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ABSTRACT 

The introduction of Atomic Force Microscopy (AFM) techniques has revolutionised our 

ability to characterise colloidal objects. AFM allows the visualisation of samples with sub-

nanometre resolution in three dimensions in atmospheric or submerged conditions. 

Nanomedical research is increasingly focused on the design, characterisation and delivery of 

nano-sized drug carriers such as nanoparticles, liposomes, and polyplexes and this review 

aims to highlight the scope and advantages of AFM in this area. 

A significant amount of work has been carried out in Drug Delivery System (DDS) research 

in recent years using a large variety of techniques. The use of AFM has enabled us to directly 

observe very small objects without the need of a cumbersome and potentially contaminating 

sample preparation. Thus, nanoscale DDS can be investigated in a controlled environment 

without the necessity of staining or drying. Moreover, intermittent contact mode AFM allows 

the investigation of soft samples with minimal sample alteration; phase imaging allows 

accessing information beyond the sample’s topography and also differentiating between 

different materials and force spectroscopy experiments help us to understand the intrinsic 

structure of DDS by recording the elastic or adhesion behaviour of particles. Hence, AFM 

enables us accessesing information which is hardly available by other experimental 

techniques. It has provided invaluable information about physicochemical properties and 

helped to shed light on the area of nanoscale drug delivery and will, with more and more 

sophisticated equipment becoming available, continue to add to our understanding of the 

behaviour of nanoscale DDS in the future. 
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1. INTRODUCTION 

The development of biopharmaceuticals with short biological half-lives (e.g., peptides, 

proteins and nucleic acids) and novel highly active drugs with potentially severe side effects 

(e.g., immunosuppressants, glucocorticosteroids and chemotherapeutics) has led to an 

increased interest in methods delivering and restricting these compounds to the desired site of 

action. In addition, these compounds often suffer from poor biopharmaceutical properties 

(e.g., solubility, stability and biodistribution) that are necessary to make them successful drug 

candidates [1]. Thought through formulations which protect the drugs and which are able to 

direct them to the destined tissue are therefore required. Nanoscale Drug Delivery Systems 

(DDS) are one way to proceed [2-5]. The use of nanoscale DDS opens novel ways of drug 

therapy by allowing drug targeting and release at the desired area at a desired time point. This 

can be achieved by incorporation of drugs into (biodegradable) polymeric nanoparticles, 

liposomes, Solid Lipid Nanoparticles (SLN), surfactant- or lipid-modified hydrogels or 

complex non-viral gene transfection systems. The affinity towards the site of action 

(bioadhesion) can be further enhanced by modification of the DDS’ surface with target-

seeking moieties, such as lectins, antibodies, peptides, carbohydrates or invasion factors.  

 

With these very formidable requirements in mind, the thorough characterisation of nanoscale 

DDS during development, and the in-process-control during production, are of utmost 

importance. In this rapidly growing area of research, special attention has been given to the 

physicochemical characterisation, including the determination of the size distribution, charge 

density, time dependence of the drug release and analysis of the adhesive properties. 

Moreover, investigating and visualising the DDS’ surface morphology can help gaining 

knowledge that ultimately will allow a deeper understanding of physical, chemical and 

biological phenomena unique to nanoscale entities.  
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Light Microscopy (LM) has been and still is one of the fundamental techniques for the 

visualisation of drug carrier systems down to the micrometer range and allows investigation 

of two-dimensional features in the optical plane (x-y-plane) of the microscope, but 

determination of the z-position is hardly achievable. Even with sophisticated LM techniques 

such as Confocal Laser Scanning Microscopy (CLSM), the resolution that can be achieved is 

limited to approximately one micrometer by the Nyquist relation. 

 

Developed in the 1940s, a widely used instrument for the investigation of surface morphology 

is the Scanning Electron Microscope (SEM) [6]. However, by this technique only the near 

surface of samples can be visualised and drawing conclusions about the optical properties of 

an object is virtually impossible. Similar to light microscopic analysis, SEM only measures in 

the x- and y-dimensions of a sample and insight into the z-direction cannot be obtained 

directly. With today’s general purpose SEM, resolution is limited to approx 5 nm. However, 

this resolution can only be achieved under vacuum conditions. Moreover, a rather laborious 

sample preparation is required for SEM, including steps such as freeze drying, staining or 

metal coating. Both sample preparation and the vacuum treatment can result in artefacts, and 

the structure that is ultimately depicted might be very different from its original condition. 

Novel techniques that permit imaging under ambient conditions like Environmental Scanning 

Electron Microscopy (ESEM) have become available, but this gentler method comes at the 

expense of a significantly reduced resolution [7].  

 

The introduction of Scanning Probe Microscopy (SPM) has revolutionised our ability to 

characterise small objects [8, 9]. SPM allows the visualisation of samples with sub-nanometre 

resolution in three dimensions, in ambient air or under submerged conditions. A kindred to all 

SPM techniques is a probe scanning across the sample surface. The position of the probe 
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relatively to the sample is monitored and held constant by a feedback loop. The first 

microscope in this family was the Scanning Tunnelling Microscope (STM) [10]. Its 

development in 1981 earned its inventors, Gerd Binnig and Heinrich Rohrer, the Nobel Prize 

in Physics in 1986. As a prerequisite for STM, a conductive sample surface is needed, 

because the method relies on the detection of electric currents of tunnelling electrons of the 

sample surface. Unfortunately, few biological surfaces are sufficiently conductive or rigid 

enough to be examined directly with STM. At present, non-conductive surfaces can be 

examined in two ways: 1) Sufficiently thin molecular layers attached to conductive substrates 

so that tunneling can occur through the molecules; or 2) coating or replicating non-conductive 

surfaces with metal layers so as to make them conductive, then imaging with the STM [11].  

