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Abstract: Controlled deposition of nanoparticles and bioparticles is necessary for their separation 

and purification by chromatography, filtration, food emulsion and foam stabilization, etc. 

Compared to numerous experimental techniques used to quantify bioparticle deposition kinetics, 

the quartz crystal microbalance (QCM) method is advantageous because it enables real time 

measurements under different transport conditions with high precision. Because of its versatility 

and the deceptive simplicity of measurements, this technique is used in a plethora of investigations 

involving nanoparticles, macroions, proteins, viruses, bacteria and cells. However, in contrast to the 

robustness of the measurements, theoretical interpretations of QCM measurements for a particle-

like load is complicated because the primary signals (the oscillation frequency and the band width 

shifts) depend on the force exerted on the sensor rather than on the particle mass. Therefore, it is 

postulated that a proper interpretation of the QCM data requires a reliable theoretical framework 

furnishing reference results for well-defined systems. Providing such results is a primary 

motivation of this work where the kinetics of particle deposition under diffusion and flow 

conditions is discussed. Expressions for calculating the deposition rates and the maximum coverage 

are presented. Theoretical results describing the QCM response to a heterogeneous load are 

discussed, which enables a quantitative interpretation of experimental data obtained for 

nanoparticles and bioparticles comprising viruses and protein molecules. 

Keywords: deposition of bioparticles; modeling of particle deposition; nanoparticle deposition; 

protein adsorption; quartz microbalance measurements; virus attachment 

 

1. Introduction 

Effective deposition of particles on various surfaces is important for many practical 

processes, such as water and wastewater filtration, flotation, separation of toner and ink 

particles, coating formation, paper making, catalysis, colloid lithography, food emulsion 

and foam stabilization, etc. Particularly significant is the deposition of noble metal 

particles, which find applications in biology, medicine, chemical analysis, electronic, 

cosmetic and pharmaceutical industries [1–6]. For example, silver nanoparticles, owing to 

their pronounced biocidal properties, are applied to modify surfaces of various consumer 

products such as clothes, laboratory and surgical gowns, dressing bandages, etc. [7,8]. 

They also serve as analytical sensors in surface enhanced Raman spectroscopy (SERS) and 

metal-enhanced fluorescence (MEF) [9,10]. A large surface area and surface energy make 

the noble metal and other nanoparticles such as silica, titanium, zinc and copper oxides 

valuable materials for catalysis [11,12]. 
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In addition to the wide range of applications, investigations of particle deposition 

furnish essential information about their interactions with interfaces, e.g., those 

mimicking cell membranes [13], which is a crucial issue for colloid science, biophysics, 

medicine, soil chemistry, etc. 

Analogously, a controlled deposition of bioparticles such as protein molecules, 

viruses, bacteria and cells is necessary for their efficient separation and purification by 

chromatography and filtration for biosensing, bioreactors, immunological assays, etc. 

Determining virus attachment to various substrates (e.g., metals) is essential for devising 

strategies for their efficient deactivation and removal. 

On the other hand, undesired protein adsorption can result in artificial organ and 

implant failure, plaque formation, inflammatory response, blocking of sensors, and the 

fouling of ultrafiltration units. 

Because of its significance, particle and bioparticle deposition has been extensively 

studied, using a plethora of experimental methods, such as the optical microscopy [14–

17], scanning probe microcopies comprising atomic force microscopy (AFM) [18–21], 

scanning electron microscopy (SEM) [22,23], optical techniques such as ellipsometry, 

reflectometry [24,25], light mode waveguide spectroscopy (OWLS) [26–29] and surface 

plasmon resonance (SPR) [30,31]. However, these techniques exhibit some limitations; in 

particular, they do not provide information about the adhesive contact strength among 

the deposited particles and the substrate. 

There exist other precise methods for determining particle and protein adsorption 

that are based on electrokinetic measurements, most frequently of the streaming current 

or the streaming potential [14,15,18,32–35]. These methods enable direct in situ 

measurements of the deposition and desorption kinetics, yielding interesting information 

about the influence of various physicochemical parameters on the binding energy of 

solutes. However, the disadvantage of the electrokinetic methods is their limited 

sensitivity for larger particle coverage and for slightly charged solutes substrates. 

Compared to the above-mentioned techniques, the quartz crystal microbalance 

(QCM) method is advantageous enabling real time measurements of particle 

adsorption/desorption kinetics under different transport conditions with a high precision. 

Moreover, in contrast to the streaming potential methods, the QCM signal is not directly 

affected by the solute or the interface charge. Because of its numerous advantages and a 

deceptive simplicity of measurements, the QCM method is used in numerous 

investigations involving nanoparticles [3,36–50], macroions [29,31,51–53] proteins 

[27,28,54–65], viruses [66–70], bacteria [71–77], and living cells [78–82]. 

One should emphasize, however, that in contrast to the robustness of performing 

experiments, a theoretical interpretation of QCM measurements for a particle-like load is 

a challenging task [83,84]. The main source of misinterpretations of experimental data is 

that the primary signals, i.e., the oscillation frequency and the band width (dissipation) 

shifts, depend on the force exerted on the sensor rather than on the particle mass. In the 

case of a rigid contact, where the particles are firmly fixed at the sensor, the net force 

consists of the inertia component proportional to the particle mass and the hydrodynamic 

component. The latter depends on many parameters, such as the solvent density and 

viscosity, the particle size and shape, its orientation on the surface, the particle coverage, 

the sensor oscillation frequency (overtone number) and the sensor topography, primarily 

its roughness [84]. 

The situation becomes even more involved if the particle/substrate adhesion strength 

is not sufficient to ensure a rigid contact, allowing for particle oscillatory or rolling 

motions on the surfaces [38,48,50,83]. The additional hydrodynamic and elastic forces, 

which appear because of particle motions, modify the QCM signals, especially for particle 

sizes above 100 nm. As a result, the measured frequency shift becomes much smaller (in 

absolute terms) than for the rigid contact regime and it may even become positive which 

yields an apparent negative mass of microparticles [38]. 
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Considering these facts, one can postulate that a proper interpretation of QCM data 

requires a careful analysis of the influence of all the above-mentioned parameters and a 

reliable theoretical framework furnishing reference results for some well-controlled 

systems such as spherical particles under the rigid contact regime. Providing such results 

is a primary motivation of this work, which is organized as follows: in Section 2, the 

kinetics of particle deposition on planar interfaces under diffusion and flow conditions 

are discussed, and the limiting solutions for the initial deposition rates and the maximum 

coverage are presented. In Section 3, theoretical results describing the QCM response to a 

heterogeneous (particle-like) load are discussed. This enables a quantitative interpretation 

of experimental data obtained for nanoparticles and bioparticles, comprising viruses and 

protein molecules, which are presented in the Section 4 of our work. In Section 5, 

conclusions summarizing the presented results are presented. 

2. Kinetics of Particle Deposition—Theoretical Aspects 

2.1. General Considerations 

Deposition of particles on solid substrates under flow conditions is a complex process 

consisting of three major steps: transfer of particles from the bulk of the suspension to the 

immediate vicinity of boundary surfaces, transfer of particles through the surface 

boundary layer adjacent to the interface, and the formation of a permanent adhesive 

contact with the interface or previously deposited particles leading to particle 

immobilization. 

Particle transfer in the first step is governed by forced convection (mixing) or natural 

convection and by external forces, primarily the gravitational force inducing the 

sedimentation effect. At distances comparable with particle dimensions the diffusion 

becomes the most significant transport mechanism. At still smaller distances in the range 

of 10 nm, the particle motion is controlled by specific forces mainly consisting of the 

electric double-layer and the van der Waals interactions whose magnitude is affected by 

the particle shape, elasticity modulus, and the substrate’s (sensor’s) roughness. 

There are two major parameters which quantitatively characterize particle deposition 

kinetics on solid substrates: the mass transfer rate constant kc, characterizing the initial 

deposition rate where the blocking effects are negligible, and the maximum coverage 

(referred as the jamming coverage) mainly governed by the particle shape, orientation in 

the layer, and the substrate topography. 

The initial deposition kinetics can be efficiently analyzed in terms of the convective 

diffusion theory formulated by Levich [85] and extended in other works [86–89]. On the 

other hand, the more complicated problem of predicting the maximum, mono- and 

multilayer coverage can be effectively treated in terms of various coarse-graining Monte-

Carlo approaches [90–94]. 

2.2. Limiting Solutions—Initial Deposition Rates 

The particle or bioparticle transfer from the bulk to a solid substrate can be described 

by the convective-diffusion theory exploiting the continuity (mass conservation) equation, 

referred to as the Smoluchowski–Levich equation [89] 

 
n D

D n n n
t kT


     


F V  (1)

where n is the particle number concentration in the suspension, t is the time, D is the 

particle diffusion coefficient, k is the Boltzmann constant, T is the absolute temperature, F 

is the external force vector, and V is the fluid velocity vector. 

One should mention that by deriving Equation (1), all hydrodynamic and specific 

interactions among particles are neglected. Moreover, the diffusion coefficient is assumed 

to be independent of the particle concentration and its gradient. As a consequence, 

Equation (1) is strictly valid for diluted suspensions of non-interacting particles. 
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If the external force F and the flow vanish, the system is purely under diffusion-

controlled transport, and the Smoluchowski equation simplifies to the form 

2n
D n

t


 


 (2)

This equation, which is linear in respect to the particle concentration, can be 

analytically solved, using, for example, the Laplace transformation method, for many 

situations of practical interest, e.g., for planar interfaces in the contact with stagnant 

suspensions of a finite extension [89]. 

