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Abstract  eNose technologies can be used for disease 

diagnostics. One technology is based on ionized molecules and 

their drifting speed in an electric field. Ionized molecules can be 

measured with ion mobility spectrometry and with electrical 

mobility measurements. Depending on the size scale of these 

molecules, different physical effects are relevant. We studied 

the relevance of size scale dependent physics for disease 

diagnostics. 
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1. INTRODUCTION 

 

Cancer is a leading cause of death in developed countries 

and second leading cause in undeveloped countries [1]. 

Early cancer diagnosis can reduce mortality significantly. 

Olfactory detection of cancer is an emerging diagnostic 

method [2], [3]. In most solid cancers, surgical resection of 

malignant tissue with healthy margins remains the definitive 

curative treatment. Discriminating malignant from healthy 

tissue by microscopy is laborious and slow. Rapid detection 

by smelling is proposed to improve the surgical procedure 

[4]. Diagnosing other diseases with artificial olfactory 

systems such as infections have recently been reported [5]. 

Smelling is based on identifying molecules by their 

chemical attributes. Molecule conditions are affected by 

several physical and chemical effects. By manipulating these 

effects, the properties of molecules can be measured. 

Molecules should be volatile, detectable, and carry 

information about the detectable tissue. Information from 

the tissue can be gained by the analysis of the composition 

of these molecules. Depending on sampling methods some 

unwanted substances are introduced to the sample, 

simultaneously with the indicator substance. Water from the 

sample can mask signals from other molecules and decrease 

the information available on the sample. Large molecule 

clusters cannot be identified with olfactory technologies and 

they will usually contaminate specific sensing systems by 

introducing large amount of substance into the sensor. 

Generally larger molecules carry more information about 

the original function of the tissue. They tend to serve for 

more specific purposes than smaller molecules, which are 

distributed more uniformly in the tissue. Metabolomics 

studies chemical fingerprints that specific cellular processes 

leave behind [6]. Metabolome refers to the complete set of 

small molecule chemicals found in a biological sample [7]. 

These molecules are generally less than 1.5 kilodaltons of 

weight. The heaviest of these are non-volatile in normal 

temperature and pressure conditions NTP. Odours from 

unbalanced metabolic situations can be used in disease 

diagnostics [8]. Larger biological molecules consist of 

proteins, peptides and DNA which are studied in proteomics 

and in genomics. These have an advantage of containing 

more detailed information about the source, but require 

complicated study methods. Small metabolic molecules are 

naturally vaporized in NTP conditions and so easily 

delivered to artificial olfactory sampling system. Larger 

molecules need some preconditioning.  

Compound volatility is a loose function of molecular 

size. Molecule polarizability increases when the space where 

electrons can move freely increases. In small molecules, 

electrons are more bound than in large ones [9]. Loose 

electrons in nonpolar molecules interact with polar 

molecules. These interaction forces are called Debye forces. 

Molecules are also induced mutually temporal dipoles which 

draw these molecules, the force called as London force, a 

particular case of van der Waals force. Van der Waals forces 

are dependent on Hamaker constant which is defined for 

molecule pairs on a specific medium [10]. J. F. Pankow and 

W. E. Asher have developed more sophisticated models for 

predicting organic compound volatilities for different 

molecules [11]. As compound volatility and partial pressure 

in gas phase decreases boiling point increases. A volatile 

organic compound (VOC) has definition in European Union 

directive as a compound having boiling point less or equal 

to 250 °C in NTP-conditions [12]. For this boiling point, 

molecular weight can vary from tens of daltons up to several 

hundreds of daltons depending on the compound structure. 

Molecules with strong polarity like water have a high 

boiling point compared with its size. Long molecules have 

more freedom for electrons than short ones having a higher 

boiling point. The high boiling point and so a low vapor 

pressure, cause molecules to be less abundant in gaseous 

form and so more challenging to detect. These substances do 



not evaporate in normal conditions. Proteins and peptides 

can be artificially evaporated with methods like thermal 

desorption, electrospray ionization (ESI), laser ablation, or 

directly bombarding the sampling surface with ions [13]. 

Molecules vaporized above their partial pressure tend to 

form clusters when colliding with each other. These clusters 

are studied in aerosol physics. 

 

 

2. METHODS 

2.1 Measurement methods 

 

For a gas phase and particle phase there are several 

different measurement methods. Here we focus only on 

methods which use ionized molecules in NTP conditions. In 

Ion Mobility Spectrometry (IMS) and in Electrical Mobility 

Measurement, these ionized molecules are separated 

according to their drifting speed in a carrier gas, which is 

often air. Drifting velocity is defined as particle’s electrical 

mobility (1) [14]. This equation is used in aerosol 

measurements for particles from 100 nm down to 1 nm of 

characteristic length. For larger particles, turbulence has to 

be taken into account. 

