosis (4–7).

The fibrillar network architecture imparts biological materials with distinct mechanical 
properties (8). It is established that networks of fibrin, collagen, and actin display strong 
nonlinear stiffening; that is, a small (<10%) increase in shear or elongational strain leads 
to a more than 10- fold increase in gel stiffness (8–12). Such response to deformation 
allows soft and compliant biomaterials to stiffen and resist rupture when exposed to strains 
that may otherwise threaten tissue integrity (3, 8, 13, 14). The nonlinear strain- stiffening 
of fibrillar networks also impacts the local mechanical microenvironment sensed by cells 
and facilitates long- distance cell- to- cell communication through fiber alignment and 
mechanical forces propagating through the extracellular matrix (15–17). Another unique 
feature of biological fibrillar networks, including fibrin, collagen, and actin, is their 
mechanical asymmetry: While stiffening occurs in response to shear and extensional strain, 
compressional strain results in the decrease of the shear modulus (18–20). Mechanical 
asymmetry may have implications in mechanobiology, as cell proliferation in tumors and 
other systems impose compressive strain on the surrounding fibrillar ECM, thus, altering 
its stiffness(21).

Both of these nonlinear mechanical properties of biological filamentous gels are attrib-
uted to the mechanical asymmetry of the constituent protein fibers that have a bending 
modulus significantly smaller than their stretching modulus (12, 19), although local 
deformations are another important factor in the behavior of extracellular matrices made 
of collagen (22). Stretching of protein fibers is resisted by the strong intrafiber covalent 
and noncovalent interactions (3, 8, 10). In contrast, networks formed by crosslinking 
flexible molecules and strands are highly extensible and at the low strains, do not exhibit 
asymmetric force- extension relationship.
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Studies of the nonlinear mechanical properties of fibrillar net-
works have primarily been limited to biological fibrillar hydrogels 
(3, 8, 9, 23–26). Engineered hydrogels mimicking the fibrillar 
biological networks would enable synthetically controlled varia-
tion in their mechanical behavior and offer the capability to per-
form fundamental studies of filamentous networks. Currently, 
however, it is not established whether nonlinear strain- stiffening 
and mechanical asymmetry are the universal properties of all—
biological and synthetic—fibrillar hydrogels.

Synthetic hydrogels formed by cross- linked polymer molecules, 
e.g., polyacrylamide or poly(ethylene glycol), lack a fibrillar architec-
ture. Due to the inherent extensibility of the flexible polymer chains 
(8, 27–30), “molecular” hydrogels exhibited linear elastic behavior 
up to high (100 to 400%) strains and, therefore, fail to recapitulate 
the nonlinear properties of rigid filamentous networks (31, 32). 
Synthetic fibrillar hydrogels recapitulating the architecture of biolog-
ical filamentous hydrogels have been derived from shape- anisotropic 
nanoparticles (33–36), amphiphilic peptides (37, 38), and block-  
copolymer micelles (39, 40). Studies of engineered hydrogels recapit-
ulating the mechanical properties of biological fiber networks have 
been limited to hydrogels formed from bottlebrush polymers (41, 
42) and polyisocyanopeptide bundles (43, 44), which exhibited both 
nonlinear strain- stiffening and mechanical asymmetry.

Here, we recapitulate the nonlinear mechanical behavior of 
biological fibrillar hydrogels in an engineered hydrogel formed 
by rod- shaped cellulose nanocrystals. These gels have a filamen-
tous architecture that mimics the structure of protein networks 
(32, 34–36); however, their nonlinear response to deformation 
has not been studied. A fibrous hydrogel (later in the text, referred 
to as EKGel) was synthesized by cross- linking gelatin and aldehyde-  
modified cellulose nanocrystals (aCNCs). We show that at a phys-
iological temperature of 37 °C, the EKGel displays the composition-  
dependent nonlinear strain- stiffening behavior, thus, replicating 
the response to the deformation of fibrous collagen and fibrin 
networks. Furthermore, similar to fibrous protein networks, 
EKGel exhibited mechanical asymmetry, that is, compression-  
induced softening and stretching- mediated stiffening. Our results 
suggest that the nonlinear mechanical properties of biological 
tissues can be recapitulated in engineered fibrous gels formed by 
sufficiently long and stiff fibers. In our earlier work, it has been 
established that EKGel is biocompatible and does not disrupt the 
gene expression, proliferation, or drug response of patient- derived 
cancer (35, 45–47). Thus, this gel can serve as a platform for 
mechanobiology studies to elucidate the impact of nonlinear 
mechanics in biological processes.

Theoretical Model

To explain and predict the nonlinear mechanical behavior of fibril-
lar hydrogels, we use an affine model for the network formed by 
rigid filaments, which are defined as fragments of fibers connecting 
two neighboring cross- linking points in the network (48). The 
network of athermal filaments with the effective coordination 
number Z ≤ 2d (=6 for d = 3 dimensional network) would be 
flexible with zero shear modulus (49). This criterion of flexibility 
for Z < 2d is applicable only for freely jointed filaments with two 
cross- links per filament that forms a single fiber. In our work (as 
we show below), the observed finite shear modulus at small strains 
is due to the fact that on average, the fibers have more than two 
cross- links per fiber, and thus, the fibers consist of multiple fila-
ments. For this reason, the filaments between the cross- links are 
not freely jointed, as two neighboring filaments often belong to 
the same fiber. Therefore, we consider a typical fiber with more 

than two cross- links as having a large number of constraints that 
are responsible for the nonzero shear modulus of the network (as 
if Z > 6). On mesoscopic scales, all such networks deform affinely. 
Since in our work fibers are multiply cross- linked, we assume that 
the affine length scale (which is the smallest scale of affine defor-
mation) is on the order of the size of an elementary cell of the 
network. In our model, we replaced the network of multiply con-
nected fibers consisting of several bent filaments with the affine 
model of these filaments. This model was introduced for biaxially 
compressed fibrin networks in our previous work (48); however, 
we admit that it can fail to describe strongly irregular structure 
with high polydispersity of filament lengths.

We start from an undeformed gel with randomly oriented fibers 
and impose either sole shear or shear combined with uniaxial com-
pression or extension in the orthogonal direction. By minimizing 
the total elastic energy of the network, we predict fiber dimensions, 
fiber orientation distribution, and the stress in the deformed gel. 
The details of the theoretical model are provided in SI Appendix.