On the other hand, assuming steady-state conditions and neglecting external forces, 

Equation (1) simplifies to the form 

0n Pe n   V  (3)

where ch chV L
Pe

D
  is the dimensionless Peclet number characterizing the ratio of the 

flow to the diffusion rates, 
1

ch

ch

L ,
V

  V V , where chL is the characteristic length 

scale and Vch is the characteristic convection velocity. 

In a general case, particle deposition kinetics can be evaluated integrating Equations 

(1)–(3) with appropriate boundary conditions and rigorously taking into account the 

hydrodynamic and specific interactions. Solutions of these equations are available for 

several interface (sensors) geometries of practical significance such as planar, cylindrical, 

and spherical using simplified form of the boundary conditions at the interface [89]. One 

of the important forms of the boundary condition appears if all particles arriving at the 

sensor become irreversibly attached, although they may undergo lateral motion over the 

interface. This case corresponds to the perfect sink model originally introduced by 

Smoluchowski to describe particle aggregation phenomena [95], formulated as 

0n   at mz   (4)

where m  is the primary minimum distance, and z is the separation distance from the 

interface. 

Using this condition, interesting analytical solutions describing particle deposition 

rates can be derived for various situations of practical significance. For example, in the 

case of diffusion-controlled deposition of particles at a planar interface from an infinite 

volume, their flux is described by the formula derived from Smoluchowski [95] 

1/2

b b

D
j n

t

 
   

 
 (5)

where bj  is the particle flux directed to the substrate, i.e., opposite to the direction of 

the z axis, and bn  is the uniform concentration of the particle in the bulk. 

Equation (5) indicates that the flux vanishes proportionally to t−1/2, which means that 

particle adsorption at planar interfaces, driven by diffusion alone, becomes ineffective for 

long time periods. 

Integrating Equation (5), one obtains the expression for surface concentration of 

adsorbed particles 

1/2

2 b

D t
N n



 
  

 
 (6)
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For the interpretation of QCM measurements, it is convenient to express Equation (6) 

in terms of the mass per unit area (coverage), which is connected with the surface 

concentration by the linear relationship 

pN m   (7)

where pm  is the mass of a single particle. 

In this way, Equation (6) becomes 

1/2

2 b

Dt
c



 
  

 
 (8)

where b b pc n m  is the mass concentration of particles often expressed in mg L−1 (ppm). 

The analogous solution for a cell composed of two flat plates of a size considerably 

larger than their separation distance h has the following form [89] 

 2 2

2

2 - 1

4

1

2
l Dt

h
b b

l

D
j n e

h






    

 

 

2 2

2

2 - 1

4

22

1

8
1

2 - 1

l Dt

h

b

l

e
h c

l










 
 

  
 
 

  

(9)

These solutions, yielding the maximum flux and deposition rates available under 

diffusion-controlled transport, are useful reference data for a quantitative analysis of 

experimental particle deposition kinetics. If smaller flux is experimentally determined, 

one can expect particle aggregation in the bulk or that the sensor surface is not fully 

available for particles due to contamination. Another explanation of smaller flux than 

these limiting values is an insufficiently strong adhesion of particles to sensors allowing 

for their desorption. 

Because the diffusion transport in the case of planar interfaces becomes ineffective 

for longer time, in order to increase the deposition rate, the experiments are usually 

carried out under a forced convection regime creating flows of desired configuration and 

intensity, as is the case for QCM cells. Additionally, under convection-driven transport, 

the transient time of establishing steady-state conditions is usually much shorter than the 

time of experiments. Therefore, one can use to describe particle deposition rates the 

stationary convective diffusion equation, Equation (3). It can be simplified for many 

situations of practical interest to one-dimensional forms, if the perpendicular fluid 

component is independent of the position over the sensor. In this case, the particle 

deposition kinetics becomes a linear function of time 

c bk c t   (10)

where the deposition rate constant kc can be calculated from the formula [89,96] 

1/3
c f

ch

D
k C Pe

L
  (11)

where fC  is the dimensionless constant depending on the flow configuration. 

Analytical expressions for kc are given in Ref. [89] for various flows. 

Considering that ch chV L
Pe

D
  one can invoke from Equation (11) that kc increases 

proportionally to 
2/3D , which means that the convective flux decreases as -2 /3a  with 
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particle size. It is also interesting to observe that kc is rather insensitive to the characteristic 

fluid velocity chV , increasing in all cases proportionally to 
1/3
chV . 

For experimental cells in the form of parallel-plate channels, the mass transfer rate 

depends on the distance from the inlet point and is given by the formula [96] 

1/3 2/3

2/3 1/3
0.776 ch

c

V D
k

b x
  (12)

where b is the half depths of the channel, x x / b  is the dimensionless distance from 

the inlet to the channel, L is the channel length and 

2

2 3
ch

Q Pb
V

bl L
   (13)

is the averaged fluid velocity in the channel, P is the hydrostatic pressure drop along the 

channel, η is the dynamic viscosity of the fluid, Q is the volume flow rate of the suspension 

and l is the channel width. 

The mass transfer rate constant averaged over the entire channel surface area 

denoted as ck  is given by [89] 

1/3 2/3

2/3 1/3 1/3
0.924 c

Q D
k

b l L
  (14)

As shown in Ref. [3,97], an analogous expression is also applicable for the particle 

deposition on QCM sensors where the flow pattern is somewhat intermediate between 

the impinging-jet and the channel flows, thus 

1/3 2/3
0 c ck k Q D  (15)

where the 0ck is the mass transfer rate constant for a particular QCM cell, which can be 

derived from numerical modeling or from calibrating experiments involving gold 

nanoparticles of large density [3]. 

It is important to mention, however, that the above analytical expressions for the 

mass transfer rates are strictly valid for nanoparticle size ranges. For larger particles the 

kinetics of their transfer to interfaces can be more accurately predicted solving the 

governing mass-balance equation, Equation (3), which considers the effects of 

interception, and specific, external and hydrodynamic forces in an exact manner. 

Numerical solutions of this equation for collectors of practical interest are discussed 

elsewhere [89]. 

One should emphasize that the above solutions for the convective transport 

conditions yield the maximum flux and deposition rates, analogously, as for the diffusion-

controlled transport. 

2.3. Surface Blocking Effects—Maximum Coverages 

The above solutions characterize the deposition kinetics neglecting the desorption 

and the blocking effects appearing because of the steric interactions of the adsorbing 

particle with those attached to the interface. To describe particle deposition kinetics in this 

case, the surface boundary layer (SFBL) method was developed in Refs. [42,98] assuming 

continuity of the particle flux. Thus, by virtue of this assumption, the particle flux from 

the bulk jb discussed above is equal to the particle flux through the adsorption boundary 

layer ja of the thickness δa. The adsorption flux is calculated assuming a negligible 

convection in the adsorption layer and considering the blocking effects. It can be 

expressed in the following form [89] 



Nanomaterials 2021, 11, 145 7 of 42 
 

 

 

1
   =   ( )  ( d

a a a

g g

kd
j k n B

S dt S


      (16)

where ja is the net adsorption/desorption flux, gS  is the characteristic cross-section of the 

particle, gS N  is the absolute particle coverage,    ,  a dk k  are the adsorption and 

desorption constants, ( )an   is the number concentration of particles at the adsorption 

boundary layer and  B  is the generalized blocking function, more appropriately 

referred to as the available surface function. 

Equation (16) serves as the general kinetic boundary condition for the bulk transport 

equation, Equations (2) and (3). However, since it is nonlinear with respect to the particle 

coverage its analytical solution in the case of diffusion-controlled transport is not feasible. 

The situation simplifies under convective one-dimensional transport, where the particle 

concentration ( )an   remains in a local equilibrium with the surface coverage. In this 

case, the constitutive expression for the adsorption flux, Equation (16) becomes [89] 

 ( )

( 1) ( ) 1
d

a c b

K B K
j k n

K B

 






 
 (17)

where K = ka/kc is the dimensionless coupling constants, / ( )d d g c bK k S k n  is the 

dimensionless desorption constant, kc is the bulk transfer rate constant discussed above, 

and nb is the bulk number concentration of particles. 

Equation (17) can be integrated, which yields the following dependence 

 
 

0

'

'

' '

     ( 1) 1

d

g c b

K B
d t

K B K
S k n








 

 


  (18)

where 0  is the initial coverage of particles. 

Equation (18) represents a general solution for particle deposition kinetics under 

convection driven transport. However, it can only be evaluated by numerical integration 

if the blocking function is known in an analytical form. 

As before, to analyze the QCM experimental data, it is useful to express Equation (18) 

in terms of the mass coverage of particles connected with the absolute coverage by 

1( ) gΘ / S m   (19)

Using this definition, one obtains 

   
 

'
a '

c' '

c c

a b d

k k B k
d k t

k c B k







 

 

 

  (20)

In a general case, Equation (20) can be solved by numerical integration if the kinetic 

constants, the blocking function and the maximum coverage are known. However, for a 

bulk transport regime characterized by the condition a ck k  and a lower coverage 

range, it simplifies to the previously derived linear form, Equation (10). 

The adsorption and the desorption constants in Equation (20) are given in the general 

case by the expressions [89] 

 

 

 

/

' /

'
'

a

a

m

kT

a
z kT

e
k  

e
dz

D z

 









 

(21)
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    /m a kT

d ak k e
       

where  a  is the interaction energy at the distance δa, D(z’) is the diffusion coefficient 

of the particles in the adsorption layer, which depends on the distance from the substrate 

surface, and  m   is the specific interaction energy of the particle with the interface at 

z = δm (the primary minimum distance). 

Knowing the interaction energy around the primary minimum and the barrier height 

one can evaluate the kinetic adsorption and desorption constants according to the method 

applied in Ref. [98]. 

