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ABSTRACT 

This paper proposed an approach for analyzing surface modification of nanoparticles based on atomic force microscopy (AFM). The 

work was carried out on unmodified gold nanoparticles and gold nanoparticles coated with a protein shell (a conjugate of gold 

nanoparticles and immunoglobulin G). The proposed analysis of surface modification of gold nanoparticles consists of the registration of 

force curves, which reflect the dependences of the deflection of the beam of the AFM probe when interacting with the surface from 

moving the cantilever in the vertical direction. The elastic modulus and the force of the interaction between the probe and the modified 

or unmodified surface of the nanoparticles are proposed as the parameters characterizing the modification. Significant differences were 

obtained between the unmodified and modified gold nanoparticles using the AFM method in the spectroscopy mode. 
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1. INTRODUCTION 

 Gold nanoparticles (GNPs) with plasmon resonance have 

various applications in nanobiotechnology and nanomedicine due 

to their ability to vary the spectral position and amplitude of 

plasmon resonance by changing the size, shape, and structure of 

the particles [1-4]. The results of a number of studies that have 

been conducted in recent years testify to the peculiarities of the 

biological effect of nanomaterials that distinguish them from 

traditional compounds [5-10]. This creates opportunities for using 

nanomaterials in medicine, pharmacology, and food production, 

and for solving environmental and agricultural problems. 

However, the high biological activity of technogenic nanoparticles 

(NPs) carries the potential risks of toxic effects for workers in 

nanotechnological enterprises and consumers of nanoindustry 

products who come into contact with nanotechnological materials 

and the resulting waste [11-17]. 

 NPs usually enter the body in the form of 

aggregates/associates and/or with a surface modified as a result of 

interacting with the biological environment. Many papers have 

reported on the surface modification of NPs by proteins 

(adsorption formation of the protein corona) and other polymers of 

the biological matrix, in vitro and in vivo [18-23]. The presence of 

a protein corona can significantly affect the biocompatibility and 

bio-distribution of man-made NPs [24-29], including their 

recognition by cells in the immune system. 

 Assessment of surface modification of NPs is challenging. 

In this regard, force spectroscopy as a mode of atomic force 

microscopy (AFM) is a very useful tool for characterizing NPs. 

One of its valuable applications is to quantify the elasticity of NPs 

that is associated with their surface modification. In force 

spectroscopy experiments that investigate this topic, a sharp tip of 

a cantilever is indented in one NP, and then Young's modulus is 

defined as a grade of its elasticity, which is one of the important 

mechanical parameters that affect the functional properties of NPs. 

In their review [30], Sun et al. summarized the approaches used to 

detect the elasticity of NPs and the divergent elasticity values of 

GNPs with different surfaces. In spite of the interest in this 

subject, only one study by Wampler et al. [31] described the 

elasticity of GNPs whose surface was modified with bovine serum 

albumin and streptavidin. 

 Therefore, the present study aimed to develop an approach 

based on AFM for the analysis of surface modification of GNPs 

with a common protein of a protein corona: immunoglobulin G 

(IgG). The development of this type of analytical protocol is 

highly requested due to the wide use of GNP-IgG conjugates for 

analytical and therapeutic purposes. 

2. MATERIALS AND METHODS 

 When determining the surface properties of GNPs and an 

aliquot of their conjugates in a solution of NPs synthesized 

according to the method in [32] or their conjugates (5–10 μL) 

synthesized according to [33], the surface of the substrate (freshly 

split mica) was incubated at room temperature for 20 min, excess 

liquid was removed with filter paper, and the samples were dried 

at room temperature in a calcium chloride desiccator. 

 The samples were scanned in the contact mode using 

fpС10S cantilevers (Nanotuning (Russia)), with a radius with a 

curvature ≤10 nm and stiffness <0.2 N/m. The samples were 

sequentially scanned in areas with the following dimensions: 

35x35 µm2, 10x10 µm2, 5x5 µm2, and 1x1 µm2. Then, the 

microscope was switched to spectroscopy mode, and we obtained 

the force curves from the selected objects in the force coordinates 

(F, is the ordinate axis) and the probe (tip)-surface distances (z, is 

the abscissa axis). The force curve for each object was obtained in 

five repetitions. 