The elasticity of enthalpic gels arises from bending of the con-
stituent filaments. The values of the bending and stretching mod-
uli of the filaments, kb and ks, respectively, can be found from their 
structural characteristics. Fig. 1A shows a filament with its char-
acteristic dimensions, that is, diameter ( d  ), length between junc-
tions ( L , contour length), the end- to- end distance ( R ), deflection 
P , and arc angle, Ψ. The rigid filaments are considered to be 
enthalpic springs with bending and stretching moduli

 
[1]

 
[2]

where E   is the Young modulus of the filament. In enthalpic fila-
mentous networks, such as collagen and fibrin, the fibers are sig-
nificantly stiffer upon stretching than upon bending (49, 50), that 
is, they exhibit the force- extension asymmetry with ks/kb 
∼ (LΨ∕d )2 ≫ 1.

Fig. 1B shows an undeformed gel with initial thickness hi  and 
randomly oriented filaments. Under the shear strain, �  , these fil-
aments bend and stretch, as shown in Fig. 1C, while the gel thick-
ness remains hi . In the sheared gel, there is a direction of maximum 
extension of the gel, while in the orthogonal direction, the gel is 
compressed. When the shear strain is smaller than the cross- over 
value ( 𝛾 < 𝛾 s ≈ Ψ2∕12 ), the stress–strain relationship for the gel 
is reflected by the linear shear elastic modulus

 [3]

which is proportional to the bending modulus of the fila-
ments, kb , and their number density � in the undeformed gel 
(SI Appendix).

For the stronger shear stress, 𝜎 > 𝜎s = G𝛾 s , the filaments that 
are oriented mainly along the axis of maximum  deformation  
are straightened out. Further filament deformation is small  
and is described by their stretching modulus, ks(≫ kb) . The 
filaments oriented in the compression direction are still bent. 
With a further increase in � the fraction �s ≈ �∕

(
�ks� c

)
 of 

strongly stretched filaments increases (SI Appendix), and finally, 
at 𝜎 > 𝜎c = G𝛾 c

(
𝛾 c > 𝛾 s

)
 , these filaments form a rigid subnet-

work which only slightly deforms ( � ≈ � c ) with increasing � . In 
this regime, the differential modulus of the network:

kb =
9�Ed 4

4Ψ2
L
,

ks =
�Ed 2L

4
,

G ≃
�

�
≃ �kb,

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 P
U

R
D

U
E

 U
N

IV
E

R
SI

T
Y

 N
O

R
T

H
W

E
ST

 T
H

E
 L

IB
R

A
R

Y
 o

n 
D

ec
em

be
r 

23
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

19
5.

25
2.

22
0.

18
5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2220755120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220755120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220755120#supplementary-materials


PNAS  2023  Vol. 120  No. 51  e2220755120 https://doi.org/10.1073/pnas.2220755120   3 of 11

 
[4]

is proportional to the fraction �s of the highly stretched filaments 
and their stretching modulus ks , which is significantly higher than 
their bending modulus kb.

Simultaneous shear and compression of the fibrous gel is  
illustrated in Fig. 1D. Compression is quantified by strain 
𝜀z = (h − hi)∕hi < 0 , where h is the gel thickness after deforma-
tion. Compression of the shear- strained gel reduces the extension 
of the filaments oriented along the axis of maximum gel stretching 
and reduces the shear storage modulus of the compressed gel, in 
comparison with G . By contrast, concurrent shear and stretching 
of the gel in the z- direction by the factor 𝜀z = (h − hi)∕hi > 0 
(Fig. 1E) leads to an increase in the fraction �s of strongly stretched 
filaments and, as a result, an increase in its shear modulus, in 
comparison with G.

Experimental Results

Fig. 2A illustrates the hierarchical structure of EKGel formed by 
gelatin and cellulose nanocrystals modified with aldehyde groups 
(aCNCs). The aCNCs had an average diameter and length of 14.4 
± 3.7 and 141 ± 36 nm, respectively (SI Appendix, section S1), 
while the estimated radius of gyration of gelatin with the weight 
average molecular weight of 70, 000  kDa was 17  nm (51, 52). The 
EKGel was formed in a buffered salt solution (Hank’s Balanced 
Salt Solution, HBSS) in a two- step process. First, aCNCs assem-
bled into a fibrous network, due to a high ionic strength of HBSS, 
which resulted in suppressed electrostatic repulsion between the 
charged aCNCs and hence, their association (34). Second, gelatin 
adsorbed to aCNCs and chemically cross- linked them within the 
fibers by forming covalent imine cross- links between the aldehyde 
groups of aCNCs and primary amino groups of gelatin (Fig. 2A). 
Since EKGel has biomedical applications (45–47, 53), all further 
experiments were performed at 37 °C, unless otherwise specified. 
Fig. 2 B and C shows representative scanning electron microscopy 
(SEM) images of EKGel with different total concentrations of 
hydrogel components, Ctotal = CaCNC + Cgel. Analysis of these 
images revealed that the average fiber diameters did not signifi-
cantly change, when Ctotal was increased from 1.0 to 5.0 wt%, 
respectively, thus, indicating that, on average, two to three aCNCs 
were packed side- by- side within the fibers. Furthermore, the aver-
age filament length (the average fiber fragments between the two 
junctions) varied from approximately 480 to 379 nm with Ctotal 

increasing from 1.0 to 5.0 wt%, respectively, suggesting that, on 
average, filaments contained three to six aCNCs in length.

To confirm that aCNCs and gelatin are colocalized in the fibers, 
as shown in Fig. 2A, these EKGel components were covalently 
labeled with rhodamine- B isothiocyanate (RBITC) and CF- 488A 
fluorescent dyes, respectively, which emitted in the green and red 
spectral range. Imaging of EKGel by confocal fluorescence micros-
copy revealed that gelatin and aCNCs were colocalized within the 
fibers (SI Appendix, Fig. S2). The colocalization of aCNCs and 
gelatin was quantified by calculating the Pearson Correlation 
Coefficient (PCC), which characterizes the overlap of two chan-
nels in fluorescence microscopy (54). Fig. 2D shows the PCC 
values for EKGels with different aCNC concentrations, CaCNC, 
and gelatin concentrations, Cgel, of 2.0 wt%. For EKGel with all 
compositions, the PCC was significantly larger than the threshold 
value of 0.3 (54), which indicated the colocalization of aCNCs 
and gelatin in the composite fibers.

The formation of imine cross- links between the aldehyde groups 
on the aCNC surface and the primary amine groups gelatin in 
EKGel was quantified by first measuring the concentration of alde-
hyde groups on the aCNC surface as reported elsewhere (55, 56) 
and TNBS assay to determine the consumption of the amino groups 
of gelatin (SI Appendix, Fig. S3). The concentration of aldehyde 
groups per gram of aCNCs was 906 µmol/g, and the concentration 
of amine groups per gram of gelatin was 213 µmol/g. Within 
EKGel, the mass ratio of aCNCs- to- gelatin was 1:1.

