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ABSTRACT:  

Hydrogels consist of 3D and complicated polymer networks that determine their physical 

properties. Among the methods for structural analyses of hydrogels, the real-space imaging of a 

polymer network of hydrogel on a nanometer scale is one of the optimal ones; however, it is highly 

challenging. In this study, we propose a direct observation method for cationic polymer networks 

using transmission electron microscopy (TEM). By combining the double network strategy and 

the mineral staining technique, we overcame the challenges of polymer aggregation and the low 

electron density of the polymer. An objective cationic network was incorporated into a neutral 

skeleton network to suppress shrinkage during subsequent staining. Titania mineralization along 

the cationic polymer strands provided sufficient electron density for the objective polymer network 

for TEM observation. This observation method enables the visualization of local structures in real 

space and plays a complementary role to scattering methods for soft matter structure analysis. 
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Main content 

Hydrogels consist of three-dimensional nanoscale polymer networks that store large 

amounts of water. Owing to their unique structure, hydrogels possess both solid and liquid 

characteristics such as elasticity1,2 and solute diffusion capability.3,4 Synthetic hydrogels have been 

widely used in various fields such as water-absorbent paper diapers,5,6 ice packs,7 and contact 

lenses.8 Moreover, advanced hydrogels possessing extraordinarily high mechanical strength and 

toughness have been recently developed, which are promising for applications as load-bearing 

biomaterials, such as artificial cartilage.9–12 The mechanical properties of hydrogels are governed 

by their polymer network structures. Static and dynamic scattering (light,13 X-ray,14 or neutron15) 

techniques are often employed to evaluate the structure from nano to microscale, which allows us 

to observe the “average” structure of the polymer network.16,17 However, synthetic hydrogels 

inevitably possess a hierarchical inhomogeneous network structure, and certain properties such as 

fracture and subsequent crack propagation strongly depend on the “local” structure. Therefore, the 

local structure is essential for predicting such a phenomenon, and ideal methods for analysis are 

required. 

The most straightforward method for analyzing the structure is direct observation in real 

space. Mesh size is one of the fundamental parameters of hydrogels and is generally in the range 

of several tens of nanometers.18,19 Atomic force microscopy (AFM) and transmission electron 

microscopy (TEM) are available for real-space observations at such scales. Modern atomic force 

microscopes have an angstrom-scale resolution to distinguish individual atoms and enable us to 

observe the shape of a supermolecule,20–23 the structure of proteins,24 or the molecular shape before 

and after a chemical reaction25 in ambient or underwater environments. In addition, the AFM 

capturing molecular motion has been developed.26,27 However, observing individual polymer 
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strands in a hydrogel is difficult because of their fast Brownian motion. TEM enables us to observe 

specimens in a similar range of scales as AFM; however, aqueous solvents are not directly 

applicable because of the high vacuum conditions required by TEM. Water molecules in the gel 

sample must be exchanged for resin or non-volatile solvents such as ionic liquids without any 

structural changes.28 Moreover, the conventional hydrogel network, which consists of light 

elements such as C, N, O, and H, must be stained. The general method to enhance the electron 

density is electron staining with heavy element compounds such as uranyl acetate29,30 and 

phosphotungstic acid.31,32 Although this method allows the observation of self-assembled peptide 

nanofibers33–35 and refolded spherical protein complex networks,36 direct visualizations of 

individual polymer chains within synthetic hydrogels have not been achieved using this approach. 

Synthetic polymer strands are thin, flexible, and susceptible to aggregation during staining or 

resinification. Thus, the structural information at the mesh size scale is lost during sample 

preparation. 

We recently developed a method for visualizing anionic polymer network structures using 

TEM in a vacuum.37 This method combines two techniques: mineral staining and double 

networking. Mineral staining is the selective mineralization of polyelectrolytes, which enhances 

electron density. By exploiting the substance diffusion capability of hydrogels, mineral formation 

on the polymer strands of the gel can be achieved.38 When the mineral source ions diffuse into the 

polyelectrolyte gel, the charged group of the polymer side chain initiates mineral formation, known 

as heterogeneous nucleation and mineral growth is guided along the polymer chain under mild 

conditions to replicate the network structure. However, polyelectrolyte hydrogels usually shrink 

when soaked in saline solutions with high ionic strength.17,39 In addition to shrinkage, the polymer 

strands aggregate by mineral deposition. Double networking is an ideal solution for preserving the 
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structure of the objective charged polymer network during mineral staining.40,41 When another 

neutral polymer network with a relatively high concentration interpenetrates the target 

polyelectrolyte network, the neutral network works as an additional osmolyte in the target gel and 

compensates for the osmotic pressure lost by the salt solution. Moreover, this neutral network is 

chemically inert during the mineralization reaction. Consequently, the isovolumetric 

mineralization of the target polyelectrolyte can be achieved. This neutral network is called a 

skeleton network. In a previous study, the objective network and mineral were negatively charged 

polymers and ferric oxide, respectively.  

