
micromachines

Article

Surface Plasmon Resonance-Based Immunosensor for Igm
Detection with Gold Nanoparticles

Nilay Bereli 1, Monireh Bakhshpour 1 , Aykut Arif Topçu 2 and Adil Denizli 1,*

����������
�������

Citation: Bereli, N.; Bakhshpour, M.;

Topçu, A.A.; Denizli, A. Surface

Plasmon Resonance-Based

Immunosensor for Igm Detection

with Gold Nanoparticles.

Micromachines 2021, 12, 1092.

https://doi.org/10.3390/mi12091092

Academic Editors: Chan Ho Park,

Hyunseung Yang and Ji-Won Seo

Received: 10 August 2021

Accepted: 8 September 2021

Published: 10 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Chemistry Department, Hacettepe University, Beytepe, 06800 Ankara, Turkey;
bereli@hacettepe.edu.tr (N.B.); monir.b1985@gmail.com (M.B.)

2 Medical Laboratory Program, Vocational School of Health Services, Aksaray University,
68100 Aksaray, Turkey; aykuttopcu@aksaray.edu.tr

* Correspondence: denizli@hacettepe.edu.tr; Tel.: +90-31-297-7983; Fax: +90-312-299-2163

Abstract: In this work, a surface plasmon resonance (SPR) based immunosensor was prepared
by the immobilization of the amine-functionalized gold nanoparticles (N-AuNPs) on the sensing
surface to sense immunoglobulin M (IgM) antibodies in the aqueous solution and artificial plasma.
The characterization studies of SPR based immunosensor for IgM detection were performed with
scanning electron microscope (SEM), contact angle measurements, and ellipsometry. Kinetic studies
for the IgM immunosensor were carried out in the range of 1.0 to 200 ng/mL IgM concentrations in
an aqueous solution. The total IgM analysis time including adsorption, desorption, and regeneration
cycles was nearly 10 min for the prepared immunosensor. The limit of detection (LOD) and limit
of quantification (LOQ) were found as 0.08 and 0.26 ng/mL, respectively. The reusability of the
proposed immunosensor was tested with 6 consecutive adsorption-desorption, and regeneration
cycles. Also, enzyme-linked immunosorbent assay (ELISA) method was utilized in the validation of
the immunosensor.

Keywords: human immunoglobulin M; biosensor; immunosensor; surface plasmon resonance;
gold nanoparticle

1. Introduction

IgM is the largest (950 kDa) and the first produced antibody in human serum to
combat or stop the infections with the higher avidity of the antigens because of having 10
free antigen-binding sites [1–4]. The monitoring of IgM level in biological fluids is helpful
to diagnose bacterial or viral infections from Dengue virus to some of certain diseases;
including, acute chronic hepatitis, rheumatoid arthritis; furthermore, IgM deficiency is
an immune disorder related to serious infections [2,5–8]. From this point of view, the
detection of IgM levels in the biological fluids is of great importance for clinical studies to
assess certain diseases and protect the public’s health [2,6–9]. Many methods commonly
are used for detection of IgM. ELISA depended on the colorimetric method by using the
enzyme-labelled antibodies is a widely adopted sensitive approach for the detection of
antibodies [2,10]; however, the long incubation time, the need for multi-washing step, and
the requirement of the labelled molecules are the main disadvantages for practical use of
ELISA in clinical trials.

To overcome these limitations, SPR based sensors measuring the change in the refrac-
tive index near the sensing surface with real-time and label-free monitoring have been
attracted more attention of the scientists because of the higher sensing capability of the var-
ious molecules including, the clinical analyte of interest [11–13]. Moreover, applying some
surface modifications like the formation of the tailor-made receptors or antigen/antibody
immobilization on the sensing surface could enhance the selectivity performance of the SPR
based sensors against the target molecules such as antibiotics [14], neurotransmitters [15],
and biomarkers as well [16–18].
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Recently, the implementation of noble metal-based nanoparticles (NPs) such as Au
and silver (Ag) NPs on SPR biosensors could enhance the sensitivity of SPR sensors owing
to their capability of increasing the SPR responses [19–23]. For instance, streptavidin and
bovine serum albumin (BSA)-functionalized Au NPS were integrated on the SPR platform
to detect carcinoembryonic antigen (CEA) in human plasma [19]. In other studies, the SPR
based sensors were designed with the help of Au and Ag NPs to monitor urinary tract
infection, and LOD limits of both sensing platforms were highly satisfactory in the aqueous
solutions and urine mimic samples [24,25].

