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ABSTRACT 
The research on soft materials is interdisciplinary. In the present work we focus on “smart hydrogels” as most promising 
representatives studied by complementary Scanning Force Microscopy (SFM) and high resolution Scanning Electron 
Microscopy (SEM). The extremely large range of water uptake of these hydrogels (up to 103 times of their mass) on one 
hand and their distinct softness (Young´s modulus < some tens of kPa) on the other hand constitute real challenges for the 
characterization of their local structure, the caging of nano-scaled particles, and some micromechanical properties. SFM 
images were compared with those obtained by SEM in the dry, swollen and deswollen state of the “smart gel” PNIPAAm 
[poly-(N-isopropylacrylamide)]. PNIPAAm reacts on tiny variations of the temperature around 33°C by significantly 
changing its volume. While both imaging techniques revealed very similar results concerning the surface structure in the dry 
state, highly resolved structural features remained unapproachable for SFM in the wet state. In a contrary, SEM at high 
resolution revealed after state-of-the-art cryo-preparation, freeze-drying and subsequent ultrathin Pt/C-coating a sponge-like 
structure with cavity sizes of around 40 nm in the swollen state and 20 nm in the deswollen state. SFM proved to be an 
appropriate instrument revealing the local elastic surface properties. For example, at the swollen state at 10 °C, the Young’s 
modulus was found to be more than 100 times lower than for the deswollen state at 35 °C. In addition, SEM also proved to 
be very suitable for the structural research of microgels and filled hydrogels. The application of both SFM and SEM 
contribute complimentarily to a characterization of different hydrogel systems at different states.        
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RESUMEN 
La investigación en materiales blandos es interdisciplinaria. En este trabajo nos concentraremos en “hidrogeles smart” como 
representantes más prometedores estudiados complementariamente por Microscopía de Fuerza Atómica (MFA) y 
Microscopía Electrónica de Barrido (MEB) de alta resolución. Los hidrogeles muestran una alta capacidad de absorción de 
agua (hasta 103 veces su masa) y un amplio rango de propiedades mecánicas (Módulo de Young < algunas decenas de KPa). 
El estudio sistemático de estas propiedades y su estrecha relación con la microestructura constituyen un verdadero desafío 
para la caracterización de su estructura local, la incorporación y distribución de nanopartículas en su estructura interna y 
algunas propiedades micromecánicas. En esta revisión se hace un análisis comparativo de imágenes obtenidas desde SFM y 
SEM del “smart gel” PNIPAAm [poli-(N-isopropil-acrilamida)] en estado xerogel, hinchado y deshinchado. El PNIPAAm 
modifica significativamente su volumen ante pequeñas variaciones de temperatura alrededor de 33 ºC. Mientras ambas 
técnicas revelaron resultados muy similares relativos a la estructura superficial en el estado seco, las características 
estructurales de mayor resolución han permanecido inalcanzables para el SFM en estado húmedo. Al contrario, el SEM a 
alta resolución después de una crio-preparación, congelación-secado y subsiguienre deposición de una capa ultrafina de 
Pt/C, revela una estructura esponjosa con cavidades de dimensiones cercanas a los 40 nm en su estado hinchado y 20 nm en 
el estado deshinchado. SFM ha demostrado ser un instrumento apropiado para revelar las propiedades locales elásticas 
superficiales. Por ejemplo, en el estado hinchado a 10 ºC, el módulo de Young era más de 100 veces el del estado 
deshinchado a 35 ºC. Adicionalmente, SEM ha demostrado ser muy adecuado para la investigación estructural de 
microgeles e hidrogeles nanoestructurados. La aplicación  de SFM y SEM contribuyen complementariamente a la 
caracterización de diversos sistemas de hidrogeles en diferentes estados. 
 
 

INTRODUCTION 

Soft materials have a wide range of applications such as 

foams, lubricants, adhesives, rubbers, gels and cosmetics. 

In contrast to this wide variety of appearances, their basic 

characteristics exhibit common physico-chemical origins. 

For example, the weak interaction between their 
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structural elements is one obvious key feature. On the 

macroscopic level the weak interactions cause softness 

which plays an important role in areas such as medical 

care, medicine, foods, and bioengineering. In case of 

polymer gel as a major representative of soft matter, 

softness arrives from a cross-linked three-dimensional 

network capable to absorb solvent to a high degree 

without dissolution. If the solvent is water the gel is 

termed hydrogel. Hydrogels are water swollen, cross-

linked polymeric structures produced by the simple 

reaction of one or more monomers or by association of 

bonds such as hydrogen bonds and strong van der Waals 

interactions between chains. These systems exist in a 

state between solid and liquid. This feature sets them 

apart from other forms of matter. Innovative research and 

development is growing ever since. Presently, a huge 

number of synthetic hydrogels is known. For instance, 

they are applied as soft contact lenses [1], drug delivery 

systems (DDS) [2–5], medical sensors [6], biocompatible 

materials for plastic surgery [7], sanitary products like 

disposal diapers [8], or separation matrices like molecular 

sieves and adsorption resins [9]. However, a large amount 

of today’s research is focused on probably the most 

interesting hydrogels, the so-called “smart” or 

“intelligent” hydrogels. A representative of this 

interesting class of hydrogels is a polymer system with a 

defined phase transition capable to abruptly swell to 

many times its original size or to collapse into a compact 

mass when stimulated externally [3].  

