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Chapter 5 

 

Photothermal Filamentous Supramolecular and 

Covalent Double Network Hydrogels 

 

 

 

 

 

 

Hybrid supramolecular and covalent double network hydrogels have drawn great attention due 

to their stiff and tough mechanical characters that can approximate the structure and function of load-

bearing tissues. The use of nanoparticles in these networks provides opportunities to augment their 

mechanics and introduce responsive behaviors that can be remotely triggered with stimuli such as light 

for their eventual application as therapeutic materials. Herein, we introduce 15 nm gold nanoparticles 

with 1,2-dithiolane end-functionalized capping groups into the hydrogels that can be simultaneously 

crosslinked with the covalent and supramolecular networks containing the same reactive group and 

norbornene through photopolymerization. The addition of gold nanoparticles enhanced the double 

network hydrogel's mechanical characteristics, especially their energy dissipation property, and 

conferred tunable conductivity and photothermal properties consistent with the Au@PEG-DT 

concentration. The double network hydrogels showed injectability prior to photopolymerization and 

stayed stable in PBS after crosslinking. Stimulation of the plasmonic-photothermal effect of the gold 

nanoparticles with a laser light source at 532 nm enabled ablation of MDA-MB-231-B1 cells at precise 

positions in 3D cell culture.  
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5.1     Introduction 

Hydrogels are three-dimensional (3D) materials composed of crosslinked polymer chains to form 

a network that able to retain a high content of water and have found many applications in the fields 

such as tissue engineering, drug delivery, soft robotics, and others.1-5 They have been extensively used 

as synthetic platforms to closely mimic native tissues due to their tunable physical properties, structural 

similarity and easy modification with biological cues.6-8 However, hydrogels are usually applied as single 

networks that are brittle, limiting their ability to mimic the mechanically loaded stiff tissues.9,10 To 

overcome this challenge, double network (DN) hydrogels can be formed, where a second polymer 

network is added to create a structure that exhibits higher mechanical strength and enhances energy 

dissipation when compared to traditional single hydrogel networks.11-18 When filamentous 

supramolecular polymers are used as a sacrificial network they can impart these materials with features 

that mimic the structures and functions of biopolymers of the extracellular matrix (ECM).19-23 These 

mechanical behaviour of these networks that arise due to the non-covalent character of the assemblies 

can further increase the recovery of the hydrogels, opening up new avenues to prepare hydrogels that 

mimic ECM properties for 3D cell culture in a wide range of applications.19,23-25 The often-used chemical 

strategies only permit mechanical tuning of the materials, however their combination with stimuli-

reponsive components can open the door to a wider range of biomedical applications including those 

that are therapeutic.26-28 

The incorporation of nanoparticles (e.g., gold nanoparticles, graphene) is another strategy used 

to augment hydrogel mechanical properties.29-34 Nanoparticles are embedded in the pores of the 

network through chemical and/or physical interactions with the network,34-36 resulting in increased 

stiffness (0.01-1000 times) and toughness (0.01 - 1 MJ/m-3), as well as improved energy dissipation 

capabilities.29-32 This enhancement of mechanical properties is contingent upon the hybrid network's 

capacity to alleviate stress concentration through dynamic exchanges between polymer segments 

anchored to the particles and unabsorbed polymer strands.37-40 Additionally, the nanoparticles can 

bring additional functions41-47 consistent with their composition such as heat generation, electrical 

conductivity48,49 and magnetic properties that can be attractive for diverse range of biological 

applications. In particular, gold nanoparticles due to their adaptable modification, and extraordinary 

optical and plasmonic properties50,51 have been examined for their capacity to alter hydrogel mechanics 

while providing access to conductivity and the photo-thermal effect that is attractive for cancer 

therapy.26,27 However, in many gold nanoparticle-integrated hydrogels, the particles are physically 

suspended instead of being crosslinked to the hydrogel network causing aggregation that leads to  

heterogeneity of material properties. Furthermore, most research efforts have been directed towards 

enhancing the mechanical properties of hydrogels based on natural polymers using gold particles, while 

there are few examples of synthetic hydrogels in this area.  

We previously developed a DN hydrogel that shows biomimetic mechanical properties that are 

cartilage-like by crosslinking of a supramolecular and covalent polymer network through poly(disulfide) 

and poly(disulfide-norbornene)s. The DN consists of squaramide-based monomers52and covalent  

poly(ethylene glycol) polymers53 that could sustain 14 days of cyclic compressive loading in 3D cell 
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culture. (chapter 3). Because gold nanoparticles can further impact the mechanical properties of the 

network while introducing a handle for stimuli-responsiveness due to the photothermal effect of the 

particles, we became interested in understanding their impact on the hybrid DN presented in Chapter 

3. To improve the dispersion and stability of AuNPs in DN hydrogels, the nanoparticles were 

functionalized with heterobifunctional oligo(ethylene glycol polymers) containing a thiol unit that can 

bind strongly to the gold surface and a 1,2-dithiolane for coupling to the DN simultaneously during its 

crosslinking with UV light at 365 nm. We then analyze the injectability, mechanics, conductivity, and 

photo-thermal effect of these networks, gaining insight into their potential to tune the behavior of this 

double network gel based on the nanoparticle concentration used. Finally, we demonstrate the 

acquired photo-thermal properties of the DN hydrogel with gold nanoparticle addition by the selective 

ablation of bone tumor cells with spatial control. 
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5.2     Results and Discussion 

Nanocomposite double network hydrogel design and synthesis  

A 4-arm poly(ethylene glycol) (PEG) macromonomer (in total 3 wt%) end-functionalized with DT 

or NB (PEG4-DT or PEG4-NB) composes the first network of the DN and DN-Au hydrogels (Scheme 1). 

These macromonomers were synthesized in one-step using carbodiimide coupling chemistry yielding a 

high degree of functionalization similar to the earlier reported linear macromonomers.53 UV irradiation 

with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 1mM) lead to crosslinking of these two 

monomers to form a single network hydrogel material. The second network is a multicomponent 

supramolecular polymer consisting of tripodal squaramide-based monomers, including one outfitted 

with DT that is added in a 10 mol% (SN, 4 mM) ratio.52 To prepare the DN hydrogels, we combine the 

DT and NB macromonomers into the supramolecular filaments in phosphate-buffered saline (pH 7.4) 

after sonication on ice. We then allowed the solution to reach room temperature (RT), to form the 

polymer hydrogel. 

 
Scheme 1. (A) Double network hydrogels and components used in this study. (B) Extruded DN-Au hydrogel and subsequent 

DN photopolymerization strategy. (C) Photo-thermal effect of crosslinked gold nanoparticles (AuNPs) in the 3D DN hydrogel 

MDA-MB-231-B1 cells with light irradiation.  

