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Abstract: In order to improve biosensor performance, it is important to develop mathematical models
of sensors’ temporal response and noise, which include the effects of processes and phenomena
relevant to the real applications of these devices. Here, we present a novel, more comprehensive
response and noise models that consider the rearrangement process of biomolecules upon their
adsorption on the sensing surface. We evaluate the extent of the influence of this process for various
rates of rearrangement and adsorption–desorption processes. The development of such models is
indispensable for the correct interpretation of the measurement results and also for the estimation
and improvement of sensor performance limits, yielding the more reliable detection of the target
agent in the analyzed samples.

Keywords: sensor noise; sensor time response; adsorption; biomolecular rearrangement; protein
conformation; protein sensor; mathematical model

1. Introduction

The growing need for high-performance in situ biosensing is driving the development
of micro/nanobiosensors, which have already shown a significant potential for the highly
sensitive detection of biological specimens or biologically relevant chemical substances in
applications such as the real-time monitoring of biological pollution in the air, water, and
food, or the health conditions of living organisms [1–3]. Research efforts are being made to
push their performance further beyond the current limits. In this sense, it is important to
investigate physical processes and phenomena that inevitably affect the generation of the
sensor’s response and its fluctuations, thus setting a fundamental performance limit. The
basis of these investigations is the development and application of mathematical models of
sensor time response and noise, which take into account all relevant processes.

Adsorption-based biosensing relies on the reversible adsorption process of biomolecules
on a sensing surface. In addition to producing the response of the sensor, this pro-
cess, stochastic in nature, is also a source of noise that affects the performance of mi-
cro/nanosensors. There are several sensor response and noise models that take into account
different additional processes coupled with adsorption, depending on a specific practical
case [4–7]. The spatial rearrangement of adsorbed biomolecules is an additional process
that changes the binding/unbinding kinetics to a two-step process behavior and, therefore,
affects both the sensor’s time response and its fluctuations. We present the improved
models of the sensor time response and noise, which consider biomolecular rearrangement
and evaluate the extent of its influence for various rates of rearrangement and adsorp-
tion/desorption processes. The development of improved mathematical models of sensor
temporal response and noise, which include the effects pronounced in the real applications
of these devices, is indispensable for both a correct interpretation of the measurement
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results and estimation of sensor performance limits and, thus, for the achievement of the
reliable detection of the target agent in analyzed samples.

2. The Models of Biosensor Response and Noise

The adsorption of biomolecules (especially proteins) on a sensing surface, or their
affinity-based binding to other biomolecules that are used for sensor functionalization, is
often followed by a change in their structure and/or orientation from one configuration to
another [8,9]. There are many different variants of such changes, which can be encompassed
by the term “molecular rearrangement”. Apart from the spatial configuration of adsorbed
molecules, their rearrangement also alters their properties in terms of functionality and
even an affinity towards surface adsorption sites: the adsorbed molecules can be bonded to
the adsorption sites more or less strongly than when they are in their original configuration.
Let us assume that protein molecules can be reversibly adsorbed only in one configuration
(configuration A), that the rearrangement of adsorbed molecules from configuration A to
another configuration (B) is reversible, that the change in the configuration of adsorbed
molecules does not influence the occupancy of the sensing surface, and that the adsorbed
particles in configuration B can also be desorbed (Figure 1). In that case, the instantaneous
numbers of adsorbed particles in the conformations A and B, NA and NB, are determined by
the equations of the mathematical model, which is, at the same time, the sensor’s temporal
response model (assuming that the response is proportional to the number of adsorbed
particles):

dNA
dt

= kaAC(Nm − NA − NB)− kdANA + kBANB − kABNA (1)

dNB
dt

= kABNA − kBANB − kdBNB (2)