For a barrierless adsorption regime, the kinetic adsorption constant can be calculated 

from the dependence [89] 

[1 0.5 ln( / )]
a

a a m

D
k

  



 (22)

Additionally, to explicitly calculate particle deposition kinetics from Equations (18) 

and (20), the blocking function is needed, which can be conveniently acquired from the 

random sequential adsorption (RSA) modeling [90,91,93,94,99,100]. For moderate particle 

coverage, one can approximate the blocking function by the second order polynomial 

expansion [93] 

   2 3
1 2= 1- 0B Θ C Θ +C Θ Θ  (23)

For spherical particles 1 4C   and 2 6 3 3.31C /   . 

On the other hand, for coverages approaching the jamming coverage Θ, which is 

equal to 0.547 for spherical particles [100], the blocking function can be approximated by 

the expression 

 
3

= 2.31 1-
Θ

B Θ
Θ

 
 
 

 (24)

In this case, one can also formulate an analytical expression fitting well the exact 

numerical data for the entire coverage range [99] 

     
2 3 3

( ) = 1+ 0.812 0.4258 0.0716 1B        
  

 (25)

where 





 . 

It was shown in Ref. [89] that the above results pertinent to hard particles can also be 

extended to the case of particles interacting via the short-range Yukawa potential. For the 

electrostatic double-layer interactions, the effective range of this potential is given by 

1 1
ln ln 1 ln* o o

p ch p ch

h
d d

 

   

  
        

 (26)

where pd  is the particle size, 

1 2

1

22

/
kT

e I


  

  
 

 (27)

is the Debye screening length,   is the electric permittivity, e is the elementary charge, I 

is the ionic strength of the electrolyte solution, o  is electrostatic energy of two particles 
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at close separations, and ch  is the characteristic interaction energy of the order of one kT 

unit. 

Consequently, one can calculate the jamming coverage for interacting particles 

(referred to as the maximum coverage) from the relationship 

2

1

(1 )
mx *

Θ Θ
h




 (28)

Knowing mxΘ , one can use Equation (25) to calculate the blocking function 

substituting 
mx





 . 

Analogous solutions describing the blocking effects and the maximum coverages for 

anisotropic particles are given in Ref. [89]. 

3. Modeling QCM Response—Heterogeneous (Particle-Like) Load 

3.1. General Considerations 

The theoretical foundations of the QCM method have been extensively discussed in 

the literature [48,59,83,84]. In this work, we only present basic concepts, with attention 

focused on recent theoretical results pertinent to the heterogeneous load of the sensor. It 

is worth emphasizing that the load for nano- and microparticles is typically equal to 20–

200 mg m−2 (Ref. [48]), which is considerably lower than the quartz crystal surface density, 

which is equal to ca. 5 × 106 mg m−2 (for the crystal thickness of 0.2 cm). Therefore, one can 

assume that the particle deposition occurs under the small-load regime [101], where the 

complex QCM response is given by [48] 

*

02
Fff f D i
n

     (29)

where f is the frequency shift, Ff  is the fundamental frequency of the sensor 

oscillations, 0n  is the overtone number, D  is the dissipation shift, and i is the 

imaginary number. 

The frequency and dissipation shifts are explicitly given by [48] 

 *ImF
L

q

f
f Z

Z
 


   

 *

0

2
Re L

q

D Z
n Z

 


  

(30)

where 
*
LZ  is the complex load impedance expressed relative to a reference state and 

qZ  is the acoustic impedance of the quartz sensor equal to 8.8 × 106 kg m−2 s−1. 

*
LZ  is defined as the ratio of the tangential stress (force per unit area) to the crystal 

surface velocity 

**
*

* *
i

L

i i i

F
Z

V S V


    (31)

where *  is the complex tangential stress, *
iV  is the complex sensor tangential velocity, 

*
iF is the tangential force acting on the crystal, and iS  is the surface area. 
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3.2. The Rigid Contact Regime 

The oscillatory motion of the QCM sensor creates in the adjacent fluid a standing 

wave propagating in the direction perpendicular to its surface. The wave amplitude 

exponentially decays with the distance from the sensor, inversely proportionally to the 

penetration depth,  , also referred to as the hydrodynamic boundary layer, whose 

thickness is given by the formula [48] 

1
1/2 2

0

2

F f

v

f n




  

  
         

 (32)

where v  is the fluid kinematic viscosity, 02 Ff n  is the sensor oscillation angular 

velocity,   is the fluid dynamic viscosity, and f  is the fluid density. 

For particle suspensions in aqueous solutions at the temperature of 298 K, where the 

kinematic viscosity is equal to 0.00893 cm2 s−1 and for the fundamental frequency of  

5 × 106 s−1 (Hz),  is equal to 238 and 71.6 nm for the first and the 11th overtone, 

respectively. For distances considerably larger than  , the fluid motion vanishes 

creating a stagnant core volume. Therefore, particles of a size considerably exceeding 
, for example polymer microspheres, bacteria and cells attached to sensors are effectively 

immersed in a stagnant fluid. 

On the other hand, for distances much smaller than  , the hydrodynamic flow can 

be approximated as an oscillating but quasi-stationary simple shear flow [38] whose rate 

only depends on the angular velocity of the sensor, i.e., the overtone number and its 

amplitude. This significantly simplifies the analysis of the QCM deposition kinetics of 

particles of a size much smaller than  , i.e., most protein molecules, some viruses and 

nanoparticles. 

The shearing flow exerts an oscillatory hydrodynamic force on the sensor surface and 

on the attached particles. For firmly fixed particles, which cannot translate nor rotate, the 

hydrodynamic force on the particles is equal to the force on the sensor with a negative 

sign and can be, therefore, treated as the excess resistance force. Analogously, for the rigid 

contact regime, the inertia force on particles that is proportional to its mass and the sensor 

acceleration, is fully transferred to the sensor. This effect physically corresponds to the 

increase of the sensor mass by an increment equal to the particle mass, which corresponds 

to the Sauerbrey regime [83,101]. 

Consequently, under the rigid contact regime, the net force exerted on the sensor 

consists of the hydrodynamic and the inertia components [50] 

 * *
p h i pF N F V m i     (33)

where *F  is the net force on the sensor (a complex quantity), Np is the number of 

particles attached to the sensor and 
*

hF  is the excess hydrodynamic force on the sensor 

induced by one particle that generally depends on the particle coverage and the structure 

of the particle layer [102]. 

Using Equation (31), one can express the mechanical impedance of the sensor in the 

following form 

 **
hL pZ m N F i     (34)

where 

*
*

*
h

h

i p

F
F

V m





  (35)

is the scaled excess hydrodynamic force and /p iN N S  is the surface concentration of 

particles defined above. 
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Considering Equations (30) and (34), the frequency and dissipation shifts are given 

by 

 *Im
F p

L
q

f m
f N Z

Z


 


   

 
*

0

2
Re

p
h

q

m
D N F

n Z


 


  

(36)

It is also useful to define the commonly used variable 

 
 

 

*

0 *

Re2
/ /

Im

h

F h

F
D D f n

f F i


  


  


 (37)

One should highlight that Equations (34)–(37) are valid for arbitrary particle sizes 

and shapes. However, an explicit calculation of the frequency and dissipation shifts 

requires calculations of the complex hydrodynamic force on the attached particles as a 

function of their coverage. The force has been recently calculated for spherical and 

spheroidal particles applying finite element modeling and using the Lattice Boltzmann 

approximation [44,45]. On the other hand, in Ref. [50], the complex force on spherical 

particles attached to the sensor was calculated assuming a quasi-stationary oscillating 

flow model and can be expressed as 

*

1 2( ) ( ) ( ) ( )h i iF F A F A i       (38)

with 

1/
1

3 1 1
( ) cos sin

8

fo
i

p

F C e 


 
  

 
  

 
 

1/
2

3 1 1
( ) cos sin

8

fo
i

p

F C e 


 
  

 
  

 
 

(39)

where for spherical particles 
o
iC

 
=

 
10.21, / a   is the dimensionless parameter 

characterizing the ratio of the hydrodynamic boundary layer thickness to the particle 

dimension (radius), and ( )iA   is the universal function (shown in Figure 1) describing 

the hydrodynamic flow damping in the particle layer attached to the sensor. It is given by 

the interpolation formula [102] 

1
( )

o
iC

i o
i

e
A

C







  (40)

where the coverage  is calculated for spherical particles from the formula 

2 3

4 p

a N
a

  


   (41)

It is also shown in Ref. [101] that the ( )iA   function, which also describes the effect 

of the streaming current reduction, is independent for spherical particles on the structure 

of their layers. 
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Figure 1. The ( )iA   function for spherical particles. 

However, it should be mentioned that Equation (39) becomes less accurate for   < 2 

where the hydrodynamic boundary layer thickness becomes smaller than the particle 

diameter. In this case, the following analytical solutions were derived in Ref. [46] 

describing the 1( )F   and 2( )F   functions 

1

9
( ) 1

4

f

p

F


  


 
  

 
 

2

1 9
( ) 1

2 4

f

p

F


 


 
    

 

(42)

It should be mentioned, however, that in deriving Equation (42), the hydrodynamic 

interactions among particles were not considered; hence, the ( )iA   function was 

assumed to be equal to unity. If one considers that under this regime the hydrodynamic 

boundary thickness is smaller than the particle dimensions, one can expect that this 

assumption is valid for particle coverage up to  
2

/ 1mx  , where mx  is the 

maximum coverage equal to 0.547 for spherical particles under the random sequential 

adsorption regime (RSA) [100]. 

Because the 2( )F   function, shown in Figure 2, comprises no adjustable parameters, 

it is valid for spherical particle of arbitrary size and for all overtone numbers.  
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Figure 2. The 2( )F   function calculated from Equation (39) (blue line number 1) and from 

Equation (42), (green line 2), f

p




 = 1. 