 

Overcoming this problem, Scanning Force Microscopy (also called Atomic Force 

Microscopy; AFM) uses the deflection of a fine leaf spring, the AFM cantilever, for the z-axis 

feedback [12]. This enables investigating samples without the need of being considerate of the 

electric conductivity and stiffness. With AFM, it is possible to visualise biological as well as 

inorganic samples in ambient environments or submersed in liquids, permitting also the 

investigation of artificial membranes [13-16, 24] or living cells [17-23] in their natural 

environment. Due to its broad applicability, AFM rapidly evolved from a mere physical 

microscopy technique to one of the standard methods in life sciences. In drug delivery 

research, AFM has already been used in pharmacological settings [25,26] as well as studies of 

drug particles [27-31], drug polymorphisms [32-36], drug/DNA interactions [37,38], 

pharmaceutical excipients [39,40], molecular forces and ligand/receptor interactions [41-45], 

and nanoscale DDS [8]. Other SPM techniques are Scanning Optical Nearfield Microscopy 

(SNOM) [46] and Scanning Thermal Microscopy (SThM) [47, 48]. 
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This review aims to highlight some of the scope and advantages of one the SPM techniques, 

Atomic Force Microscopy (AFM), in the characterisation of novel nanoscale DDS. 

 

 

2. ATOMIC FORCE MICROSCOPY 

2.1 The principle of AFM 

A schematic of an AFM set-up is shown in Figure 1. The main element is the sensor, a 

pyramidal tip attached to a 100-400 µm long cantilever, which is in contact with the sample 

surface. Cantilever and tip are often made of silicon or silicon nitride, because these materials 

allow relatively cheap mass production using semi-conductor technology. The geometry of 

the apex of the tip is representing one of the key parameters determining the resolution. 

Highest resolutions can be achieved with a tip that ends in a single atom. The cantilever is a 

system comparable to a stylus profilometer, with the three-dimensional movement of the 

AFM tip relative to the sample being obtained by piezoelectric crystals. This set-up allows for 

positioning of the AFM tip with a precision of approx 1 nm in x-, y- and z-direction. 

When the AFM tip is engaging a surface, the cantilever is bending due to repulsive forces 

between tip and sample. This deflection, which is proportional to the force applied to the 

sample, is either used to directly visualise a surface topography or as input for the feedback 

loop controlling the z-position of the AFM.  

Several different techniques exist to quantify this deflection [49], but using an optical sensor 

is the most common one, with a laser beam being reflected from the backside of the cantilever 

onto a position-sensitive light detector. Since the position of the laser spot on the detector 

changes in correlation with the degree of bending of the AFM cantilever, the latter can be 

calculated accordingly.  
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2.2 Techniques in AFM 

A number of different operation modes exist in AFM, such as contact AFM, intermittent 

contact AFM (IC-AFM or Tapping™ AFM), non-contact AFM, Lateral Force Microscopy 

(LFM, see e.g. [45]), Magnetic Force Microscopy (MFM, see e.g. [51]), Magnetic AC mode 

force microscopy (MAC modeTM AFM, see e.g. [52]), Electric Force Microscopy (EFM, see 

e.g. [53]), Scanning Capacitance Microscopy (SCM) and Atomic Force Spectroscopy (AFS). 

These techniques primarily differ in the type of interaction between the tip and sample, but 

also in the way the tip is moved across the surface. The most relevant techniques for 

nanopharmaceutical applications are contact AFM, intermittent contact AFM, including phase 

imaging and AFS. In the following, these techniques will be described in more detail.  

 

2.3 Contact mode AFM 

In constant height contact mode AFM the tip is permanently engaged with the sample surface 

causing the cantilever to deflect. While the tip is scanning across the surface, the degree of 

deflection of the tip is recorded to gain information about the sample topography (Fig. 1). As 

the force applied to the sample is proportional to the cantilever’s deflection, it is obvious that 

protruding features on a sample undergo high physical stresses when scanned by the tip. 

Pressures in the GPa range may occur during this scanning process [54]. To limit the exposure 

of the sample to such high forces the constant force contact mode was developed. Here, while 

the tip is scanning across the sample surface, the detector signal is monitored and used as 

feedback to change the height of the AFM stage in a way that the deflection of the cantilever 

remains constant. The movement and height of the AFM stage then becomes a direct indicator 

of the surface topography. Both contact modes offer the highest resolution, allowing e.g., the 

visualisation of the electronic configuration of single atoms [55]. However, the use of contact 

mode AFM is limited to relatively hard samples, since during scanning, strong lateral forces 

occur, which can easily damage the sample surface. 



ACCEPTED MANUSCRIPT 

 

2.4 Intermittent contact AFM 

Intermittent Contact AFM (IC-AFM) or Tapping™ AFM overcomes these previously 

mentioned limitations by minimising lateral forces applied to the sample. This is achieved by 

a “tapping” tip-sample contact which only lasts for fractions of a second (in the nanosecond 

range). In IC-AFM mode the cantilever oscillation is excited by a piezoelectric crystal 

oscillating with a frequency close to the resonance frequency of the cantilever. When the tip 

interacts with the sample at its low point, a damping of oscillation can be observed (Fig. 2, 

blue line). This damping is used as input for the feedback loop. The height of the AFM stage 

is then adjusted accordingly, keeping the damping at constant rate. The topography of the 

sample can be extracted from the up- and downwards movements of the AFM stage as it 

scans across the sample (comparable to the constant force contact mode). Due to the marginal 

forces applied, IC-AFM allows to investigate very soft samples such as living cells [17-20, 

56], biomembranes [24] or liposomes [57-61]. 

 

2.5 Phase imaging 

The contrast of an atomic force micrograph generally depends on the mechanical properties of 

the surface and the probe, for instance, the adhesiveness and elasticity. To produce a sharp 

image of the surface topography, the sample material has to be relatively rigid compared to 

the probe. As the material becomes softer, the image obtained will become more influenced 

by the elastic properties of the surface. In extreme cases the tip-surface interaction can cause 

damage or displacement of the sample. 