 

Next, we used the citric acid reduction process54,55 to prepare citrate-coated gold nanoparticles 

(15 nm, Au@Citrate) and coupled them with SH-PEG5400-DT (Mw: 5.4 kDa) to form a PEG shell around 

the particle with reactive groups (DT) for coupling to the DN (Figure S1).53 Here, we synthesized SH-

PEG5400-DT by reacting linear thiol-PEG-hydroxy and DT with carbodiimide coupling chemistry resulting 

in a high degree of end-functionalization.53 Relying on the stronger chemisorption of thiols on the gold 

surface relative to DT56,57, we expected that the 1,2-ditholane units reside on the periphery of the PEG 

shell and available for crosslinking with the dithiolane network. We confirmed this by 1H-NMR 

spectroscopy comparing the -CH2 and -CH3 protons on DT (3.05-2.9 ppm, 1.48-1.35 ppm) from the SH-
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PEG5400-DT coated gold nanoparticles (Au@PEG-DT) to that on SH-PEG5400-DT polymer, where no 

discernable changes in chemical shift was found (Figure S2). The Au@PEG-DT nanoparticles retained 

their structure after the exchange of the capping group for the PEG with the DT unit, as demonstrated 

by red-shifting of the band at 518nm of Au@Citrate to 522nm with the addition of SH-PEG5400-DT 

(Figure 1A). The transmission electron microscopy (TEM) and dynamic light scattering (DLS) further 

supported these results (Figure 1B-C, S3), pointing out that introduction of the DT at the periphery of 

the capping group does not have an impact on particle size or cause aggregation. Moreover, 

replacement of the PEG capping group lead to the effective exchange of citrate as evidenced by the 

significant change in zeta potential of the gold nanoparticles (AuNPs), from ~ -40.30 mV to ~ -21.26 mV 

for Au@Citrate and Au@PEG-DT, respectively (Figure 1D). As a control, we also synthesized Au@PEG 

nanoparticles lacking the DT group that showed similar optical and morphological properties to the 

Au@PEG-DT.  

 
Figure 1. Characterization of AuNPs in water. (A) UV spectra of Au@Citrate and Au@PEG-DT. (B) TEM image of Au@PEG-DT 

(300 µg/ml). Scale bar: 100 nm. (C) Hydrodynamic diameters of Au@Citrate and Au@PEG-DT measured by DLS. (D) Zeta 

potential of Au@Citrate and Au@PEG-DT. Mean ± SD, N ≥ 3. 
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We then prepared double network hydrogels DN-Aux crosslinked with Au@PEG-DT particles 

under UV light at ~365 nm and a photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 

1mM). To permit efficient crosslinking of the hydrogels and subsequent imaging of 3D cell cultures, we 

kept the Au@PEG-DT at 1 mg/mL for the remainder of the study to high light transmittance. The 

crosslinking of these particles to the supramolecular and covalent polymer networks components 

yielded NB-DT and DT-DT bonds depending the ratio of the various components.53 We then explored 

the impact of gold nanoparticles on the formation of the double network gels. The resulting DN-Au 

hydrogels appeared wine red in color varying in intensity from light to dark red depending on Au@PEG-

DT concentration, even after photopolymerization as observed in gel inversion tests (Figure S4).  

Quantification of mechanical properties of DN and DN-Au hydrogels  

We probed the effect of adding Au@PEG-DT to the filamentous double network hydrogel on its 

mechanical properties using oscillatory rheology. In time sweep measurements, the storage modulus 

(G’) of the DN network increased from ~80 Pa before UV exposure to ~10.12 kPa after crosslinking 

(Figure 2A and S5), and was comparable with the results for the DN in Chapter 3. When Au@PEG-DT 

increased from 0.1 mg/mL (DN-Au0.1) to 0.25 mg/mL (DN-Au0.25), the stiffness of crosslinked hydrogels 

increased from ~11.32 kPa to ~13.04 kPa, while further raising the nanoparticle concentration up to 

1.0 mg/mL (DN-Au0.5 and DN-Au1.0) led to slower rate of stiffness increase and steady decrease of the 

storage modulus (from ~10.22 kPa  to ~7.34 kPa, respectively). This decrease in storage modulus is 

likely due to the reduced transmission of UV light through the uncrosslinked DN-Au gels due to the 

increased nanoparticle concentration that can interfere with the photopolymerization process. We 

exchanged Au@PEG-DT for 0.25 mg/mL Au@PEG that lacks the DT moiety to compare the effect of 

covalent crosslinking of the gold nanoparticles on the DN gel. The storage modulus of the DN-

Au@PEG0.25 hydrogel with the same UV exposure as the DN-Au0.25 hydrogel showed slower rise in the 

storage modulus reaching a lower value than the DN-Au0.25 gel crosslinked with Au@PEG-DT of ~10.82 

kPa (Figure S6A). The frequency sweep showed that this hydrogel is independent of the frequency from 

0.1 Hz to 10 Hz (Figure S7). Strain sweeps claimed that the hydrogels were stable at low strain (<100%) 

and could break when the strain was higher than 200 %. Step-strain test sweep demonstrated that the 

uncrosslinked DN-Au0.25 hydrogel has excellent self-healing property (Figure S8). These results suggest 

that the gold nanoparticles are chemically crosslinked to the DN hydrogel and contribute to its 

mechanical properties as a function of their concentration.  

Because of the capacity of nanocomposites to enhance the mechanical characteristics of DN 

hydrogels in compression,58-60 we further evaluated the behaviour of the DN-Au networks under this 

type of mechanical load. Axial force compression tests in the rheometer demonstrated that inclusion 

of Au@PEG-DT at 0.25 mg/mL in the DN network increased the fracture strain from ~18.34 % to ~20.27 % 

and the compression modulus rose from ~492.62 kPa to ~574.86 kPa (Figure 2B-E, Table 1). Additionally, 

the DN hydrogels showed improved toughness with the addition of the gold nanoparticles, rising from 

~11.84 to ~14.68 J/m3, on par with other nanocomposite enhanced hydrogels.61,62 Consistent with the 

decrease in stiffness when increasing the Au@PEG-DT concentration from 0.25 mg/mL to 1 mg/mL, 

mailto:DN-Au@PEG0.25
mailto:DN-Au@PEG0.25
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these hydrogels also showed a reduced ability to sustain compressive loads in contrast to the DN 

hydrogel without the added gold particles. At an Au@PEG-DT concentration of 1 mg/mL (DN-Au1), the  

 
Figure 2. Mechanical properties of DN and DN-Au hydrogels measured at a constant compression speed (10 µm/s): (A) 

Oscillatory rheology time sweep measurements of hydrogels with varied Au@PEG-DT concentrations before and after 10 

min UV irradiation using a fixed strain (γ = 0.05%) and frequency (ƒ = 1.0 Hz) at room temperature. Grey regions indicate UV 

exposure. (B) Uniaxial stress-strain curves. (C) Compressive modulus. (D) Compressive fracture strain and stress. (E) 

Compressive toughness. Mean ± SD, N ≥ 3. (F) Hysteresis loss of photocrosslinked DN and DN-Au hydrogels. Insert: Cyclic 
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hysteresis curves of photocrosslinked DN-Au0.25 hydrogel at different maximum strains (γmax) using a loading-unloading test. 

Conditions for UV irradiation: ~10 mW/cm2, 320-500 nm filter with maximum absorbance at 365 nm.  

 

hydrogel showed a reduced fracture strain of ~17.50%, compressive modulus at ~396.81 kPa and 

toughness of ~8.77J/m3. Addition of the Au@PEG nanoparticles DN-Au@PEG0.25 resulted in a higher 

fracture strain (~20.03%) but a reduced fracture stress (~154 kPa) and fracture energy (~8.75 kJ/m3) in 

contrast to the DN hydrogel lacking nanoparticles (Figure S6B-6D). Hence, the nanoparticle crosslinkers 

can enhance the compressive mechanical properties of the supramolecular and covalent DN as the lack 

of chemical bonding reduces their response to compression. 