Smart hydrogels react in response to an external stimulus 

in a manner similar to many living organisms rather than 

to not living organic matter [10]. Some systems are 

reported to sense environmental changes such as an 

electric field [11], pH [12,13], temperature [13–16], salt 

content and solvent composition [17]. In response to 

these external stimuli they undergo a reversible phase 

transition leading to changes in their macroscopic size, 

optical appearance or elastic modulus (see Fig. 1). 

 
 

Fig. 1: Scheme of the stimulated response of a “smart” 
 hydrogel. 

 
The unique properties of these soft materials have led to 

serious efforts in medical research and bioengineering, 

especially regarding the development of self-regulating 

drug delivery systems [18,19], on-off switches for 

enzymatic reactions [20], biosensors [21], purification 

matrices [22,23] and biomedical actuators [24,25]. Some 

basic fields of application are schematically presented in 

Fig. 2. For a detailed view on modern applications of 

smart hydrogels in medicine and biology see Peppas et al. 

[26].  

 
 

Fig. 2: Basic fields of application of smart hydrogels. 
 

Common for most applications is that they take 

advantage out of a sharp phase transition with distinct 

changes in network structure stimulated by a marginal 

change of the environmental conditions. This may be 

explained physico-chemically on the basis of P. J. Flory’s 

theory [27]. However, the investigation methods of the 

steep volumetric phase transition in soft polymeric gels 
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were mainly on macroscopic scale. For example, 

extensive macroscopic studies were performed due to 

temperature changes [28], the influence of the initial 

monomer concentration [29], heavy water [30] and the 

synthesis temperature [31]. 

Although numerous macroscopic studies were performed 

with various hydrogels over the past years, quantitative 

reports of microscopic investigations are still quite 

scarce. However, modern microscopic methods are 

gaining significant importance in gel research. For 

example, the number of publications reporting on SEM 

investigations of hydrogels has impressively increased 

from 11 in the year 1990 to 207 in 2006 as shown in the 

figure 3. Interestingly, the number of publications 

reporting on “SFM” or “AFM” (Atomic Force 

Microscopy) investigations of hydrogels is very small and 

did not increase significantly within the period of time 

considered.  

 

 
 

Fig. 3: The figure shows the number of articles published 
per year in regard of the keywords “hydrogel” and 
“SEM” or “hydrogel” and (“AFM” or “SFM” or 

“Scanning Force Microscopy”). The results are based on 
a SciFinder Scholar search. 

 
For many new applications and in spite of the prospect of 

polymer gels playing an essential role in the solution of 

global problems such as environmental pollution and 

limited food resources, there is a growing need for a 

detailed understanding of the properties of hydrogels at a 

microscopic and nanoscopic scale. This work is aimed to 

review contributions by SEM and SFM to elucidate the 

microstructural and micromechanical properties of soft 

hydrophilic matter. Despite limiting the scope of this 

study to smart hydrogels, the application of SEM and 

SFM can be expended to any type of soft and water-

containing materials.  

 

The structure of the smart gel PNIPAAm 

PNIPAAm [poly-(N-isopropylacrylamide)] is regarded to 

be one of the most promising smart gels being 

extensively studied since the early 80’s. PNIPAAm 

undergoes a reversible volume phase transition in 

response to external temperature changes. Inserted in 

water, the polymer matrix strongly shrinks as the 

temperature increases above the lower critical solution 

temperature (LCST), which is about 33 °C. PNIPAAm 

hydrogel can be synthesized by free radical 

polymerisation (for the recipe see, e.g., Suzuki et al. 

[32]). 

Basically the studies presented in the following are aimed 

to characterize the micro- and nano-structure and the 

micromechanical properties of PNIPAAm hydrogels 

above and below LCST. Two powerful microscopies, the 

SFM and the Field Emission Scanning Electron 

Microscopy (FESEM) were applied to study PNIPAAm 

samples in three different structural states, dry at room 

temperature (RT), water-swollen at RT, and deswollen at 

35 °C.  

Topography measurements on air-dried PNIPAAm were 

performed with SFM under atmospheric conditions at 20 

°C and compared with those revealed by FESEM. SFM 

provides a rather smooth gel surface with nm-sized 

protrusions, similar to what is seen by FESEM (Fig. 4). 