Phase imaging, a technique closely related to IC-AFM, allows observing surface properties 

beyond mere topography. When scanning in IC-AFM, the damping of the oscillation results in 

a loss of oscillation energy in the cantilever due to energy transfer to the sample. In addition 

to the lower amplitude, this also results in a phase shift of the oscillation of the cantilever. As 
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this phase shift is a function of energy absorbancy of the sample material, it is idiosyncratic 

for stiff or soft materials [62], or more precisely, materials with high and low energy 

absorbency [63] (see Fig. 2, red and blue line). This allows analysing the distribution of 

different materials or phases within the sample, for example, phase separation within lipids 

[64] or drug distribution within nanoparticles [31]. 

 

2.6 Force spectroscopy 

AFM can also be used to measure forces between the tip and the sample surface and hence, to 

generate force-distance curves [54]. A variety of forces can be detected. These include 

Coulomb forces, van der Waals forces, electrostatic forces or specific forces between ligand-

receptor pairs [41-45]. As described above, the principle of AFM relies on the determination 

of forces occurring between the AFM tip and the sample surface. Therefore, this force 

determination can not only be used in a feedback loop for imaging, but also as an indicator for 

the intensity of interaction between sample and tip. The benefit of Atomic Force Spectroscopy 

(AFS) over other techniques like the stylus profilometer is the high lateral positioning of the 

probe, allowing the observation of the behaviour of the sample at nanoscale resolution and the 

high force sensitivity, being able to recoed forces down to the pN range.  

The majority of AFS methods can be divided into two different approaches, whereas the tip 

either impresses the sample or the tip is retracted from the sample. From the impressing 

experiments, information of the (visco-)elastic behaviour of samples during deformation can 

be drawn, which can be used to investigate the stability and ageing of nanomaterials [65]. In 

retraction experiments the adhesion between sample and tip are probed. Adhesion 

experiments can be performed to determine unspecific adhesion between a sample and the tip 

material or, after modification of the tip, to determine the interaction between a receptor and 

its ligand [66].  
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3. SUBSTRATES, SAMPLE PREPARATION AND PROBES FOR ATOMIC FORCE 

MICROSCOPY 

3.1 Substrates 

A meticulous sample preparation and selection of the best suited substrate for each sample are 

crucial factors for high resolution and artefact-free AFM. It is paramount that the substrate is 

plane and the surface roughness is substantially less than the size of objects under 

investigation. Substrate materials that have been successfully used in SFM include freshly 

cleaned surfaces of Highly Oriented Pyrolytic Graphite (HOPG), mica, evaporated or single 

crystal gold, silicon wafers as known from the production of electronic chips and glass slides. 

These surfaces can be further modified by chemical reactions in order to change their 

hydrophobicity, charge and charge density, the surface ion concentration and other parameters 

[67-72].  

It also is important, that the interaction forces between the sample and the substrate surface 

are not too strong. Otherwise, the morphology of the sample might be changed dramatically 

during sample preparation. On the other hand, the interaction has to be strong enough to 

prevent displacement of the sample during the scanning process. Hydrophilic surfaces such as 

mica and chemically modified mica are preferable for the examination of biological samples, 

because the hydrophilicity will reduce the contact angle of the wetting fluid that covers both 

sample and surface [49,71,73-80]. In addition, the use of silicon wafers as substrates for 

DNA, DNA complexes or lipids has been described [24, 25, 81, 82]. For an extensive 

overview of suitable substrate materials, the reader is referred to Morris et al. [83], Meyer & 

Heinzelmann [49] and Marti et al. [80].  
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3.2 Sample preparation 

Various methods are available for sample preparation. A very convenient procedure involves 

dissolving or suspending the sample material in water or buffer. A few microlitres of this 

solution/suspension are then pipetted onto the substrate and left for driying exposed to air 

[22,29,31,35,42,45,69-71,77,81]. This method sometimes generates artefacts, especially, 

when the organisation and distribution of the molecules within the sample is dependent on 

their concentration, osmolarity, spreading of the droplet or time. To simply rehydrate the 

dried sample before the measurement is therefore not advisable. Instead, artefacts may be 

introduced due to structural changes during the rehydration process. These problems can be 

overcome by using the self-assembly technique for sample preparation: the substrate material 

is placed into the sample solution and the sample molecules are allowed to adsorb under 

equilibrium conditions [82]. These adsorbed layers are usually very stable and the sample can 

be kept under submersed conditions to avoid dehydration during preparation and 

measurement, and purpose-built fluid chambers are commercially available for some scanning 

force microscopes. An advantage of these fluid chambers is the possibility to change the 

environment that surrounds the sample during or in between measurements without the need 

of removing the sample. This might be necessary when investigation specimens such as 

amphiphilic molecules, which require to be constantly submersed. Other preparation methods 

have been previously described by Thundat et al. [69-71] and Muller et al. [84].  

 

3.3 Cantilever-tip systems 

A key factor for high resolution imaging is the AFM tip, particularly, its geometry, radius and 

chemical composition. Hence, an appropriate choice of tip in conjunction with the sample and 

the scope of the experiment in terms of resolution requirements are essential. The main 

limiting factor concerning the maximum resolution of an AFM is the radius of the apex of the 

tip. Features in the size range of the tip are visualized distortedly and broadened, features 
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smaller may not even be visible at all. There exist several deconvolution methods, which 

allow to mathematically subtract the so called tip-effect, but this is only possible to a certain 

extent. [85] For very high (i.e., atomic) resolution, special probes - so-called ‘supertips’ - are 

commercially available. These are also well suited for lateral force measurements or point 

force measurements (see Figure 1). AFM tips are usually manufactured from materials like 

silicon or silicon nitride. However, diamond, carbon or single crystals of minerals have been 

employed for select special applications [http://www.jpk.com/index.2.html] The most 

frequently used method for preparation of these probes is the microfabrication etching 

technique. With this technique, the cantilever/probe systems are etched from oxidised silicon 

wafers using photographic masks to define the shape of the cantilever. This results in tips with 

a radius of less than 30 nm. Supertips can been obtained by the controlled growth of carbon 

filaments on the end of pyramidal Si3N4 tips [86]. The tips produced by these methods can be 

further surface modified yielding well defined sensor systems for the characterisation of 

mechanical, elastic and chemical properties of samples at nano-resolution. Nanosensors can, 

for example, be created by covalent binding of moieties such as lipids, DNA, proteins or 

antibodies to the probe surface based upon a great variety of chemical reactions [87].  