Herein, we aimed to design the SPR based immunosensor with the assistance of Au
NPs for IgM detection in the aqueous solution and artificial plasma. For this purpose, the
sensing surface of the SPR sensor was firstly modified with 1,8-octanedithiol, following
that the amine-functionalized gold nanoparticles (N-Au NPS) were immobilized on the
modified sensing surface via Au and SH interactions. Then, anti-human IgMs were
anchored on the N-Au NPs by [1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC)/N-
hydroxysuccinimide (NHS)] coupling reaction. The kinetic binding analyzes of hIgM were
carried out by SPR based immunosensor sensor in the aqueous solution and artificial
plasma. The selectivity studies of the prepared sensor were tested against immunoglobulin
G (IgG) and hemoglobin (Hb) as competitor molecules in the aqueous solution, and the
feasibility of the immunosensor was investigated in the artificial plasma.

2. Experimental
2.1. Materials

1,8-octanedithiol [(HSCH2(CH2)6CH2SH)], N-Au NPs (15 nm diameter, amine func-
tionalized, 765325), IgM, anti-human IgM (a-hIgM), IgG, Hb, EDC, NHS and artificial
plasma were purchased from Sigma Aldrich corporation (St. Louis, MO, USA). The other
reagents as analytical and organic grade was supplied from Merck A.G and during the
whole experimental process, deionized water (DW) was used.

2.2. Preparation of SPR Based Immunosensor

In the first step, the gold surface of the SPR chip was washed with acidic piranha
solution [sulfuric acid/hydrogen peroxide (3:1 v/v)] for nearly 3 min, then was rinsed with
DW, and dried in a vacuum oven (200 mmHg, 40 ◦C). After that, the gold sensing surface
was modified according to a previous study [26] by using an ethanol solution containing
1,8-octanedithiol (4.3 mM) for 12 h, and the excess of 1,8-octanedithiol on the sensing
surface was removed with an ethanol solution and rinsed with DW.

The modified surface was treated with 5 µL of the N-Au NPs for 3 h to attach the
N-Au NPs, and then, the unbounded N-Au NPs was removed from the modified surface
by using DW.

In the second step, a-hIgM was anchored onto the N-Au NPs by using the EDC-
NHS coupling reaction via the amine groups of the Au NPs and the carboxyl groups of
a-hIgM [27]. Before the coupling reaction occurred, 10 µL a-hIgM solution was dropped
onto the surface, after that, the coupling reaction between the amine groups of Au NPs and
the carboxyl groups of hIgM occurred in a solution containing 100 mM EDC and 25 mM
NHS in DW for 15 min. Following that, the sensing surface was washed and rinsed with
100 mM phosphate buffer saline (PBS, pH 7.4) and DW, respectively. After the coupling
reaction, the prepared immune SPR sensor was called as I-SPR sensor. The plain SPR
(P-SPR) sensor was also prepared with the same methods that use for obtain of I-SPR
sensor without using a-hIgM. The schematic preparation of I-SPR sensor was shown in
Figure 1.
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Figure 1. The schematic preparation of I-SPR sensor.

2.3. Characterization Studies

The sensing surface of the I-SPR sensor and P-SPR sensor were examined with SEM
(GAIA3, Tescan, Brno, Czech Republic), contact angle (CA) and ellipsometer measurements.
Before the SEM analysis, the I-SPR sensor surface was coated with gold following that, the
images on the sensing surface were taken with different magnifications.

The surface wettability of the bare chip, I-SPR sensor, and P-SPR sensor were analyzed
by CA measurements (KRUSS DSA100, Hamburg, Germany) with the sessile drop method
and 5 different regions were chosen from the bare chip, the I-SPR, and the P-SPR sensors.
The thickness of the 1,8-octanedithiol modified surface, the P-SPR and, the I-SPR sensors
were investigated by ellipsometer measurements. The measurements were taken at 620 an-
gles with 532 nm wavelength settings and the mean values were recorded by ellipsometry
(Nanofilm EP3, Goetting, Hanover, Germany).

2.4. Real-Time Monitoring of IgM

SPR is an optical phenomenon and SPR based sensors measure the change in the
refractive index (∆R) close to the sensing surface (conductive metal and the electric medium)
in real-time and label-free. In present study, SPRimager II (GWC Technologies, Azusa,
CA, USA) was used (the operating wavelength 800 nm, the prism material SF 10 glass) in
evaluating the kinetic analysis of IgM in the aqueous solution and artificial plasma. Before
the experimental studies, the resonance angle was adjusted to the appropriate angle then,
1.0–200.0 ng/mL IgM solutions was sent to (150 mL/min) I-SPR at 25 ◦C.

