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Low molecular weight hydrogels, prepared from glycosyl-

nucleoside-lipid amphiphiles, exhibit shear-thinning behaviour 

and reversible thermally- and mechanically-triggered sol-gel 

transitions. Using mechanical shear stimulation, the release of 

entrapped anti-TNFα increases and the released anti-TNFα 

demonstrates efficacy in in vitro neutralization bioassays. Delivery 

of anti-TNFα is of general interest and broad medicinal utility for 

treating autoimmune diseases such as rheumatoid arthritis. 

Hydrogels are of interest across a broad range of biomedical 

activities including drug delivery, high throughput screening, 

tissue engineering, and wound-healing.
1-12

 Traditionally, 

hydrogels are prepared from large molecular weight 

macromolecules (>5,000 g/mol) via physical entanglements or 

chemical crosslinking of the constituents. More recently, the 

principles of supramolecular chemistry
13

 are being exploited to 

prepare small molecules that self-assemble into higher-order 

functional structures, affording hydrogels,
14-18

 including those 

that are stimuli-responsive
19, 20

 and/or self-healing.
21, 22

 Often 

the low molecular weight (LMW) gelators used to form these 

supramolecular systems possess biologically important 

chemical structures including peptides,
18, 23, 24

 

carbohydrates,
25, 26

 or nucleosides.
27, 28

  

 From a chemical perspective, LMW gelators that 

spontaneously form hydrogels in aqueous environments are of 

interest for drug and nucleic acid delivery, and for cell and 

tissue engineering scaffolds.
11, 29-31

 GNL hydrogels implanted 

subcutaneously are stable for more than two months.
32

 

Moreover, the macroscopic reversibility or self-healing 

characteristics of these hydrogels provides an opportunity to 

design and evaluate mechanoresponsive materials for drug 

delivery. Therefore, the goal of this work is to synthesize a low 

molecular weight hydrogel composed of a sugar, nucleoside, 

and fatty acid subunit, study its rheological properties, and 

investigate the potential of this hydrogel for shear-mediated 

release of an entrapped biologic. Mechanoresponsive 

biomaterials
33, 34

 for the controlled delivery of growth factors
35

 

and other therapeutics
36-38

 is an active area of research, and 

the shear-mediated approach described herein is unique from 

the previous studies, as well as uses a LMW gelator composed 

of biocompatible building blocks. Specifically, we report the: 1) 

synthesis of an oleoylamide glycosyl-nucleoside-lipid (GNL) 

gelator; 2) formation of hydrogels through an entangled, self-

assembled nanofiber network; 3) exhibition of hydrogel shear-

thinning, creep/recovery, thermo- and mechano-reversible 

behaviour; 4) diffusion of FITC-dextrans as model biopolymers; 

5) shear-mediated release of 166 kDa FITC-dextran and an IgG 

directed against human TNFα, serving as a biopharmaceutical 

example; and 6) efficacy of this mechanoresponsive anti-TNFα 

delivery strategy in an in vitro cytokine neutralization assay.  

 The oleoylamide GNL (Fig. 1a) was prepared according to 

Fig. 1. (a) Chemical structure of the oleoylamide glycosyl-nucleoside-lipid (GNL) 

highlighting the non-covalent interactions of each part of the amphiphile 

structure: hydrophobic (red), hydrogen-bonding (blue), and pi-stacking (pink).  

(b) Photograph of GNL hydrogel at 23 °C (top) and sol at 60 °C (bottom), which is 

above the gel-sol transition. (c) TEM image of fibres formed from dilute GNL in 

aqueous solution. (d) AFM image of hydrogel (height profile), showing a bundle 

of GNL fibres. 
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our earlier reports
16, 39

 with minor modifications, and the 

complete synthetic details, including analysis, are found in the 

Supplementary Information (SI, Fig. S1, available online).  Upon 

heating and subsequent cooling, the GNLs self-assemble to 

form clear hydrogels in aqueous media (4 wt%, Fig. 1b) 

through non-covalent intermolecular forces, which include: 

hydrophobic interactions among the hydrocarbon chains; π-

stacking of the nucleoside and triazole bridges; and hydrogen 

bonding among the thymidine, triazole, amide, and 

glucopyranoside moieties. Each component of this amphiphile 

structure is required to form the hydrogel.
38

 TEM experiments 

reveal the origin of the hydrogel as an intertwined network of 

~12 nm diameter nanofibers (Fig. 1c), and are in agreement 

with atomic force microscopy studies of GNL hydrogels 

deposited on mica, showing ~11 nm-diameter fibres (Fig. 1d). 