 

 

4. USE OF AFM FOR THE CHARACTERISATION OF NANOSCALE DRUG 

DELIVERY SYSTEMS 

4.1 NANOPARTICLES 

4.1.1 In-process control of nanoparticle formation  

The events involved in nanoparticle (NP) formation are not very well understood; partly 

because they are very challenging to follow.  

Gu et al. [88] investigated the self assembly of dendrimer-platinum composite NP using TEM 

and AFM. They found that dendrimer particles without a Pt core showed decreased heights 
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when imaged using AFM, although TEM measurements did not show any differences in 

particle diameters (albeit the presence or absence of the Pt cores could be measured), 

suggesting that dendrimers formed two-dimensional structures on the support surface. When 

Pt-dendrimer complexation was prematurely terminated, a bimodal height distribution was 

found and AFM images and feature height distributions showed evidence of arrested 

precipitation of Pt colloids, which let the authors to the conclusion of an existing correlation 

between Pt loading and particle height [88].  

In another study, Oliva et al. [89] monitored the formation of drug loaded nanoparticles via a 

self assembly process. By mixing of solutions of carrageenan and dexchlorpheniramine 

maleate, an encapsulation of the model drug into nanoparticulate structures was achieved. At 

an early stage, carrageenan fibrils were observed which had disappeared after 10 h of 

incubation and the topographical evolution of the NP was monitored to completion, after 

approx 17 h. 

Moughton et al. [90] described the preparation of hollow nanocapsules by self assembly of an 

amphiphilic diblock-polymer, in which hydrophilic and hydrophobic blocks were connected 

by a bivalent linker. After cleavage of the linker, core and shell of these micelles were 

disconnected from each other. By dissolution of the core, hollow nanocapsules were prepared. 

Specimens visualised with AFM after the cleavage step could clearly show the inner core 

surrounded by a corona of shell polymer, which was no longer connected to the core.As 

molecular organisation at the sub-nanometre scale is a very fast and elusive process, these two 

examples clearly show the superiority of AFM for such tasks. By AFM it is possible to 

observe the sophisticated mechanisms of NP assembly in situ. Other microscopic methods are 

either lacking the necessary resolution (e.g., LM) or the possibility to measure in liquids (e.g., 

TEM) rendering them useless for this task.  
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4.1.2 Measurements of nanoparticle size  

The physical characteristics and morphology (i.e., size, shape, structure and integrity) of DDS 

directly impact on their efficiency in vitro and in vivo and need therefore be characterised 

extensively. Particle size is one of the most important factors of any particulate system for 

pharmaceutical use. From issues of manufacturability of a dosage form to suitability for 

specific application routes; all depends on particle size [91-94]. Several techniques are used to 

determine particle sizes depending on the size range (for a review on particle size 

determination techniques see, e.g. [95]). For nanoscale DDS Dynamic Light Scattering 

(DLS), TEM, SEM and AFM are commonly employed. Due to its principle of measurement, 

DLS is only capable of giving information about the volumetric mean diameter of a great 

number of particles, but results on the real size distribution are rather difficult to obtain. For a 

precise determination of single particle dimensions, microscopic techniques are required. 

Here AFM often outperforms EM techniques; it is quicker, does not require a specific sample 

preparation and can be performed on submersed particles. Artefacts from dehydration or 

deposition of auxiliary materials (e.g., salts or surfactants) can therefore be avoided as well as 

coating or staining as necessary for EM. Lastly, the powerful electron beam can melt or sinter 

polymeric materials rendering EM useless for the investigation of certain materials. 

With the high precision in lateral and vertical positioning of the AFM tip, it is in principle 

possible to determine the dimensions of nanoparticles with high accuracy. Nonetheless, 

factors such as elastic behaviour of the sample [88] and the support as well as non-linear 

behaviour of the positioning piezo elements can decrease accuracy.  

Generally, prerequisite for the exact determination of NP dimensions is a rigid and even 

sample support. However, the determination of NP dimensions on rough and elastic surfaces 

like cellular membranes was suggested by Oikawa et al. [96]. They developed a method to 

calculate the size of metal NP from the curvature recorded by AFM.  
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Roe et al. [97] determined the height of immobilised latex NP using AFM. They were able to 

show that on the edge of a NP monolayer the height of individual NP could be determined 

with an error less than 2%. This seminal work corroborated the applicability of AFM to 

determine NP sizes.  

When NP are visualised using AFM, the observed width/height ratio is always greater than 1. 

This is due to the width of the AFM tip and the flattening process of particulate objects when 

adsorbed to a surface. The broadening effect caused by the AFM-tip geometry was first 

shown by Lacava et al. [98] who compared size distributions of magnetic NP of sizes below 

10 nm by AFM and TEM. With AFM tip radii 10 times as big as the diameter of the NP, they 

found a smaller mean diameter (80%). In addition, the accuracy decreased, as evident by an 

increased standard deviation (115%). This again underlines the importance of choosing the 

proper tip in order to obtain meaningful data.  

To minimise these interfacial phenomena, De Assis et al. [99] used glutaraldehyde as a 

crosslinker stabilising NP made from Poly(Lactic Acid) (PLA). They found that the 

width/height ratio decreased one order of magnitude with the use of the crosslinker. They also 

investigated the stability of NP following adsorption onto mica. Their results confirmed that 

NP continue to aggregate after sample preparation, which again could be avoided by 

glutaraldehyde fixation. 

Wooley [100] described the use of shell-crosslinked core-shell particles prepared from AB-

blockpolymers, consisting of a hydrophobic and a hydrophilic block, representing the core 

and the shell of the formed NP. The systems were investigated before and after crosslinking 

of the shell. Before crosslinking, NP showed a tendency to spread on the mica support, due to 

their low stability and high fluidity (the phase transition temperature (TG) of the core polymer 

block was -71°C). However, after crosslinking, NP kept their round shape and their heights 

were consistent with TEM size measurements. The same group showed in another publication 

[101] that crosslinked core-shell particles still flatten on a mica surface, whereas subsequent 
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crosslinking of the core domain (in addition to the initial shell crosslinking) increased 

morphological stability further.  

