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occur during the self-assembly process on the final gel prop-
erties.[6,28,30,31] The primary rate of fiber nucleation determines 
the amount of nuclei formed and the degree of branching.[30] 
These processes can dictate both fiber segment length and indi-
vidual fiber network compactness, in which more overlapping 
individual fiber networks result in their greater interpenetra-
tion to provide stiffer materials. Simple surfactants and poly-
mers that interact with the growing fibers[32] or increase the 
solution viscosity[33] have been demonstrated to affect these 
processes variably, with the possibility to increase or decrease 
mechanical properties of the resultant gel material. Therefore, 
there is a need to examine the effect of complex functional 
supramolecular modules on the self-assembly pathways of mul-
ticomponent low molecular weight gelating systems to advance 
their use in numerous applications.

Supramolecular materials formed by reaction-coupled self-
assembly[34–36] provide an additional handle to control primary 
nucleation and fiber branching phenomena of low molecular 
weight hydrogelators by relying on reaction rate of the com-
ponents. Van Esch and Eelkema reported the reaction-coupled 
self-assembly of a supramolecular hydrogel material by reacting 
a cyclohexane trishydrazide (hydrazide, compound 3) and three 
aldehyde-containing bis(diethylene glycol) benzaldehyde (alde-
hyde, compound 4) wedges to form 7, whose subsequent gela-
tion pathway was affected by the nature of the catalyst used.[36] 
A comparison of the hydrazone-forming reaction between 
gelator components at pH 5 and 7 showed distinct changes in 
the mechanical properties of the network consistent with differ-
ences in the hydrogel microstructure, thus demonstrating the 
importance of reaction rate on this process. In order to exploit 
such reaction-coupled materials for biomedical applications, 
control over mechanical properties and ligand presentation 
becomes important. We became thus interested in studying 
the effect of various (bio)polymeric crosslinkers on the self-
assembly process of this reaction-coupled hydrazide-aldehyde 
gelator into hydrogel materials as a model system (Scheme 1). 
We selected duplex DNA (1), which acts as a stiff, negatively 
charged rigid rod below its persistence length (P = 50 nm, 
150 bp)[37] ideal for the construction of (nano)materials,[38–40] 
and compared it against a soft, neutral poly(ethylene glycol) 
(PEG) polymer (P = 0.37 nm,[41] 10 kDa) (2) of comparable size. 
Aldehyde moieties were specifically incorporated at the terminal 
ends of the (bio)polymers (1 and 2) to introduce them during 
the self-assembly of the reaction-coupled network composed of 
3 and 4. We examined the effect of these two crosslinkers on 
the gelation of the reaction-coupled monomers into hydrogels 

The field of supramolecular materials strives to prepare func-
tional scaffolds for a range of applications from biomedi-
cine to electronics.[1–4] Specific properties of these materials 
such as adaptiveness, responsiveness, and recyclability can 
be ascribed to the supramolecular nature of their interactions 
over several length scales starting from monomers until the 
final self-assembled material. However, a caveat of their supra-
molecular nature is that they are often mechanically weak.[5–9] 
Several groups have recently disclosed the use of polymeric 
crosslinkers in supramolecular hydrogel materials composed 
of fibrillar aggregates to increase their mechanical properties 
by decoration with matched self-assembling units to the parent 
assembly or postmodification through covalent or noncovalent 
crosslinking strategies.[7,10–15] Commonly, the addition of poly-
meric crosslinkers results in an improvement of the material’s 
mechanical properties; however, competition between intra- 
and interfibrillar crosslinking can occur preventing them from 
reaching their full mechanical potential.[13] Nonetheless, it can 
also be envisaged that changes to the underlying supramolec-
ular polymer network may occur when a crosslinker is added, 
greatly impacting the final material properties.