 

 𝑍 =
𝑉𝑡𝑒

𝐸
=

𝑛𝑒𝐶𝑐

3𝜋𝜂𝑑
 𝑓𝑜𝑟 𝑅𝑒 < 1,  (1) 

 

where 𝑉𝑡𝑒is the particle velocity, e is electric charge, and 

n is the amount of particles. 𝐶𝑐 is a slip correction factor, 𝜂 

is viscosity, Re is Reynolds number, and d is the particle 

diameter. For the IMS, the drifting principle is the same, but 

the size scale is smaller, from 0.1 nm to a few nanometres. 

For small molecules, the drifting velocity can be estimated 

with the 12,4 hard-core potential model presented by L. A. 

Viehland [15], [16], where the molecule mobility is 

estimated to follow a corrected molecule radius to power 12, 

minus corrected molecule radius to power 4. This estimates 

the nuclear attractive and repulsive forces, but not exactly 

the van der Waals forces which attract to the power of minus 

6 as a function of the distance. 

Ion mobility measurements have a few different 

configurations but a generic device principle is presented in 

Fig. 1. Numerous different ionization sources can be used 

and drifting region principles vary depending on the 

measurement method. In a time of flight ion mobility 

spectrometer (TOFIMS) ions drift a certain length in a 

constant electric field and the drifting time is measured. In 

travelling wave IMS ions are pushed with moving electric 

field waves. In this method, the molecules drifting speed are 

in the power of two, when compared with the molecules 

cross sectional area, with a TOFIMS that is linearly 

dependent. Third type is an aspiration IMS (aIMS) where 

ions are moving in a drift gas flow and the electric field is 

perpendicular to the gas stream, as seen in Fig. 2. A closely 

related configuration is a differential mobility analyser 

(DMA). DMA and aIMS have the main difference in 

variable electric field and constant detection spot, in the 

aIMS it is opposite. 
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Fig. 1. A generic ion mobility measurement setup: First sample 

is introduced to the device. Secondly the sample is ionized in a 

reaction region. In third step ions drift in the mobility region and 

are eventually detected in the detector. 
 

The drifting speed is dependent on the aerodynamic 

diameter and number of electric charges of ions. In a 

differential mobility analyser (DMA), which is used in 

aerosol measurements, ions drift between parallel tube walls 

and ions with desired mobility are captured to a separate 

flow channel. With the aIMS ions collide with electrodes 

and lose their charge in a single flow channel. 

 
 

Fig. 2. aIMS (left) and DMA (right) configurations. In aIMS 

charged ions move through a perpendicular electric field with a gas 

flow and drift towards the electrode plates according to their 

electrical mobility. The electric charge is measured when ions hit 

to electrodes. In DMA ions move through the perpendicular 

electric field and ions with right mobility drift through a gap to a 

separate flow channel. 
 

2.2. Atmospheric particle formation and evaporation 

 

If molecules are forcefully driven from a liquid sample 

to gaseous form, as in ESI, they can be vaporized if the 

partial pressure of the sample solution is above the partial 

pressure of carrier gas of the measurement instrument. 

Liquid particles under 100 nm of size can undergo 

vaporization above their normal partial pressure due to 

Kelvin effect. Charged liquid particles may be split into 

smaller particles if charge density exceeds Rayleigh limit 

[14]. In conditions ,where particles are vaporized above their 

partial pressure there is a tendency for molecules to form 

larger particles through condensation and coagulation. For 

solid air particles, thermal coagulation is called 

agglomeration. It is caused through a Brownian motion 

where free floating particles collide and are attached through 

van der Waals forces. Coagulation speed can be estimated 

through (2). 



 

 
𝑑𝑁

𝑑𝑡
= −4𝜋𝑑𝑝𝐷𝑁2,  (2) 

 

where 
𝑑𝑁

𝑑𝑡
 is the number concentration, 𝑑𝑝 is particle 

diameter, and D is a diffusion coefficient [9]. Equation 

implies that the change in the particles number 

concentration is on a square, from the current number. 

Simultaneously an increase of volume in new particles is 

linear to the amount of the coagulated particles, as the 

volume increases on a cube root to a diameter; as is 

presented in (3). 

 

 𝑑(𝑡) = 𝑑0(1 + 𝑁04𝜋𝑑𝑝𝐷𝑡)1/3  (3) 

 

Condensation of liquid particles is a reversible process 

unlike coagulation of solid particles. Condensation and 

evaporation are dependent on the partial pressure. Initially, 

condensation begins from a solid particle if it is present. 

Without the nucleus partial pressure has to be exceeded 

multiple times to ignite the condensation process. In Fig. 4 

particle modes are representing particles, formed from a gas 

and vapour samples through molecule-to-particle 

conversion. In accumulation mode particles are coagulated 

from nucleated particles. Coarse particles are coagulated 

from accumulated particles and are affected with gravitation. 