FESEM measurements were performed using low 

acceleration voltages in order to keep the penetration 

power of the electrons small. Low electron doses were 

used to avoid beam-induced charging effects and 

specimen damaging. At higher irradiation doses “scan 

windows” appear, indicating the sensitivity of the 

PNIPAAm surface. In addition to laterally resolved 

surface structural details, the SFM images provided 
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quantitative topographic information: e.g., the height of 

the roundish protrusions varied from 5 nm to 15 nm. 

These protrusions may indicate regions with higher 

polymer density. 

 

 
 

Fig. 4: IC-SFM images (a - c) and FESEM secondary 
electron micrographs (d - f) of the air-dried (RT) 

PNIPAAm gel surface. For FESEM investigations the 
air-dried hydrogel surface was coated with 2.5 nm Pt/C at 
an elevation angle of 65°. The variation in topography is 

23 nm (a), 12 nm (b) and 5.3 nm (c) with bright parts 
indicating increased elevations. Reprinted with 

permission from J Phys Chem B 106:2861-2866, 
Copyright (2002) ACS. 

 

In case of the water-swollen PNIPAAm surface we only 

received “cloudy” irreproducible topographs, despite 

using less invasive imaging modes. That is caused by 

problems associated with an imaging of soft hydrogel 

surfaces using high aspect ratio SFM tips with suitable 

cantilever spring constants. The discrimination between 

the indentation of the tip and the effective sample surface 

is crucial. Indeed, it was found that the probing tips can 

easily penetrate the swollen gel surface when applying 

relatively small forces in the order of 1 nN [33]. In this 

case large adhesive interaction forces were observed. 

This observation is in good agreement with recently 

published results of measurements on water-swollen 

microgel particles. However, significant hydrogel 

penetration and strong adhesion forces are found to be 

noticeable reduced when applying a different SFM 

operating mode, the so-called magnetic cantilever 

exitation mode (MAC mode). Hence, MAC mode SFM is 

proposed to be the most suitable technique for in-situ 

SFM studies on volume changes at microgel particles 

during the phase transition so far (e.g., Wiedemair et al. 

[34]). 

To reduce the locally acting force during scanning, we 

replaced high aspect SFM tips by smooth glass spheres 

with diameters between 3–7 µm. Ducker et al. first 

applied a similar “colloidal-probe technique” [35,36,37]. 

Unfortunately, the avoidance of surface penetration using 

glass spheres as probes was accompanied by a significant 

reduction of lateral resolution during surface imaging. 

Thus, glass spheres were used preferentially to probe 

local mechanical properties of the hydrogel surface 

instead of probing its morphology.  

FESEM combined with state-of-the art cryo-preparation 

techniques, in contrast to that, is a very powerful tool to 

study the micro- and nanostructure of PNIPAAm 

hydrogels below and above the LCST. Figure 5 shows the 

characteristic sponge-like structure at two different 

temperatures. Small cavities are confined by thin 

perforated membranes. Comparing the images of the 

deswollen state (35 °C) with those of the swollen state 

(RT) reveals a noticeable difference.  

Although the SEM measurements satisfy in a precise 

determination of pore sizes, the high resolution SEM 

gains increasing importance in the determination of exact 

topography in a more general perspective. As SFM is 

restricted to height variations less than ~ 10 µm and a 
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scanning field smaller than ~ 100 x 100 µm², SEM 

enables the operator to visualize fields of bigger sizes and 

to locate particular details on the surface readily. 

Stereoscopic SEM images can be used to obtain 

information about topography and spatial structure as 

shown by a stereoscopic FESEM image of the PNIPAAm 

surface in figure 6. 

 

 
 

Fig. 5: FESEM secondary electron micrographs of the 
PNIPAAm gel surface in the deswollen state at 35 °C (a, 
c) and the swollen gel surface at room temperature (d–f) 
at different magnifications. Both states show a similar 

spongy structure but the mean size of cavities differs by a 
factor of approximately two. Reprinted with permission 
from J Phys Chem B 106:2861-2866, Copyright (2002) 

ACS. 
 

 The results shown demonstrate that SEM is best suited 

for investigations of hydrogel polymers. Indeed, SEM has 

often proven to be a very good choice in hydrogel 

research, in particular regarding morphological studies in 

the submicrometer range. 

 
 

Fig. 6: Red-green stereo anaglyph of FESEM secondary 
electron micrographs of the PNIPAAm gel surface in the 
swollen state at RT. The stereo pair has been acquired by 

tilting the sample holder at ±6°. Courtesy of Hawkes 
P.W., Spence J.C.H. (2007). The Science of Microscopy, 
vol 1, p. 235. With kind permission of Springer Science 

and Business Media. [38]. 
 

Below we present two further examples of structural 

research on PNIPAAm hydrogels:  

(i) The interior morphology of biodegradable dextran-

methacrylate hydrogels can be visually examined using 

SEM and Mercury Intrusion Porosimetry (MIP) [39]. 