Based on the analysis of SEM images of EKGel, we deter-
mined the structural characteristics of the filaments, that is, 
diameter ( d   ), length between junctions ( L  , contour length), the 
end- to- end distance ( R  ), and arc angle (Ψ) (Fig. 1E and 
SI Appendix, Fig. S4). We note that SEM images represent a 
two- dimensional projection of the 3D filament network, and 
thus, we measured the 2D projections of R  and L  onto the x- y 
plane, r  and l   , respectively. Both R  and L  values were calculated 
from their 2D projections, as described in SI Appendix, sec-
tion S3. The curvature of the filaments was characterized by the 
arc angle, Ψ, as illustrated in Fig. 1A, which was calculated from 
R , L , and d  values.

Table 1 lists the average values of d  , L , and Ψ for EKGel with 
different compositions. Increasing Ctotal from 1.0 to 5.0 wt%, while 
maintaining the ratio CaCNC/Cgel = 1.0 resulted in smaller L values 
and insignificant change in d (one- way ANOVA test, P = 0.4). 
We note that at all Ctotal values, the fiber diameters were larger 
than the diameter of individual aCNCs of 14 ± 4 nm, suggesting 
that fibers consisted of multiple aCNCs across.

K
� =

d�

d �
≈ �s�ks ≈

�

� c
,

Fig. 1. Illustration of deformation of rigid- filament gel with original thickness hi. (A) Structural characteristics of the filaments, including their contour length, L , 
end- to- end distance, R , diameter, d , deflection P , and arc angle, Ψ. Schematics of undeformed gel (B); sheared gel (C); simultaneously sheared and compressed 
in z- direction gel (D) and simultaneously sheared and stretched in z- direction gel (E). Insets show the corresponding deformation of oriented fibers.
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We also characterized the porosity of EKGel by measuring the 
mesh size, �  , or the average distance between filaments. Since the 
value of �  measured from SEM images is an underestimation of 
the pore size, as the SEM images are a 2D projection of a 3D 
network, we determined �  by measuring Darcy’s permeability of 
EKGel (28, 48, 49), as shown in SI Appendix, Fig. S5. Table 1 
shows that with Ctotal increasing from 1.0 to 5.0 wt% at CaCNC/Cgel 
= 1.0, the value of � decreased from 730 to 190 nm (one- way 
ANOVA test, P = 0.0096, N = 3). For comparison, the corre-
sponding values of � measured from the SEM images ranged from 
409 ± 15 to 88 ± 5 nm (SI Appendix, Fig. S5 and Table S2). 
Notably, the values of � from permeability measurements closely 
followed the predicted relationship � ∼ ⟨d ⟩∕

√
ϕ , where ⟨d ⟩ is 

the average fiber diameter and ϕ is the volume fraction of fibers 
(SI Appendix, Fig. S6) (57–59). To summarize, a denser network 
with smaller pores and less curved filaments was formed in EKGel 
with increasing Ctotal.

Table 2 lists kb  , ks  , and the ratio ks ∕kb  for EKGel with different 
Ctotal, which were determined using Eqs. 1 and 2 (the determina-
tion of the value of E is described in SI Appendix, section S4). 
Similar to collagen, fibrin, and other biological fibrillar networks 

with rigid fibers, EKGel’s fibers exhibited ks ∕kb ≫ 1 at all Ctotal 
values. Based on the EKGel composition and structure (Fig. 2A), 
we expect the Young’s modulus of the fibers to be intermediate 
between the CNC and gelatin gel moduli.

As there are four types of networks, that is, i) thermal semiflex-
ible (49, 60), ii) thermal flexible (61, 62), iii) athermal straight 
(63, 64), and iv) athermal bent (48) networks, based on our exper-
imental observations, in the present work, we excluded from the 
consideration the networks with thermal flexible and athermal 
straight filaments and compared the remaining networks com-
posed of thermal semiflexible and athermal bent filaments.

In SI Appendix, section S4, we considered the enthalpic and 
entropic mechanisms of EKGel’s elasticity. We first assumed that 
EKGel’s elasticity follows the entropic mechanism and using the 
measured value of the shear modulus of EKGel, calculated the 
thermally induced bending angle of the filaments. We found that 
this angle would be an order of magnitude smaller than the exper-
imentally measured angle (SI Appendix, Table S3). Thus, we con-
cluded that the curvature of the filaments is intrinsic and is not 
determined by thermal fluctuations. We next considered the 
enthalpic mechanism of EKGel’s elasticity and estimated the per-
sistence length of filaments. We found it to be on the order of 
hundreds of micrometers (SI Appendix, Table S4), that is, many 

Fig. 2. Structure of EKGel. (A) Schematics of the hierarchical EKGel structure of the network (left cartoon), cross- section of individual fibers (middle cartoons), 
and the molecular level (right cartoon). (B and C) SEM image of EKGel with Ctotal = 1.0 wt% (B) and Ctotal = 5.0 wt% (C). In (B and C), CaCNC/Cgel=1.0. Scale bars are 
1 µm. (D) Pearson colocalization coefficient (PCC) of gelatin and aCNCs in EKGels with different CaCNC and constant Cgel= 2.0 wt%. Boxes indicate mean SD, with 
whiskers indicating the minimum and maximum values. Analysis was performed on N = 11 images of different gel regions. One gel was imaged for each CaCNC. 
The dashed line at PCC = 0.3 indicates the threshold for colocalization of aCNCs and gelatin. ****P < 0.0001, one- sample t test, hypothetical mean is 0.3.

Table 1. Structural characteristics of EKGel

Ctotal d, nm* L, µm† Ψ†
� , nm‡

1.0 wt% 27 ± 7 0.460 1.92 728 ± 16

3.0 wt% 28 ± 8 0.409 1.85 384 ± 98

5.0 wt% 29 ± 12 0.404 1.39 189 ± 51
*Determined from SEM images and shown as mean ± SD (N = 110, 73, and 107 for  
Ctotal = 1.0, 3.0, and 5.0 wt%, respectively.
†Calculations of L andΨare provided in SI Appendix, section S3.
‡Determined from the Darcy permeability (SI  Appendix, section  S3). Data shown as  
mean ± SEM, N = 3.