Considering Equation (36), one can explicitly express the frequency and the 

dissipation shifts in the following form: 

21 ( ) ( )
F p

i
q

f m
f N F A

Z


  


    

 (43)

1
0

2
( ) ( )

p
i

q

m
D NF A

n Z


  


  (44)

Accordingly, the  0/ /D f n   parameter is given by  

   0 1 2

2
/ / ( ) ( ) / 1 ( ) ( )i i

F

D f n F A F A
f

         (45)

For   >> 1, i.e., for the nanoparticle size range and lower overtone number, Equation 

(43) with ( )iA   calculated from Equation (40) assumes the dimensional form 

1 3
2

41/2
0 0/ / (1 ) /

o
i

p

C
af

s s
F

f n C n e C
f




 



 

    
 

 (46)

where 
22

q
s

F

Z
C

f
  is the Sauerbrey constant, which is equal to 0.177 (mg m−2 s) for 

�� = 5 × 106 Hz. 

The first term in Equation (46) describes the inertia contribution, which is 

independent of the overtone number, and the second term characterizes the 

hydrodynamic force contribution, which decreases as 1/2
0n . It should be mentioned that 

because of the exponential term, the inversion of Equation (46) to obtain the dry mass of 

adsorbed solute   using the measured 0/f n  is only feasible using numerical 

methods. 

Equation (46) can also be expressed in the simpler form 
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1 3
2

41/2
0 (1 )

o
i

p

C
af

Q

F

n e
f




 



 

   
 

 (47)

where the quantity 

0( / )Q sC f n    (48)

can be treated as the QCM wet mass. 

Analogously, the dissipation shift and the parameter  0/ /D f n   are given by 

1 3 3
2

4 41/2 1/2
0 0

2
(1 ) (1 )

o o
i i

p p

C C
a af

D
F s F

D n e C n e
f C f

 
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
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  
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 (49)
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f f f
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 (50)

where 

1
22 f

D
F s F

C
f C f





 
  

 
 

Equation (49) can be analytically inverted, which yields the following expression for 

the dry mass 

11/2
0

4
ln(1 / )

3

p
Do

F i

a
D n C

C


 


      (51)

For a lower coverage range where 3 1
4

o
i

p
C

a
  , the expression for 0/f n , 

Equation (46) simplifies to the linear form 

1
2

1/2
0 0

3
/ 1 /

4

o
fi

s
p F

C
f n n C

a f


 

 


  
     
   

 (52)

Thus, in this case, the QCM measurements allow for an explicit determination of the 

dry coverage of particles from the formula 

1 1
2 2

1/2 1/2
0 0 0

3 3
( / ) / 1 / 1

4 4

o o
f fi i

s Q
p F p F

C C
C f n n n

a f a f

 
  

   
 

                
         

 (53)

On the other hand, the quantity /Q  , which is defined as the water factor [38], 

is explicitly given by 

1
2

1/2
0

3
/ 1

4

o
fi

Q

p F

C
w n

a f


 

 
 

    
 

 (54)

Equations (46), (51) and (53) indicate that under the rigid contact regime, the dry 

coverage of attached particles can be ab initio calculated using the normalized frequency 

and dissipation shifts derived from QCM measurements.  
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3.3. The Soft Contact Regime 

If the adhesion strength between the sensor and the attached particles is not adequate 

to ensure its full immobilization, the situation becomes more complex as discussed in Refs. 

[38,48]. Under this regime, the particles can undergo lateral and angular displacements 

and they can even translate over the sensor under the lubrication motion regime. The 

magnitude of these movements is dependent on several parameters characterizing the 

particle/sensor surface interactions such as their size and shape, the Hamaker constant, 

ionic strength, pH, zeta potential, and elasticity (Young) moduli [48]. Additionally, the 

heterogeneity of the sensor and its topography, especially the roughness, which controls 

the adhesion force strength, play significant roles. 

One of few theoretical models that take into account the most important effects was 

formulated in Ref. [48], assuming that the attached particles execute a damped oscillatory 

motion without undergoing translational motion. The lateral and angular displacements 

of particles are governed by the complex spring constant 
*
c  given by 

* *
*

* *
(1 )s b

c c c

s b

i i
 

    
 

    


 (55)

where 
*
s  is the shearing (complex) spring constant, 

*
b  is the complex bending spring 

constant, c  is the real component of the spring constant,   is the damping coefficient, 

and / c   . 

It is also shown in Ref. [81], considering the Johnson–Kendall–Roberts (JKR) theory, 

that the real part of the bending constant can be calculated for spherical particles from the 

formula 

6c b AW     (56)

where WA is the work of adhesion per unit area governed by the van der Waals and 

electrostatic interactions, which can be calculated from the formula [89] 

1123
212

mh
A i p

m

A
W kT I YY e

h

    (57)

where A123 is the Hamaker constant for the interactions of the particle with the interface 

through the solvent (electrolyte), m mh   is the minimum approach distance of the 

particle to the substrate. 

4 tanh
4

i
i

e
Y

kT

 
  

 
 

4 tanh
4

p

p

e
Y

kT

 
  

 
 

(58)

and i , p  are the zeta potentials of the interface and the particle. 

Equation (57) indicates that the work of adhesion depends on the minimum approach 

distance of the particle, which can be approximated as the average roughness size of the 

sensor. Therefore, for sensors with the rms factor exceeding 1 nm, the work of adhesion 

significantly decreases, which may result in a transition from the rigid to the soft contact 

regime. 

Particle displacements governed by 
*
c  generate a damped elastic force, which is 

shifted in phase compared to the sensor velocity. Considering this effect, and using 

Equation (55), the following expression for the complex mechanical impedance was 

derived [48,50] 
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*
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 

 
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(59)

where, as previously defined 

' '
1 2 1 2( ) ( ) ( ) ( )t i iF F A F A i F F i         (60)

is the normalized translational hydrodynamic force on particles and 

1 /r tfc F F    is the ratio of the rotational  rF  to the translation 

hydrodynamic forces, assumed to be a real number in the order of unity and independent 

of the   parameter. The dimensionless constant C in Equation (59) is given by 

2

22( 1)

p
f

c

m
C c


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


 (61)

Equation (61) indicates that the C constant increases with the particle mass, i.e., 

proportionally to the cube of their size, and inversely proportionally to the spring 

constant, which means that it can attain large values for microparticle size and for low 

work of adhesion. Consequently, for larger values of C, if the term Re [ ( ) tC i F 

]>> 1, and Equation (59) simplifies to the limiting 

*

22

1
( ) ( )

( 1)

c
L p

f

Z m N i N i
cC


   

 
   


 (62)

Combining Equations (36), (59) and (60), one obtains the general expressions for the 

frequency and dissipation shifts 

 ' '2 '2
2 1 2

0 ' ' 2 2 ' ' 2
1 2 1 2

( / )
[1 ( )] ( )

s Q

F C F F
C f n

C F F C F F
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 
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 (63)
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1 1 2

' ' 2 2 ' ' 2
1 2 1 2

2

[1 ( )] ( )F s

F C F F
D

f C C F F C F F
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 
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 


   
 (64)

From Equation (63) one can infer that if 

 

'
2

'2 '2
1 2

F
C

F F



 the influence of the 

particle oscillatory motion becomes negligible; hence one recovers the rigid contact 

regime. This criterion can be expressed using Equations (38) and (39) for   > 2 and   

< 1 in the following form 

2
3

1
8

f po
i

p c

m
C

 


 
  (65)

It is predicted from this equation that the rigid contact regime is most likely for 

nanoparticles and for small overtone numbers provided that the adhesion strength is 

sufficient, i.e., for smooth surfaces characterized by the homogeneous distribution of 

surface properties. 

On the other hand, Equation (63) indicates that the frequency shift becomes positive 

if 

 

'
2

'2 '2
1 2

F
C

F F



. Hence, as pointed out in Ref. [81], for large overtone numbers and 

larger particles, one can expect positive frequency shifts, resulting in negative QCM mass. 
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4. Experimental Results 

4.1. General Considerations 

Because of its numerous advantages, the QCM method is used in an increasing 

number of investigations for nanoparticles involving liposomes and vesicles [44,45,56,96], 

macroions [31,51–53], proteins [54–65], viruses [56,66–70], bacteria [71–77] and living cells, 

comprising cancerous ones [48,78–82]. However, as mentioned above, a quantitative 

theoretical interpretation of QCM measurements for bioparticles is often not feasible 

because the frequency and the dissipation shifts depend on many inadequately controlled 

parameters. One should primarily mention the bioparticle shape, conformations and 

orientation on the sensor, surface properties (elasticity, charge distribution), sensor 

roughness, and its surface chemistry. 

To experimentally determine the significance of these effects, one should acquire 

information about adsorption kinetics for the same solute/interface system using 

complementary experimental techniques. This was realized in several investigations 

applying ex situ experimental methods such as ellipsometry [26], SPR [31], OWLS [26–28], 

AFM and XPS [49,50,62]. The ratio of the wet to the dry coverage derived in this way can 

be used to calculate the experimental hydration functions and estimate the validity of 

theoretical approaches. In Refs. [56,57,59], more direct methods were developed to 

monitor the dry mass of adsorbed proteins in situ using reflectometry, ellipsometry and 

SPR measurements. 