We further examined the effect of the cross-linked AuNPs on the energy dissipation properties 

of DN and DN-Au hydrogels by compressive loading-unloading cycles at different maximum 

compression strains (λmax) increasing from 5 to 25 %. All DN-Au exhibited obvious hysteresis loops that 

increased in parallel with the compression strain (λmax) like the DN hydrogel (Figure 2F and S9). For 

example, the dissipated energy of DN-Au0.25 increased from ~0.16 kJ/m3 (λmax = 5%) to ~5.53 kJ/m3 (λmax 

= 25%). In contrast, the DN network in the lacking Au@PEG-DT showed a reduction in the dissipated 

energy from 0.12 (λmax = 5%) to ~1.76 kJ/m3 (λmax = 15%) and the one with Au@PEG (0.25 mg/mL) that 

lacking DT for crosslinking falls in the range of ~0.11 to ~2.61 kJ/m3 (λmax = 15%) (Figure S10). These 

results indicate that physical introduction of the gold nanoparticles improve the energy dissipation 

properties of DN-Au hydrogels and their dynamic-covalent crosslinking through DT can further enhance 

this property.  

 

Table 1. Fracture strain, facture stress, fracture energy and compression modulus of DN and DN-Au hydrogels under 10 

µm/s speed, Mean ± SD, N ≥ 3.  

Name Fracture strain (%) Fracture stress (kPa) 
Fracture energy 

(kJ/m3) 
Compression 

modulus (kPa) 

DN 18.34 + 0.37 171.81 + 5.06 11.84 + 0.92  492.62 + 27 

DN-Au0.1 18.6525 + 0.61 172.81 + 6.13 11.873 + 0.12 491.41 + 20.57 

DN-Au0.25 20.27 + 0.46 207.45 + 28.38 14.68 + 1.90 574.86 + 18 

DN-Au0.5 18.97 + 1.65 170.66 + 13.30 12.03 + 2.37 408 + 30.49 

DN-Au1 17.50 + 0.019 134.52 + 2.81 8.77 + 0.33 396.81 + 19 

DN-Au@PEG0.25 20.07 + 3.60 158.63 + 20.6 10.94 + 0.37 426.81 + 25.43 

 

Structural characteristics of the DN hydrogel 

We performed electron microscopy and equilibrium swelling experiments to gain insight into the 

structural characteristics of the DN-Au hydrogels that underlie the recorded rheological changes with 

Au@PEG-DT addition. In (cryogenic) transmission electron microscopy (Cryo-TEM) the DN and DN-Au 

solutions showed long and flexible (~5 nm nm) filamentous structures even after crosslinking with well-

dispersed Au@PEG-DT throughout the DN-Au hydrogels that lacked aggregation (Figure S11-S12). 
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Moreover, some AuNPs appeared associated with the supramolecular filaments, most likely due to 

photocrosslinking of the squaramide-based DT monomers with the Au@PEG-DT nanoparticles. We 

further probed the DN and DN-Au hydrogel structures at the microscale after UV exposure by scanning 

electron microscopy (SEM). The pore size of the DN hydrogel (~13 µm) decreased slightly with the 

incorporation of Au@PEG-DT at 0.5 mg/mL (~12 µm). Increasing the concentration up to 1 mg/mL 

resulted in an even smaller pore size (~8 µm) filled with nanoparticles and blurred pore edges (Figure 

S13). The micrometer scale of the pores likely arises due the freeze-drying method used to prepare the 

gels for imaging. These observations point to a difference in network structure with increasing gold 

nanoparticle concentration and align with the earlier measured reduced mechanics by oscillatory 

rheology. These studies demonstrate that the DN and DN-Au hydrogels exhibit a filamentous nature 

with sufficiently large pore sizes that can be tuned by nanoparticle concentration, rendering them 

suitable for 3D cell culture application.63,64 

To gain insight into the extent of crosslinking and retention of Au@PEG-DT in the DN for their 

subsequent applications in 3D cell culture, we conducted an equilibrium water content and gel stability 

assays. We prepared the DN and DN-Au hydrogels above the CGC (critical gelling concentration)65 and 

photocrosslinked them with 10 min UV irradiation (375 nm), (Figure 3) the photocrosslinked hydrogels 

on day 2 were 20-30 times heavier than the starting materials.66 The decline in swelling ratio among 

the samples can be attributed to the increase in polymer and nanoparticle concentrations. Gel stability 

tests display that the DN and DN-Au hydrogels retained approximately 100% of their initial weight for 

15 days without degradation in water. We then investigated the diffusion of AuNPs@PEG-DT using UV 

measurements and observed a minimal release of AuNPs from the network (Figure S4), further pointing 

out their effective covalent crosslinking to the materials. These results showed that the maintenance 

of the gels and gold nanoparticles within them after several media changes, showed that the materials 

can sustain conditions typically associated with 3D cell culture. 

 
Figure 3. DN and DN-Au hydrogels (A) Swelling ratio. Insert: digital photo inverted hydrogels tested. (B) Gel stability tests 

over 15 days. 
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Evaluation of DN-Au hydrogel conductive and photothermal properties 

AuNPs can confer additional features to hydrogel materials such as conductivity and photohermal 

behaviour due to their inherent physicochemical properties.67-69 We performed a set of electrochemical 

performance tests to understand the relationship between the Au@PEG-DT concentration and the DN-

Au hydrogel conductive properties. When Au@PEG-DT concentration increased from 0 mg/mL to 1 

mg/mL, the conductivity rose modestly from ~8.22 x 10-4 S/m to ~9.88 x 10-4 S/m (Figure 4A). These 

findings are in line with other metal nanoparticle-hydrogel networks that report similar subtle increase 

in conductivity.70  

Besides their conductivity, the optical absorption characteristics of AuNPs allow for conversion of 

incident light into thermal energy.71 We tested the photo-thermal effect of the DN and DN-Au 

hydrogels using a 1 W 532 nm visible light source and a sensitive thermometer. Hydrogels with a higher 

Au@PEG-DT concentration resulted in a greater temperature increases when irradiated under the 

same condition (Figure 4B). Incorporation of Au@PEG-DT raised the gel temperature to ~71.05oC in 

DN-Au0.1, and further increasing their concentration in DN-Au0.5 drove a temperature increase of 

relative to DN. On removing the light source, the DN and DN-Au hydrogels cooled down to room 

temperature after 10 minutes. This photo-thermal effect could be cycled at least 3 times without 

attenuation. We then assessed extrudability of the uncrosslinked DN-Au hydrogels for their eventual 

application as inks for printing applications or as injectable materials. The DN-Au0.25 hydrogel can be 

extruded into a noodle shape using a micropipette (Figure 4C-D). We then applied the crosslinking 

process to the extruded gel with a benchtop LED at 375 nm for 10 min. The photopolymerized material 

retains its shape in water, showing potential for 3D printing applications. 
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Figure 4. (A) Conductivity of different crosslinked DN and DN-Au hydrogels. (B) Cyclic photo-thermal effect of crosslinked 

DN and DN-Au0.1 - DN-Au0.5 hydrogels irradiated with light at 532 nm. Digital photos of extruded DN-Au0.25 after 

photopolymerization and kept in water for 1 day: (C) side view. (D) top view.  