Table 2. Mechanical properties of EKGel filaments

Ctotal, wt% k
b
(fJ)*

k
s
 (fJ)†

k
s
∕k

b

1.0 0.050 5.73 114.5

3.0 0.043 3.53 81.7

5.0 0.040 1.64 41.0
*Determined with Eq. 1 and values included in Table 1.
†Determined with Eq. 2 and values included in Table 1.D
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orders of magnitude larger than the filament length of 380 to 480 
nm, which indicated that thermal fluctuations are not significant 
for the observed curvature of the filaments and EKGel’s mechan-
ical properties. Since the comparison of the experimentally 
observed curvature of the filaments in the EKGel was inconsistent 
with thermally induced curvature, we concluded that EKGel 
belongs to the athermal bent class of networks, and other models 
(49, 60–64) do not describe its architecture and mechanical prop-
erties. For this athermal bent class of networks, we used the affine 
model developed by our group (48), which was in agreement with 
experimental results.

With an assumption that the bending vs. stretching asymmetry 
of EKGel’s fibers would impart the gel with the same nonlinear 
strain stiffening as that of biological networks with stiff fibers, we 
experimentally studied the strain stiffening of EKGel. The nonlinear 
stiffening of EKGel was characterized by measuring the differential 
modulus K � = d�∕d �  , where �  and �  are the shear stress and 
strain, respectively. Experiments were conducted using the estab-
lished prestress protocol for determining K ′  , where small oscillatory 
shear strains are applied under prestress, that is, the stress was 
increased to a constant applied value, and the small oscillations were 
performed around that stress (43, 61). Fig. 3 A and B shows that 
in the stress range 1.0 ≤ � ≤ 60 Pa (Fig. 3A) and strain range 
0.002 ≤ � ≤ 0.15 (Fig. 3B), the value of K ′ was approximately 400 
Pa; however, above a critical shear stress, �c , of 66 Pa and critical 
shear strain, � c , of 0.15 , the value of K ′ increased from 414 to 2, 650 
Pa, with � and � increasing to 600 Pa and 0.22 , respectively. In these 
experiments, the value of �c was determined by normalizing K′/G 
and extrapolating the variation of K′ vs. � in the high stress region 
to K′/G = 1.0. The critical strain, � c , was determined as � c = �c∕G . 
Thus, a sixfold increase in the value of K ′ was observed when �∕� c 
increased from 1.0 to 1.5.

The variations of K ′ vs. � and K ′ vs. � for EKGel were compared 
with similar characteristics of biological fibrillar networks (Fig. 3). 
In the experiments, above �c and � c ≈ �c∕G , fibrin and collagen 
I gels exhibited a more than 10- fold increase in K ′ , when �∕� c , 
reached 3.3 and 5.3 , respectively, thus, exhibiting nonlinear 
strain- stiffening, in agreement with earlier reports (8). The value 
of �c was 0.5, 20, and 66 Pa for collagen I, fibrin, and EKGel 
(Ctotal = 5.0 wt%, CaCNC/Cgel = 1.0), respectively (Fig. 3A). The 
value of � c was 0.008, 0.05, and 0.15 for collagen I, fibrin, and 
EKGel (Ctotal = 5.0 wt%, CaCNC/Cgel = 1.0), respectively (Fig. 3B). 

For comparison, in Fig. 3 A and B we also show the variation of 
K ′ vs. � and K ′ vs. � , respectively, for polyacrylamide gel formed 
by flexible polymer chains. In the entire range of � and � values 
studied; this gel did not display nonlinear strain- stiffening.

Notably, the presence of gelatin and intrafiber imine cross- links 
was critical for EKGel to display nonlinear strain- stiffening behav-
ior. A hydrogel formed by aCNCs in HBSS buffer (in the absence 
of gelatin), did not exhibit strain- stiffening (SI Appendix, Fig. S7). 
Instead, this gel disassociated and broke at � = 30  Pa, due to the 
weak physical bonding of aCNCs. The ability to modulate non-
linear strain- stiffening was explored by varying hydrogel compo-
sition, that is, Ctotal, CaCNC, and Cgel. Fig. 4 A–C show that 
increasing Ctotal resulted in higher G , �c , and � c . This result was 
in agreement with Eqs. 3 and 4 that predict an increase in G , �c , 
and � c , due to an increase of the ratio kb ∕ks and fiber density 
(Tables 1 and 2) with Ctotal. The variation in G , �c , and � c showed 
the same dependence on both Ctotal and CaCNC (the latter shown 
in SI Appendix, Fig. S8). Notably, the nonlinear strain- stiffening 
dependence was reproducible for replicated EKGel samples with 
the same Ctotal (SI Appendix, Fig. S9).

We note that the stresses exerted by cells on their fibrous ECM 
and the stress exerted on fibrin blood clots within arteries are in 
the range of 1 to 100 Pa. This biologically relevant range of stresses 
was explored in our work and is shaded in Fig. 4C. Importantly, 
all EKGels examined in our work exhibited �c  from 1.8  to 69  Pa, 
and therefore, they may exhibit nonlinear strain- stiffening in 
response to biologically relevant stresses. The values of � c  for 
EKGel with different Ctotal changed from 0.11 to 0.22. Notably, 
according to Eq. 3, the value of � c  depends on fiber stiffness (kb 
and ks), L, and the fiber density ( �  ), which is related to the mesh 
size ( �  ). These parameters depend differently on Ctotal, that is, kb 
and ks (Table 1) and L (Table 2) decrease with increasing Ctotal, 
while �  increases at larger Ctotal, as reflected by the decrease in � 
(Table 1). The difference in the effect of Ctotal on the structural 
characteristics of EKGel may account for the nonmonotonic 
dependence of � c vs. Ctotal (Fig. 4C). Furthermore, when Ctotal 
increased from 1.0 to 5.0 wt%, the maximum stress before rupture 
varied from 30 to 600 Pa, respectively.

In contrast, at 37 °C the values of K ′  and �c  remained constant 
when Cgel changed from 0.5 to 4.0  wt% (Fig. 4D). We note that 
since the sol–gel transition for gelatin is in the range of 20 to  
30 °C (61, 62), at 37 °C gelatin is in a liquid (molecular) state, 