These two techniques are applied to obtain reliable 

quantitative data of pore characteristics. In this case, too, 

average pore sizes are determined by image analysis of 

SEM micrographs. Noteworthy, the swollen dextran-

metacrylate hydrogel shows a different pore size and 

morphology at the surface and the interior.  

(ii) In some applications a rapid swelling-deswelling 

response of PNIPAAm may be favourable. Following 

another polymerization recipe using the hydrophobic 

initiator dodecyl dimethyl benzyl ammonium bromide 

(DDBAB), a macroporous PNIPAAm hydrogel with 

ultrarapid swelling-deswelling properties was obtained by 

Zhao et al. [40]. 

Again, SEM turns out to be most suitable for visualizing 

the micro-morphology of gels. Interestingly, PNIPAAm 

gels with the presence of DDBAB during the 

polymerization becomes macroporous with pore sizes of 

about some ten times larger than for the non-DDBAB 
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hydrogel. The number of macropores increases for larger 

amounts of DDBAB. In general, higher amounts of 

DDBAB result in an interconnected macroporous 

structure with fast reversible swelling-deswelling 

kinetics: The time required to reversible swell to 

equilibrium state is about 1 minute for disks of 20 mm in 

diameter and 5 mm in thickness. Finally, the non-

DDBAB hydrogel reveals a microporous spongy 

structure with pore sizes similar to our findings with 

PNIPAAm [41]. 

 

Micromechanical properties 

The SFM is not restricted to the imaging mode only. 

SFM is perfectly suited to determine local mechanical 

properties such as Young’s modul as it uses a force 

sensor to apply and accurately measure forces on the 

submicrometer scale. Local elastic properties of any 

sample surface can be obtained under ambient conditions 

in air and in water with high precision. In principle, these 

properties are revealed by force curves showing the 

indentation of the surface as the probe loads the sample. 

In this respect SFM is a unique instrument. It has proven 

its potential in pioneering studies of soft materials like 

cartilages, gelatine, and living cells in their natural 

environment [42,43,44].  

The local elastic modulus of the PNIPAAm gel surface 

below and above the LCST was measured using the force 

spectroscopy mode of SFM operation. As mentioned 

before, the swollen hydrogel surface is as fragile to easily 

penetrate the surface when applying small loads. 

Therefore, the force sensing probe was modified by 

attaching an approximately 5 µm sized silica sphere to its 

extremity. The exact sphere diameter was measured 

individually from FESEM micrographs of the cantilever 

prior to its employment in the SFM experiment. 

In Fig. 7 the measured indentation is plotted versus the 

loading force. Data sets are shown for six different 

temperatures. To do so, the forces were calculated by 

multiplying the cantilever deflection by the cantilever 

spring constant. Each data set is fitted to the Hertz model, 

according to the geometrical set-up of a smooth sphere 

and a flat surface. The Hertz model predicts a power law 

relation between the indentation and the loading force on 

a tip (Fcone) or on a sphere (Fsphere). The expressions 

for the indentation are given by [45,46]. 
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in case of the cantilevers prepared by a silica sphere, 

where R, E and ν are the radius of the sphere, Young’s 

modulus and the Poisson ratio. The parameters are          

R = 3.5 µm, ν = 0.5 and a cantilever spring constant of 

0.4 N/m in each case. 

 

 
 

Fig. 7: The diagram shows the indentation versus the load 
at six different temperatures. The experimental data are 

represented by symbols. Each data set has been simulated 
using the Hertz theory for a sphere indenting a flat 

surface (solid lines). The Hertz theory has been used to 
determine the Young’s modulus at each temperature. The 
corresponding log-log presentation is given as insert (the 
graphs for 15 °C, 20 °C and 25 °C are not shown for the 
sake of clarity). Reprinted with permission from J Phys 

Chem B 106:2861-2866, Copyright (2002) ACS. 
 

The comparison between the experimental data and the 

prediction based on this power law reveals the value of 

the local Young’s modulus. Quite interestingly and likely 
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caused by the effect of the water meniscus, the 

experimental retraction curves for a sharp hydrophilic tip 

indenting the swollen PNIPAAm surface show unusually 

large (100 nN) and wide-ranged (1.5 µm) “snap-back” 

forces. 

The values of the local Young’s modulus are 1.71 kPa for 

the swollen state at 10 °C and 4.49 kPa at 30 °C, 

respectively, and 183 kPa for the deswollen state at 35 

°C. Thus, the local Young’s modulus of a PNIPAAm gel 

surface is strongly affected by the phase transition 

occuring around 33 °C. The local stiffness is more than 

100 times higher in the deswollen state at 35 °C than in 

the swollen state at 10 °C.  

If the assumption is made that the measured 

homogeneous response of the water-swollen hydrogel 

also holds on the nanoscale we can estimate the 

indentation for a conical tip (half opening angle α = 

12.5°) and a spherical tip with a diameter of 10 nm, 100 

nm, 500 nm and 1000 nm, respectively. This situation is 

demonstrated schematically in Fig. 8. With Young’s 

modulus E = 2.29 kPa (as determined for the swollen 

PNIPAAm gel surface at 20 °C) and a given interaction 

force, the indentation can be calculated from equations 

(1) and (2).      