 We measured the viscoelastic properties of GNL hydrogels as a 

function of temperature, frequency, and stress/strain amplitude 

using rotational shear rheometry. In order to elucidate the direct 

effects each parameter has on a material’s response, the linear 

viscoelastic region (LVR) was first determined using an oscillatory 

stress sweep at 1.0 Hz and 37 °C. Within this regime, the elastic 

storage modulus (G’) and viscous loss modulus (G”) were ~20 and 2 

Pa, respectively (see Fig. S2). The yield stress occurred at 13.7 ± 1.9 

Pa, while the flow point (or critical yield stress) of the gel occurred 

at 27.3 ± 3.8 Pa. The frequency sweep study involved oscillations 

over the range of 0.1 to 100 Hz; however, due to the weak nature of 

the hydrogel, only meaningful data were obtained from 0.1 to 10 Hz 

(Fig. 2a) before inertial effects (characterized by a raw phase angle 

≥150 degrees for our instrument) dominated the signal. Shear rate-

dependent behaviour was observed for this hydrogel, as complex 

viscosity |η*| decreases from 20 to 0.4 Pa·s with increasing shear 

rate/frequency. The GNL hydrogel can be delivered through a small 

21G needle. Additionally, viscoelastic creep and recovery were 

observed on the time-scale of seconds using a 0.1 Pa applied stress 

(Fig. 2b). Repeated attempts to perform a similar experiment using 

10 Pa applied stress were unsuccessful due to adverse inertial 

effects from creep ringing (creep ringing is seen at ~60 seconds in 

Fig. 2b and magnified image is shown in Fig. S3).
40

 

 Temperature-dependent mechanics and thermal reversibility of 

the GNL hydrogel (G’, G”, and δ) were investigated using a 

temperature sweep from 37 °C to 58 °C, and then down to 10 °C at 

constant rates of ± 1.0 °C/min, respectively. The data presented in 

Fig. 2c indicated thermal reversibility for these hydrogels. A clear 

sol-gel transition was observed at ~58 °C, although δ begins to 

noticeably increase at temperatures ≥45 °C. The macroscopic 

reversibility of these hydrogels was further determined by 

subjecting samples to three small- medium- and large-amplitude 

oscillatory shear cycles (Fig. 2d) wherein increasing oscillatory stress 

values (1 Pa, 10 Pa, and 100 Pa) were sequentially applied, with 2-

min rests in between. The tests were repeated twice more on the 

same hydrogels, for a total of 3 cycles. Values for δ reversibly 

fluctuated from ~10 to >60 degrees as the network ruptured and 

reformed. The return to a hydrogel state occurred relatively fast, 

within <2 minutes, and there was no statistical change in 

mechanical response between the first and third cycle (p= 0.53 and 

p = 0.11 for 5 Pa and 100 Pa applied stress, respectively).  

 To characterize the diffusion of biomacromolecules within 

the GNL hydrogels, the diffusivity coefficients of entrapped 

fluorescein isothiocyante (FITC)-labelled dextrans were 

determined by fluorescence recovery after photobleaching 

(FRAP). Using confocal microscopy, fluorescence time-series 

micrographs of FITC-dextrans (19.6 kDa, 39 kDa, and 167 kDa) 

loaded at 0.5 mg/mL in the GNL hydrogel were acquired 

before and after photobleaching a 100-µm diameter region of 

interest. The average percent recovery curves after 

photobleaching for the three different MW dextrans, and the 

Fig. 2. (a) Frequency sweep of GNL hydrogel (τ = 10 Pa, 37 °C). (b) Creep curve for a 

40 mg/mL hydrogel under 0.1 Pa applied stress, and subsequent recovery after 

removal of shear stress. (c) Temperature sweep (f = 1.0 Hz, τ = 10 Pa) of GNL 

hydrogel. (d) Cyclic reversibility tests on hydrogels wherein the samples experience 

alternating small-, medium- and large-amplitude oscillatory shear stress, recovering 

their original mechanical properties after each cycle (~2 min). Error bars represent 

±SD for triplicate samples. 

Figure 3.  Fluorescence recovery after photobleaching (FRAP) of FITC-dextrans. 

Diffusion coefficients (D) are listed next to their respective FRAP curves. 
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diffusion coefficients (calculated using a MATLAB program 

based off the work of Jain et al.
41

), are 1.13, 0.93, and 0.50 x 

10
-7

 cm
2
/sec, respectively. The smallest molecular weight FITC-

dextran (19.6 kDa) had the largest diffusion coefficient 

approximately 2.3× that of the largest FITC-dextran (167 kDa) 

tested (Fig. 3).  