Fig. 3. Nonlinear strain- stiffening. (A and B) Variation in differential modulus, K′ , with shear stress (A) and shear strain (B) for fibrin gel (red), collagen I gel 
(green), polyacrylamide gel (gray), and EKGel (blue). Fibrin gel: bovine fibrin and thrombin concentrations were 22.8 mg/mL and 5 U/mL, respectively, in tris- 
buffered saline with 3 mM CaCl2. Collagen gel: Collagen I from rat tail was 2 mg/mL in 1X HBSS. Polyacrylamide: acrylamide and the bis- acrylamide cross- linker 
concentrations were 3 wt% and 0.16 wt%, respectively. In EKGel, Ctotal = 5.0 wt% (CaCNC = Cgel = 2.5 wt%). (A) Blue arrows indicate the modulus, G , and the critical 
stress, �

c
 , corresponding to the beginning of EKGel stiffening. (B) Blue arrow indicates the critical strain, �

c
 , corresponding to the onset of EKGel stiffening. Lines 

are for eye guidance. The maximal stress corresponds to the highest stress measured before hydrogel rupture. The initial shear stress was 1.0 Pa for fibrin gel 
and EKGel, 0.05 Pa for collagen gel, and 0.3 Pa for polyacrylamide gel.D
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that is, at the amount incorporated in EKGel, gelatin did not form 
a network (SI Appendix, Fig. S10). Therefore, at 37 °C, the CNCs 
in the composite fibers were permanently cross- linked by individ-
ual gelatin molecules (acting as soft springs between the neigh-
boring CNCs), which caused invariance in the K ′  and �c  values. 
When the hydrogel temperature was reduced to 10 °C, the EKGel 
exhibited strain stiffening that was affected by Cgel, that is, the 
values of G and �c increased with higher Cgel (Fig. 4D). At this 
temperature, gelatin formed a gel between the CNCs in the fibers, 
that is, the neighboring CNCs become connected by the stiffer 
springs of the gelatin network. Therefore, the composite fibers 
have a higher shear modulus. Because of the difference in the fiber 
moduli, in the nonlinear regime, the dependence of K′ on stress 
started at higher values of σ for the EKGel at a lower temperature. 
Notably, a 2.0 wt% gelatin gel (in the absence of aCNCs) exhib-
ited strain stiffening at 10 °C, presumably, due to the response to 
shear of the semiflexible filaments forming at low temperature via 
hydrogen bonding and alpha- helix formation (64); however, the 
value of K′ was significantly smaller than for EKGel at 10 °C.

We conclude that EKGel recapitulates the behavior of biological 
fibrous networks by exhibiting stiffening at low strains. Notably, 
while some nonfibrillar, flexible- strand gels formed by cross- linked 
polymer molecules can exhibit strain- stiffening behavior at high 
cross- linking density (64, 65), they only do so at � c values in the 
range of 1.0 to 4.0, well above the range of � c from 0.11 to 0.18 
observed for EKGel in our work.

Interestingly, EKGel with different compositions exhibited a 
characteristic rate of stress- stiffening above the critical shear stress 
�c  , determined by scaling of K ′  with �  . Fig. 5 shows that when 
normalizing K ′  by G  , and �  by �c  and �  by � c  , based on the results 
shown in Fig. 4 and SI Appendix, Fig. S8, the dependence of K ′ 
vs. � and � in the strain- stiffening regime for EKGels with all 

compositions falls onto a single curve. This dependence was in 
agreement with theoretical prediction of the variation in K′/G vs. 
σ/σc (SI Appendix, Eqs. S26 and S29). Similarly, when normaliz-
ing � by � c the dependence of K �∕G vs. � ∕� c (SI Appendix, 
Eqs. S25 and S28) in the strain- stiffening regime for EKGel with 
all compositions fell onto a single curve (Fig. 5B).

Earlier works have simulated two- dimensional networks of straight 
filaments that were originally thermally equilibrated and subsequently 
quenched in the bent state (12). In these simulations, the authors 
observed a transition from bending-  to stretching- mediated elasticity, 
similar to the strain- stiffening cross- over observed in the present work 
(Fig. 5). The developed analytical theory (presented in detail in 
SI Appendix) is also consistent with these numerical studies, as well 
as with the predicted delay of the bending- to- stretching transition 
with increasing filament bending (12).

To examine the reversibility of nonlinear EKGel strain- stiffening, 
hydrogels with Ctotal= 1.0 to 5.0 wt% (CaCNC/Cgel = 1.0) was sub-
jected to a cyclic amplitude sweep experiment. SI Appendix, 
Fig. S11 A–C shows the time dependence of K ′ over several cycles 
for with Ctotal in the range of 1.0 to 5.0 wt%, when the value  
of � was gradually increased from 1.0 to 60 Pa, and subsequently, 
decreased to 1.0 Pa. SI Appendix, Fig. S11D shows the cyclic am pli-
tude sweep of K′, plotted as a function of � . The results of several 
cycles were highly reproducible and were superimposed, including 
the value of �c , with no observable hysteresis.

As discussed above, a second characteristic feature of fibrous 
networks such as fibrin, collagen, platelet- poor plasma, and poly-
isocyanopeptide gels is their asymmetric mechanical response: they 
strongly stiffen in response to shear or extensional strain, but 
weakly soften when compressed (18–20). Compression leads to 
fiber bending and buckling, with buckled fibers not contributing 
to the network stiffness, so that as compressive strain increases, 

Fig. 4. Compositional control over nonlinear strain- stiffening of EKGel. (A and B) Variation in K ′ with � (A) and γ (B) with varying Ctotal. (C) Effect of Ctotal on �
c
 , �

c
 , 

and G′ . In (A and B), T = 37 °C. (D) Variation in K ′ vs. � with varying Cgel at 10 °C (open symbols) and 37 °C (filled symbols). CaCNC = 2.0 wt%. The gray circles in (D) 
correspond to the 2.0 wt% gelatin gel at 10 °C. In (A–C), CaCNC/Cgel = 1.0 and T = 37 °C. Lines are for eye guidance. The maximal stress corresponds to the highest 
stress measured before hydrogel rupture. The initial shear stress was 1 Pa.
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fibrillar networks soften. In contrast, extension stretches individual 
fibers, resulting in gel stiffening (14).

To investigate the mechanical asymmetry of EKGel we meas-
ured its storage modulus, G′, upon oscillatory shear in x- y plane 
at a varying axial strain in z- direction (that is, by subjecting EKGel 
to compression and expansion). An EKGel was formed between 
two plates of an oscillatory shear rheometer (Fig. 6A). Mineral oil 
was added to the edge of the hydrogel to prevent the loss of water 
upon hydrogel drying. Gelation was confirmed when the shear 
storage modulus, G ′ , of EKGel reached a plateau. To induce dif-
ferent axial strains, the gap between the two plates was changed 
as �z =

(
h − hi

)
∕hi , where h and hi are the gap height at the point 

of G ′ measurement and initial gap height, respectively. In this 
experimental design, �z = 0 corresponds to the undeformed 
EKGel, 𝜀z < 0 to the compressed EKGel, and 𝜀z > 0 to gel stretch-
ing while it adheres to the parallel plates (Fig. 1) (18). The value 
of G ′ was determined at 1% oscillatory shear strain and a fre-
quency of 1 Hz (within the linear regime, SI Appendix, Fig. S12), 
with EKGel being equilibrated for 1 min at each axial strain. To 
confirm that this observation was not a result of the poroelastic 
effect, we monitored the change in normal stress (N) and G′ as 
function of time at �z = − 0.1 and + 0.1 (SI Appendix, Fig. S13). 
While the value of N did not relax to the equilibrium value within 
1 min, the variation of G′ reached close- to- equilibrium value after 
1 min. SI Appendix, Fig. S13 also shows that the mechanical asym-
metry of EKGel did not significantly change when EKGel equi-
libration time was increased to 10 min. We therefore conclude 
that the results in Fig. 6 do not originate primarily from the poroe-
lastic effect.