Here, kaA and kdA are the adsorption and desorption rate constants of the protein
with configuration A, kdB is the desorption rate constant of the protein with configuration
B, kAB and kBA are the rate constants of the transformation of adsorbed molecules from
configuration A to B and back, C is the concentration of the protein in the sample, and Nm
is the total number of adsorption sites on the sensing surface. The numbers of adsorbed
particles, NAs and NBs, obtained by solving Equations (1) and (2) assuming dNA/dt = 0 and
dNB/dt = 0, determine the steady-state sensor response:

NAs =
(kdB + kBA)kaAC

(kAB + kdB + kBA)kaAC + kdA(kdB + kBA) + kdBkAB
Nm (3)

NBs =
kAB

kdB + kBA
NAs (4)

Both the adsorption and rearrangement processes are stochastic in nature, so the num-
bers of adsorbed particles fluctuate around the values determined by Equations (3) and (4).
These fluctuations, ∆NA and ∆NB, constitute the inevitable intrinsic sensor noise. The anal-
ysis of this noise is based on the Langevin approach for the two-variable gain-loss stochastic
processes [10], and such a process is one consisting of the mutually dependent processes
∆NA and ∆NB. The analysis starts from the Langevin form of Equations (1) and (2), which
are obtained after substituting NA = NAs + ∆NA and NB = NBs + ∆NB and adding the
suitable Langevin stochastic source functions (ηA and ηB) on the right side of Equations
(1) and (2). The resulting equations obtained for fluctuations are solved in the frequency
domain for ∆NA(jω) and ∆NB(jω) (knowing that the spectra of the Langevin stochastic
source functions for that class of stochastic processes are white [10]; ω = 2πf, where f is the
Fourier frequency). Since the fluctuations of the total number of adsorbed molecules are
∆N = ∆NA + ∆NB, their power spectral density (PSD) is S(ω) = ∆N(jω)∆N(−jω), and, by



Eng. Proc. 2023, 58, 51 3 of 6

using the obtained frequency domain solutions for ∆NA(jω) and ∆NB(jω), the final form of
the PSD of noise is obtained:

S( f ) = SLFNM
1 + (2π f )2τ2

I I I

[1 + (2π f )2τ2
I ][1 + (2π f )2τ2

I I ]
(5)

where
τI,I I =

2

K11 + K22 ±
√
(K11 − K22)

2 + 4K12K21

(6)

τI I I =

√
dAs + dBs√

(K22 − K21)
2dAs + (K11 − K12)

2dBs

(7)

SLFNM = 4(dAs + dBs)
τ2

I τ2
I I

τ2
I I I

(8)

K11 = kaAC + kdA + kAB, K12 = kaAC− kBA, K21 = −kAB, K22 = kdB + kBA (9)

dAs = (kdA + kAB)NAs, dBs = (kdB + kBA)NBs. (10)

This completes the models of sensor response and noise.
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Figure 1. Schematic representation of interaction processes of biomolecules and adsorption sites. 
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and back. The adsorption and desorption rate constants, as well as the forward and reverse rear-
rangement rate constants, are shown near the corresponding arrows. 

3. Results of the Analysis and Discussion 
We present the results of a case study with the kinetic parameter values of the exem-

plary protein adsorption: kaA = 2·107 1/(Ms), kdA = 10 1/s, kdB = 0.1 1/s, kBA = 0.01 1/s, Nm = 1012 
adsorption sites, C = 5·10−7 M, and three different values of the forward rearrangement rate 
constant kAB: 0.25 1/s, 0.5 1/s, and 2 1/s (unit 1 M = mol/dm3). These parameter values are 
in the range characteristic for the detection of proteins in biological samples [9,11–13], and 
they were chosen to illustrate the possible effects of biomolecular rearrangement 

Figure 1. Schematic representation of interaction processes of biomolecules and adsorption sites. The
rearrangement process of adsorbed molecules changes their spatial configuration from A to B and
back. The adsorption and desorption rate constants, as well as the forward and reverse rearrangement
rate constants, are shown near the corresponding arrows.