 Due to the soft and reversible nature of the hydrogel, we 

hypothesized that shearing (i.e., rupturing the physical 

crosslinks) may influence the release rate of a large molecular 

weight (MW = 167 kDa) FITC-dextran (Fig. 4a). A shear value of 

10 Pa was selected based on our initial stress sweep data, 

which provided adequate stress to disrupt the gel and 

nanofiber crosslinks, based on the yield stresses identified. A 

statistically significant increased release of the 167 kDa FITC-

dextran from GNL hydrogels was observed under 10 Pa shear 

compared to hydrogels at rest (Fig. 4b). 

 The above data showing GNL hydrogels form under mild 

gelation conditions, are able to release biomacromolecules 

under applied shear stress, and permit molecular weight-

dependent diffusion throughout the matrix suggests their 

ability to act as mechanically-controlled delivery depots for 

therapeutic proteins such as enzymes and antibodies. Thus, we 

studied shear-mediated macromolecule release using a rabbit 

immunoglobulin G (IgG) antibody (~150 kDa) directed against 

human TNFα (Fig. 4). Anti-TNFα was chosen as the model 

antibody in this study because of its broad clinical utility as an 

anti-inflammatory agent (“TNF blocker”), such as in treating 

rheumatoid arthritis.
42, 43

 Moreover, the availability of several 

cell lines with sensitivity to TNFα in the pg/mL range have 

allowed facile, reproducible, and sensitive measurements of 

both TNFα concentrations and the in vitro efficacy of anti-

TNFα therapy using a corresponding cytokine neutralization 

assay.
44, 45

 Release aliquots of anti-TNFα from GNL hydrogels in 

the presence or absence of shear were assessed for their 

ability to neutralize the cytotoxicity of human TNFα (IC50 = 51 

pg/mL, Fig. S4) in the L929 murine fibroblast cell line. Without 

application of shear for both hydrogel samples (0 minute time 

point), TNFα release is minimal and not statistically different 

between the two samples (p >0.05; Figure 4c). The GNL 

hydrogels experiencing 10 Pa shear neutralized (i.e., reduced) 

TNFα toxicity by ~60% after 90 minutes, compared to ~10% 

neutralization of non-sheared antibody-loaded hydrogels (Fig. 

4c). The relative release of anti-TNFα for sheared and non-

sheared samples was ~20% and ~7.5%, respectively, which 

were determined by comparing to a previously constructed 

TNFα neutralization curve performed with known 

concentrations of antibody (Fig. S5). Our working hypothesis is 

that the release of the anti-TNFα from the hydrogel is 

attributed to temporary loss of the hydrogel structure (with 

return to a low viscous aqueous solution) upon shearing via 

disassembly of the GNL supramolecular nanofibers.   

 The hydrogel state, viscoelasticity, and observed 

mechanical properties arise from the entanglement of 

nanofibers assembled from individual GNL molecules. Dynamic 

stress sweeps reveal a linear viscoelastic region, followed by a 

deviation of the linear stress-strain relationship before gel 

rupture at the flow point. Data collected as a function of 

amplitude, temperature, and frequency show predictable and 

reversible sol-gel transitions, and cyclic reversibility tests (i.e., 

gel rupture and reformation) demonstrate the reversibility of 

these supramolecular assemblies. Finally, these entangled 

nanofiber assemblies impede the diffusion of macromolecules 

within the gel matrix in a molecular weight-dependent fashion, 

yet may be mechanically stressed to facilitate diffusion into 

the surrounding environment to elicit biological activity in 

vitro. These results highlight the utility of using supramolecular 

principles to create macroscopic functional materials, such as 

hydrogels, which may entrap delicate and bioactive substances 

for subsequent delivery,
46

 since the conditions for gel 

formation (and rupture) are mild, yet tuneable along with a 

hydrogel that can be easily administered via a small-gauge 

needle. The use of LMW gelators for preparing 

mechanoresponsive hydrogels represents a unique approach 

that complements previous systems—for example, those 

employing crosslinked polymers. Continued research in this 

area will afford new compositions of low molecular weight 

gelators and materials, as well as reveal structure-property 

relationships to aid in the design of application-specific 

materials for protein delivery. 
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Fig. 4. (a) Schematic diagram of shear-mediated release using a rheometer. 

Entrapped macromolecules, shown as “Y” in the figure, are slow to diffuse out 

into a water bath (light blue) due to the presence of GNL nanofiber 

entanglements (blue lines). (b,c) The diffusion of 167 kDa FITC-dextran (b) and 

rabbit anti-human TNFα IgG (c) from within GNL hydrogels into the surrounding 

environment is increased with 10 Pa applied oscillatory shear stress, resulting in 

neutralization of TNFα cytotoxic activity in a L929 bioassay. 
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