An alternative method was applied in Refs. [3,27,28,49,50,60–62], where the dry mass 

of adsorbed solute (proteins) was derived from the solution of the mass transfer equation 

discussed in the first section. The mass transfer rate constant necessary for performing 

such calculations can be derived either ab initio via the numerical solution of the Navier-

Stokes equation [96] or from calibrating experiments involving metal nanoparticles 

characterized by a large density such as silver [42] and gold [3]. Except for yielding the 

mass transfer rates, results of such systematic QCM investigations of nanoparticle 

deposition kinetics in well-defined systems can be used as reference data for the 

interpretation of bioparticle adsorption mechanisms. 

Given the significance of the experimental data acquired for nano- and 

microparticles, they are discussed first in this section. Then, some selected experimental 

data obtained for viruses and protein molecules are presented in the final section of this 

work. 

For the interpretation of experimental data it is useful to define several functions 

used in the literature [49,56,59], primarily, the following one, 

Qw



  (66)

As above mentioned, Q  is calculated from the dependence 

0/Q sC f n    (67)

Physically, the 
Q


 function referred to in the literature as the water factor w [49,59] 

represents the ratio of the total force to the inertia force exerted on the sensor due to 

adsorbed particles. 

Equations (66) and (67) indicate that the calculation of the water factor requires, 

besides the QCM signal, information about the dry particle coverage, acquired by an 

independent experimental method or from theoretical modeling. 

Another commonly used function, H, is defined as 
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1 1 1/
Q

H w
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
     (68)

It is also useful to define the following function characterizing solely the contribution 

of the hydrodynamic force [49,50] 

( 1)
p

f

v w



   (69)

Exploiting the theoretical results discussed in the previous section, these functions 

can be expressed under the rigid contact regime in the following form 
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For 2  one has 
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(74)

The scaled hydrodynamic boundary layer thickness is given by 
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   

 (75)

The solute coverage is defined as 

/g g pS N S m    (76)

where Sg is the characteristic particle cross-section area equal to ���  for spherical 

particles. Thus, their coverage is given by 

2 3 / 4 pa N a      (77)
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4.2. Reference Results for Nanoparticles 

In Refs. [3,5], deposition of gold nanoparticles, synthetized by the chemical reduction 

method on poly(allyl amine hydrochloride) (PAH)-modified gold sensors, was studied 

using the QCM-D method and ex situ electron microscope imaging. The particle size was 

equal to 14 ± 2 nm and their zeta potential varied between −58 and −47 mV for ionic 

strength of 10−4 and 10−2 M, respectively (at pH equal to 7.4). The density of the particles 

was equal to 19.3 g cm−3. The SEM micrographs of gold nanoparticle monolayers on a 

QCM gold sensor for different ionic strength regulated by NaCl addition are shown in 

Figure 3. 

 

Figure 3. SEM micrographs of gold nanoparticle monolayers on a QCM gold sensor. (a) Ionic strength 10−4 M (  = 0.098), 

(b) ionic strength 10−2 M (  = 0.28). Reprinted (adapted) with permission from Ref. [3] Copyright © (2016) American 

Chemical Society. 

A typical QCM kinetic run acquired at pH 7.4 (fixed by a PBS buffer), for bulk 

suspension concentration 30 mg L−1 and ionic strength 10−4 M, is shown in Figure 4 as the 

dependence of the normalized frequency and dissipation shifts on the deposition time. 

 

Figure 4. QCM measurements of gold nanoparticle deposition at the PAH-modified Au sensor 

expressed as the normalized frequency shift 
0/f n  [Hz] and the dissipation shift D  (right hand 

axis) vs. the time for the 3rd and 11th overtone, pH 7.4 (PBS buffer), bulk suspension concentration 

30 mg L−1, ionic strength 10−4 M, flow rate Q = 1.33 × 10−3 cm3 s−1. The arrows show the beginning of 

the rinsing run. Reprinted (adapted) with permission from Refs. [3,5]. Copyright © (2016) American 

Chemical Society. 
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One can observe that the frequency shift induced by particle deposition is practically 

the same for the 3rd and 11th overtone. This behavior is in agreement with Equation (39), 

formulated in the previous section, which predicted that for large particle density, the 

2( )F   function describing the relative significance of the hydrodynamic force would 

become smaller than unity. 

Therefore, in this case, a dominant role is played by the term describing the inertia 

force, which is independent of the overtone number. It is also seen in Figure 4 that the 

frequency change during the desorption run, where pure electrolyte was flushed through 

the cell, was negligible. 

To express the particle deposition kinetics in terms of the mass coverage, Equation 

(67) was applied in Ref. [3]. Typical short-time kinetic runs obtained in this way for 

various bulk suspension concentration equal to 10, 30 and 50 mg L−1 are shown in Figure 

5. As can be seen, the duration of the transient deposition regime that is characterized by 

the non-linear dependence of Γ on t was approximately 10 s, which is considerably smaller 

than the duration of the entire deposition/desorption run, typically lasting 200 min. 

Hence, for deposition times exceeding 10 s, the particle coverage linearly increases for all 

bulk suspension concentrations, which indicates that the deposition rate is controlled by 

bulk transport with negligible influence of surface blocking effects. The linearity of the 

kinetic runs also confirms that the hydrodynamic force term, which is dependent on the 

particle coverage, i.e., the deposition time, played a negligible role. An analogous 

behavior was experimentally observed in Ref. [42] for silver particle deposition on PAH-

modified gold sensors. 

 

Figure 5. The kinetics of gold nanoparticle deposition on PAH-modified Au sensor determined by 

QCM for various bulk suspension concentrations: (1) 50 mg L−1, (2) 30 mg L−1, (3) 10 mg L−1; pH 7.4 

(PBS); I = 10−2 M, Q =1.33 × 10−3 cm3s−1. Reprinted (adapted) with permission from Ref. [3] Copyright 

© (2016) American Chemical Society. 

To determine the dependence of the mass transfer rate constants on the volumetric 

flow rate of the suspension, a series of kinetic experiments was carried out in Ref. [3]. The 

short-time kinetics of gold particle deposition obtained for bulk suspension concentration 

of 10 mg L−1 and various flow rates is shown in Figure 6. 
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Figure 6. The kinetics of gold nanoparticle deposition on PAH-modified Au sensor (pH 7.4, PBS 

buffer), concentration of gold nanoparticles equal to10 mg L−1, I = 10−2 M determined by QCM for 

various volumetric flow rates Q: (1) 6.16 × 10−3 cm3 s−1, (2) 2.5 × 10−3 cm3 s−1, (3) 1.33 × 10−3 cm3 s−1. 

Reprinted (adapted) with permission from Ref. [3] Copyright © (2016) American Chemical Society. 

These results and others acquired in Ref. [42] for various bulk suspension 

concentrations or ionic strength confirmed that the mass transfer rate constant governing 

the particle deposition under the bulk-controlled regime can be expressed as 

1 2

3 3
c fk C Q D  (78)

with the fC  equal to 1.9 cm−4/3. It is also confirmed in Ref. [3] that the 
fC  constant was 

practically independent of the ionic strength and pH of the suspension. 

Considering Equation (78), one can calculate the dry coverage of any solute, e.g., 

protein molecules for the QCM cell under the linear adsorption regime from the 

dependence 

1 2

3 310 f bΓ C Q D c t  (79)

where Γ  is expressed in mg m−2 and bc in mg L−1. 

The mass transfer rate is used as the primary input parameter needed in the 

theoretical modeling of particle deposition kinetics for the large coverage regime, where 

the blocking effects begin to play a decisive role. Kinetic runs pertinent to this regime, 

which were obtained in Ref. [3] for ionic strength of 10−2 M and 10−3 M (pH 7.4) and various 

bulk suspension concentrations, are shown in Figure 7. One can observe that for longer 

deposition times, a plateau coverage mxΓ  of the gold nanoparticle is attained 

independently of the bulk suspension concentration. This behavior was interpreted as an 

indication of an irreversible adsorption of particles. It is also interesting to mention that 

mxΓ  abruptly increases with ionic strength, which controls the electric double-layer 

thickness. This confirms an essential role of the lateral electrostatic interactions among 

deposited particles.   
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Figure 7. The kinetics of gold nanoparticle deposition on PAH-modified Au sensor determined by 

QCM-D for bulk suspension concentration of (1) 50 mg L−1, (2) 30 mg L−1, (3) 10 mg L−1; pH 7.4 

(PBS buffer), Q = 2.5 × 10−3 cm3 s−1. (a) I = 10−2 M, (b) I = 10−3 M. The dashed-dotted lines show the 

theoretical results derived from the general RSA model, and the dotted lines show the results 

calculated using the standard RSA model. Reprinted (adapted) with permission from Ref. [3] 

Copyright © (2016) American Chemical Society. 

These QCM results were calibrated using the ex situ SEM imaging of particle 

monolayers (see Figure 3) yielding the surface concentration of particles and, 

consequently, their absolute coverage from Equation (77). A satisfactory agreement 

between the two experimental methods was observed for various ionic strengths. One can 

also see in Figure 7 that the theoretical results derived from the general RSA model where 

the coupling of the bulk and surface transport is considered adequately reflect the 

experimental data for the entire range of bulk suspension concentration and deposition 

time. In contrast, the results calculated using the standard RSA model where the bulk 
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transport resistance is neglected (shown in Figure 7 as dotted lines) significantly 

underestimate the experimental data. 

Analogous QCM measurements of deposition kinetics are reported in Refs. [39,44,45] 

for nanoparticles characterized by a smaller density, where the hydrodynamic force 

effects governing the overtone dependence of the frequency shift, play a more significant 

role. 

In Ref. [41], the deposition of silane (AHPS) functionalized silica particles of the size 

of 137 nm from ethanol suspensions on a gold sensor was investigated by QCM-D. 

Similarly, as in Ref. [3], the absolute particle coverage was quantitatively determined by 

ex situ SEM enumeration of particles (the particle layers are shown in Figure 8). 