 

Photothermal ablation of cancer cells in DN-Au hydrogels 

The photothermal property of AuNPs is attractive for cancer therapy applications in vivo where 

the focus is on tumor cell ablation in a highly selective and minimally invasive manner.72-78 To examine 

the suitability of composite DN-Au hydrogels for cell ablation, we first assessed cell viability of 

encapsulated NIH 3T3 fibroblasts in the various hydrogel compositions and concentrations. We 

observed high cell viabilities reaching over 90% after 24h culture and 80% after 48h in 3D culture with 

5 min 375 nm UV exposure (Figure S14-S15) by a Live/Dead Assay with calcein AM/propidium iodide 

staining.  

 
Figure 5. Confocal microscopy images of stained live (calcein AM) and dead (propidium iodide) MDA-MB-231-B1 cells 

encapsulated and incubated in DN and DN-Au in 3D for 24 h and subsequently irradiated under a 532 nm (1 W) visible light 

laser for varying time intervals. Scale bar: 100 µm. 

 

Next, we explored the capacity to selectively ablate a cancer cell line from bone metastases, 

MDA-MB-231-B1, within DN-Au hydrogels using green light. Cell viability of MDA-MB-231-B1 cells in 

crosslinked DN and DN-Au hydrogels after 24 h culture in the absence of green light was over 90% 

(Figure S16-S17). We then assessed the photothermal effects of the DN and DN-Au hydrogels on cell 

viability by a Live/Dead stain after irradiating the cancer cell-laden hydrogels in 3D with a 532 nm visible 

light laser (1 W) at different time points (0 s - 3 min). Application of the light source on the DN hydrogel 

without gold nanoparticles could not cause cell death even with a 3 min exposure (Figure 5 and S18). 

In contrast, the DN-Au0.5 could efficiently convert the light into heat and induce cell death within 5 s, 
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while the DN-Au0.25 hydrogel needed a longer exposure time of 15 s to observe the same effect. These 

results align with earlier photothermal data where greater Au@PEG-DT concentrations resulted in a 

larger temperature increase in the hydrogels. Furthermore, upon brief irradiation of the DN-Au 

hydrogels, we found that the dead cell area expanded proportionally with both the concentration of 

Au@PEG-DT and the duration of irradiation, resulting in non-viable cells across the DN-Au0.25 and DN-

Au0.5 hydrogels after a 3-minute light exposure. These results indicated that the photoablation position 

can be precisely controlled by the 532 nm laser or the gold nanoparticle concentration. These findings 

demonstrate a positive correlation between the concentration of AuNPs and light dosage on cell 

photoablation, and the irradiated position can be precisely controlled by the laser position, opening the 

door to mapping spatial effects of temperature on cell behaviour in a 3D environment. 
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5.3     Conclusions 

We herein report a gold-nanoparticle crosslinked filamentous supramolecular and covalent 

double network hydrogel through the simultaneous photopolymerization of 1,2-dithiolane and 

norbornene on the various components. By varying the concentration of gold nanoparticles, tunable 

mechanical properties, conductive and photothermal properties within these hybrid hydrogels can be 

achieved. Cross-linking of the gold nanoparticles to the double network yields increased energy 

dissipation similar to stiff and tough tissues such as cartilage. Prior to photopolymerization the 

materials can be extruded thorugh a syringe and remained stable in buffered solution showing 

printability. Furthermore, these hydrogels showed excellent cycling of the photo-thermal effect due to 

the gold nanoparticles. Further harnessing the photothermal effect in the presence of MDA-MB-231-

B1 cells, cell ablation can be executed in a spatial manner by tuning the laser dose and nanoparticle 

concentration. These nanocomposite materials provide new opportunities to use toughen 

supramolecular polymer materials while studying their cell behaviour under extreme thermal 

conditions in a local manner, and open the door for potential 3D applications in photothermal 

treatment of cancer.  
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Supporting information 

S5.1   Materials and methods 

Materials 

SH-PEG5400-NH2 (Mw: 5 kDa) and SH-PEG5000 (Mw: 5 kDa) was obtained from Iris Biotech. 4 arm-

PEG-OH (Mw: 10 kDa) from Jenkem Technology. Deuterated solvents for NMR experiments were 

obtained from Euriso-top. Formvar/Carbon 200 mesh copper grid and lacey carbon 200 mesh grids 

were purchased from Electron Microscopy Sciences. Dulbecco’s phosphate buffered saline (DPBS, 

pH=7.4) was purchased from Sigma Aldrich. Dulbecco’s modified Eagle medium (DMEM), antibiotics 

penicillin and streptomycin were received from Gibco, Life Technologies. Fetal bovine serum (FBS) was 

produced from Biowest. The antibiotics penicillin and streptomycin were purchased from Gibco. 

Collagenase Type I was obtained from Worthington Biochemical Corporation. μ-Slide 8 Well and 15 

Well 3D chambered coverplates were purchased from Ibidi. C8-SQ (4) and C8-SQ-DT (5) were 

synthesized as previous reported.1,2 N-hydroxysuccinimide, N,N'-dicyclohexylcarbodiimide and all other 

commercially available chemicals were purchased from Sigma Aldrich at the highest purity available 

and used without further purification. Milli-Q water was employed for all the experiments. All reaction 

vessels for gold nanoparticles synthesis were washed carefully with aqua regia before use. Gold 

nanoparticles was stored at -4oC and the rest compounds were stored at -20oC for further usage.  

Methods 

1H-NMR and 13C-NMR spectra were recorded on a Bruker DMX-400. All supramolecular 

monomers were purified by high performance liquid chromatography (HPLC) on a Shimadzu system 

equipped with two LC-20AR pumps, an SPD-20A UV-Vis detector and Phenomenex Kinetex EVO C18 

column. The mobile phases were CH3CN and H2O with 0.1% trifluoroacetic acid. Liquid chromatography-

mass spectrometry (LC-MS) analysis was performed on a Finnigan Surveyor HPLC system equipped (UV 

detection from 200-600 nm) with a Gemini C18 50 x 4.60 mm reverse phase column coupled to Finnigan 

LCQ Advantage Max mass spectrometer with ESI. For the mobile phase, a gradient of 10-90% of 

CH3CN/H2O with 0.1% trifluoroacetic acid over 13.5 minutes was used. UV absorption spectra were 

acquired at room temperature (RT) on a Cary 300 UV-Vis spectrophotometer from 400 to 800 nm using 

a quartz cuvette with a path length of 1 cm. The hydrodynamic diameter and zeta potential tests were 

performed on Malvern Zetasizer Nano S. Oscillatory rheology experiments were performed on a 

Discovery Hybrid Rheometer (DHR-2) from TA Instruments with a Smart Swap UV assembly with a 

quartz lower plate (20 mm) and a aluminum upper plate (8 mm) at RT using a fixed gap of 300 μm, UV 

light (λ = 320-500 nm, primary peak: 365 nm) was applied through an Omnicure S2000 high-pressure 

mercury light source from Excelitas connected to the rheometer through a light guide (5 mm diameter). 