 Measurements were obtained using a SmartSPM AFM 

(Aist-NT (Russia)). The original image was subjected to 

mathematical processing using the Gwiddion program (Czech 

Metrology Institute, Brno, Czech Republic) to eliminate 

distortions, such as non-linear scanning, temperature drift, etc.
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3. RESULTS  

 Images of unmodified GNPs and GNPs coated with protein 

molecules or subjected to other transformations obtained using the 

AFM method cannot be reliably distinguished by only using the 

scanning mode. Figure 1 and Figure 2 present images of the GNPs 

and their conjugates with IgG, respectively. As can be seen, the 

morphological features are not needed to determine the degree of 

modification of the initial NPs. 

 
Figure 1. Images of the GNPs obtained by AFM. 

 
Figure 2. Images of the conjugates of GNPs with IgG obtained by AFM. 

 

The proposed approach to characterize surface modification of 

GNPs is conducted by measuring the stiffness parameter (elastic 

modulus, Young's modulus) and the forces of the interactions 

between the probe and the modified or unmodified surface of the 

NP. AFM enables one to measure the modulus of elasticity based 

on the determination of the degree of deformation of the surface 

during its interaction with the tip of the probe of an atomic force 

microscope. The method consists of registering the force curves, 

which reflect the deflection of the flexible beam of the AFM probe 

when interacting with the surface, depending on the distance 

between them. To calculate the absolute value of Young's modulus 

from the force curves, the technique uses the Hertz model, which 

considers the interaction of a rigid hemisphere (AFM probe) and 

an infinite plane (surface of an NP or a modified NP). 

To obtain reliable differences between unmodified and modified 

GNPs, we consider, in more detail, measurements in the AFM 

mode, in which the cantilever moves in the vertical direction. 

According to Hooke’s law (F = kd, where F corresponds to the 

separation force, k to the cantilever stiffness constant, and d to the 

cantilever deflection), the separation force is directly proportional 

to the deflection of the cantilever. 

When measuring the modulus of elasticity of NPs on the force 

curve, it is possible to determine the real distance between the 

probe and the sample (δ) according to Hooke's law: 

            , (1) 

where F is the force of interaction between the cantilever and the 

sample, k is the stiffness of the cantilever, d is the deflection of the 

cantilever, z is the displacement of the piezo scanner vertically, 

and δ is the deformation of the sample in the approximation of the 

non-deformed probe (real distance between the tip of cantilever 

and the sample). 

The modulus of elasticity was determined with the Hertz model, 

using the following formula: 

    
   

          
    √  , (2) 

where E is the modulus of elasticity, ν is the Poisson's ratio, and R 

is the tip`s radius. 

In this way 

        ,  (3) 

where A is the proportionality coefficient. 

By plotting the logarithm of the force versus the logarithm of the 

deviation, we obtain a straight line of the form Y = kX + B, where 

k ≈ 1.5, B = lnA. Using formula (2) we found the values of the 

local modulus of elasticity. 

The interaction forces estimate is calculated on the basis of the 

force curves, that is, the dependences of the tip deflection from the 

movement of the cantilever in the vertical direction (Figure 3). 

Due to software-based signal processing methods, the force curve 

can be transformed into the dependence of the separation force on 

the displacement in the vertical direction. The appearance of a 

significant local minimum on the force curve of modified GNPs 

should be noted.  

 
Figure 3. The dependence of the force in the Z coordinate on the distance  

of the probe-surface when the cantilever is brought to the surface of the 

unmodified GNPs (black curves)  and the conjugates of GNPs with IgG 

(red curves). 
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To measure the interaction forces, a vertical projection was plotted 

along the ordinate axis (see the F value in Figure 3) corresponding 

to the segment from the local minimum on the retraction force 

curve to the horizontal segment on the approach curve. This 

vertical projection reflects the value of the forces of interaction 

between the probe and the modified NP surface. The degree of 

surface modification of NPs could be defined as the ratio of the 

force of the interaction between the probe and the unmodified 

surface of the NP to the force of the interaction between the probe 

and the modified surface or the ratio of the elastic modulus of the 

unmodified NPs to the elastic modulus of the modified NPs. 

The obtained results demonstrate that the AFM is an effective tool 

for characterizing the surface modification of GNPs with a protein 

corona, thereby providing useful data about widely used GNP-IgG 

complexes.

4. CONCLUSIONS 

 The high spatial resolution of the AFM, together with the 

simplicity of sample preparation and the ability to work in a liquid 

medium, enable the developed approach to be used to study the 

surface properties of various modified and unmodified NPs. The 

obtained results allow us to conclude that assessment of surface 

modification of NPs using the AFM method in the spectroscopic 

mode seems to be a promising direction and an effective way to 

record the unique characteristics of NP complexes with bioorganic 

molecules. 
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