During the experimental procedure, the sensor surface was firstly equilibrated with
PBS buffer (100 mM, pH 7.4), then the IgM solution was passed through the sensor surface
until the stable signals monitored. The increasing amounts of IgM results in enhancing
the (∆R) value. After that, the bounded IgM was removed from the sensor surface using
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100 mM NaCI solution until the stable signals occurred. Finally, the sensor surface was
cleaned with DW and the equilibrium buffer.

The artificial plasma was chosen to investigate the feasibility of the prepared immuno-
sensor system. The plasma samples were firstly 10-folds diluted with PBS (7.4) buffer
solution. Then, the plasma samples were prepared with the addition of different amounts of
IgM (1.0, 5.0, and 10.0 ng/mL). The standard measurement of SPR system described above
was used to determine the real-time monitoring of IgM detection from the artificial plasma.

2.5. Selectivity and Reusability Studies

The selectivity studies of the I-SPR sensor were performed against IgG and Hb
molecules in the aqueous solution. The real-time detections of separate IgM, Hb, and
IgG in IgM, Hb and IgG solutions and mixed (IgM + Hb + IgG) solutions were analyzed
in order to determine the specificity of I-SPR sensor. The selectivity of I-SPR sensor was
investigated at 50.0 ng/mL of each protein concentrations.

To examine the reusability of the I-SPR sensor, 5.0 ng/mL IgM solutions were prepared
and interacted with the same sensing surface with consecutive six equilibration-binding
and regeneration cycles. In each reusability cycle, the I-SPR sensor surface was firstly
equilibrated with PBS buffer (100 mM, pH 7.4); afterwards, 5.0 ng/mL IgM solution was
passed through (150 µL/min flow rate and at 25 ◦C) the I-SPR sensor until the stable signals
monitored. Following that, the bounded hIgM were removed from the I-SPR using 100 mM
NaCI solution and this procedure was carried out for six consecutive equilibration-binding
and regeneration cycles. After the reusability studies, I-SPR was washed with DW and
kept at 4 ◦C until used in further studies.

The immobilization of the N-Au NPs onto the I-SPR sensor surface was analyzed
with the SEM and the image of the sensing surface was demonstrated in Figure 2. As
shown in Figure 2A, the N-Au NPs was homogeneously distributed on the sensing surface
without the aggregation. Hence, the N-Au NPs were successfully immobilized on the
sensing surface by using the selected surface modification procedure. The ellipsometer
measurements of the 1,8-octanedithiol modified SPR chip, P-SPR and the I-SPR sensors
were shown in Figure 2B–D, respectively. The thicknesses of sensing surfaces were de-
termined 10.9 ± 1.3 nm for the 1,8-octanedithiol modified SPR surface, 24.3 ± 1.4 nm for
P-SPR sensor surface, and 30.2 ± 2.1 nm for I-SPR sensor surface. The immobilization of
the N-Au NPs could improve the surface thickness of the P-SPR and I-SPR sensors and,
these results showed that the immobilization N-Au NPs were successfully achieved on
both sensor surfaces. Furthermore, the immobilization of a-hIgM on the I-SPR sensor could
increase surface thickness of the I-SPR sensor compared to P-SPR sensor.

The CA measurements were performed to understand the wetting behavior of
the bare SPR chip, P-SPR and I-SPR sensors. The measurement results were shown
in Figure 2E–G, respectively. The surface wettability of the bare SPR chip and P-SPR
sensor surface were calculated as 81.4 ± 1.9◦ and 77.1 ± 1.5◦ respectively, while the surface
wettability of the I-SPR sensor surface was found 71.6 ± 1.5◦. The attachment of N-Au-
NPs on the P-SPR sensor could increase the surface hydrophilicity of the P-SPR sensor
thanks to the hydrophilic amine groups of the Au-NPs. After the coupling of anti-IgM
via the carboxyl domains of anti-IgM and the amine groups of the Au NPs [28] there was
an enhancement in surface wettability of I-SPR sensor due to the hydrophilic groups of
anti-IgM. The CA measurement results supported that the surface modifications were
successfully achieved in each modification steps and, the successful incorporation of the
hydrophilic groups enhanced the surface wettability.
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Figure 2. The SEM image (A) and the ellipsometer measurements of I-SPR sensor (B), 1,8-octanedithiol modified SPR chip
(C), and P-SPR sensor (D), and CA measurements of the bare SPR chip (E), P-SPR sensor (F) and I-SPR sensor surfaces (G).