Fig. 6B shows that upon EKGel compression, with strain �z  
changing from 0  to −0.1  , the value of G′ gradually decreased to 
15% of its original value. In contrast, when stretching EKGel from 
�z = 0  to + 0.1  , the value of G ′  increased by 46%. For comparison, 
Fig. 6B shows the dependence of G ′  vs. �z  for a fibrin gel, for 
which softening under compression and stiffening when stretched 
have been reported (18, 19). In our work, when fibrin gel was 
compressed from �z = 0 to −0.1 , the value of G ′ gradually 
decreased to 20% of its original value, while upon its stretching 
from �z = 0 to + 0.1 , the value of G ′ increased by 200%. Thus, in 
addition to mimicking nonlinear strain- stiffening, the mechanical 
asymmetry of biological fibrous gels was recapitulated in EKGel, 
although the degree of stiffening upon extension was lower by a 

factor of four in EKGel. In contrast to fibrin gel and EKGel, upon 
compression of flexible network polyacrylamide from �z = 0 to 
−0.1 , the value of G′ steadily increased by 19% (Fig. 6B). These 
results again highlight the biomimetic mechanical response to 
compression of EKGel, which is distinct from the response of 
synthetic hydrogels formed by flexible molecules.

Compression- induced softening of EKGel was reproduced in 
the repeated compression- decompression cycles. Fig. 6C shows 
the variation in G′ vs. �z in three cycles, with compression changing 
from �z = 0 to �z = − 0.1 , followed by extension from �z = 0 to 
�z = + 0.1 . Consistently, EKGel weakly softened during com-
pression and strongly stiffened during extension. This result indi-
cated that compression- induced softening cannot be attributed 
to the irreversible damage of the fibers or network. SI Appendix, 
Fig. S14 shows superimposed plots of the variation in G′ and �z 
over three consecutive compression/extension cycles. SI Appendix, 
Fig. S15 shows the reproducibility of the mechanical asymmetry 
behavior for EKGel.

Next, we investigated the dependence of EKGel’s mechanical 
asymmetry on its composition. Fig. 6D shows the dependence of 
G′ vs. �z for EKGel with 1.0 ≤ Ctotal ≤ 5.0 wt% at CaCNC/Cgel = 
1.0. For EKGel with all compositions studied, softening occurred 
upon compression (reducing �z from 0 to −0.1) and stiffening 
occured upon extension (increasing �z from 0 to +0.1) (Fig. 6D). 
When G′(

�z
)
 was normalized with respect to G� (

�z = 0
)
 , the 

relative degrees of compression- softening and stress- stiffening were 
similar (Fig. 6E). This dependence was in agreement with theo-
retically predicted variation of the normalized G′ vs. �z , determined 
by SI Appendix, Eqs. S35 and S37 and shown by the solid black 
line in Fig. 6E.

Discussion

We explored the structural characteristics and mechanical prop-
erties of an engineered fibrous hydrogel (EKGel) and showed that 
it displays both nonlinear strain- stiffening and mechanical asym-
metry. We demonstrate that EKGel’s elasticity is of enthalpic ori-
gin, similar to biological fibrous networks of e.g., fibrin and 
collagen, and conclude that the nonlinear mechanical properties 
of EKGel originate from the asymmetry in bending and stretching 
stiffness of the constituent filaments of the gel.

Fig. 5. Strain- stiffening of EKGel with different compositions. (A) “Universal” dependence of normalized differential modulus K′/G on normalized shear stress 
�∕�

c
 for EKGel with different compositions. The solid green line shows theoretical prediction of the variation in K′/G vs. �∕�

c
 . (SI Appendix, Eqs. S26 and S29). (B) 

Universal dependence of normalized differential modulus K′/G on normalized shear strain �∕�
c
 for EKGel with different compositions. The solid green line shows 

theoretical prediction of the variation in K′/G vs. �∕�
c
 described by (SI Appendix, Eqs. S25 and S28). All results are shown at 37 °C. The maximal stress corresponds 

to the highest stress measured before hydrogel rupture. The initial shear stress was 1 Pa.
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We introduced a theoretical framework to describe the mechanical 
asymmetry of enthalpic filamentous networks. The affine theoretical 
model was applied to predict the nonlinear properties of EKGel, based 
on the strong force- extension asymmetry of the constituent athermal 
filaments with ks/kb ≫1. The results of the theoretical prediction of 
strain- stiffening and compression/stretching- mediated asymmetric 
change of the shear modulus of EKGel were in agreement with exper-
imental observations. This theoretical framework can serve as a foun-
dation for research on nonlinear mechanical properties of other 
enthalpic fibrous hydrogels.

The described hydrogel was formed by composite fibers, which 
offers flexibility in the modulation of the hydrogel chemistry, 
structure, and properties. The variation in the hydrogel composi-
tion led to a broad range of shear modulus; however, the onsets 
of nonlinear mechanical properties, that is, the dependences of 
K′/G vs. �∕�c and K′/G vs. �∕�c were consistent for EKGel’s with 
different compositions. These results suggest that nonlinear 
mechanical properties are general for networks formed by long 
filaments that are substantially stiffer upon stretching and softer 
upon bending. In contrast, we show that in the range of stresses 
and strains studied, a hydrogel formed by the cross- linked poly-
acrylamide (a molecular gel) does not exhibit a nonlinear mechan-
ical behavior. Studies of other mechanical properties of EKGel’s 
enthalpic network, including its fracture behavior, are the subject 
of future research.

The described EKGel is an example of a filamentous hydrogel 
prepared from high- aspect ratio nanocolloidal building blocks. 
Our approach can be used for the preparation of fibrous materials 
derived from other high aspect ratio rigid nanoparticles such as 
carbon nanotubes, inorganic nanorods, or chitosan nanowhiskers, 
which can open the door to the engineering of filamentous net-
works with functional (e.g., optical and electronic) properties and 
nonlinear mechanical properties. From the practical perspective, 
EKGel is prepared from two cost- effective, biosourced compo-
nents. It does not require a complex synthetic procedure, and gel 
formation process is simple and robust. Thus, our material is 
accessible to a broad scientific community.