Supramolecular materials composed of low molecular 
weight gelators (LMWGs) are of interest for use as biomed-
ical materials,[16–21] biosensors,[22,23] optoelectronics,[24–26] and 
personal care products,[27] due to their facile preparation and 
stimuli-responsive character. The rational design of these mole
cules remains still nontrivial due to a lack of understanding 
of how their self-assembly occurs over several length scales to 
provide a macroscopic material.[28,29] Numerous studies reveal 
the importance of nucleation and fiber branching events that 
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over several length scales and compared their resultant mate-
rials properties.

To chemically ligate either DNA (20-mer, length ≈ 6 nm) or 
PEG (Mn = 10 kDa, Rh ≈ 3 nm)[42] crosslinkers to the hydrazide-
aldehyde network, we first introduced aldehyde moieties syn-
thetically at their terminal ends by polymer-specific approaches. 
Moreover, circular dichroism and thermal denaturation studies 
of the crosslinker 1 showed similar characteristics to the 
unfunctionalized B-DNA duplex (for detailed synthesis and 
characterization see the Supporting Information). Originally, 
the hydrazide-aldehyde two-component hydrogel system was 
formed using a one-pot synthetic strategy by mixing hydrazide 
3 and aldehyde 4 in a 1:6 molar ratio (20 × 10−3 m 3: 120 × 10−3 m 4) 
in 0.1 m phosphate buffer at pH 5 to yield a self-assembled 
network of 7 on the order of minutes.[43] Therefore, the con-
centration and ratio of aldehyde and hydrazide were conserved 
to maintain their rate of reaction[36] and the effect of reaction 

time of crosslinkers 1 or 2 with 3 on the formation and proper-
ties of the hydrogel network was probed in the present work. 
Using oscillatory rheology (see the Supporting Information), 
a self-assembly protocol was developed where crosslinkers 1 
and 2 were required to be first reacted individually with 3 for 
24 h at 37 °C and then mixed with 4 at room temperature. This 
protocol was further supported by a combination of matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS), gel electrophoresis (crosslinker 1) 
and NMR (crosslinker 2) studies over the various reaction steps 
(see the Supporting Information) to form the low molecular 
weight gelator material showcasing the potential for incorpora-
tion of the (bio)polymeric crosslinkers into the reaction-coupled 
network.

Once the reaction conditions were optimized for hydra-
zone formation of the various components (DNA 1 or PEG 2 
crosslinkers combined with hydrazide 3, and then aldehyde 4) at 
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Scheme 1.  Preparation of a reaction-coupled low molecular weight gelator network with (bio)polymeric crosslinkers under catalytic control. A) The 
native gel is synthesized by reacting hydrazide (3) and aldehyde (4) at pH 5 at room temperature. B) The biopolymeric crosslinked hydrogel is syn-
thesized by reacting 5′-bisaldehyde functionalized dsDNA (20-mer) 1 or PEG 2 crosslinker (0–3 mol%), hydrazide 3 (20 × 10−3 m) over 24 h, and then 
aldehyde 4 (120 × 10−3 m) at pH 5 leading to native or crosslinked gel networks.
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pH 5, the effect of reacting physicochemically distinct (bio)poly-
meric crosslinkers into the reaction-coupled supramolecular 
materials was explored. Oscillatory rheology was employed as 
a first approach to probe mechanical differences in the variably 
crosslinked materials, by examining time sweep profiles and 
comparing their final gel properties. Reaction of 3 (20 × 10−3 m) 
and 4 (120 × 10−3 m) in a 1:6 molar ratio without any added 
crosslinker provided a hydrogel material, which started to 
gelate with a steep increase after 7 min and showed a max-
imum storage modulus (G′) (48 ± 8 kPa) after 50 min. Gela-
tion using the 5′-bisaldehyde dsDNA crosslinker 1 resulted in 
variable changes in mechanical properties of the LMWG net-
work, relative to the native network, depending on the amount 
of DNA added (Figure 1A). When 1 mol% of crosslinker 1 was 
added to the reaction-coupled assembly, a maximum in the 
mechanical properties was recorded with a striking 4.5-fold 
increase in storage modulus (209 ± 8 kPa). In this case, gela-
tion started earlier, after 5 min, with an initial steep increase 
followed by a slower increase in the later stages and reaching 
a maximum in its storage modulus after 90 min. However, 
using a larger relative amount of DNA crosslinker 1 (3 mol%), 
the onset of gelation was strongly retarded, only starting after 
20 min and showing a shallow increase in mechanical stiff-
ness over the measuring range. A plateau was not detected, 
however the maximum storage modulus (36 ± 6 kPa) attained 
after 100 min was slightly below the native hydrazide-aldehyde 
hydrogel (48 ± 8 kPa).