Since the Hertz model holds for δ << R only [47,48] the 

maximum loading force max
sphereF  used for a rough estimate 

of the indentation of a sphere with a radius R was 

selected such that δ = 0.1 R. The indentation δ for a very 

sharp tip (e.g., 2R ≤  10 nm, cone situation) amounts 970 

nm for 1 nN, about 300 nm for 0.1 nN, and 

approximately 100 nm for 0.01 nN. For 2R = 100 nm, 

500 nm and 1000 nm (blunt tips, sphere situation) max
sphereF  

amounts about 3 pN, 8 pN and 30 pN, respectively. Fig. 8 

shows schematically four tips with different radii exerting 

nearly the same indentation into the hydrogel. This rough 

estimate indicates clearly that the loading force for tips 

with 2R≤ 1 µm must be very small (F<<1 nN) in order to 

get an elastic response of the hydrogel surface. However, 

such small interaction forces are practically hardly 

achievable when studying a hydrogel surface in water. In 

addition, both, a very sharp tip penetrating the gel matrix 

by several hundred nm or a spherical tip with a 

significantly larger diameter sense a contact area with a 

size of at least 100 nm, i.e., high resolution SFM imaging 

of the swollen PNIPAAm gel surface obviously seems 

impossible.   

The schemes in Fig. 8 denotes qualitatively the basic 

problem associated with the imaging of soft matter using 

sharp SFM tips and suitable cantilever spring constants: 

The lateral resolution obtainable can be judged referring 

to the extended contact area of the SFM tip with the soft 

material which depends on the elastic modulus of the 

sample, the tip radius, and the loading force. Hence, 

atomic resolution is impossible due to the unavoidable 

deformation of the surface during imaging. Even 

molecular resolution may not be achievable when 

applying external forces of 1pN or higher [48].  
 

 
 

Fig. 8: Scheme of a hydrogel cross-section, being 
indented by a hydrophobic tip with a diameter of 10 nm 

(1), 100 nm (2), 500 nm (3), and 1000 nm (4). 
 
Although SFM is not feasible to reveal high resolution 

structural information from soft materials, induced elastic 

deformation can be used to measure their local elastic 

properties. The above described technique for the 

determination of Young’s modulus has become a 

standard procedure today. It is routinely applicable for 

probing mechanical surface properties on both rigid 

materials such as titanium implants [49] and soft matter 
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like cells, gels and tissues [45]. However, Jacot et al. 

introduced an instrument that is less complex and less 

expensive than the SFM dedicated for microindentation 

experiments based on the above mentioned technique 

(but note: there is no imaging capability!). Obviously, the 

instrument works also with very soft materials as shown 

with measurements of Young’s modulus on 

polyacrylamide (PAAm) hydrogels ranging from 2.6 to 

40 kPa [50]. These results are in reasonable agreement 

with those revealed on PAAm with higher crosslinker 

concentration (98 to 470 kPa), published by Matzelle et 

al. [51].  

 

Microgels  

One of the main findings in the structural analysis of wet 

hydrogels is their spongy-like appearance. The open 

system morphology allows hydrogels to absorb, transport 

and release different materials. The occurrence of a phase 

transition depends on how the open structure interacts 

with the environment. The swelling-deswelling-

behaviour controlled by a physical or a chemical signal is 

strongly time-dependent. For most applications a quick 

signal response is wanted. As the hydrogel’s swelling-

deswelling-kinetics depends on the gel size, the 

dimensions are to be reduced, if fast response times are 

needed. One method of realizing fast response times is to 

reduce hydrogel sizes by preparing thin gel layers. For 

example, thin layers of PNIPAAm may be synthesized 

with the copolymer photo-crosslinked to 2-

(dimethylmaleinimido)-N-ethylacrylamide (DMIAAm) 

[52]. Another approach in creating small sized hydrogels 

is the synthesis of microgel particles, based on different 

crosslinking techniques [53,54]. The gel particles created 

show almost spherical shape and fast swelling/deswelling 

kinetics. Other polymerisation methods are based on 

electron beam- or γ-irradiation of the aqueous polymer 

solution above LCST [55,56]. The advantage of these 

“clean” polymerization methods is an additive-free 

crosslinking process, i.e., no initiator, crosslinker, 

accelerator etc. are needed.  

Next, SEM shows to be feasible for the structural 

characterization of microgels. For example, the structure 

of PNIPAAm microgels and poly(venyl-methyl-ether) 

(PVME) microgels was studied in detail by Reichelt et al. 

using FESEM and cryo-prepared samples (Fig. 9) [56]. 