3. Results of the Analysis and Discussion

We present the results of a case study with the kinetic parameter values of the ex-
emplary protein adsorption: kaA = 2·107 1/(Ms), kdA = 10 1/s, kdB = 0.1 1/s, kBA = 0.01 1/s,
Nm = 1012 adsorption sites, C = 5·10−7 M, and three different values of the forward rear-
rangement rate constant kAB: 0.25 1/s, 0.5 1/s, and 2 1/s (unit 1 M = mol/dm3). These
parameter values are in the range characteristic for the detection of proteins in biological
samples [9,11–13], and they were chosen to illustrate the possible effects of biomolecular
rearrangement processes on both sensor response and noise. The results were obtained
using the response and noise models presented in Section 2.

Figure 2 shows the time evolution of the number of adsorbed molecules for three cases
when a two-way rearrangement process occurs and for the case when the rearrangement
does not occur (solid green line). The three cases differ in the ratio of forward and reverse
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rearrangement rate constants, kAB/kBA: 25 (dash-dotted blue line), 50 (dashed red line),
and 200 (dotted line). A significant change caused by the rearrangement is visible in
the response kinetics: the response is slowed down, and the steady-state value increases
compared to the case when the rearrangement does not occur. Also, the change in the
response kinetics can be seen: from single-exponential (characteristic of AD processes
without rearrangement) to two-exponential (two-step kinetics), with a fast starting rise,
followed by a slower approach to the steady state. Such two-step response kinetics is
experimentally observed [14]. Clearly, such experimental results could not be interpreted
by a model that neglects biomolecular rearrangement.
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Figure 2. The time evolution of the number of adsorbed molecules, which determines the sensor
response kinetics. The three cases when the reversible rearrangement process occurs (with different
ratios of forward and reverse rearrangement rate constants, kAB/kBA) are shown, as well as the case
when the configuration of biomolecules does not change after adsorption.

Figure 3 shows the noise power spectral density for the same four cases of protein
adsorption as in Figure 2. As can be seen, the rearrangement of adsorbed molecules changes
the noise spectrum. Instead of one characteristic frequency in the spectrum, there are three
characteristic frequencies that determine the positions of two knees and one valley. LFNM
also changes (for the given set of parameter values, LFNM increases). The change in
the kAB/kBA ratio significantly alters the value of the lower characteristic frequency (it
increases with the increase in kAB/kBA), while the influence on the highest frequency is
negligible. It is clear that the three characteristic frequencies and the LFNM magnitude
contain information about the values of the rearrangement process rate constants. Data
about the values of these constants are scarce in the literature in spite of the fact that they
can describe the interactions of biomolecules with solid surfaces or other biomolecules,
whose characterization is important for the development of medications, implants, and
biosensors, as well as for the research of various biochemical processes. The presented
noise model can, therefore, be used for the development of methods for the characterization
of biomolecular rearrangement processes based on the analysis of experimentally obtained
noise spectra.
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Figure 3. The power spectral density of fluctuations of the number of adsorbed biomolecules,
representing the noise spectrum. The same cases are shown in Figure 2.

4. Conclusions

In this work, we developed the response and noise models of adsorption-based
biosensors, taking into account the rearrangement processes of adsorbed biomolecules. We
obtained the analytical expressions for their characteristic parameters. These models are
used for the analysis of the influence of rearrangement processes on the sensor response
kinetics and on the sensor’s noise described by the spectral density of fluctuations of the
number of adsorbed molecules.

Under the influence of the rearrangement process, the response kinetics becomes
two-exponential (in contrast to the single-exponential kinetics of biomolecular adsorption,
which is not followed by a rearrangement), with a fast starting rise and slow approach to
the steady state. The sensor response slows down, and its steady-state value increases.

Due to the random change in the spatial configuration of adsorbed molecules, the
noise spectrum changes from the single-knee to the two-knee shape. Three characteristic
frequencies of the noise power spectral density and the low-frequency noise magnitude
contain information about the rates of the reversible rearrangement process.