As a control, a 5′-aldehyde functionalized ssDNA was hybrid-
ized with its complementary sequence bearing no reactive 
group at its 5′-end to compare its effect on the reaction-coupled 
self-assembly of the hydrazide-aldehyde gelator system relative 
to crosslinker 1. The asymmetrically functionalized dsDNA 
when added at 1 mol% to 3 and then reacted with 4 to form 
the hydrazide-aldehyde hydrogel resulted in materials of lower 
mechanical stiffness (120 ± 20 kPa). When 5′-aldehyde ssDNA 
was reacted with 3, and then 4, materials of even lower mechan-
ical stiffness (ssDNA: 60 ± 12 kPa) were synthesized relative 
to those with crosslinker 1, but the storage modulus was still 
greater than the native gel (Figure S7, Supporting Informa-
tion). To better understand the effect of DNA on the network, 
an endonuclease operative at pH 5, DNaseII, was added to the 
5′-bisaldehyde dsDNA crosslinker 1 with 3 for 24 h prior to the 
addition of 4 to form the hydrogel network. The storage mod-
ulus of the obtained hydrogel with 1 mol% of 1 was reduced by 
half, indicative of enzymatic degradation of the DNA crosslinks 
(Figure 1C). However, the storage modulus after enzyme addi-
tion was still greater than that of a native gel.

Much to our surprise, based on earlier reports of PEG-based 
crosslinkers[11,13,15] enhancing properties of supramolecular 
hydrogels, crosslinker 2 showed a decrease in mechanical prop-
erties over the entire concentration range as examined for DNA 
with an even greater negative impact on the modulus of the 
material when increasing its concentration. For example, addi-
tion of 1 mol% 2 directly resulted in weaker materials in com-
parison to the native gel with a storage modulus of 29 ± 9 kPa 
(Figure 1B), despite a slightly earlier onset of gelation at 6 min 
with a sigmoidal profile. Overall, these results indicate that the 
physicochemical characteristics of the crosslinker and its con-
centration can have important consequences on the rate of low 

molecular weight hydrogel formation and its final mechanical 
properties. However, based on evidence from control samples 
and enzymatic degradation, the incorporation of the various 
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Figure 1.  Oscillatory rheology data of reaction-coupled self-assembled 
hydrogels with various crosslinkers at pH 5. A) Time sweep measurements 
with 1 (native gel: black dashed, 1 mol%: blue continuous, 2 mol%: pink 
dotted, 3 mol%: red dashed-dotted) and 2 (1 mol%: green dashed-dotted) 
at 0.05% strain, 1 Hz frequency. B) Comparison of maximum measured 
storage moduli (G′) of hydrogels containing DNA 1 (squares) and PEG 2 
(triangles)-based crosslinkers as a function of concentration. C) Comparison 
of mechanical stiffness after degradation of 5′-bisaldehyde dsDNA crosslinks 
with DNaseII prior to the start of reaction-coupled self-assembly with 3.
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crosslinkers into the network does not entirely account for 
the changes observed in the mechanical properties. Therefore, 
insight into the effect of the crosslinkers on the reaction-cou-
pled self-assembly process is necessary.