The PVME microgel particles showed in the swollen 

state at 25 °C an almost spherical shape with a creased 

surface and a spongy internal structure. The outer 

diameter of particles was in the range of 250 – 450 nm 

and their surfaces sporadically revealed small holes of 

about 10 nm. The incidence of an irregular polymeric net 

that can be found between the microgels may be assigned 

to the imperfectly crosslinked polymers in solution.    

 

 
 

Fig. 9: PVME microgels synthesized by crosslinking the 
phase separated structure of diluted polymer solutions 

with electron beam irradiation. The images were recorded 
by FESEM with secondary electrons using freeze-dried 

samples in the swollen state at 25 °C (a) and in the 
deswollen state at 40 °C (b). The scale bars correspond to 

100 nm. Reprinted with permission from Macromol 
Symp 210:501-511, R. Reichelt et al. Copyright (2004) 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [56]. 
 

Below LCST isolated particles showed a typical diameter 

of about 300 nm. Above LCST the microgels were found 

to be collapsed into a more compact appearance. 



Matzelle, T., Reichelt, R..                                                                           Acta Microscopica Vol. 17, No. 1, 2008, pp. 45–61 

53 

However, in both states a creased surface was observed. 

In comparison, PNIPAAm microgels revealed a similar 

spherical shape, however, the outer diameter was found 

to be larger in case of the PVME microgels. The 

PNIPAAm particles tended to form aggregates in both the 

swollen and deswollen state (cf. Fig. 10) and revealed in 

the deswollen state a similar creased surface structure 

than PVME microgel particles.  

 

 
 

Fig. 10: PNIPAAm microgels synthesized by photo-
crosslinking. The images show FESEM secondary 

electron micrographs below LCST at 25 °C (a) and above 
at 40 °C (b). The scale bars correspond to 100 nm. 
Reprinted with permission from Macromol Symp 

210:501-511, R. Reichelt et al. Copyright (2004) Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim [56]. 

 
In these presented studies, FESEM has proven to be a 

very suitable method for the structural characterization of 

PNIPAAm microgels. However, the determination of the 

particle size or the visualization of the particle 

distribution on a flat substrate can be studied also by 

SFM. For example, Sahiner at al. imaged cationic 

microgel particles attached to a flat mica surface by SFM 

operated in tapping mode [57]. Their sizes were 

measured to be in the range of 20 – 50 nm. Furthermore, 

light microscopy was used by the same group to image 

cationic microgels prepared with the fluorescein dye, thus 

showing that the oppositely charged microgel is strongly 

binding through electrostatic interactions. 

Above mentioned examples demonstrate how different 

microscopy methods complementary contribute to the 

exploration of the swelling behaviour, the particle shape 

and the surface structure of microgels. Thus, profound 

insights gained by modern microscopies are followed by 

viable applications in many fields. In particular 

temperature-sensitive microgels based on PNIPAAm 

have tremendous importance in biotechnology. For 

example, PNIPAAm microgels may serve as a support 

substance for biological testing: In particular, 

oligodeoxiribonucleotides (ODN) may be attached to 

PNIPAAm microgels. The particles so-prepared were 

found to have an affinity for specific DNA due to their 

hydrophobic / hydrophilic property [58]. Another 

application used the very rapid swelling-shrinking-

response of PNIPAAm microgels upon temperature 

change, thus allowing a drug to be temperature-controlled 

released. For example, fluorescein labelled dextran 

attached to PNIPAAm microgels is released when 

increasing the temperature above LCST [59]. Finally, 

Weissman et al. proposed an array of microgel particles 

to induce temperature-sensitive Bragg diffraction, finding 

applications in non-linear optics [60].    

 

Filled Hydrogels 

The swelling and deswelling of a temperature-sensitive 

hydrogel depends on a direct contact of the gel to a heat 

source or the heating and cooling of the surrounding 

liquid environment. Thus, the incapacity of changing the 

environmental temperature quickly hampers fast 

stimulation-reaction pathways. Some efforts are carried 

out to enhance the temperature setting in the very near of 

the polymer matrix. In particular, different hydrogels may 

be prepared in the presence of ferroelectric and 

ferromagnetic materials [61]. For example, barium 
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titanate (BaTiO3) and poly(vinylidene fluoride) (PVDF) 

as ferroelectric particles and Ni powder as ferromagnetic 

particles can be incorporated in the polymer matrix as 

“fillers”. An alternating electric or magnetic field leads to 

a heating of the particles, thus influencing the swelling 

behaviour directly. Filling of hydrogels leads to materials 

with strongly modified characteristics [62,63,64]. In the 

above presented study, the fillers are incorporated in a 

PVME matrix and fixed either because of the size (the 

mesh size of the gel was observed to be smaller than the 

particles) or covalent bonding (in case of PVDF). 

FESEM proves also in this case to be perfectly suited to 

study the location of Ni, BaTiO3, and PVDF particles in 

the PVME hydrogels in the swollen and the deswollen 

state at high resolution (cf. Fig. 11). 