Coagulation speed is linearly dependent on absolute 

temperature. A spatial temperature gradient drifts particles 

towards a cold end of the gradient. This is known as a 

thermophoresis. Thermophoresis can be used as a principle 

for particle filtration and sampling. 

2.3 Aerosol and molecule filtering 

Aerosol particles are defined so that they are bound to 

walls when touched. This adhesion by collision is the most 

often used filtering method. Aerosol particles down to 100 

nm tend to collide with walls or filter fibres with their 

inertia. Particles under 100 nm of diameter tend to collide 

with a diffusion movement. Particles around 100 nm are 

thus more challenging to filter out. [14] This may be 

beneficial for a virus spreading (Fig. 4) and illustrated in 

Fig. 3.  

Aerosol particles can be filtered effectively with a 

diffusion and collision down to 0.5 nm [17] or 1.4 nm [18]. 

Adhesion study on this size scale is challenging due 

measurement instrument limitations. Smaller particles than 

these tend to bounce away from surfaces due to their inertial 

energy which is exceeding the adhesion energy. A smaller 

aerosol particle than approximately 0.5-1 nm, can be seen as 

a gas molecule. According to G. Moureta, S. Chazeleta, D. 

Thomas, and D. Bemer [17] adhesion efficiency of the 

particle is one, down to 0.5 nm particles, as in Fig. 3. The 

increase of diffusion movement speed on smaller size will 

improve particle filtration efficiency down to 0.5-1 nm 

particles. Due weaker adhesion efficiency smaller particles 

than these will not be bound on surfaces. The size limit for 

surface bounding is dependent on the Hamaker constant. 

 

Fig. 3. A sketch from particle penetration as a function of the 

particle diameter. Particles smaller than 0.5-1 nm do not adhere on 

walls or filters fibers and so stay in gaseous form. Particles around 

1 nm have a high collection rate through large diffusion. Particles 

around 100 nm are at a point where diffusion efficiency and inertial 

impaction do not efficiently collect particles. Particles bigger than 

10 µm are affected by gravitation. [14],[17] 

2.3. Molecule charging 

Many, but not all artificial olfactory measurement 

methods have to charge the detectable molecules with an 

electric charge. These include mass spectrometry (MS) and 

IMS. Charging is done with diffuse charging methods: 

radioactive, photonic, corona discharge, electrospray, heat, 

flame, or plasma ion sources [13]. For macromolecules or 

particles larger than the order of 100 nm field charging is 

added for charging methods. Unfortunately, there is no 

practical method for detecting how many charges a single 

molecule has adsorbed. That is why there is no absolute 

method to determinate whether there is a large molecule 



with several charges or a cluster of small molecules with a 

single charge. The probability for single charging decreases 

when the size of molecule increases. With diffusive 

charging mechanism, the charge probability follows a semi-

empirical formula [14]. Typical results for charging 

probability is presented in Fig. 4 where ionizing gas 

concentration is 10
13 

ionss/m
3
. Electric field charging is 

dominant with particles larger than 200 nm. In Fig. 4, the 

calculated charging field was 500 kV/m. The measurement 

sensitivity is as well a function of molecules proton or 

electron affinity. Molecules with large affinity capture ions 

with higher probability. This is proportional to the gas phase 

acidity of the compound. 

 

 

3. CONCLUSIONS 

 

We measured urinary pathogens from urine with IMS 

[5]. These molecules are volatile organic compounds 

(VOC), what vaporize to sample headspace according to 

their partial pressure function. This vaporized gas has non-

beneficial volatiles such as water, and biomarkers such as 

amines. From the perspective of total metabolic compounds 

in urine, only some parts would be vaporized. Large 

components such as lipids [19] are not vaporized. In case 

larger particles need to be vaporized, methods like ESI 

would be needed. DMA, ELPI and other aerosol 

measurement methods are not applicable as a component in 

metabolic compound research due to their inadequate 

molecule size measurement range.) Some applications could 

be found if a high concentration and large molecule sized 

sample are modified. Another application could be found on 

handling massive molecules as proteins, antibodies and 

large biological components as cells and viruses.  

Genuine tissue samples have parts ranging on several 

different size scales, from water molecules to human cells. If 

all these need to be vaporized, several different physical 

effects should be taken into account depending on a 

particular size scale of the sample particle. 

 

 

 
 

Fig. 4. Particle size distribution from small molecules to macromolecules, that are moderately affected by gravitation. The figure presents 

size scales where physics and measurement methods are valid. *Aerodynamic equivalent mass is a mass of a sphere diameter of 

characteristic length and 1g/cm2 density. Typical field charge is an estimate for how many charges molecules receive on average. [13], [14]
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