Low molecular weight hydrogel formation is majorly gov-
erned by the kinetic rate of fiber formation and percolation, 
which is dictated by nucleation, branching, and growth.[30] 
The dimensionality of fiber growth and branching in the pres-
ence of various crosslinkers using the Avrami equation before 
the onset of network percolation can be measured using the 
complex modulus, G*, in the early stages of the rheological 
profile with respect to time (see Figure S8, Supporting Infor-
mation). The dimensionality of growth can then be assessed by 
solving for the Avrami coefficient.[44] Fitting the Avrami equa-
tion for the native hydrogel system lacking any crosslinker 
resulted in n = 1.31, suggestive of branched fibrillar growth. 
Addition of 1.0 mol% stiff DNA crosslinker 1 yields n = 1.70, 
indicating a higher degree of fiber branching. Conversely, the 
use of 3.0 mol% 1 results in a value of n = 0.76, which sug-
gests 1D or even growth that is hindered by the elimination of 
branching events. Analysis of the addition of 1.0 mol% 2 pro-
vides an n = 1.02, also suggestive of 1D unbranched growth. 
Collectively, the Avrami coefficients suggest a strong influence 
of the crosslinker identity on the nucleation and fiber forma-
tion processes.

Scanning electron (SEM, Figure 2), confocal laser scan-
ning (CLSM), and cryogenic-transmission electron (cryo-TEM, 
Figure S11, Supporting Information) microscopies were used 
to gain insight into the hydrogel micro- and nanostructure with 
the various crosslinker concentrations to better understand the 
origin of the observed mechanical properties of the crosslinked 
materials. In the case of the native (compound 3 and 4 only) 

and 1.0 mol% DNA gels, dense, thin, highly branched fiber 
networks were observed by SEM (Figure 2A,B) and CLSM in 
the hydrated state, albeit at a lower magnification (Figure 2E,F). 
CLSM samples were stained with Nile Red (6.25 × 10−6 m), a 
lipophilic dye to visualize the hydrophobic interior of the aggre-
gates. Conversely, less dense, thicker fibrils alongside spherical 
aggregates were found upon increasing the DNA content to 
3 mol% (Figure 2C,G), whereas the addition of 1.0 mol% PEG-
based crosslinker 2 resulted in a lack of well-defined fibrillar 
features with a larger surface in comparison to the native and 
1.0 mol% DNA gel (Figure 2D,H). These images suggest that 
low concentrations of 1 (≈1 mol%) support growth of long 
interpenetrating fiber networks, while higher concentrations of 
1 or the addition of 2 trigger the formation of smaller, spherical 
or collapsed networks respectively, with either scenario abol-
ishing the rheological properties of the material. Subsequently, 
cryo-TEM images were made of the various crosslinked gels to 
examine the effect of the added polymer on the fibrillar archi-
tecture after self-assembly (Figure S11, Supporting Informa-
tion). Near micrometer-long fibers were imaged in all samples. 
These results suggest that formation of fibers at the nanoscale 
remains unaffected regardless of the crosslinker used but high-
lights the importance of the assembly processes that occur at 
larger length scales. Therefore, both SEM and CLSM images 
of the supramolecular hydrogel microstructure with the various 
crosslinkers support the mechanical data obtained by oscilla-
tory rheology.

Intrigued by the influence of the various crosslinkers on the 
hydrogel microstructure, their unique gelation profiles and 
mechanical properties measured by oscillatory rheology, we 
sought to investigate the process of network formation in real-
time by CLSM (Figure 3). In the case of the native gel, addition 
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Figure 2.  Visualization of the effect crosslinkers 1 and 2 on the reaction-coupled self-assembled aldehyde-hydrazide hydrogel microstructure by scan-
ning electron (SEM) and confocal laser scanning (CLSM) microscopies. Scanning electron images of hydrogels A) without crosslinker, B) 1 mol% 1,  
C) 3 mol% 1, and D) 1 mol% 2. All SEM samples were prepared by critical point drying. Scale bar is 1 µm. Confocal laser scanning images of hydrogels 
E) without crosslinker, F) 1 mol% 1, G) 3 mol% 1, and H) 1 mol% 2. All CLSM samples were prepared in the presence of Nile Red (6.25 × 10−6 m) as 
a fluorescent probe. λex = 488 nm, scale bar is 50 µm.
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of compound 4 (120 × 10−3 m) to 3 (20 × 10−3 m) with Nile Red 
displayed the initial formation of an emulsion with droplets 
of an average size of 2.87 ± 0.42 µm after 5 min (Figure 3A, 
5 min), whereas no observable aggregate structures for 3 only 
were found by CLSM under the same conditions. Subsequently, 
depletion of the droplets was observed with the onset of fluo-
rescent protrusions suggestive of fiber bundles evolving into 
a densely connected network, as observed previously in fully 
gelated samples by SEM (Figure 3A, 15–45 min, Movie  S1, 
Supporting Information). By acquiring images every 10 s by 