 

 
 

Fig. 11: PVME hydrogels filled with BaTiO3 (a, b), Ni (c, d), PVDF (e, f) in the swollen 
(left) and deswollen state (right). The images are FESEM secondary electron micrographs. 
The bars correspond to 1 µm (a-d) and 0.2 µm (e, f), respectively. The figure is a courtesy 

of D. Thesis et al. Reprinted with permission from J Appl Polym Sci 98:2253-2265, 
Copyright (2005) Wiley Periodicals, Inc. [61]. 

 
The uppermost PVDF spheres seem to be partially 

“coated” by a thin PVME layer. This appearance reminds 

of PNIPAAm coated spheres for drug release, reported by 

Ichikawa and Fukumori [65]. They created hydrogel 

particles that consist of a PNIPAAm shell surrounding a 

100 µm drug release microcapsule. The shrinkage of the 

PNIPAAm shell most likely caused many voids in the 

coat and thereby imparted an enhanced water-
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permeability. It was found that the hydrogel enables an 

“on-off” pulsatile release, which could alter the release in 

the order of a minute. 

 

 
 

Fig. 12: Scheme of the PNIPAAm coated spheres below 
and above LCST. 

 

DISCUSSION AND CONCLUSIONS 

Scanning electron microscopy is widely used in the 

structural research of soft materials. Since about two 

decades, the so-called Environmental Scanning Electron 

Microscope (ESEM) allows wet matter to be studied at 

low vacuum (up to ~ 10 torr) of the operator's choice 

[66,67]. Common gaseous environment of wet specimens 

is water vapour, however, gasses like argon and nitrogen 

can also be used and may offer some advantages [68]. 

The ionization of the gas reduces the electric charge 

build-up that occurs on insulators being probed, thus, 

special sample preparation, especially conductive 

coating, is not needed. These findings might lead to the 

assumption that ESEM should be a suitable choice for 

studying the structure of water-swollen gels. Among a 

very few studies, e.g. Zhao et al. imaged the macroporous 

structure of PNIPAAm with an ESEM [40]. However, 

since wet hydrogels as well as microgels are 

mechanically sensitive structures, the polymer matrix can 

be deformed or may even collapse due to the effect of 

surface tension of water when decreasing the water level, 

thus hampering the observation of the real structure. To 

judge this surface tension induced effect of water during 

the process of air-drying, the forces should be estimated 

quantitatively [69]. Estimates of the forces are made in 

the following for a sphere and a thin beam (Fig. 13), 

which represent simple structures and fine structural 

elements of more complex structures, respectively.  

The surface tension γ  acts along the periphery of the 

structure. The length l of the periphery amounts for the 

sphere Rlsp ⋅⋅= π2  and for the thin beam (Fig. b) 

Llbeam ⋅≈ 2  (L >> thickness of the beam), respectively. 

Consequently, the force F pressing the structure towards 

the support amounts for the sphere ϑγ cos⋅⋅= shsp lF  and 

for the beam ϑγ cos⋅⋅= beambeam lF , where ϑ  denotes 

the contact angle of the water meniscus with the surface 

of the structure. The surface tension of water at 21 °C is 

cm
dyn6.72=γ  [70], (equal to 0.726 mN/cm). 

 
 

Fig. 13: Schemes of acting forces induced by the surface 
tension on the model structures sphere (a) and beam (b). 
Abbreviations: R – radius, γ – surface tension, F – force, 
ϑ - contact angle of the water meniscus, L – length of the 
beam, h – width of the beam, t – thickness of the beam, s 

– bending deflection. 
 

The maximum induced force is applied if ϑ  = 0 and 

amounts for a sphere with a diameter of 10 nm 

nNFsh 3.2max ≈  and a corresponding pressure 

22

max

300
cm
kp

R
F

p sp ≈=
π

 towards the support! The 

maximum induced force max
beamF  for a thin beam with a 

length of 100 nm amounts about 15 nN. It should be 
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mentioned that surface tension induced forces for other 

structures than sphere and beam with comparable size are 

in the same order of magnitude. 

The deformation of a structure by forces depends on 

mechanical properties like the Young´s modulus E, its 

shape as well as the direction and the strength of the 

acting force. For a rough estimate of the deformation of 

individual structural features induced by surface tension 

we may consider two simple cases discussed in numerous 

textbooks of mechanics (e.g., Ashley [71]): 

(i) The thin beam is fixed at one end and loaded with the 

force F at the other end (see Fig. 14). The bending 

deflection s at the end according to the textbooks is given 

as:  

3

34
th
L

E
Fs ⋅=  ,                                                              (3) (3) 

where t is the thickness and h the width of the thin beam 

(F acts parallel to h; cf. Fig. 14). Considering the 

maximum force being generated by the surface tension 

acting along the full length L of the thin beam, we obtain 

for the bending deflection 

3

46
th
L

E
s ⋅=

γ  .                                                            (4) 

 

 
 

Fig. 14: Acting forces cause a one-sided jammed beam 
and a two-sided supported beam to bend by the bending 

deflection s. Abbreviations: see caption of Fig. 13. 
 