 

Figure 8. SEM images of positively charged AHAPS functionalized silica particles with a diameter 

of 137 ± 4 nm on a gold QCM sensor. The surface concentration of particles is equal to (a) 5.9 and 

(b) 2.2 μm−2. Reprinted (adapted) with permission from Ref. [41]. Copyright © (2015) American 

Chemical Society. 

The kinetic run acquired for the flow rate of 1.67 × 10−3 cm3 s−1 is shown in Figure 9 as 

the dependence of the normalized frequency and dissipation shifts on the deposition time. 

In contrast to the deposition of gold particles shown in Figure 4, there appear significant 

differences in the frequency and dissipation shifts among various overtones. Generally, 

the negative value of the frequency shift systematically increases with the overtone 

number, whereas the dissipation shift decreases with the overtone number. This behavior 

qualitatively agrees with what was theoretically predicted by Equations (46) and (49), 

which suggests that the experiments were performed under the rigid contact regime. 
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Figure 9. QCM-D measurement of AHAPS functionalized silica particles were deposited on a gold 

sensor, Q = 1.67 × 10−3 cm3 s−1. Black lines: normalized frequency changes for various overtones 3rd-

13th; blue lines correspond to changes of dissipation for various overtones (3rd-13th). The bold solid 

lines correspond to the 3rd overtone. Reprinted (adapted) with permission from Ref. [41] Copyright 

© (2015) American Chemical Society. 

A quantitative comparison with the theoretical model is also feasible because the 

QCM data acquired in Ref. [41] were expressed in terms of the mass concentration of 

particles derived from SEM images. In Figure 10, the dependence of the frequency shift 

on this parameter is shown for various overtones. The maximum coverage of 25 ng mm−2 

(equal to 25 mg m−2) corresponds to the surface concentration of 9.5 μm−2 and the absolute 

particle coverage of θ = 0.14. The experimental frequency shifts obtained for various 

overtones as a function of the SEM dry coverage (black, blue and green lines) are 

compared with the frequency shift calculated from Equation (67) (red line in Figure 10). 

This allows the calculation of the water factor as the ratio of these frequency shifts. In this 

way, one obtains the experimental values of 3.3 and 2.2 for the 3rd and 13th overtones, 

which correspond to values of the hydration function H equal to 0.7 and 0.52, respectively. 

Consequently, the ( 1)p

f

v w



   function describing the hydrodynamic force is equal to 

6.1 and 2.8 for the 3rd and 13th overtone, respectively (taking the experimental values of  

p  = 1.93 g cm−3 and f  = 0.76 g cm−3). The corresponding theoretical values of this 

function calculated from Equations (72) and (73) for the 3rd overtone (where / a   = 

2), and Equations (72) and (74) for the 13th overtone (where  = 0.9) are 6.2 and 2.6, 

respectively, are in agreement with the experimental data. Therefore, the rigid contact 

regime was probable in the Grunwald et al. experiments [41]. 
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Figure 10. The normalized frequency change as a function of the surface mass density (coverage) 

determined from the SEM images for three overtones (black square—3rd overtone; blue diamond—

7th overtone; green circle—9th overtone). Red line represents frequency changes based on the     

Sauerbrey equation. Reprinted (adapted) with permission from Ref. [41] Copyright © (2015) 

American Chemical Society. 

Interesting experimental investigations of liposome deposition of a size equal to 68 

nm on a titanium oxide QCM sensor showing an analogous behavior were reported in 

Refs. [44,45] and theoretically interpreted in terms of lattice Boltzmann numerical 

modeling. 

On the other hand, in Ref. [50], systematic investigations of amidine nano- and 

microparticles deposition kinetics from aqueous solutions on the Si/SiO2 QCM sensor 

were carried out. The particle sizes derived from dynamic light scattering were equal to 

67, 140, 360 and 810 nm (hereafter denoted as A70 and A140, A350, A800). All particles 

exhibited a large and positive zeta potential varying between 74 and 97 mV (at pH 4.0 and 

ionic strength of 0.01–0.001 M), which facilitated their irreversible deposition on the 

Si/SiO2 QCM sensor, the zeta potentials of which at pH 4.0 were equal to −20 and −32 mV 

for the same ionic strengths. 

A primary QCM kinetic run performed for the A70 particles is shown in Figure 11a. 

One can see that 
0/f n abruptly decreases with the time for all overtones attaining 

stationary values at the time of ca. 40 min. Analogously, as in Figure 9, the decrease in 

0/f n depends on the overtone number and is equal to −400 Hz for the first overtone 

(fundamental frequency) and −291 Hz for the 7th overtone. It was also argued in Ref. [50] 

that there was no desorption of particles because the changes in 
0/f n  were negligible 

upon switching to the pure electrolyte flow. 
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Figure 11. (a) The dependence of the normalized frequency shift 
0/f n (for the overtones 1,3,5,7) 

on the deposition time; silica sensor; (b) the kinetics of particle deposition expressed as the 

dependence of the coverage on the deposition time; A70 suspension, I = 0.01 M, pH 4.0,           Q 

= 2.5 × 10−3 cm3 s−1, bulk concentration 10 mg L−1. The solid lines show the results calculated from 

Equation (67), the points represent the coverage derived from AFM and the dashed line shows the 

theoretical results calculated using the RSA model. AFM image of the particle monolayer at the 

sensor is shown in the inset. Reprinted (adapted) with permission from Ref. [50], 

https://pubs.acs.org/doi/10.1021/acs.analchem.0c03115. Copyright © (2020) American Chemical 

Society. 

These primary frequency shifts were converted to the QCM coverage 
Q  expressed 

in mg m−2 using Equation (67). The results are shown in Figure 11b and compared with 

theoretical calculations derived from the general random sequential (RSA) approach. One 

can observe that the QCM coverage is considerably larger than the RSA coverage with the 

Q


ratio attaining ca. 10 for short times and the first overtone. However, the ratio of the 

stationary (plateau) values of the coverage attained for longer times significantly 

decreases to the value of 3.5. It is also worth mentioning that the theoretical RSA results 

shown in Figure 11b are in agreement with the experimental data stemming from the ex 

situ AFM imaging of the particle monolayers on the sensor. 
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Using the QCM and the RSA results, the water factor and the H and v  functions 

were calculated in Ref. [48]. They are plotted in Figure 12a as a function of the absolute 

particle coverage . As can be seen, the H function in the limit of low coverage approaches 

0.89 ± 0.02 and 0.84 ± 0.02, for the first and the 7th overtone, respectively. These values 

correlate with those of Gillissen et al. [44], who reported H = 0.9 for liposomes adsorbing 

on titania in the limits of low coverage. It is also shown in Figure 12a that for larger 

coverage, the hydration function monotonically decreases. These experimental data were 

theoretically interpreted in Ref. [50] using Equation (71), considering that   = 7.1 and 

2.7 for the 1st and the 7th overtone. In the limit of negligible particle coverage, it is 

predicted that H = 0.95 and 0.89 for the first and the 7th overtone, respectively, which is 

in agrement with experimental data. 

 

 

Figure 12. (a) The hydration function 1 d

Q

H



   for various overtones 1,3,5,7; (b) the function 

v  for various overtones 1,3,5,7. The points represent the experimental data for the A70 

suspension; silica sensor, pH 4.0, I = 0.01 M. The solid lines denote the theoretical results calculated 

from Equations (61), (63) and (71) and Equations (61), (63) and (72). Reprinted (adapted) with 

permission from Ref. [50] https://pubs.acs.org/doi/10.1021/acs.analchem.0c03115. Copyright © 

(2020) American Chemical Society. Further permissions related to the material excerpted should be 

directed to the ACS. 
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However, the calculation of the v function from Equation (72) showed that for the 

A70 suspension, the values should be equal to 24 and 9 in the limit of low coverage for the 

first and 7th overtones, respectively, considerably exceeding the experimental values. This 

discrepancy was interpreted in Ref. [40] as being due to the finite adhesion strength, which 

may allow for particle oscillatory motion. The significance of this effect is controlled by 

the adhesion constant C given by Equation (61), which depends on the work of the 

adhesion. Assuming a soft contact regime, theoretical results of the coverage were 

calculated from Equations (61) and (63) and the v function from Equation (72) shown as 

solid lines in Figure 12b. 

A reasonable agreement with experimental data for the overtones 1–7 was attained 

for the value of the adhesion constant equal to ac = 0.0082 calculated using a plausible 

value of the Hamaker constant and the minimum approach distance of the A70 particles 

to the sensor of 1 nm. 

The significance of the soft contact regime, enabling oscillatory motion, is more 

pronounced for larger particles, which is shown in Figure 13a [50]. One can observe that 

for the A800 particles, the frequency shift rapidly decreases (in absolute terms) with the 

overtone number attaining the plateau value of −2234, −760 and −235 Hz for the 1st, 3rd 

and the 5th overtones, respectively. For still larger overtones, it is practically negligible. 

In Figure 13b, the dependence of the coverage of the A800 particles for various overtones 

calculated from Equation (67) on the deposition time is plotted. One can observe that for 

the first overtone, the QCM coverage exceeds that derived from the RSA and AFM 

measurements. However, for the higher overtones, the QCM coverage becomes smaller 

than the dry (inertia) mass of the monolayer, which means that the w factor becomes 

smaller than unity and the H function becomes negative. This effect was interpreted in 

Ref. [48] as being due to the limited particle/sensor adhesion strength compared to the 

inertia force, which allows for oscillatory motion of the particles, albeit with no 

desorption. This significantly decreases the force transferred to the sensor, which may 

even become less that the inertia force exerted on the particle monolayer. 
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(a) 

 

(b) 

Figure 13. (a) The dependence of the normalized frequency shift 
0/f n (for the overtones 1,3,5,7) 

on the deposition time; silica sensor. (b) The kinetics of particle deposition. A800 suspension, bulk 

concentration 500 mg L−1. The AFM overage is shown by the square points, the dashed lines show 

the theoretical results derived from the RSA model. Reprinted (adapted) with permission from Ref. 