confocal microscopy, it became clear that these droplets served 
as nucleation centers for the subsequent growth of the network, 
and the addition of a particular crosslinker affected their size 
and surface properties biasing the outcome of the gelation 
pathway of the reaction-coupled gelator. The addition of 1 mol% 
of 1 resulted in a decrease in the size of the individual droplets 
to 1.19 ± 0.26 µm, but an increase in their number after 5 min, 
and eventually flocculating prior to evolution of the fibrillar 
network based on the diffuse fluorescence emanating from 
the individual droplets (Figure 3B and Movie  S2, Supporting 

Adv. Mater. 2017, 29, 1603769
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Figure 3.  Time-lapsed confocal laser scanning microscopy (CLSM) images of the effect of crosslinkers 1 and 2 on the reaction-coupled self-assembly 
of the aldehyde-hydrazide hydrogel. Images of the various hydrogels were taken at different time intervals (5, 15, 30, and 45 min) after 24 h incubation 
of 1 or 2 with 3, and subsequent addition of 4 in the presence of Nile Red (6.25 × 10−6 m): A) bare gel, B) 1 mol% 1, C) 3 mol% 1, or D) 1 mol% 2. 
Scale bar is 10 µm. Full videos can be found in Movies S1–S4 (Supporting Information).
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Information). When the concentration of 1 was increased to 
3 mol%, the number of droplets increased to a greater extent 
with a decrease in size to 0.65 ± 0.15 µm after 5 min (Figure 3C,  
5 min). The aggregates then clustered together becoming brighter 
and slightly larger in appearance, yet lacked the presumed forma-
tion of an extensive network similar to the connected spherical 
structures observed by SEM (Figure 3C, 15–45 min, Movie S3, 
Supporting Information). As a control, the addition of 1 mol% 
asymmetrically modified crosslinker 1 did result in small drop-
lets similar to those observed with the fully functionalized 
crosslinker 1. However, droplets functionalized with asym-
metrically modified 1 did not show flocculation (Movie S5, Sup-
porting Information), suggesting that a doubly functionalized 
DNA crosslinker is required to induce their bridging. In con-
trast, the addition of 1 mol% 2 resulted in the appearance of 
larger spheres with a size of 4.05 ± 0.78 µm after 5 min that 
became less regular and dense during the self-assembly process 
and eventually forming a discontinuous network in comparison 
to the native gel (Figure 3D and Movie S4, Supporting Informa-
tion). Dynamic light scattering (DLS) measurements supported 
the observed changes in size by CLSM when crosslinker 1 or 2 
is added to 4 (Figure S9, Supporting Information). Moreover, 
concentration-dependent DLS measurements of 4 supported 
the presence of large aggregates with emulsion-like behavior 
(Figure S10, Supporting Information). In all cases, the droplets 
were stable over the course of an hour as long as the hydrazide 
premonomer 3 was absent.