Zhang et al. [102] investigated core-shell NP consisting of the copolymer poly(ε-

caprolactone)-b-poly(acrylic acid) (PCL-b-PAA). The two step preparation (1. formation of 

polymeric micelles; 2. crosslinking of the micellar shell) led to NP with a crystalline, 

biodegradable core within a crosslinked hydrophilic shell. By AFM they found that a higher 

degree of crosslinking stabilised the three dimensional structure of these NP. The hydrolysis 

of the core was also followed using AFM under immersed conditions. Over time, the NP 

decreased in height but maintained their round shape.  

Paik et al. [103] investigated the elastic behaviour of poly(propylene) NP as a function of 

loading force, indentation depth and diameter. They found that NP size had an impact on the 

measured elasticity. Since NP size has correlating influences on the TG of the investigated 

systems, the authors claimed that size dependent crystallinity of the polymer within the NP 

may be the reason for the different elastic behaviour. 

 

4.1.3 Measurements of nanoparticle stability, release and degradation 

The storage stability of pharmaceutical NP is one of the factors that ultimately decide over the 

fate and success of the system. Changes in degree of dispersion are easily overlooked due to 

the small size and large number of individual particles (Fig.3). If the aggregated fraction is 

less than 10% of all particles, DLS does not have the ability to determine the multimodal size 

distribution [104]. This limitation does not apply for AFM, hence, it is easily possible to 

differentiate between single, aggregated and fused particles. This potential advantage of AFM 

over DLS was shown by Montasser et al. [105] who reported that a bimodal size distribution 

was observable with AFM which could not be resolved by DLS techniques. Since, AFM has 

been used in several studies to measure the degree of aggregation or to investigate the 

structure of agglomerates [106-111]. 
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Dailey et al. [109] investigated the stability of NP for pulmonary delivery during the 

nebulisation process. They found that a higher content of the stabiliser, 

carboxymethylcellulose, prevented formation of aggregates. The impact of freeze drying on 

the resuspendability of PolyEthylenGlycole (PEG)-PLA NP was studied by Görner et al. 

[112]. Their initial data showed that lidocain-loaded NP did not readily resuspend after freeze 

drying. By AFM they could ascertain that drug-loaded NP had fused into larger structures, 

whereas unloaded NP remained mostly unaffected. 

Controlled aggregation and fusion of nanoparticles into in situ-forming depots was 

investigated by Packhäuser and Kissel [107], when studying ion-mediated aggregation of 

positively-charged polymer NP loaded with insulin. AFM analysis showed that at low salt 

concentrations, discreet NP were found, whereas in isotonic conditions NP had fused into a 

porous gel.  

Weiss et al. [65] studied the stability and degradation behaviour of Poly(Lactic-co-Glycolic 

Acid) (PLGA) NP, which had been stored for up to 15 weeks. During that period, no NP 

aggregation was observed by AFM. A nanoporous surface developed over time, as the PLGA 

degraded. Phase imaging showed significant changes in NP elasticity. After 15 weeks, pore 

depths had decreased indicative of a fluidising effect of short chain length PLGA that had 

started to degrade. 

Silica-polymer composite NP containing a silica core surrounded by a poly-N-

isopropylacrylamide polymer were investigated by Yuan et al. [113]. When AFM samples 

were prepared at room temperature, the hydrophilic shell detached from the NP surface, 

forming a polymer film with the core particles embedded on the sample support. However, 

when samples were prepared at elevated temperatures, the polymer did not detach and instead 

large core-shell NP were obtained 

 

4.1.4 Investigations of nanoparticle surface modifications 
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Due to its high resolution, AFM is also very well suited of imaging surface features of 

nanoparticulate systems. Initial studies in this area were carried out by Ramesh et al. [114] 

when attaching 20-nm nickel nanocrystals to 200-nm amorphous silica NP and subsequently 

imaging the surface topography of the aggregates. As complementary technique, TEM was 

used. For these electron dense materials TEM could achieve very good result. However, when 

using polymeric systems instead of metals, AFM has a clear advantage over electron 

microscopy, as shown by Mu et al. [115] when investigating the surface morphology of 

polymeric particles using AFM and SEM. SEM images showed a relatively smooth surface, 

whereas AFM revealed nanosized cracks and invaginations on the particle surface. These 

surface features could be used to explain the rate of drug release from the particles. In a 

similar study, Feng et al. [116] investigated the morphology of NP loaded with paclitaxel 

reporting nanoporous topography, which again was consistent with the observed drug release 

profile.  

Wang et al. [117] used 100-nm silica NP coated with bovine serum albumin (BSA) to prepare 

micro arrays. On these particles BSA molecules could clearly be visualised using phase 

imaging AFM. This clearly shows the ability of AFM to identify protein layers (which have a 

molecular volume of about 20 nm³ [118]) on extensively curved materials such as 

nanoparticles. A related study was conducted by Cai et al. [119]. Here, AFM studies were 

performed on NP consisting of a blend of PLGA and poly(styrene-co-4-styrene-sulfonate). 

These NP were loaded with lysozyme, a positively charged protein. Using TEM and AFM as 

complementary methods, they were able to display the protein absorbed to the NP surface. In 

TEM images, a corona of proteins surrounding the NP core was shown, whereas in AFM 

investigations the protein-coated NP showed a significantly higher roughness compared to 

unmodified NP.  

In the study of Schäfer and co-workers [120] inconsistencies in the lipid coating of chitosan-

PLGA NP were visualised as 4-5 nm steps on the surface of the particles by AFM, a value 
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similar to the height of a DiPalmitoylPhosphatidylCholine (DPPC) bilayer. It should be noted 

that TEM experiments were unable to show this subtle changes in surface topography 

(unpublished data). 