[50], https://pubs.acs.org/doi/10.1021/acs.analchem.0c03115. Copyright © (2020) American 

Chemical Society. Further permissions related to the material excerpted should be directed to the 

ACS. 

The v  functions derived in Ref. [50] for various particle sizes and the first overtone 

are shown in Figure 14. It rapidly decreases with the particle size attaining the values of 

9.2 ± 0.3 to 0.4 ± 0.1 for the A70 and A350 suspension, respectively. Interestingly, for the 
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A800 suspension, the v  function in the limit of low particle coverage vanishes, which 

means that the Q


 ratio approaches unity. It should be mentioned that the theoretical 

results derived from Equations (63) and (72) assuming the rigid contact regime (solid lines 

in Figure 14) reasonably reflect the experimental data for various particle sizes and the 

entire coverage range. 

 

Figure 14. The function v  for various particle suspensions: 1. A70, 2. A 140, 3. A350, 4. A800, 5. 

L800; the points show experimental data obtained for the 1st overtone. The theoretical results 

calculated from the damped oscillator model using Equations (63) and (72) are shown by solid lines. 

Reprinted (adapted) with permission from Ref. [50] 

https://pubs.acs.org/doi/10.1021/acs.analchem.0c03115. Copyright © (2020) American Chemical 

Society. Further permissions related to the material excerpted should be directed to the ACS. 

Other evidence of the significant role of the adhesive contact strength between 

attached particles and the sensor are reported in Refs. [38,39,48]. Thus, Tarnopolsky and 

Freger [48] observed considerable differences in the QCM response for polystyrene and 

silica microparticles depending on their size and sensor chemistry (silica or gold). While 

polystyrene particles one micrometer in size deposited on a gold sensor produced 

negative frequency shifts (independent of the overtone number), the same particles on a 

silica sensor produced positive frequency shifts decreasing with the overtone number. 

Given the much smaller adhesion force for the silica sensor (due to its negative surface 

charge) this behavior was interpreted in terms of the soft contact model. On the other 

hand, for the silica particle deposition on PEI covered sensor (bearing a positive surface 

charge) the frequency shift was strongly negative in accordance with the freely oscillating 

sphere model where a rigid contact is assumed. 

Analogous sensitivity of the QCM frequency shift to the sensor surface chemistry and 

ionic strength was observe by Olsson et al. [40] for silica particles of one micrometer size 

deposited on bare silica, biotinylated silica and streptavidin-coated silica. For bare silica, 

negative frequency shifts were only observed for overtone number below 9 and at ionic 

strengths exceeding 0.05 M. This was attributed to the increasing adhesion strength 

because of the reduction of the repulsive electrostatic interactions for larger ionic strength. 
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For the streptavidin-coated silica, the frequency shift was strongly negative and decreased 

almost linearly with the overtone number analogously as reported in Ref. [46] for silica 

deposition on the PEI layer. These results were interpreted adopting the coupled 

resonance model. 

In Ref. [38], a positive frequency shift for overtone numbers above 3 was determined 

for porous nanoncontainers produced using titania particles. 

These results indicate that the adhesion forces governed to a significant extent by the 

sensor surface chemistry and topography (roughness) play a crucial role in the QCM 

measurements of both micro- and nanoparticle sized solutes. These effects become 

especially pronounced for larger overtones, whereas the signal acquired for the first 

overtone (the fundamental frequency) can yield an adequate precision of the 

measurements. 

4.3. Bioparticle Deposition Kinetics 

Numerous QCM-D investigations have also been performed for viruses [56,66–70] 

and proteins [54–65] using various modifications of the sensors. However, only sporadic 

experiments have been carried out for physiochemically well-defined systems, where the 

solute adsorption kinetics was also acquired using complementary methods. One such 

work is that of Bingen et al. [56], who performed, except for the QCM-D, in situ 

measurements of the solute dry mass using reflectometry. Experiments were carried out 

for the following solutes: the cowpea mosaic virus (CPMV), 28 nm in size, on a gold 

sensor, biotinylated small umilamellar vesicles (SUVs), streptavidin (SAv) and avidin 

(Av) on a biotinylated supported lipid bilayer (b-SLB). The solute dimensions and 

densities are collected in Table 1. 

Table 1. Experimental and theoretical values of H0 function derived from the rigid contact model 

in the limit of low particle coverage. 

Sample 
Density 

[g cm−3] 

Size 

[nm] 

/ a   

[1] 

H0  

Experiments 

H0  

Theory 

CPMV 

 

1.4 28 5.6 0.91 0.94 

SAv 1.35 5.4 29 0.83 0.99 

Av 

 

1.35 6.0 26 0.83 0.99 

SUVs 1.01 30 5.3 0.81 0.95 

 

Data from Ref. [54], CMPV—cowpea mosaic virus (biotinylated). SAv—streptavidin, Av—avidin, 

SUVs—umilamellar vesicles. The experimental values correspond to 9th overtone (fF = 5 × 106 Hz, 

δ = 79 nm) and are calculated as H0 = 1 − Г/Г Q, the theoretical data are calculated from Equations 

(71) and (73) for Г→0. 

The adsorption kinetics of these solutes derived from the reflectometric and the 

QCM-D measurements, which were converted to the wet coverage using Equation (67) 

for the 9th overtone, is shown in Figure 15. One can observe that in all cases, the QCM 

coverage exceeds the dry coverage derived from reflectometry by many times. 

Quantitatively, these results are expressed in terms of the H function. As seen in Figure 

15e, the hydration function attains a maximum value in the limit of the low coverage of 

the solutes and is equal to 0.91, 0.83, 0.83, and 0.81 for CPMV, SAv, Av and SUVs, 

respectively (Table 1). The hydration function almost linearly decreases with the dry 
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coverage for all solutes which qualitatively agrees with the results presented in Figure 12a 

for the A70 nanoparticles. 

 

Figure 15. The coverage obtained from QCM (blue line) and from reflectometry (brown line with ○), the dissipation shifts 

(ΔD, red line) for various solutes: (a) CPMV particles on gold, (b) biotinylated small umilamellar vesicles (b-SUVs) on  

a streptavidin (SAv)-covered biotinylated supported lipid bilayer (b-SLB), (c) SAv on a b-SLB, and (d) avidin (Av) on a 

b-SLB. The beginning of rinsing with buffer is indicated by arrows. (e) The H hydration function for the measurements 

shown in (a–d): CPMV, green Δ; Sav, blue ○; Av, red □; b-SUVs, orange ◊. Reprinted (adapted) with permission from Ref. 

[56] Copyright © (2008) American Chemical Society. 

To perform a quantitative analysis, the experimental hydration function for the low 

coverage of these solutes are compared with the theoretical data calculated from Equation 

(71) with the 2( )F   function pertinent to the ridged contact model calculated from 

Equation (73). The results collected in Table 1 show that the agreement is only satisfactory 

for the CPMV, where the experimental and theoretical values of H are 0.91 and 0.94, 

respectively. For proteins, the deviations are significant, suggesting that the adhesive 

contact was of limited strength, allowing for the oscillatory motion of the molecules. This 

is probable, given that the van der Walls interactions of protein molecules with substrates, 

because of their irregular shape and low rigidity are of limited strength. Therefore, one 

can expect that for protein molecules, the soft contact regime is probable, which 

complicates a quantitative analysis of the QCM signal because it depends on the specific 

surface interactions, inter alia, the electrostatic interactions. 

Analogous QCM-D protein adsorption investigations focused on the determination 

of the hydration function under various physicochemical conditions (pH, ionic strength) 

have been carried out for human serum albumin [62] and fibrinogen [60,61]. An 

alternative method has been applied to determine the dry coverage of adsorbed proteins, 

which exploits the solution of the mass transfer equation derived according to the general 

RSA model. In Ref. [60], adsorption kinetics of fibrinogen stemming from bovine blood 

plasma on a bare silica sensor was studied at pH 3.5, 4.5 and 7.4 and different ionic 

strengths. The primary experimental run for pH 3.5 and 0.01 M NaCl is shown in Figure 

16 as the dependence of 
0/f n  and dissipation on time. It can be seen that both 

parameters were practically independent of the overtone numbers 3–7. After flushing 

pure electrolyte with the same flow rate, ionic strength, and pH, there was practically no 

change in 
0/f n and the dissipation signals, which confirms a negligible desorption of 

fibrinogen molecules. 
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Figure 16. The fibrinogen adsorption/desorption run for the silica sensor, expressed as the frequency 

and dissipation shifts for the third, fifth and sevenths overtones (pH 3.5, ionic strength 10−2 M). 

Reprinted (adapted) with permission from Ref. [60] Copyright © Elsevier (2015). 

Using Equation (67) the 0/f n  signal was converted to the QCM wet coverage 
Q  

and is plotted in Figure 17 as a function of adsorption time. Analogously, for the A70 

particles, the QCM coverage is considerably larger than the dry RSA coverage with the 

plateau coverage ratio exceeding two. Analogous adsorption runs were performed in Ref. 

[58] for other pHs and ionic strengths.  

 

Figure 17. The kinetics of fibrinogen adsorption on the silica sensor, Q = 2.5 × 10−3 cm3 s−1. pH 3.5,  

I = 10−2 M NaCl, bulk concentration equal to: (1) 40 mg L−1, (2) 10 mg L−1, (3) 5 mg L−1. The dashed-

dotted lines, 1–3, show the results derived from the general RSA model. Reprinted (adapted) with 

permission from Ref. [60] Copyright © Elsevier (2015). 