The presented sensor response model enables a more accurate interpretation of mea-
surement results, which leads to more reliable biosensing. The noise model provides a better
estimation of the ultimate sensor performance. Both the response and noise models are
useful for the development of methods for characterization of biomolecular rearrangement
processes. This would make it possible to compensate for the lack of data on the values
of rearrangement rate constants, which is important for many applications in medicine,
pharmacy, biosensing, and fundamental biochemical research.
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7. Jokić, I. Microfluidic Adsorption-Based Biosensors: Mathematical Models of Time Response and Noise, Considering Mass
Transfer and Surface Heterogeneity. In Biosensors—Current and Novel Strategies for Biosensing; Villarreal-Gómez, L., Ed.; Intech
Open: London, UK, 2021; pp. 1–25.

8. Plikusiene, I.; Balevicius, Z.; Ramanaviciene, A.; Talbot, J.; Mickiene, G.; Balevicius, S.; Stirke, A.; Tereshchenko, A.; Tamosaitis, L.;
Zvirblis, G.; et al. Evaluation of affinity sensor response kinetics towards dimeric ligands linked with spacers of different rigidity:
Immobilized recombinant granulocyte colony-stimulating factor based synthetic receptor binding with genetically engineered
dimeric analyte derivatives. Biosens. Bioelectron. 2020, 156, 112112.

9. Daniels, K.G.; Suo, Y.; Oas, T.G. Conformational kinetics reveals affinities of protein conformational states. Biophys. Comput. Biol.
2015, 112, 9352–9357. [CrossRef] [PubMed]

10. Van Vliet, K.M.; Fasset, J.R. Fluctuations due to electronic transitions and transport in solids. In Fluctuation Phenomena in Solids;
Burgess, R.E., Ed.; Academic Press: New York, NY, USA, 1965; pp. 267–352.

11. Li, Z.; Beeram, S.R.; Bi, C.; Suresh, D.; Zheng, X.; Hage, D.S. High-Performance Affinity Chromatography: Applications in
Drug-Protein Binding Studies and Personalized Medicine. In Advances in Protein Chemistry and Structural Biology; Doven, R., Ed.;
Academic Press: Cambridge, MA, USA, 2016; Volume 102, pp. 1–39.

12. Bi, C.; Beeram, S.; Li, Z.; Zheng, X.; Hage, D.S. Kinetic analysis of drug-protein interactions by affinity chromatography. Drug
Discov. Today Technol. 2015, 17, 16–21. [CrossRef] [PubMed]

13. Canziani, G.; Zhang, W.; Cines, D.; Rux, A.; Willis, S.; Cohen, G.; Eisenberg, R.; Chaiken, I. Exploring Biomolecular Recognition
Using Optical Biosensors. Methods 1999, 19, 253–269. [CrossRef]

14. Kim, J. Mathematical modeling approaches to describe the dynamics of protein adsorption at solid interfaces. Colloids Surf. B
Biointerfaces 2018, 162, 370–379. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/bios13030412
https://www.ncbi.nlm.nih.gov/pubmed/36979624
https://doi.org/10.1016/j.bios.2017.12.031
https://www.ncbi.nlm.nih.gov/pubmed/29289816
https://doi.org/10.3390/bios12070543
https://www.ncbi.nlm.nih.gov/pubmed/35884346
https://doi.org/10.1016/j.snb.2007.05.025
https://doi.org/10.1016/j.snb.2012.03.004
https://doi.org/10.1016/j.snb.2012.12.080
https://doi.org/10.1073/pnas.1502084112
https://www.ncbi.nlm.nih.gov/pubmed/26162682
https://doi.org/10.1016/j.ddtec.2015.09.003
https://www.ncbi.nlm.nih.gov/pubmed/26724332
https://doi.org/10.1006/meth.1999.0855
https://doi.org/10.1016/j.colsurfb.2017.12.006

	Introduction 
	The Models of Biosensor Response and Noise 
	Results of the Analysis and Discussion 
	Conclusions 
	References