AFM phase imaging can also be used to determine drug distribution within a polymeric 

nanocomplex. Simon et al. [31] reported that single NP investigated in phase mode showed an 

uneven distribution of surface behaviour (Fig. 4). The authors concluded that this was due to a 

heterogeneous distribution of insulin within the complexes. Phase imaging on crystals of 

insulin with Neutral Protamin Hagedorn (NPH) have also been investigated by Yip et al. 

[121]. 

 

4.2 Liposomes 

Liposomes are extremely versatile DDS allowing the incorporation of hydrophilic, 

hydrophobic or amphiphilic substances combined with a hereditary biocompatibility 

comprising endogenous phospholipids. In addition, liposomal properties such as charge, 

diameter, membrane permeability and loading capacity can easily be modified [59,60,122-

131]. Liposomes can reduce the toxic side effects, target drugs to specific tissues and 

modulate the pharmacokinetics of liposome-associated and encapsulated drugs, making them 

valuable systems for intravenous, topical and pulmonary drug delivery [124, 125]. Hence, 

liposomes have been described for the delivery of enzymes [126], anticancer drugs 

[122,123,128,129,132] anti-microbial drugs [124] and many other compounds.  

In addition to studies of solid nanoscale DDS (see above), AFM can be used for 

morphological investigations and interaction studies of lipid-based systems as well, albeit a 

higher degree of spreading on the substrate is usually observed, due to their fluidic nature 

[2,9,131]. The concept of sterical stabilisation has been initially developed for long circulation 

liposomes, but has also been adopted to increase liposome stability in, e.g., lung surfactant 

layers [60]. Moreover, it was reported by Bakowsky et al. that the addition of PEG to the lipid 
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mixture prevented liposome spreading on surfaces in a concentration-dependant manner [59]. 

The reduced spreading allows studying lipid vesicle morphologies in a closer-to-life scenario 

as they appear rounded in atomic force micrographs compared to non-PEGylated systems.  

Complement activation is an important step in the acceleration of liposome clearance. Carmo 

et al. [133] characterised complement activation of conventional and long-circulating pH-

sensitive and non-pH-sensitive liposomes using a haemolytic assay in rat serum and AFM. 

The AFM images showed that non-PEGylated pH-sensitive liposomes were prone to vesicle 

aggregation which activated the complement system. 

In order to achieve active drug targeting, specific ligands can easily be attached to the 

liposome surface, for instance, antibodies, resulting in so-called immunoliposomes If the 

surface-bound ligand is of suitable size, the successful conjugation can be visualised by 

means of AFM. Bendas et al. [134] developed long-circulating immunoliposomes, which 

combined sterical stabilisation with a superior targetability, introducing a new methodology 

for attaching monoclonal antibodies directly to the distal ends of liposome-grafted PEG 

chains. The different surface morphologies in dependence on the coating strategy were 

visualised by AFM. The antibodies could be depicted with a resolution of 0.2 nm in aqueous 

solution. Similarly, Anabousi et al. [130] suggested to use AFM (and TEM) for the visual 

assessment and quantification of the surface modification with the serum protein, transferrin. 

Having the visual information of the actual localisation of the ligand at hand, is arguably a 

clear advantage to the commonly used protein quantification assays which are unable to 

differentiate between encapsulated, conjugated and surface-absorbed ligand. 

The rigidity of liposomes is one of the key factors affecting release profiles of encapsulated 

drug and blood circulation time. Measurements of liposome rigidity in buffer solutions were 

performed by Nakano et al. [135] using tapping mode AFM. Ramachandran et al. [136] had 

previously reported that encapsulation of cisplatin into liposomes resulted in an approx 100% 

increase in rigidity compared to liposomes without cisplatin. Thus AFM force-dissection and 
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stiffness measurements can be employed as methods to investigate the encapsulation efficieny 

of certain drugs into lipid vesicles.  

Vesicle size and shape as well as rate of drug release are strongly dependent on the phase 

behaviour of the lipids comprising the systems. Sakai et al. [137] analysed the structural 

transition of L-�-DPPC liposomes, caused by the addition of small amounts of stearylamine 

(SA). Colloid probe AFM revealed that the addition of SA resulted in inter-film electrosteric 

repulsion. This repulsive interaction caused a significant increase in the inter-bilayer distance, 

and hence affected the shape of the vesicle. In a related study, Liang et al. [138] showed that 

the addition of cholesterol to egg yolk phosphatidylcholine (EggPC) vesicles also influenced 

the mechanical properties of the lipid bilayers. The elastic properties evaluated from 

conventional force measurements in contact mode showed that Young's modulus of 

cholesterol-modified vesicles increased several-fold compared to plain EggPC vesicles.  

Ruozi et al. [139] studied the influence of the lipid composition on the physical stability of 

liposomes during their storage using AFM and photon correlation spectroscopy (PCS). After 7 

months of storage, the average sizes of the different liposomes evaluated using the two 

techniques were comparable. However, while PCS could only measure the vesicle size and 

polydispersity of the size distribution, AFM confirmed that the increased in size and size 

distribution were not the result of vesicle aggregation, but of vesicle fusion. 

Berquand et al. [140] used AFM to characterise the influence of the macrolide antibiotic, 

azithromycin, on the molecular organisation of DPPC:DiOleoylPhosphatidylCholine (DOPC), 

DiPalmitoylPhosphoEthanolamine (DPPE):DOPC, SphingoMyelin (SM):DOPC and 

SM:Chol:DOPC lipid vesicles, as well as the effect of azithromycin on membrane fluidity and 

permeability. In situ AFM images revealed that azithromycin lead to erosion and 

disappearance of DPPC and DPPE gel domains, whereas no effect was noted on SM and 

SM:chol domains. Although azithromycin did not alter the permeability of any of the lipid 

vesicles, it increased the fluidity at the hydrophilic/hydrophobic interface in DPPC:DOPC and 
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DPPE:DOPC membrane models. This study showed once more the capability of AFM 

methods to characterise drug-membrane interactions. These results were later confirmed in a 

further study [141]. 