0/f n
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These kinetic runs allowed for the determination of the hydration function using 

Equation (71), where the dry coverage was calculated using the general RSA model. The 

results shown in Figure 18 confirm that universal dependencies were obtained that were 

independent of the bulk fibrinogen concentrations and flow rates. The low coverage 

values of the hydration function were equal to 0.7 and 0.75 for pH values equal to 3.5 and 

7.4, respectively.  

 

(a) 

 

(b) 

Figure 18. The dependence of the fibrinogen hydration function on the dry coverage calculated from 

Equation (71). The points denote the experimental results obtained for various bulk fibrinogen 

concentrations and flow rates. (a) pH 3.5, I = 10−2 M; (b) pH 7.4 (PBS), I = 0.15 M. The solid lines 

denote the polynomial interpolation of experimental results. Reprinted (adapted) with permission 

from Ref. [60]. Copyright © Elsevier (2015). 
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Using the hydration functions, one can convert the QCM coverage to the dry 

coverage, considering that  1Q H   . However, in general, this requires the 

application of an inversion procedure because H is dependent on Γ. For the hydration 

functions shown in Figure 18, which can be fitted by a simple polynomial expression, the 

inversion can be analytically performed. The fibrinogen adsorption/desorption kinetics 

acquired from the QCM measurements using this procedure is shown in Figure 19 (pH 

7.4, I = 0.15 M). 

 

Figure 19. The adsorption/desorption runs expressed as the dependence of the dry coverage of 

fibrinogen (calculated as  1Q H   ) on the time; pH 7.4 (PBS buffer), I = 0.15 M, Q = 2.5 × 10−3 

cm3s−1, (1) 40 mg L−1, (2) 20 mg L−1, (3) 10 mg L−1. The beginning of the desorption runs is indicated 

by arrows. Reprinted (adapted) with permission from Ref. [60]. Copyright © Elsevier (2015). 

It is shown in Figure 19 that there was a significant fraction of reversible adsorbed 

fibrinogen, amounting to ca. 1.5 mg m−2, which could be removed after switching to the 

pure electrolyte flow. However, the irreversibly adsorbed fibrinogen fraction for pH 7.4 

and ionic strength of 0.15 M was significantly larger and equal to 4.2 mg m−2. As discussed 

in Ref. [60], the results derived from QCM-D measurements agree with previous literature 

data obtained by other methods such as the TIRF and ellipsometry. It is, therefore, argued 

that the QCM method can furnish quantitative data pertinent to protein adsorption. 

Adsorption kinetics of proteins for more complicated systems was also thoroughly 

investigated using the QCM-D method [63–65]. For example, in a recent work [61], the 

adsorption of fibrinogen (Fb), human serum albumin (HSA) and lysozyme (Lys) on homo 

PEO, PAA brushes and mixed PEO/PAA brushes was studied. The adsorption was 

performed on the pure and the mixed PEO/PAA brushes created in the mass ratio of 

10PEO/90PAA and 50 PEO/50 PAA with PEO of different molar masses. This system is an 

example of surfaces that, due to the high grafting density resulting from the use of high 

concentrations of PEO and PAA in the reaction mixture for the bulk concentration of 200 

mg L−1, was able to either inhibit protein adsorption on the homo PEO brushes or control 

this process in a reversible way on the mixed PEO/PAA brushes. 

Fibrinogen adsorption on PEO1/PAA 10/90 polymer brushes is presented in Figure 

20a. The mass of Fb adsorbed on the PEO1/PAA brush, calculated from 2f  using 
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Sauerbrey equation was equal to 1953 ng/cm2. The next two shifts correspond to the 

rinsing with ultrapure water (R2) and the desorption step with a 0.15 M, pH 9.0 saline 

solution (R3). Finally, the 3f shift corresponds to the remaining mass of Fb after the last 

desorption step in ultrapure water (1114 ng cm−2). Figure 20b shows a QCM graph of Fb 

adsorption on the PEO1/PAA 50/50 polymer brush. The calculated Fb mass after the 

adsorption step was 520 ng/cm2. After rinsing with water (R1−R4), a total desorption of 

Fb was observed. 

 

(a) 

 

(b) 

Figure 20. Kinetics of fibrinogen adsorption on the mixed PEO/PAA brushes monitored by QCM-

D. Protein adsorption was performed at I = 10−3 M, pH 9.0, (c = 0.2 mg/mL) and desorption at I = 

0.15M, pH 9.0. (a) Fb on PEO1/PAA 10/90 brushes, (b) Fb on PEO1/PAA 50/50 brushes. R1—

Rinsing with sodium chloride solution, I = 10−3 M, pH 9.0, R2—rinsing with water, R3—desorption 

with sodium chloride solution I = 0.15 M and pH 9.0, R4- rinsing with water. Reprinted (adapted) 

with permission from Ref. [63] Copyright © (2018) American Chemical Society. 
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A similar trend was observed for lysozyme, where the total desorption of the protein 

was observed on PEO1/PAA 50/50 brushes. However, these data were not interpreted in 

order to determine dry mass of adsorbed proteins from the solution of the mass transfer 

equation. 

The reversibility of protein adsorption on the PEO/PAA brushes was studied as a 

function of PEO content and ionic strength. The mass of adsorbed proteins was slightly 

dependent on the ionic strength, with higher values measured at I = 10−2 M compared to 

10−3 M. The amount of both polymers in the studied brushes was determined from XPS 

measurements and expressed as several PEO and PAA units per nm2. It was shown that 

the adsorbed proteins can be completely removed only from the mixed PEO/PAA brushes 

containing a minimum of 25 PEO units per nm2 (Figure 21). 

 

Figure 21. Dependence of protein mass (protein coverage) calculated from the Sauerbrey modeling of Δf measured by 

QCM-D after adsorption step (full symbols—R1, I = 10−2 M, pH 9.0), and desorption step (open symbols—R4, I = 0.15 M, 

pH 9.0), as a function of PEO units per nm2 calculated from XPS measurements: (a) Lys, (b) Fb. Reprinted (adapted) with 

permission from Ref. [63] Copyright © (2018) American Chemical Society. 

5. Conclusions 

It is shown that QCM-D response for a particle-like load acquired under a rigid 

contact regime can be theoretically predicted for an arbitrary particle size without using 

adjustable parameters. Because of the presence of the term describing the hydrodynamic 

force, there appears to be a non-linear dependence of the frequency and dissipation shifts 

on the particle dry coverage. The magnitude of this term increases with the normalized 

hydrodynamic boundary layer thickness / a  , i.e., inversely proportionally to the 

particle size and the square root of the overtone number. As a consequence, the overtone 

dependence of the frequency and dissipation shifts is especially pronounced under the 

low coverage regime and for particles of low density. 

The inversion of Equations (43) and (44) makes it possible to uniquely calculate the 

dry coverage of particles using the frequency or dissipation shifts acquired from QCM. 

However, this procedure is feasible if the ( )iA   function describing the hydrodynamic 

force is explicitly known, which is currently the case for spherical particles and   > 2. On 

the other hand, for   < 1, one can assume with sufficient precision that ( )iA   = 1. In 

this way, for   > 2, one obtains Equation (51), involving the dissipation shift applicable 

for arbitrary particle coverage, and Equation (53), involving the frequency shift, valid for 

the low coverage regime. These equations yield the upper limit of the QCM signal 

attainable for sensors providing a strong adhesion of particles. 
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The validity of the rigid contact regime can be uniquely assessed if the coverage 

derived from these formulae is compared with experimental dry coverage data acquired 

by supplementary experimental methods, for example, reflectometry, ellipsometry or 

from AFM or an electron microscope examination of the sensor. 

On the other hand, theoretical analysis for the soft contact regime, where the particles 

attached to the sensor can execute damped oscillatory motion indicates that the QCM 

signal depends on the work of adhesion primarily governed the van der Waals and the 

electrostatic interactions. Because these interactions rapidly decrease with the minimum 

approach distance of the particle, it is predicted that the sensor roughness should promote 

a transition from the rigid to the soft contact regime. A criterion, expressed by Equation 

(65), is formulated, which can be used for a quantitative estimation of the transition 

conditions. It is predicted using this formula that the rigid contact regime can be realized 

for nanoparticles and for small overtone numbers provided that the adhesion strength is 

sufficient, i.e., for smooth and homogeneous surfaces. 

These results allow thorough analysis of experimental data acquired for 

nanoparticles where, except for QCM, complementary SEM and AFM measurements are 

applied. The main results predicted by the theoretical model were confirmed, especially 

the abrupt decrease in the v  function describing the significance of hydrodynamic 

forces with the particle coverage and the overtone number. 

However, for particle sizes above 100 nm, the soft contact regime plays a decisive 

role, because the limited adhesion strengths allow for damped oscillations. As a result, the 

larger number overtones produce negligible QCM signals, which may yield a ratio of the 

QCM to the dry coverages (water factor) below unity. 

Significant deviations from the rigid contact regime are also evident for bioparticles, 

especially protein molecules because experimentally observed frequency and dissipation 

shifts become little dependent on the overtone number and are much smaller than 

theoretically predicted from the rigid contact model. Therefore, under the present state of 

art, the QCM measurements in the case of bioparticles are rather specific, requiring a 

thorough calibration by other complementary experiments methods or theoretical 

modeling. However, once the system has been well-characterized, for example, the 

hydration function has been determined, the QCM method can be used for precise and 

convenient, albeit relative, measurements of bioparticle adsorption/desorption kinetic on 

solid substrates. 
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