The UV intensity was calibrated using a Silverline radiometer sensor (20 mm) accessory designed for 

the quartz parallel plate. The compressive properties were assessed under the same conditions on DHR-

2 at a fixed gap of 1 mm and a maximum axial force of 50 N. The diameters and of the gold nanoparticles 

were imaged on a JEOL JEM-1400 Plus transmission electron microscope (TEM). The distributions of 

gold nanoparticles in the DN and DN-Au hydrogels were imaged on TEM and cryogenic electron 
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microscope (cryo-EM) on a Talos L120C operating at 120 kV, samples were plunge frozen on a Vitrobot 

Mark IV, both from Thermo Fisher Scientific. The surface morphology and pore sizes of the lyophilized 

hydrogels were imaged by scanning electron microscope (SEM) using a JSM-7600F microscope from 

JEOL under high vacuum with an acceleration voltage of 2.0 kV. The conductivity measurement was 

assessed using a Metrohm Autolab Potentiostat by scanning from 1 MHz to 1 Hz in 10 frequency 

measurement points per at 0 V to prevent localized oxidation. Photo-thermal effect was accessed by 

using Lighthouse Photonics Sprout laser at 532 nm and K-Type Digital Thermometer. Cells were cultured 

in Dubecco’s modified Eagle medium (DMEM) with high glucose, with 10% fetal calf serum, 0.1% 

glutamax, 0.2% penicillin and 0.2% streptomycin. Images for cell viability assessment in 3D cultures 

were captured on a Stellaris 8 confocal laser scanning microscope from Leica with a supercontinuum 

white light laser (440-790 nm) and Power HyD detectors, the excitation wavelengths of 486 nm (Calcein 

AM) and 532 nm (propidium iodide), and emission filters of 500-545 nm (Calcein AM) and 594-686 nm 

(propidium iodide) were used, respectively. Live and dead cells were counted using a Fiji/ImageJ macro 

written for 3D analysis of LIVE/DEAD cells. The confocal pictures were processed using Fiji/ImageJ 

software. A benchtop LED light (∼10 mW/cm², 375 nm) was employed to initiate crosslinking in all other 

samples except for the ones on the rheometer. 

Experimental Details 

Synthesis of hydrogel components 

DT (1) 

4-methyl-1,2-dithiolane-4-carboxylic acid (DT) was synthesized as reported before.1,3 Briefly, 3,3-

Dichloropivalic acid (2.00 g, 11.69 mmol) and water (15 mL) were mixed in a 3-neck round bottom flask. 

Sodium carbonate (1.14 g, 10.76 mmol) was added slowly. When 3,3 dichloropivalic acid was fully 

dissolved under stirring, an aqueous solution (5 mL) containing potassium thioacetate (2.71 g, 23.64 

mmol) was added dropwise over a period of a few minutes. The solution was then heated to 100 °C and 

refluxed for 8 h. Then, sodium carbonate (3.84 g, 35.85 mmol) was added slowly, and the yellow 

solution turned green, then yellow again after a few minutes. After disappearance of the starting 

material, dimethyl sulfoxide (DMSO, 1.8 mL) was added, and the solution was refluxed for another 8 h 

at 100 °C. The reaction mixture was cooled to RT and acidified with 1 M hydrochloric acid. A yellow 

precipitate was collected, washed with ice-cold water and dried in an oven overnight at 60 °C. Yield: 

660 mg, 34%. 1H-NMR (400 MHz, DMSO-D6): 3.59 (s, 1H), 3.56 (s, 1H), 3.01 (s, 1H), 2.98 (s, 1H), 1.40 (s, 

3H). 13C-NMR (DMSO-D6, 100 MHz): 170.43, 55.53, 45.62, 22.13.  

HS-PEG5400-DT (2) 

1,2-Dithiolane-3-carboxylic acid (500.00 mg, 3.00 mmol), N,N’-dicyclohexylcarbodiimide (DCC) 

(618.99 mg, 3.00 mmol) and N-hydroxysuccinimide (NHS) (350.00 mg, 3.00 mmol) were 

dissolved in dry CH2Cl2 (10 mL). The reaction was stirred overnight at RT under 

nitrogen gas. The reaction mixture was collected and filtered twice, and the filtrate was dried on a 

rotary evaporator at 40 °C under vacuum (700 mbar) to get a light-yellow compound (DT-NHS). 

Afterwards, to a stirring solution of HS-PEG5400-NH2 (200.00 mg, 0.04 mmol) solution in dry CH2Cl2 (5 

mL), DT-NHS (79.30 mg, 0.19 mmol) and DIPEA (63.34 µL, 0.37 mmol) were added and reacted 
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overnight under nitrogen gas. The mixed solution was filtered and concentrated by a stream of nitrogen 

gas before being precipitated in cold diethyl ether, washed and re-dissolved in CH2Cl2 (10 mL). The 

precipitation step was repeated 3 times, then H2O (2 mL) was added to dissolve the obtained solid and 

the product was lyophilized overnight to obtain a white solid. Yield: 186 mg, 90%. 1H-NMR (400 MHz, 

CDCl3): 3.47-3.84 (m, 486H), 3.31-3.33 (t, 4H), 2.99-3.02 (d, 2H), 2.49-2.51 (t, 2H), 2.95 (s, 3H).  

PEG4-NB  

To a stirring solution of 5-norbornene-2-carboxylic acid (NB, 183.63 µL, 1.50 mmol) in dry CH2Cl2 

(5 mL), DCC (309.51 mg, 1.50 mmol) was added and the mixture was kept at RT for 30 min. Subsequently, 

the reaction mixture was added to a solution (5 mL) containing 4-arm polyethylene glycol (Mw: 10 kDa) 

(500 mg, 0.05 mmol), pyridine (40.23 µL, 0.50 mmol) and 4-dimethylaminopyridine (DMAP, 12.22 mg, 

0.10 mmol), and stirred overnight at RT. The mixed solution was filtered and concentrated by a stream 

of nitrogen gas before being precipitated in cold diethyl ether, washed and re-dissolved in CH2Cl2 (10 

mL). The precipitation step was repeated 3 times, then H2O (2 mL) was added to dissolve the obtained 

solid and dialyzed for 3 days. The product was lyophilized overnight to obtain a white solid. Yield: 494 

mg, 94%. 1H-NMR (400 MHz, CDCl3): 5.94-6.21 (m, 8H), 4.16-4.28 (m, 8H), 3.47-3.85 (m, 909H). 

PEG4-DT  

To a stirring solution of DT (131.00 mg, 0.80 mmol) in dry CH2Cl2 (5 mL), DCC (165.06 mg, 0.80 

mmol) was added and the mixture was reacted at RT for 30 min. Subsequently, the reaction mixture 

was added to a solution (5 mL) containing 4-arm polyethylene glycol (Mw: 10 kDa) (500 mg, 0.05 mmol), 

pyridine (40.23 µL, 0.50 mmol) and 4-dimethylaminopyridine (DMAP, 12.22 mg, 0.10 mmol), and stirred 

overnight at RT. The reaction mixture was filtered and concentrated by a stream of nitrogen gas before 

being precipitated in cold diethyl ether, washed and re-dissolved in CH2Cl2 (10 mL). The precipitation 

step was repeated 3 times, then H2O (2 mL) was added to dissolve the obtained solid and dialyzed for 

3 days. The product was lyophilized overnight to obtain a white solid. Yield: 487.6 mg, 87%. 1H-NMR 

(400 MHz, CDCl3): 4.32-4.33 (m, 8H), 3.83-3.85 (m, 8H), 3.74-3.69 (d, 8H), 3.48-3.67 (m, 961H), 3.43 (s, 

8H), 2.95-2.98 (d, 8H), 1.51 (s, 12H). 