 

4.3 None–viral gene transfection systems 

The arguably most frequently by AFM investigated biopolymers are nucleic acid derivatives 

(in the context of gene therapy and gene/siRNA delivery). Among these are complexes of 

DNA, siRNA, DNAzyme and ribozyme with other biomolecules, as well as fully synthetic 

gene transfection or inhibition systems. The latter include transfection complexes based on 

positively charged lipids, liposomes, proteins, polymers and nanoparticles. AFM has been 

used to study the influence of polymer chain length, molecular weight, charge density and 

environment on the size, shape, charge and stability of such complexes. The first high 

resolution image of nucleic acids was reported by Hansma et al. [73-75], after they adsorbed a 

short synthetic DNA onto a positively charged mica substrate. With this method the 

visualisation of single base pairs could be achieved. An example of such an atomic force 

micrograph, showing a resolution at the molecular level, is given in Figure 5.  

The main body of investigations on non-viral gene transfection systems are carried out to 

visualise the size, shape and organisation of complexes of lipid/DNA (lipoplexes) [81,82,110, 

142-146] or polymer/DNA (polyplexes) [110,111, 147-156].  

Marty et al. [143] investigated the complexation of calf-thymus DNA with cholesterol, 

DiOleoylTrimethylAmmonium-Propane (DOTAP), DimethylDioctAdecylammonium 

Bromide (DDAB) and DOPE under physiological condition. Almofti et al. [144] showed by 

AFM that lipoplexes formed from extensively fused and apparently homogeneous lipid 

particles encapsulating DNA. Kawaura et al. [145] showed, using lipoplexes made of cationic 

cholesterol derivative with different spacer arms and the helper lipid DOPE, that the complex 

diameters depended on the choice of cholesterol derivative. Kneuer et al. [110] compared 
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various polycationic vehicles regarding their biophysical properties. The morphology of 

liposomes (DOTAP, SAINT2) with and without helper lipid (DOPE), the polymer, 

polyethyleneimine (PEI), and cationic nanoparticles (Si26H, PLGA/chitosan) was visualised, 

and compared with regards to their transfection efficacy. Zhao et al. [146] used AFM for the 

visualisation of the lipoplexes and additionally for the characterisation of the change of 

membrane pore size in HER-2 cells.  

However, only few studies analysed the actual formation of the complex. Oberle et al. [82] 

studied the interaction between a plasmid and cationic amphiphiles, so-called “SAINTS”, 

using a monolayer technique. Their data revealed a three-step mechanism of complex 

formation at molecular level. It could be shown that individual plasmids enwrap themselves 

with amphiphile molecules in a multilamellar fashion. The size of the complexes formed was 

depending on the supercoiled size of the plasmid and calculations revealed that the plasmids 

were surrounded by 3 to 5 bilayers of the amphiphiles. Additional investigations by Zuhorn et 

al. [81,142] showed the significance of the preference of DiOleoylPhosphoEthanolamine 

(DOPE) to adopt hexagonal phases during the mechanism of transfection.  

In a study by Martin et al [157], AFM was used to study the formation of 

polyamidoamine/DNA complexes in aqueous solutions. This study did not only show the 

structure of these complexes to be either rod-like or toroidal, but also that there is a dynamic 

equilibrium between these two states. 

The inhibition of DNA-digestion of  polyamidoamine dendrimer/DNA complexes was shown 

by Abdelhady et al [158]. While naked DNA and complexes with low polymer content were 

not densly complexed, and therefore DNA was prone to DNase digestion, an excess of 

polymer led to densly packed complexes. After incubation with DNase and subsequent 

disassembly of these complexes, no degradation of the plasmid was visible. 

Grzelinski et al. [159] investigated the potential of low-molecular weight PEI to perform 

DNA transfection and siRNA gene targeting in the presence of serum. Physicochemical 
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analysis and AFM revealed a distinct size pattern with the presence of two complex 

subgroups and showed that frozen PEI complexes remained stable with little increase in 

complex size, no changes regarding their zeta potential and cytotoxicity, and full retention of 

nucleic acid protection.  

Pennadam et al. [160] investigated PEI grafted with poly((N-isopropylacrylamide). This 

thermoresponsive polymer was used to form complexes with DNA which were examined at 

different temperatures. AFM images revealed changes in complex structure, which were too 

subtle to be recognized by DLS, but confirmed fluorescence data, which indicated a change in 

hydrophobicity, finally leading to aggregation.   

Mao et al. [154] used AFM to study the effect of PEGylation on the biophysical properties of 

PEI-siRNA polyplexes. Particle size and stability against heparin as well as RNase digestion 

of different siRNA polyplexes were characterised. In a related study from the same 

laboratory, Neu et al. [155] generated stabilised PEI/DNA polyplexes by cross-linking PEI 

with biodegradable disulfide bonds. Polyplex morphology and mechanic stability were 

investigated using AFM and revealed no changes in the morphology of cross-linked PEI 

polyplexes and indentation force measurements using AFM showed significantly increased 

mechanical stability of cross-linked PEI polyplexes. AFM has also been used to study the 

influence of polymer chain length on the size and shape of poly-L-lysine/DNA complexes 

[147] and to study the change in the structure of such complexes from globular to toroidal 

after the addition of hydrophilic PEG blocks to the polymer [148].  

A study by Kleemann and co-workers [161] investigated the effect of several modifications of 

PEI before and after nebulization. They found that PEG-PEI was able to strongly interact with 

the plasmid DNA, shelter the plasmid from DNAse digestion and stabilize the complex during 

nebulisation. 

Chim and co-workers [153] studied Poly[2-(dimethylamino)ethyl methacrylate-b-2-

methacryloyloxyethyl phosphorylcholine] (DMA-MPC) as a new vector candidate for gene 
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therapy. They assessed the morphology of DNA complexes obtained using the diblock 

copolymer series DMA(x)MPC30 using TEM and submerged AFM. Both techniques 

indicated more compact complex morphologies with increasing length of the cationic DMA 

block. However, the detailed morphology of the DMA(x)MPC30-DNA complexes observed 

by TEM in vacuo and by AFM in situ was different. By TEM the morphology of the 

complexes changes from loosely condensed structures to highly condensed rods, toroids and 

oval-shaped particles as the length of the DMA moiety increased. In contrast, morphological 

changes from plectonemic loops to flower-like and rectangular block-like structures, with an 

increase in highly condensed central regions were observed by AFM. It was suggested that the 

open structures observed by AFM were closer to the actual morphology as the ambient 

conditions during the. AFM analysis was much closer to reality.  