The purpose of this research was to develop a real-space visualization of cationic polymer 

network structures using TEM. As shown in Figure 1, Cationic poly ([3-

(methacryloylamino)propyl] trimethylammonium chloride) (PMPTC), neutral 

polydimethylacrylamide (PDMAAm), and titanium dioxide (TiO2) were used as the objective 

polymer network, skeleton network, and staining mineral, respectively. Poly (N,N-Dimethylamino 

propyl acrylamide, methyl chloride quaternary) (PDMAPAA-Q) and poly (N,N-Dimethylamino 

ethyl acrylate, benzyl chloride quaternary) (PDMAEA-BQ) were also used as a cationic polymer 

for confirming mineralization along the cationic polymer. The anionic polymer, poly(2-

Acrylamido-2-methylpropane sulfonic acid) (PAMPS), and the zwitterionic polymer, poly (N-

(carboxymethyl)-N,N-dimethyl-2-(methacryloyloxy) ethanaminium) (PCDME), were also 

employed as an objective network for the control samples. Figure 1 shows the conceptual 

illustration of real-space observation of the cationic polymer network of a hydrogel using TEM. 

First, the target PMPTC single network (SN) gel was synthesized via free radical polymerization. 

To preserve its structure, the PDMAAm skeleton network was polymerized in the presence of a 

PMPTC network. This double network (DN) gel was immersed in a titanium bis (ammonium 
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lactate) dihydroxide (TBALDH) solution to mineralize titanium dioxide on the PMPTC network 

via the catalytic effect of the cationic tertiary amine group.42–45 Finally, the gel was resinified 

without any volume change or phase separation using a good-affinity resin solvent. Thus, the 

polymer network structure can be visualized via TEM of the titanium dioxide network. The detail 

of hydrogel preparation and mineralization was shown in supporting information. 

 

 

Figure 1. Chemical structures and concept of real-space observation of the cationic polymer 

network of the hydrogel by the combination of double networking and mineral staining techniques. 
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The mineralization from the titanium source solution was performed in various objective 

networks (cationic, anionic, and neutral) to confirm the catalytic effect on TiO2 formation. Figure 

2a shows the appearance of SN and DN gels before and after mineralization. All gels were 

transparent in the pristine state. After immersion in the TBALDH solution, the PMPTC SN and 

PMPTC/PDMAAm DN gels became opaque white, while the PAMPS/PDMAAm DN and 

PDMAAm SN gels remained transparent, indicating that only the PMPTC hydrogels containing 

cationic moieties possessed the capability to catalyze mineralization from the titanium source. It 

is important that the PDMAAm SN gel did not show mineral deposition, meaning this neutral 

network is suitable because the skeleton network is invisible under TEM. Comparing the cationic 

SN gel with the DN gel, the SN gel showed large shrinkage (volume ratio Q = 0.6), whereas the 

volume change in the DN gel was almost negligible owing to the skeleton effect of the PDMAAm 

network (Q = 1.0). The anionic PAMPS/PDMAAm DN gel also showed less volume change (Q = 

1.0) but did not possess mineralization capability. From thermogravimetric differential thermal 

analysis (TG/DTA), the amount of minerals in the mineralized PMPTC/PDMAAm DN gel was 

approximately 5 wt% (Figure S1). The small minority of components was ideal for visualizing 

individual polymer strands without aggregated artifacts. Because of the small amount of mineral 

deposition in the gel, it was difficult to obtain crystalline information by X-ray diffraction (XRD) 

from the wet hydrogel. Figure 2b shows that all the hydrogels showed a broad peak corresponding 

to water.46 When the ash obtained from sintering-mineralized hydrogel samples at 400 oC was 

measured, the PMPTC/PDMAAm DN gel showed anatase peaks, indicating that the cationic 

PMPTC polymer possesses TiO2 mineralization capability, and the phase of mineralized TiO2 was 

amorphous in the wet hydrogel state. 
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Figure 2. (a) Hydrogels before and after the TiO2 mineralization. The cross-linker concentration 

of the first network is fixed at 5 mol% in all samples. The volume swelling ratio Q of each gel was 

0.6 (PMTC SN), 1.0 (PMPTC/PDMAAm DN), 1.0 (PAMPS/PDMAAm DN), and 1.0 (PDMAAm 

SN). (b) XRD profiles of hydrogels and ash obtained from calcification of PMPTC/PDMAAm DN. 