We note that while nonlinear mechanical properties of fibrous 
hydrogels formed by bottlebrush (41, 42) and polyisocyanopep-
tide (43, 44) polymers have been reported, fibers in EKGel are 
made from the composite material, that is, rod- like nanoparticles 
and a polymer. This additional complexity provides an additional 
ability of fine- tuning hydrogel’s properties, e.g., by changing the 
degree of cross- linking of the polymer in the fibers, by varying the 
number of binding sites of the polymer to the nanoparticles, or 
by using a conductive polymer.

The ability to alter and understand the mechanical properties 
of engineered filamentous hydrogels can be used to facilitate their 
applications in mechanobiology. There has been significant past 
work with flexible- strand hydrogels to establish that matrix 

Fig. 6. Mechanical asymmetry of EKGel. (A) Experimental design for measurements of mechanical anisotropy of hydrogels. Axial strain ( �
z
 ) was adjusted by 

changing the gap between the rheometer plates, with �
z
= 0 being defined as the initial EKGel thickness. (B) Variation of G′ vs. �

z
 for EKGel with Ctotal = 2.0 wt% 

(CaCNC/Cgel = 1.0), polyacrylamide (acrylamide and the bis- acrylamide concentrations were 3.0 and 0.079 wt%, respectively), and fibrin (bovine fibrin and thrombin 
concentrations were 22.8 mg/mL and 5 U/mL, respectively, in tris- buffered saline with 3 mM CaCl2). The solid lines are given for eye guidance. (C) Reversibility of 
compression- softening and stretch- stiffening for EKGel with Ctotal= 5.0 wt% (CaCNC/Cgel = 1.0) over three cycles of increasing �

z
 from −0.1 to + 0.1 . (D) Dependence of 

G

′ on �
z
 for EKGel with different Ctotal (CaCNC/Cgel = 1.0). Colored lines are added for eye guidance. (E) Variation of G′ normalized to G′ at �

z
= 0 , plotted as a function 

of �
z
 for EKGel with different Ctotal (CaCNC/Cgel = 1.0). The solid black line in (E) shows theoretically predicted dependence of the normalized G′ vs. �

z
 , determined 

from SI Appendix, Eqs. S35 and S37.
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stiffness impacts different biological processes, including drug 
response, stem- cell differentiation, and the progression of cancer 
and fibrosis (66–68). Importantly, the conclusions were made by 
using hydrogel matrixes that did not recapitulate the filamentous 
architecture or nonlinear mechanical properties of the native 
ECM. Studies of the impact of matrix stiffness have to be per-
formed with biomimetic hydrogels such as EKGel to verify the 
results of previous studies. Furthermore, while the fibrillar net-
works that make up the ECM and cytoskeleton display both non-
linear strain- stiffening and mechanical asymmetry, the biological 
impact of these properties remains understudied.

Finally, given EKGel’s biocompatibility with different types of 
cells (45–47, 54), this hydrogel can serve as a platform for mech-
anobiology studies to elucidate the impact of nonlinear mechanics 
on biological processes. Its biocompatibility, biomimetic fibrillar 
architecture, cost- effectiveness, and tunable strain- stiffening make 
it a promising material for this purpose.

Conclusions

In summary, we show that an engineered covalently cross- linked 
fibrous hydrogel derived from cellulose nanocrystals and gelatin 
exhibits nonlinear shear- stiffening and compression- induced sof-
tening, thus, recapitulating the mechanical behavior of biological 
gels. The variation in gel composition enabled a broad- range var-
iation in its mechanical properties, while the nonlinear mechanical 
properties were observed acroos for hydrogels with different com-
positions. We show that this gel belongs to the athermal bent class 
of fibrous networks, in agreement with an affine model. Further 
steps should exploit the composite nature of the hydrogel fibers 
formed by nanoparticles and a polymer to expand the range of 
mechanical properties or achieve additional functionality, e.g., 
conductivity of the gel. On the other hand, owing to its biocom-
patibility, biomimetic fibrous architecture, and cost- effectiveness, 
this gel would serve as a promising material for studies of the 
impact of nonlinear mechanical properties on cell behavior.

Materials and Methods

Materials. Type A gelatin from porcine skin (300 g bloom, cat. #G1890), ethylene 
glycol (cat. #102466), 25 % glutaraldehyde aqueous solution (cat. #354400), fibrin-
ogen from bovine plasma (F8630), tris buffered saline (cat. #T5030), anhydrous 
calcium chloride (cat. #C1016), thrombin from bovine plasma (cat. #T4648), cel-
lulose membrane dialysis tubing (12 kDa cutoff, cat. #D9277- 100FT), and sodium 
periodate (cat. # 311448) were purchased from Sigma- Aldrich. Both 1X and 10X 
formulations of Hanks Balanced Salt Solution (GIBCO) were purchased from Fisher 
Scientific, Canada (1X Cat. #15266355, 10X: Cat. #11530466). Collagen- I was 
extracted from rat- tail tendons (69). Matrigel was purchased from Corning (cat. 
#356234). Cellulose nanocrystals were purchased as an aqueous 12.2 wt% suspen-
sion from the University of Maine Process Development. All chemicals were used as 
received without further purification unless otherwise specified.

Preparation of aCNCs. Sodium periodate oxidation was used to introduce 
aldehyde groups onto the CNC surface using a previously reported method (35, 
46). For oxidation, 1.2 g of sodium periodate was added to 200 mL of a 1 wt% 
aqueous suspension of CNCs in a 500 mL round bottom flask. The suspension 
was covered with tin foil to prevent photodecomposition of sodium periodate 
and stirred for 2 h at room temperature. Ethylene glycol (600 µL) was then added 
to quench the reaction. The suspension was then dialyzed against miliQ grade 
deionized water (12 kDa molecular weight cutoff, 10 changes). The suspension 
was concentrated to >3 wt% under rotary evaporation.

Gelation of EKGel. EKGel was prepared from three precursor solutions: aCNC 
in HBSS, gelatin in HBSS, and HBSS buffer. The aCNC suspension was prepared 
by adding 10X HBSS buffer to give a final concentration of 1X HBSS (250 µL 10X 

HBSS in 2.25 mL aCNC). Gelatin was prepared by dissolving powdered gelatin in 
1X HBSS to give a final gelatin concentration of 10 wt%. The precursor solutions 
were added in a specific ratio to give the desired Ctotal, CaCNC, and Cgel. The order of 
addition was as follows: 1) HBSS, 2) aCNCs, and 3) gelatin, with vortexing between 
each addition to ensure that the hydrogel was homogenous. The hydrogel is 
incubated at 37 °C for gelation.