 

4.4 Biomembranes and DDS interaction with Biomembranes  

The interaction of nanoscale DDS with biomembranes is one of the first steps in the 

absorption cascade across biological barriers like epithelia and endothelia. This intensity of 

this interaction is of relevance, because stronger interactions will lead to larger amounts of 

drug deposited in the target tissue. A strong interaction, on the other hand, may also result in 

membrane destabilisation, causing cellular toxicity. Measurements of DDS-membrane 

interactions are therefore of great interest in nanopharmaceutical research. Shortfalls of other 

microscopic techniques like the low resolution of LM or the sample preparation in EM again 

render AFM an important tool in this area. 

Peetla et al. [162] studied the interaction of polystyrene NP with an artificial cellular model 

membrane. They found that NP affect the size and distribution of lipid rafts in these 

membranes in dependence on particle diameter and surface chemistry. The membrane 

interactions of cationic NP were also investigated by Leroueil et al. [163]. In their studies 

using AFM to assess changes in membrane morphology they found that biological as well as 
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artificial cationic NP could induce membrane disorders, including holes, membrane thinning 

and even disruption. DDS were found to be accumulated in these areas of disorder. 

The influence of DDS size on membrane interaction and transport was investigated by Kanno 

and co-workers [164] using polystyrene nanoparticles with sizes ranging from 20 nm to 1 µm 

as probes. Their data suggest that 20-nm particles adsorbed in small agglomerates to the 

cellular membrane, while larger particles adhered non-agglomerated. They hence concluded 

that cellular uptake of NP is independent of size below a certain threshold when 

agglomeration occurs. Pan et al. [165] investigated the uptake of transferrin-conjugated 

quantum dots (QD) into HepG2 cells. By studying cell morphology, cellular volume and 

contact angle between support surface and cell body using AFM, a transferrin-induced 

endocytotic mechanism was revealed, which lead to the formation of endosomes. The 

endosomal vesicles could be visualised underneath the cellular membrane by AFM as well. 

The nature of biological membrane studies essentially required the presence of water 

rendering electron microscopic studies more or less useless for studies in this area. Light 

microscopic methods, on the other hand, are lacking the magnification to observe interactions 

of nanoscale materials with biological membranes. AFM, however, is ideally positioned for 

these kinds of experiments. It can be predicted that NP-modified AFM tips and simultaneous 

methods (e.g., AFM-Raman or AFM-fluorescence) will increase our knowledge in this 

specific area dramatically over the next couple of years. 

 

 

5. CONCLUSIONS 

The use of atomic force microscopy in nanopharmaceutical drug delivery research enables us 

to directly observe DDS without the need of cumbersome and potentially adulterating sample 

preparation. Nanoscale DDS can be investigated in a controlled environment without the 

necessity of staining or drying. Intermittent contact mode AFM allows the investigation of 
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soft samples with minimal sample alteration; phase imaging allows to access information 

beyond the samples topography and also allows differentiating between different materials; 

force spectroscopy experiments are helping us to understand the intrinsic structure of DDS by 

assessing the elastic or adhesion behaviours of particles. Using AFM for DDS development 

hence allows us to gather information which is hardly accessible by any other experimental 

technique. AFM can therefore provide invaluable information about physicochemical 

properties which decide on the success of a potential DDS. A significant amount of work has 

been carried out in nanopharmaceutical research in recent years using a great variety of 

different techniques. AFM has already helped a lot to shed light into the area of nanoscale 

drug delivery and will definitely add a lot more to our understanding of the behaviour of 

nanoscale DDS in the time to come. 
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LEGENDS TO FIGURES 
 
Figure 1.  
Schematic setup of an atomic force microscope. The cantilever / tip system is the “heart” of 
the AFM and determines the resolution and the quality of the measurements.  
Typically sharp cantilever/tip system for the use in intermitted contact mode (NSC 16, 
microMASH, Oelsnitz, Germany).  
 
Figure 2.  
Tapping mode AFM: Cantilever oscillates with its resonance frequency (red). When brought 
into contact with the sample, a damping (D) of the lower amplitude, as well as a phase shift 
(PS) are observed (blue). 
 
 
 
Figure 3. AFM images of biodegradable 125 nm-sized PLGA/chitosan nanoparticles prepared 
according to M.N.V.R. Kumar [111] visualized with TappingMode™ (Digital Instruments, 
Nanoscope IV Bioscope) in air. 
 
Figure 4.  
Phase contrast imaging. With the AFM the material properties can be visualized. A) PLGA / 
chitosan / dexamethason nanoparticle, the drug is homogeneously distributed within the 
nanoparticles, the particles show the same bright colour (unpublished results), B) poly[(vinyl-
3-(diethylamino)-propylcarbamateco-(vinyl acetate)-co-(vinyl alcohol)]-graft-poly(L-lactic 
acid) / insulin nanparticle (size 200 nm), the insulin is inhomogeneously distributed (bright 
areas) according to [31]. Left phase contrast image / right height image, dark areas are softer 
then bright areas. All images visualized with TappingMode™ (Digital Instruments, 
Nanoscope IV Bioscope) under ambient conditions. 
 
Figure 5. 
Visualisation of the structure of DNA and gene transfection systems. A.) High resolution 
image (0.1 nm) of a relaxed plasmid DNA (pCMVbeta). The distances between the loops 
could be measured and correlate with the DNA model according to [82]. B) The complexes 
(lipoplexes) shown here are the results of self assembly of SAINT2 and DNA (pCMVbeta). 
The DNA was covered by the lipid, some not condensed plasmides could be visualized [82]. 
D.) Typical morphology of PEI/DNA complexes. The mean diameter of the complexes is in 
the range of 100 nm to 200 nm according to [154].  
 