Au@Citrate 

Gold nanoparticles (15 nm) were synthesized following the methods of Turkevich and French.4,5 Milli-

Q water (24 mL) was refluxed and stirred in a 3-neck round bottom flask. A chloroauric acid (HAuCl4) 

solution (25.4 mM, 985 µL) was added and kept boiling for 3 min, followed by a 1% wt. trisodium citrate 

dehydrate solution (5 mL). The mixture was refluxed for 30 min, during which the color of the solution 

turned from yellow to transparent to greyish/violet and then to deep red. The reaction mixture was 

cooled to RT, washed 2 times with Milli-Q water (12000 rpm, 40 min) and concentrated before usage. 
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Figure S1. Synthesis route of Au@Citrate and Au@PEG-DT. 

 

Au@PEG-DT 

Au@PEG-DT nanoparticles were prepared by a ligand exchange reaction on gold.6 Briefly, to an 

aqueous solution of Au@Citrate nanoparticles (10 mL, approximately 0.005 mM), 2 (60 mg, 0.012 mM) 

was added. The reaction was incubated for 3 days in the dark at 4 °C on a peptideshaker. The 

nanoparticles solution was washed 3 times by Milli-Q water to remove the excess ligand (12000 rpm, 

40 min) and concentrated before usage. The concentration of Au@PEG-DT was obtained by ICP-MS. 

Au@PEG  

Au@PEG nanoparticles were prepared the same process as Au@PEG-DT, here we used SH-

PEG5000 instead of HS-PEG5400-DT. 
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Figure S2. 1H-NMR (400 Hz, 298K, CDCl3) comparation spectrum of Au@PEG-DT(blue) and HS-PEG5400-DT(red). 

DLS and Zeta potential measurements 

Au@Citrate (~1 mM) and Au@PEG-DT (~0.8 mM) solutions in Milli-Q water were prepared and 

measured at 25 °C. The hydrodynamic diameter and zeta potential was based on average of 5 

measurements. 

UV-Vis spectroscopy 



 

186 

 

Au@Citrate (~1 mM), Au@PEG-DT ( 0.8 mM) and Au@PEG (~0.8 mM) solutions in Milli-Q water 

were prepared after synthesis to obtain the UV spectra. The individual samples were left to equilibrate 

for 2 min at RT prior to measurements.  

Transmission electron microscopy (TEM) 

Aqueous gold nanoparticle solutions (5 µL, 300 ug/ml) in Milli-Q water were drop-casted on a 

Formvar/Carbon 200 mesh copper grid and dried at RT overnight before imaging.  

 

Figure S3. TEM picture of Au@Citrate (300 µg/ml). Insert: size distribution of AuNPs. Scale bar: 100 nm. 

 

Multicomponent hydrogels preparation 

First, stock solutions of C8-SQ (10 mM) and C8-SQ-DT (10 mM) were prepared separately by 

dissolving the compounds in DMSO with 3 min of vortexing. To acquire C8-SQ/10C8-SQ-DT (10 molar 

percentages of C8-SQ-DT of the total monomer concentration) hydrogels (100 µL, 8 mM), C8-SQ (72 µL) 

and C8-SQ-DT (8 µL) stock solutions were pipetted into the glass vials (2.0 mL) with 1 min of gentle 

vortexing. Subsequently, the solutions were dried overnight under a stream of nitrogen gas. Water (100 

µL) was added to the film of supramolecular monomers to prepare a hydrogel at final monomer 

concentration of 8 mM. Sonication was performed in an ice bath yielding a clear solution. To prepare 

the double network with gold nanoparticles, PEG4-NB (10 wt%), PEG4-DT (10 wt%) and Au@PEG-DT 

(7.68 mg/mL) or Au@PEG (6.8 mg/mL) solutions were added to the solution of supramolecular and left 

overnight equilibration. Lithium Phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP, 20 mM) was mixed 

with the DN hydrogel before crosslinking. The hydrogels without and with Au@PEG-DT were called DN 

and DN-Au, respectively. The hydrogels with 0.25 mg/mL Au@PEG were called DN-Au@PEG0.25. For all 

the DN, DN-Au and DN-Au@PEG0.25 hydrogels in this paper, the final concentration of supramolecular 

hydrogel was 4 mM, LAP was 1 mM, functionalized group of PEG4-NB and PEG4-DT were 1.5 mM, 

respectively. Au@PEG-DT concentration was varied from 0.1 mg/mL to 1 mg/mL to obtain different 

DN-Au hydrogels, namely, DN-Aux (x mg/mL Au@PEG-DT in the hydrogel). For example, to prepare DN-

Au0.25 (100 μL), 14.49 µL Milli Q water, 15.96 μL PEG4-NB (10 wt%), 16.30 μL PEG4-DT (10 wt%) and 3.25 

μL Au@PEG-DT (7.68 mg/mL) were added into 50 μL C8-SQ/10C8-SQ-DT (8 mM), evenly mixed by 

pipetted 10 times and left overnight equilibration to allow gelation to occur. 5 μL LAP (20 mM) was 

added and pipetted 10 times prior to other measurements. The uncross-linked gelation protocol was 

mailto:DN-Au@PEG0.25
mailto:DN-Au@PEG0.25
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utilized for all hydrogels discussed in this paper, with the exception of those that were specially 

illustrated. 

Gel inversion test 

For gel inversion tests, DN and DN-Au hydrogels (100 μL) were prepared in glass vials (2 mL) and 

crosslinked with a LED for 10 min. Milli-Q water (150 µL) was layered on top of each hydrogel and 

replaced every 2 days. Digital photos were taken on Day 0 before and after crosslinking and on Day 15 

at the end of the experinment. 

 
Figure S4. Gel inversion test before and after UV irradiation at Day 0 and at Day 15 at the end of the experiment. 

 

Oscillatory rheology 

DN and DN-Au hydrogels were prepared according to previously established uncross-linked 

gelation protocol, and gently pipetted on to the quartz plate under a fixed gap at 0.7 mm. Before data 

collection, the loaded samples were equilibrated for 5 min to allow the hydrogels to self-recover. After 

a time sweep experiment for 60 s, the hydrogels were stiffened by applying a UV light for 10 min. All 

the oscillatory time sweeps were performed at a strain amplitude (γ) of 0.05% and a frequency (ƒ) of 1 

Hz. Frequency sweeps were assessed in a frequency range of 0.01 Hz to 10 Hz at a constant strain 

amplitude (γ = 0.05%). Strain sweeps were performed in a range of strain amplitudes of 0.01 % to 1000 % 

at a fixed frequency (ƒ = 1.0 Hz).  
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Figure S5. Plateau storage moduli (G’) of photo-crosslinked DN and DN-Au hydrogels in Milli Q water at RT. Mean ± SD, N>3. 
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Figure S6. Mechanical properties DN-Au@PEG0.25 hydrogel: (A) Time sweep measurements of hydrogel before/after 10 min 

UV irradiation using a fixed strain (γ = 0.05%) and frequency (ƒ = 1.0 Hz) at room temperature. Grey regions indicate UV 

exposure. (B) Compression stress-strain response of UV crosslinked DN-Au@PEG0.25 hydrogel under a constant compression 

speed (10 µm/s) for 80 s at room temperature. (C) Compressive fracture strain and compressive fracture stress of UV 

crosslinked DN-Au@PEG0.25 hydrogel under a constant compression speed (10 µm/s). Mean ± SD, N>3. (D). Compressive 

toughness of UV crosslinked DN-Au@PEG0.25 hydrogel under a constant compression speed (10 µm/s). Mean ± SD, N ≥ 3.   