Confocal Microscopy of EKGel. To visualize the location of gelatin and aCNCs 
within the EKGel, we covalently labeled gelatin with rhodamine- B- isothiocyanate 
(RBITC) and the aCNCs with CF- 488A hydrazide® (Sigma Aldrich) as described below. 
EKGel was prepared as described above, but aCNCs were replaced with CF- 488A- 
labeled aCNCs, and gelatin was replaced with RBITC- labeled gelatin. Immediately 
after mixing, a droplet of the EKGel precursor suspension was placed on a glass slide 
and covered with a glass coverslip (#1.5 thickness). The samples were sealed with 
nail polish and incubated overnight at 37 °C to allow for complete gelation. The 
fluorescent EKGel samples were imaged using a Nikon AR1 confocal microscope 
with a 100× oil immersion lens. To image CF- 488A- labeled aCNCs, a 488- nm laser 
was used; a 561- nm laser was used to image RBITC- labeled gelatin. The Pearson 
colocalization coefficient (PCC) was determined using ImageJ software.

Quantifying the Density of Aldehyde Groups on CNCs. To characterize the extent 
of CNC functionalization, the aldehyde groups were converted to oxime groups with 
hydroxylamine hydrochloride (55, 56). An aCNC suspension was prepared by suspend-
ing 100 mg of aCNCs in 30 mL of deionized water. A hydroxylamine hydrochloride 
solution was prepared by dissolving 0.43 g of hydroxylamine hydrochloride in 20 mL 
of deionized water. The pH of the aCNC suspension and the hydroxylamine hydro-
chloride solution was adjusted to 4.5. Subsequently, the aCNC suspension and the 
hydroxylamine hydrochloride solution were mixed and stirred at room temperature 
for 24 h. The conversion of aldehyde groups to oxime groups with hydroxylamine 
hydrochloride resulted in the formation of HCl. The density of aldehyde groups was 
calculated by titrating the HCl with 0.1 M NaOH using a pH meter (EcoMet P25).

Quantifying the Number of Imine Cross- Links. The concentration of imine 
cross- links in EKGel was determined by using the TNBS assay, which quantifies 
the concentration of amine groups in the hydrogel that have not been consumed 
by cross- linking with CNCs, that is, free amine groups (70). We determined the 
concentration of free amine groups in EKGel with different compositions. The 
concentration of imine cross- links in EKGels was then determined by subtracting 
the number of free amine groups in the hydrogel from the number of free amine 
groups in the precursor gelatin solution. More specifically, EKGels with different 
compositions and gelatin solutions with varying concentrations were prepared 
in a 96- well plate (50 µL per well) and allowed to gel overnight at 37 °C. Next, 
100 µL of 0.5 w/v% TNBS in 0.1 M sodium carbonate buffer (pH 9) was added 
to each well. After incubating the samples at 37 °C for 2 h, their absorbance at λ 
= 500 nm was determined using a CLARIOstar plate reader. To account for the 
differences in light scattering by EKGels with different CaCNC, the corresponding 
TNBS- free hydrogels were used as reference samples for background subtraction. 
To determine the concentration of amine groups in EKGel, we used a calibration 
curve that was constructed using glycine standard solutions.

SEM Imaging of EKGel. The structure of EKGel was studied by using SEM. 
Supercritical point drying was utilized to prepare hydrogel samples. EKGel sam-
ples were allowed to gel overnight at 37 °C and then were fixed by submerging 
them in 2 wt% glutaraldehyde in HBSS for 24 h and washed with deionized water 
three times. Subsequently, the water was exchanged with ethanol by consecu-
tively submerging the EKGel for 30 min in 30, 50, 70, and 90 v/v% ethanol/water 
mixtures and then finally in anhydrous ethanol three times. Ethanol was then 
removed using an Autosamdri- 810 Tousimis critical point dryer. The dried EKGel 
was then fractured. The samples were imaged on a Quanta FEI Scanning Electron 
Microscope (10 kV). For enhanced visualization, the samples were gold- coated 
using an SC7640 High Resolution Sputter Coater (Quorum Technologies). The 
analysis of fiber diameter was performed on EKGel samples without gold sputter-
ing, as the fiber dimensions could be obscured by gold coating. Structural analysis 
was performed manually using ImageJ software. One EKGel sample was imaged 
for each Ctotal. To avoid bias, the image analysis was conducted independently by 
two scientists. For each EKGel sample, 6 to 10 images of different regions were 
taken, and 10 to 20 fibers were analyzed in each image.
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Rheology. The rheological properties of the EKGel were characterized at 37 °C 
using a DHR- 1 Rheometer (TA Instruments) with a cone and plate geometry, with 
a cone angle and diameter of 0.9675° and 40 mm, respectively. An integrated 
Peltier Plate was used to control the temperature, and a mineral oil was added 
around the edge of the cone to prevent solvent evaporation. To add the gel in the 
rheometer, gel precursors were mixed and pipetted onto the Peltier plate. The 
cone was lowered to the geometry gap, and the gel precursors were dispersed 
by rotating the cone. Even dispersion of the precursors was visually confirmed. 
The hydrogel precursors were equilibrated at 37 °C for 5 h before experiments 
to ensure gelation. Unless otherwise specified, one sample of EKGel was charac-
terized for each hydrogel composition and temperature.

To determine the differential modulus, K′, in nonlinear strain stiffening exper-
iments, we used a prestress protocol, in which the gel was subjected to prestress 
(σ) ranging from 0.5 to 1,000 Pa and subsequently, applied small oscillatory 
stresses that are <10% of the applied prestress (43, 61). The value of �

c
 was 

determined by extrapolating the variation of K′ vs. � in the high stress region 
to K′/G = 1.0. This point was found by extrapolating log K′/G vs. log � to log  
K′/G = 0 with nonlinear regression analysis, which corresponds to log �

c
 . The 

critical strain was found as �
c
= �

c
∕G.

To determine the stiffness of EKGel under compression or extension, we deter-
mined the storage modulus (G′) at different axial strains. The storage modulus 
was measured at 1 wt% oscillatory shear strain and a frequency of 1 Hz, using 
parallel plates with a diameter of 40 mm. The initial gap between the plates was 
400 µm. The gap was adjusted to change the axial strain from ±10% (360 to 440 
µm), and the hydrogels were allowed to equilibrate for 1 min at each axial strain.

Data, Materials, and Software Availability. All data needed to evaluate the 
conclusions in the paper are included in the article and/or SI Appendix. Replication 
data for gel structural and mechanical property analysis is deposited on Borealis 
(https://doi.org/10.5683/SP3/4GZS1X) (71).
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