(ii) The thin beam is fixed at both ends and loaded with 

the force F at the middle (see Fig. 14). The bending 

deflection s at the middle is given as 

3

3

4 th
L

E
Fs ⋅=  .                                                            (5)

The bending deflection induced by the surface tension, 

which acts along the full length of the thin beam is given 

for 0=ϑ  by  

3

4

8
3

th
L

E
s ⋅=

γ  ,                                                            (6)

where F acts parallel to h as in case (i). 

The equations (4) and (6) show that Young´s modulus is 

inversely proportional to the deformation and that the 

geometric parameters length and width effect very 

strongly the deformation because of their exponential 

contributions. The ratio of eq. (4) and (6) amounts 16, 

i.e., the bending is 16 times larger in case (i).  

Table I gives a few numerical estimates. Experimental 

values used for calculation are based on data taken from 

FESEM micrographs (see Fig. 5) and from ESEM 

micrographs obtained by Zhao et al. [40]. To estimate the 

deformation of PNIPAAm beams, Young’s modulus for 

the dry PNIPAAm gel is chosen (E = 791 kPa [41]), since 

the experimental data already include the effect of pores. 

 

Table. I: Data used for calculation and estimated 
deformations for two simple cases, using equations (4) 
and (6). *A contact angle ϑ  = 89.4° was used for the 

estimate. 
 

 
 

The above estimates prove ESEM being critical in case of 

hydrogel imaging in the water-swollen state, since 

features sticking out of the water can be artificially 

deformed. The deformation of the simple hydrogel 

structures reveals very high values for the deformation of 

thin PNIPAAm structures which may exeed the range of 

deformation where the elastic theory holds. However, the 
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estimates demonstrate that even forces below the 

maximum force (0 < ϑ  < 90°) are sufficient to induce 

significant structural deformations. In particular, 

submicrometer structures of soft matter are most sensitive 

to acting forces!  

The surface tension does not induce hydrogel 

deformation if the hydrogel is completely embedded in 

water, i.e. no features are sticking out of the water. 

Imaging of the hydrogel in water with secondary 

electrons would not be sufficient since secondary 

electrons (SE) usually arise from a depth below 

approximately 10 nm, i.e. there is no access to 

information about the immersed hydrogel. In contrast to 

that, backscattered electrons (BSE) with an energy of 30 

keV arise from a depth of a few micrometer in water [68], 

thus carrying information about structures some 

micrometers beneath the liquid surface. However, BSE 

imaging of very small hydrogel structures immersed in 

water seems impossible since the expected resolution is 

only about 100 nm or slightly better [72]. Moreover, the 

effective atomic number of water is according to Joy et 

al. [72] in the range of 3.1 - 4.4, which is very similar to 

the mean atomic number of PNIPAAm and other 

hydrogels too. Therefore, no significant atomic number 

contrast can be expected under these conditions.  

In the quest for suitable methods in the micro-structural 

research of hydrogels, critical notes may also follow in 

case of SFM imaging. As yet there are no highly resolved 

topography images of hydrogel surfaces reported so far. 

About ten years ago Heuberger et al. [44] studied 

theoretically the resolution between Young’s modulus 

and the obtainable resolution of SFM imaging. According 

to their results no high resolution imaging of soft matter 

can be obtained in contact mode due to a large contact 

area of the SFM tip. Therefore more gentle operation 

modes such as “dynamic scanning force mode (DSFM)”, 

“tapping mode (TM)”, “intermittend contact mode (IC-

SFM)” or “jumping mode (JM)” were developed. These 

operating modes reduce the interaction time due to the 

short tip-sample contact. In spite of excellent results in 

studies of delicate samples like DNA molecules [73], a 

structural elucidation of the hydrogel surface remains 

hampered by a distinct surface corrugation. During 

scanning motion the cantilever tip may penetrate into 

pores and some more gel material gets in contact with the 

shaft of the tip.  

In conclusion, information about the fine surface 

structures of wet hydrogels obtained by ESEM or SFM 

seems unreliable since the surface tension as well as 

imaging force may create artificially deformed structures. 

The HRSEM in combination with state-of-the-art cryo-

preparation and thin conductive coating with an almost 

homogeneous Pt/C film are presently the only 

combination of techniques, which allow the structural 

characterization of hydrogels in different states down to a 

few nanometers. 

The presented studies demonstrate some of the 

advantages and the strength of the complementary 

employment of FESEM and SFM in the characterization 

of soft materials: Highly resolved structural information 

by FESEM are complemented by SFM using micrometer-

sized probing spheres for quantitative measurements of 

the local micromechanical properties of gels.  
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