 

 
Figure S7. Oscillatory rheology measurements of UV crosslinked DN and DN-Au hydrogels in Milli Q water at RT: (A) 

Frequency sweep ( = 0.05%). (B) Amplitude sweep (ƒ = 1.0 Hz).  
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Figure S8. Oscillatory rheology measurements of DN-Au0.25 hydrogel in MilliQ water at RT: (A) Time sweep measurements (ƒ 

= 1 Hz, γ = 0.05%) and self-recovery process. The absence of data prior to applying a high strain (200%) can be attributed to 

conducting a frequency sweep prior to the measurement (ƒ = 0.01 to 2 Hz, γ = 0.05%). (B) Frequency sweep ( = 0.05%). (C) 

Amplitude sweep (ƒ = 1 Hz). 

 

Compression study 

DN and DN-Au hydrogels were prepared according to previously established uncross-linked 

gelation protocol, and gently pipetted on to the quartz plate of the rheometer and the upper plate was 

lowered to 1 mm, equilibrated for 5 min before data collection. After a time sweep experiment for 60 

s, the samples were irradiated with UV light for 10 min to reach a plateau in storage modulus. 

Subsequently, an axial experiment was set up compressing the sample to 50% of its initial height (500 

µm gap) with a constant speed of 10 µm/s. Energy dissipation within the photocrosslinked gels were 

probed under the same conditions as the cyclic axial compression test using increasing strain 

percentages from 5% to 25% at a speed of 10 µm/s. The normal stress was plotted versus Cauchy strain 

(or engineering strain, the change in gap percentage as measured with respect to its initial setting) to 

get the compression curves of the hydrogels. The compressive fracture strain or stress was defined as 

the strain or stress at the breaking point. Toughness was calculated by the area under the stress-strain 

curve up to the point of fracture. The cyclic hysteresis curves were plotted as the compression curves 

before fracture. The dissipated energy was estimated by the area between loading - unloading curves.  
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Figure S9. Cyclic hysteresis curves of UV crosslinked DN and DN-Au hydrogels at different maximum strains (λmax) using a 

loading - unloading test under a constant compression speed (10 µm/s) at RT before break: (A) DN, (B) DN-Au0.1, (C) DN-

Au0.5, (D) DN-Au1. 

 

 

Figure S10. Mechanical properties DN-Au@PEG0.25 hydrogel: (A) Cyclic hysteresis curves of UV photocrosslinked hydrogel at 

different maximum strains (λmax) using a loading - unloading test under a constant compression speed (10 µm/s) at RT before 

break. (B) Hysteresis loss of photocrosslinked hydrogel. Mean ± SD, N ≥ 3.  
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(Cryogenic) Transmission Electron microscopy ((Cryo)-TEM) 

DN and DN-Au hydrogels (100 μL) were prepared according to previously established uncross-

linked gelation protocol. The hydrogels were then diluted (10 times) to obtain their respective 

measured concentrations (0.4 mM of C8-SQ/10C8-SQ-DT, 0.15 mM NB of PEG4-NB, 0.15 mM DT of 

PEG4-NB, 0 mg/mL - 0.05 mg/mL of Au@PEG-DT and 0.1 mM LAP), and exposed to a LED for 10 min. 

Solution (10 µL) was carefully placed on Formvar/Carbon 200 mesh copper grid for 2 min and was 

removed by a paper, then uranyl acetate (10 µL, 1 %) was blotted on grid for 1 min and was removed 

by a paper. The grid was dried overnight at RT before imaging. The diameters of the gold nanostructures 

were measured manually in Fiji/ImageJ. 

 
Figure S11. TEM images of diluted DN and DN-Au hydrogels after UV crosslinking: (A) DN (0.4 mM of C8-SQ/10C8-SQ-DT, 

0.15 mM NB of PEG4-NB, 0.15 mM DT of PEG4-DT). (B) DN-Au0.1 (0.4 mM of C8-SQ/10C8-SQ-DT, 0.15 mM NB of PEG4-NB, 

0.15 Mm DT of PEG4-DT, 0.01 mg/mL of Au@PEG-DT). (C) DN-Au0.25 (0.4 mM of C8-SQ/10C8-SQ-DT, 0.15 mM NB of PEG4-

NB, 0.15 mM DT of PEG4-DT, 0.025 mg/mL of Au@PEG-DT). (D) DN-Au0.5 (0.4 mM of C8-SQ/10C8-SQ-DT, 0.15 mM NB of 

PEG4-NB, 0.15 mM DT of PEG4-DT, 0.05 mg/mL of Au@PEG-DT). Scale bar: 200 nm. 

 

DN-Au0.25 and DN-Au0.5 hydrogels (100 μL) were prepared according to previously established 

uncross-linked gelation protocol. The hydrogels were then diluted (10 times) to obtain diluted DN-

Au0.25 (0.4 mM of C8-SQ/10C8-SQ-DT, 0.15 mM NB of PEG4-NB, 0.15 Mm DT of PEG4-DT, 0.025 mg/mL 

of Au@PEG-DT and 0.1 mM LAP) and DN-Au0.5 hydrogels (0.4 mM of C8-SQ/10C8-SQ-DT, 0.15 mM NB 

of PEG4-NB, 0.15 Mm DT of PEG4-DT, 0.05 mg/mL of Au@PEG-DT and 0.1 mM LAP), and exposed to a 

LED for 10 min. Afterwards, the solution (3 µL, 0.5 mM) was applied to a freshly glow-discharged lacey 

carbon 200 mesh Cu grid and the excess liquid was blotted off for 3 seconds at 100% humidity and 
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plunge-frozen in liquid ethane using a Vitrobot plunge-freezer (FEI VitrobotTM Mark III, Thermo Fisher 

Scientific, Waltham, MA, USA). Images were recorded on a BM-Ceta (4k x 4k) at a nominal magnification 

of 73000x (1.34 Ångstrom per pixel) and defocus of -2.0 to -3.0 µm.  

 

 
Figure S12. Cryo-TEM images of diluted DN-Au hydrogels after UV crosslinking: A) DN-Au0.25 (0.4 mM of C8-SQ/10C8-SQ-DT, 

0.15 mM NB of PEG4-NB, 0.15 Mm DT of PEG4-DT, 0.025 mg/mL of Au@PEG-DT and 0.1 mM LAP). B) DN-Au0.5 (0.4 mM of 

C8-SQ/10C8-SQ-DT, 0.15 mM NB of PEG4-NB, 0.15 Mm DT of PEG4-DT, 0.05 mg/mL of Au@PEG-DT and 0.1 mM LAP). Scale 

bar: 200 nm. 

 

Scanning electron microscope (SEM) 

DN and DN-Au hydrogels (200 µL) were prepared according to previously established uncross-

linked gelation protocol, then exposed to a LED for 10 min. All the samples were lyophilized and 

fractured in liquid N2 prior to SEM image. The pore diameters of the hydrogel nanostructures were 

measured manually in Fiji/ImageJ.  