Most likely, the addition of the negatively charged DNA 
crosslinker to the droplet surface of premonomer 4 increases its 
charge and thereby reduces its size in parallel with increasing 
the concentration of the DNA crosslinker. However, the elec-
trostatic stabilization of the droplets is short lived with the 
addition of 3 resulting in flocculation occurring during the for-
mation and crosslinking of the network. In the case of 1 mol% 
DNA, the crosslinker exerts a positive effect on network for-
mation through increased nucleation sites, extensive fibrilliza-
tion, and formation of a robust crosslinked network due to its 
stiff and charged character, whereas its addition up to 3 mol% 
seems to prevent extensive fibrillar growth due to smaller 
droplet sizes. In the case of the PEG crosslinker 2, larger stable 
spherical aggregates are formed with steric stabilization of the 
premonomer droplets of 4 by the soft and neutral polymer, 
but they are fewer in number relative to the native gel. This 
decrease in nucleation centers increases their distance, there-
fore decreasing the potential for the clusters of self-assembling 

fiber bundles to interpenetrate to form a strong network. Taken 
together, these results highlight that the crosslinker with its 
associated physicochemical properties can not only serve to 
reinforce the gelator network but also it can influence the early 
stages of the reaction-coupled gelation pathway, with both phe-
nomena impacting the final network microstructure.

The use of polymeric crosslinkers is an attractive strategy 
to control the properties of supramolecular polymer networks 
because of its facile nature. However, this method of modu-
lating the materials properties can prove more complex as not 
all crosslinkers are equivalent in how they can interact with the 
scaffold monomers during their self-assembly process. We have 
shown that the incorporation of a stiff negatively charged DNA 
crosslinker results in the tunable increase of mechanical prop-
erties at low crosslinker concentrations (1 mol%) by oscillatory 
rheology. Importantly, a twofold increase was observed for the 
5′-bisaldehyde DNA crosslinker over the 5′-monoaldehyde DNA 
crosslinker, suggestive of its incorporation into the hydrogel 
material as a crosslinking moiety. Alternatively, the addition of 
a soft and neutral PEG-based crosslinker at the same concen-
tration or DNA at a greater concentration than 1 mol% results 
in samples that show decreased mechanical stiffness relative to 
the native material when added at the start of the self-assembly 
process. We used real-time imaging by CLSM (Movies S1–S4, 
Supporting Information) to gain insight into the formation of 
the reaction-coupled low molecular weight hydrogels in the 
presence of a given crosslinker due to the recent interest in the 
early stages of the self-assembly process on various supramo-
lecular polymers and hydrogelators.[45–48] Importantly, we found 
that in addition to functioning as a crosslinker of the network, 
adding a crosslinker also modulates the size and surface chem-
istry of the spherical aggregates that act as depots of unreacted 
building block 4, dictating the self-assembly pathway of the low 
molecular weight gelator material over the various stages of 
nucleation, fiber growth, and bundling (Scheme 2).

The overarching goal to prepare modular, functional supra-
molecular materials for a broad range of applications requires 
the incorporation of tethered (bio)molecules or polymers with 
a wide variety of chemical and physical properties. Based on 
our results, careful consideration of the physicochemical fea-
tures of the functional cargo becomes critical due to its poten-
tial for interaction with the early stage assemblies during the 
self-assembly process and its effect on the mechanical proper-
ties of the final material. Although caution must be exercised to 
provide an adequate balance between functionality and scaffold 

Scheme 2.  Schematic representation of network formation of 1 or 2 with 3 and 4 over time, in which spherical aggregates of 4 (light blue) act as 
nucleation centers (I) for fibrillar growth (dark blue) incorporating the physicochemically distinct crosslinker moieties (green/red) (II) to form an 
interpenetrated network (III) and macroscopic hydrogel material.
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integrity in these reaction-coupled noncovalent materials for 
their widespread application, this work reveals new opportuni-
ties for control over their properties.

Experimental Section
Experimental details including synthetic procedures and characterizations, 
oscillatory rheology, Avrami analysis, scanning electron microscopy, 
dynamic light scattering, confocal laser scanning microscopy, and 
cryogenic transmission electron microscopy are documented in the 
Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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