The circle symbols were assigned to the anatase phase. 
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Next, to visualize the morphology of hydrogel, TEM observations of the mineralized 

hydrogels were performed. The water in the gel was gradually replaced with a curing reagent 

according to a previously developed method.37 When the PDMAAm polymer was adopted as the 

skeleton network, volume changes and phase separation were not observed, even after curing.37 

Figure 3a–c show the TEM images of the TiO2 mineralized gels with different cationic polymers 

as the objective network. Network morphology was clearly observed in the PMPTC/PDMAAm 

DN, PDMAPAA-Q/PDMAAm DN, and PDMAEA-BQ/PDMAAm DN gels. As indicated by X-

ray scattering analysis,16,17 the observed network had an inhomogeneous structure. Lattice fringes 

were not observed in the high-magnification TEM images of the PMPTC/PDMAAm DN gels 

(Figure S2). This result supports that the formed titanium dioxide was amorphous. To further 

support the mineral visualization results of the polymer network structure, PMPTC/PDMAAm DN 

gels with different PMPTC network densities were observed using TEM (Figure 3a, d, e). The 

network density was tuned by changing the concentration of the cross-linker when the PMPTC 

network was polymerized. When the network density decreased, the visualized structure became 

sparser and the length of the continuous network strands became shorter. Compared to the denser 

5 mol% cross-linker concentration, individual strands and branching structures corresponding to 

the cross-linking points were distinctly visible in the 1 and 3 mol% samples. The polymer network 

was distributed isotropically in three dimensions, whereas the structure in the thickness direction 

was only 100 nm because of microtome processing. Therefore, if the size of the network loop in 

the low-crosslinking gels is larger than the thickness of the specimen slice, it is cut off and 

resembles an incomplete network. Based on the TEM images, the mesh sizes of each gel increased 

with decreasing cross-linker concentration. This trend qualitatively agrees with that of the mesh 

sizes determined by the elastic modulus: 11 nm at 5 mol%, 30 nm at 3 mol%, and 95 nm at 1 mol% 
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(Figure 3f). Despite using the same cross-linker concentration (3 mol%), differences in the density 

of the visualized network structure of the PMPTC/PDMAAm DN gels, PDMAPAA-Q/PDMAAm 

DN gels, and PDMAEA-BQ/PDMAAm DN gels were noted. This variation is believed to be 

caused by differences in swelling degree, which stem from variations in reactivity with the 

crosslinking agent. When MPTC and DMAAm were copolymerized with the objective network 

containing 25% MPTC, a network structure with lower contrast was observed compared to 

networks formed from only PMPTC as the objective network (Figure S3). When the MPTC 

content in the objective network was reduced to 10% or less, the network structure became nearly 

imperceptible. This phenomenon is likely due to the decrease in the copolymerization ratio of 

MPTC, resulting in fewer sites for TiO2 formation, and thus, insufficient amounts of TiO2 are 

formed to provide adequate contrast for TEM observation. In contrast, a small number of 

aggregated particles, which were several nanometers in size, were observed in the 

PAMPS/PDMAAm DN gels (Figure 3g), and almost no specific structures were observed in the 

PCDME/PDMAAm DN gels (Figure 3h), and the PDMAAm SN gels (Figure 3i). These results 

confirm the formation of TiO2 particles along the cationic objective polymer network chain in the 

DN gels. In addition, large-scale inhomogeneous structures of ~200 nm were observed in the 

PMPTC/PDMAAm DN gel with 5 mol% cross-linker (Figure S2).47 Such microscopic structures, 

which are larger than the primary mesh size, can be distinctly visualized using this method.  
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Figure 3. (a-e, g-i) TEM images of TiO2 mineralized hydrogels. The numbers in the sample name 

show the cross-linker concentration [mol%] of each first network. (f) Mesh sizes and swelling 

ratios of DN gels of PMPTC/PDMAAm with different cross-linker concentrations in the first 

network. 
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To further analyze the mineralized network structure, scanning transmission electron microscopy 

(STEM) was conducted to acquire more detailed images at higher magnifications and elemental 

profiles. Figure 4a–c show high-angle annular dark-field (HAADF) STEM images of TiO2 

mineralized PMPTC/PDMAAm DN gels. Owing to the HAADF principle, the contrast of the TiO2 

improved, resulting in individual polymer strands, which were distinctly visible. The strand image 

consisted of the particles. The average thickness of the observed strand was 10 nm in case of the 