 
Figure S13. SEM images of DN and DN-Au hydrogels after crosslinking: (A) DN, (B) DN-Au0.5, (C) DN-Au1. Scale bar: 10 µm. 

 

Equilibrium Swelling ratio and Gel stability test 

Hydrogel swelling ratios and gel stability data were acquired by weighing hydrogels at different 

time points. Hydrogels (100 μL) were prepared according to the gelation protocol in glass vials (2 mL) 

and crosslinked with a LED for 10 minutes. After crosslinking, the hydrogels were covered with Milli Q 

water (300 µL) and kept at RT. The weights of hydrogels were recorded at different time points as Wwet. 

Hydrogels’ Wequ were recorded when hydrogels were fully swelled to reach swelling equilibrium. After 
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15 days, the hydrogels were lyophilized and the dried product was weighed as Wdry. Hydrogels swelling 

ratios was calculated using the formula: 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 = (𝑊𝑒𝑞𝑢 − 𝑊𝑑𝑟𝑦)/𝑊𝑑𝑟𝑦. Gel stability was 

calculated using the formula: 𝐺𝑒𝑙 𝑒𝑟𝑜𝑠𝑖𝑜𝑛% = 100 × (𝑊𝑤𝑒𝑡 − 𝑊𝑑𝑟𝑦)/𝑊𝑒𝑞𝑢. Each test had three 

parallels. 

 

Conductivity Test 

DN and DN-Au hydrogels (150 µL) were prepared according to previously established uncross-

linked gelation protocol in a non-conductive 9 well Teflon mold with dimensions of 4 mm × 10 mm and 

at a height of 4 mm, then exposed to a LED for 10 min. Two 2.5 mm x 20 mm Pd electrodes were 

incorporated into hydrogels at a fixed distance of 8 mm before measurements to provide electrode 

contact. Here the contacted dimensions of Pd electrodes and hydrogel is 4 x 4 mm. When -Z'' (Ω) 

reached to 0 Ω, Z'(Ω) was taken to calculate the conductivity by using the formula: 𝜎(𝑆/𝑚) =
0.008

Z′(Ω)∗2.5∗4∗0.0001
 . 

 

Photo thermal Test 

DN and DN-Au hydrogels (150 µL) were prepared according to previously established uncross-

linked gelation protocol, then exposed to a LED for 10 min. Milli-Q water (150µL) was placed on top the 

hydrogels before irradiation with 532 nm laser (1 W) to prevent drying. Temperatures were recorded 

at different time points to make the curves. 

Manual implementation of 3D hydrogel printing 

The DN-Au0.25 hydrogel (300 µL) was prepared in a glass vial (2 mL) as described in the gelation 

protocol without UV irradiation. The uncrosslinked hydrogel was extruded from a micropipetor into 

water (500 μL) in a glass vial (2 mL). Subsequently, the extruded hydrogel was crosslinked using a LED 

for 10min. A video was made during the extrusion process and pictures were taken 1 day after 

crosslinking. 

3D cell culture studies 

Cell viability tests of NIH 3T3 mouse fibroblasts and bone metastases breast cancer cell-lines 

(MDA-MB-231-B1). DN and DN-Au hydrogels were prepared in PBS (pH ~7.4) as described in the 

gelation protocol without UV irradiation. Cell suspensions were pipetted with hydrogels and seeded in 

15-well µ-Slide Angiogenesis plates (Ibidi) at a cell density of 106 cells/mL. The hydrogels were 

crosslinked with UV light by a LED for 5 min, cell medium (50 µL) was then pipetted on top of the 

hydrogels and was replaced every hour for the first three hours to remove excess LAP. Hereafter, 

medium was replaced once a day. Before application of the LIVE/DEAD staining, the medium on top of 

the hydrogels was then removed before washed with 50 µL of PBS for twice. Subsequently, staining 

solution (40 µL of 2 µM calcein AM and 1.5 µM propidium iodide) was added and incubated for 40 min 

at 37 °C. The supernatant was replaced with PBS before imaging. Cells were counted using the 

Fiji/ImageJ macro written for 3D analysis of live and dead cells. 
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Figure S14. Confocal imaging of NIH 3T3 mouse fibroblasts viability in DN and DN-Au hydrogels for 24 h and 48 h. Calcein 

AM (green) and propidium iodide (red) mark the live and dead cells, respectively. Scale bar: 500 µm. 
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Figure S15. Cell viability of NIH 3T3 mouse fibroblasts encapsulated in DN and DN-Au hydrogels at 24 h and 48 h. Mean ± 

SD, N = 3. 

 

 
Figure S16. Confocal microscopy images of MDA-MB-231 cells encapsulated in DN and DN-Au hydrogels for 24 h without 

different 532 nm laser irradiation. Calcein AM (green) and propidium iodide (red) mark the live and dead cells, respectively. 

Scale bar: 100 µm. 
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Figure S17. Cell viability of MDA-MB-231-B1 cells encapsulated in DN and DN-Au hydrogels for 24 h. Mean ± SD, N ≥ 3. 

 

3D phototherapy in vitro 

Agarose hydrogels (3%, 350 μL) were first prepared in 24-well plates. A hole was made in the 

center of the agarose hydrogel, with dimensions of 8mm diameter and 1mm height, which was used to 

seed the cell-laden hydrogels. DN and DN-Au hydrogels were prepared in PBS (pH ~7.4) as described in 

the gelation protocol without UV irradiation. Cell suspensions were pipetted with hydrogels and seeded 

at a cell density of 107 cells/mL. The hydrogels were crosslinked with UV light from a benchtop LED (375 

nm, ∼ 10 mW/cm2) for 5 min, cell medium (500 µL) was then pipetted on top of the hydrogels and was 

replaced every hour for the first three hours to remove excess LAP. 24 h later, cell-laden hydrogels were 

carefully washed with PBS (twice, 500 µL), placed in μ-Slide 8 well plates with PBS (50 µL) inside, and 

irradiated using a visible light laser at 532 nm with a beam spot of ∼6 mm in diameter at a power of 1 

W for different time. After the PBS was removed, the staining solution (200 µL of 2 µM calcein AM and 

1.5 µM propidium iodide) was immediately added and incubated for 40 min at 37 °C. The supernatant 

was replaced with PBS before imaging. 
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Figure S18. Confocal microscopy images of MDA-MB-231-B1 cells encapsulated in DN, DN-Au0.25 and DN-Au0.5 hydrogels 

after 24 h with different 532 nm laser irradiation. Calcein AM (green) and propidium iodide (red) mark the live and dead 

cells, respectively. Scale bar: 200 µm. 

 

 
Figure S19. Confocal microscopy images of burned DN-Au0.25 hydrogel encapsulated with MDA-MB-231-B1 after different 

532 nm laser irradiation time. (A) 30 s (B) 1 min. Scale bar: 500 µm.  
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Figure S20. 1H-NMR (400 Hz, 298K, CDCl3) spectrum of DT. 

 

 
Figure S21. 1H-NMR (400 Hz, 298K, CDCl3) spectrum of HS-PEG5400-DT. The degree of functionalization was 92%. 
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Figure S22. 1H-NMR (400 Hz, 298K, CDCl3) spectrum of PEG4-NB. The degree of functionalization was 91%.  

 

 
Figure S23. 1H-NMR (400 Hz, 298K, CDCl3) spectrum of PEG4-DT. The degree of functionalization was 92%. 
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