PMPTC/PDMAAm DN gel with 5 mol% cross-linker. Because the polymer strand typically winds 

in a high-entropy state, as shown in Figure 1, the mineral thickness may originate from the 

amplitude of flexion of the main chain. Ti was detected at the point of the formed particle with 

STEM-energy dispersive X-ray spectroscopy (EDX). In contrast, there is no Ti in the area outside 

of the particles. These results indicate that the observed mineral particles consisted of Ti minerals. 
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Figure 4. HAADF-STEM images of TiO2/DN gels of PMPTC/ PDMAAm; (a) low magnification 

image, (b) high magnification image of 5 mol% cross-linker gel. (c) 1 mol% cross-linker gel image, 

and (d) EDX spectra of (c): i. a white point and ii. black point. Si signal is originated from the resin 

additive. 

 

The obtained TEM images were divided into 50 nm vertically and horizontally, and the thickness 

of the polymer chain spanning the horizontal lines was analyzed (Figure S4). Figure 5a shows 

the width distributions of the strand object observed in TEM. The average width of the polymer 

chains at crosslinking agent concentrations of 1, 3, and 5 mol% was 5.6, 6.8, and 10.8 nm, 
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respectively. These values are much larger than that of the maximum side chain length (1.7 nm) 

calculated with bond length.48 Because the polymer strand typically winds in a high-entropy state, 

as shown in Figure 5b, the mineral thickness originates from the amplitude of folding of the main 

chain. Polymer chains are considered to possess a fractal structure. When relatively weak tension 

is applied to the polymer strands, the larger structures unfold while the smaller structures remain 

unaffected. With increasing tension, even smaller structures are affected and unfold. Namely, the 

folding size of the polymer strands is related to the applied tension. When TiO2 particles are formed 

on the polymer strands, larger folding sizes (i.e., lower tension) result in more flexible polymer 

chains that can aggregate more minerals, leading to the formation of larger TiO2 particles. Under 

higher tension, the aggregation force of the minerals counteracts this tension, resulting in the 

formation of smaller particles. Therefore, the width of the minerals observed by TEM can be 

considered to indirectly visualize the local tension applied to the polymer strands within the gel 

network. The width distribution in Figure 5a indicates that higher cross-linker concentrations 

result in greater network inhomogeneity, which in turn leads to looser networks that do not 

effectively contribute to tension. Note that in samples with high cross-linking concentrations (5 

mol%, Figure 3e), the network size may be too dense, resulting in some inter-chain aggregation, 

forming giant aggregates that are not dependent on chain tension. 
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Figure 5. (a) Width distributions of the strand object observed in TEM. The median and deviation 

were obtained from Gaussian fitting. The network with a lower cross-linker concentration showed 

smaller width and deviation. It is mentioned that the Gaussian fitting is just shown for ease of 

viewing, and the actual distribution of the network structure in enough swollen gel usually does 

not follow a Gaussian distribution. (b) Relationship between the tension applying strand and the 

mineral size. The larger the tension is, the smaller the local structure is deformed. The cohesive 

force when mineral growing is competitive with the tension, resulting in the mineral size being 

smaller with increasing tension. In the inhomogeneous network, the variety of width observed in 

TEM is due to the tension distribution. 

 

Furthermore, hydrogels can be considered as reaction media in liquid-phase synthesis for 

controlling the morphology of inorganic compounds through the utilization of functional groups. 

By employing double network formation and the selection of specific functional groups, titanium 
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dioxide was formed along the network structure of polymer chains. This material can be used as a 

photocatalyst, and when its dye degradation capability was compared, the TiO2/DN gels 

demonstrated more than double the efficiency of amorphous titanium dioxide powder of the same 

weight (Figure S5). As indicated by the analytical results of the strand's width of polymer chains, 

the size of the synthesized inorganic compounds can be controlled by adjusting the tension of 

polymer chains through the concentration of cross-linking agents. Hydrogels serve as a means to 

synthesize inorganic compounds with novel forms and functionalities that have not been 

discovered in existing studies. 

 

From the above results, the combination of TiO2 mineral staining and double networking can 

visualize not only the single strands of the cationic polymer network of the hydrogel at the 

nanoscale but also the inhomogeneous network structures at the microscale under TEM 

observation. To date, the polymer chain structure of hydrogels has been inferred by mechanical 

tests and optical properties; however, by imaging the polymer chains, the physical properties of 

hydrogels can be confirmed in more detail. This observation method plays a complementary role 

to scattering methods for soft matter structure analysis. We believe this strategy enables the local 

analysis of hydrogel structure and leads to the elucidation of the origin of the physical properties 

of soft matter. 
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