3. Real-Time Monitoring of IgM Detection in Aqueous Solution and Artificial Plasma

The effect of pH on IgM detection using the I-SPR sensor was evaluated in the range
of pH 4.0–8.0 buffer solutions as shown in presented Supplementary Materials Figure S1.
To determine the optimum pH value for IgM detection in the aqueous solution, the sensing
surface was equilibrated with the desired pH buffer solutions after that IgM solution
(100 ng/mL) was interacted with I-SPR sensor. The results of the pH effect on IgM detection
demonstrated that the increase of pH values caused an increase in the bounded amount
of IgM on the sensing surface and the maximum %∆R value (9.95) was found at pH 7.4
phosphate buffer solution. But, over pH 7.4, the I-SPR sensor responses were sharply
decreased because the specific binding sites of antigens and antibodies consisting of some
amino acid derivates could be affected by changing the pH. So, over pH 7.4, the same
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charged groups of IgM and a-hIgM probably led to repulse each other and caused to
decrease the bounded amount of IgM on the sensing surface resulting in decreased SPR
signals. In this sense, the other experimental studies were carried out in pH 7.4 buffer
solution in the aqueous solution and artificial plasma.

The SPR responses of the I-SPR sensor was examined in the range of 1.0–200 ng/mL
IgM concentrations at 25 ◦C and, the concentrations of IgM versus the SPR signals (%∆R)
were given in Figure 3A. The dynamic responses of I-SPR sensor were gradually increased
by the increasing amounts of IgM solutions in the aqueous solution and the change of
the IgM concentrations leading to a driving force caused to change in SPR signals. In
Figure 3B, the correlation coefficient (R2) of the I-SPR sensor calculated as 0.99 showed that
the developed immune-sensor had capable of IgM sensing in the aqueous solution. The
response time for IgM adsorption, desorption and regeneration cycles was nearly about
10 min for this SPR based immunosensor system.

Figure 3. The responses and the linearity of the I-SPR sensor for IgM concentrations (A), (B) in the aqueous solution; (flow
rate: 150 µL/min and T: 25 ◦C), and the responses and the linearity of the I-SPR sensor (C), (D) in the artificial plasma (flow
rate: 150 µL/min, pH: 7.4 and T: 25 ◦C).

LOD and LOQ of the I-SPR sensor were calculated by using LOD = 3σ/s and
LOQ = 10σ/s equations, respectively [29]. Herein, σ; is the standard deviation of the I-SPR
sensor response and s; is the slope of the calibration curve. The standard deviation was
also calculated using the blank samples for the minimum IgM concentration (1.0 ng/mL)
(n = 10). The calculation results of LOD and the LOQ values were found as 0.08 ng/mL
and 0.26 ng/mL, respectively in the aqueous solution.
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The IgM level is of great importance for clinical studies; so, the several sensor platforms
were fabricated for IgM sensing. From this point of view, our experimental results were
compared with the several sensor platforms according to the sensing method, linear range,
LOD and showed in Table 1.

Table 1. The comparison results of the other immunosensing platforms by using anti-hIgM antibodies for IgM detection
according to sensing methods, linear ranges and the limit of detection (LOD) values.

Sensing Method Linear Range LOD Reference

Optical fibre long period grafting biosensor 15.6 µg/mL–1.0 mg/mL 15 pg/mm2 [2]
Electrochemical 0–0.5 mg/mL 0.013 mg/mL [3]

Surface-enhanced fluorescence 10 ng/mL–100 µg/mL nearly 5 ng/mL [30]
Giant magnetoresistance biosensor 50–2000 ng/mL 50 ng/mL [31]

Lateral flow assay 0.3–1.2 mg/mL no data [32]
Electrochemical optical fibre biosensor 1–200 IU/mL 0.6–0.22 IU/mL [33]
Optical fibre long period grating sensor 19 nM–0.3 µM 0.02 ng/mm2 [34]

DNA-assisted nanopore sensing 0.05–10 µg/mL 50 ng/mL [35]
Magnetic based ELISA 0–100 µg/mL 0.8–40 ng/mL [36]

SPR based immunosensor 1.0–200 ng/mL 0.08 ng/mL in this work

The artificial plasma was selected as a natural source for examining the feasibility of
the proposed sensor and for this purpose, the diluted (1/10) plasma samples spiked with
different amounts of IgM (1.0, 5.0 and 10.0 ng/mL) solutions were applied to I-SPR. The
recognition ability of the I-SPR sensor was highly favorable in the artificial plasma with an
R2 (0.98) value (Figure 3D), and the increasing amounts of IgM concentrations caused to
increase in the I-SPR responses (Figure 3C); hence, I-SPR has a potential for IgM sensing
in clinical studies. Also, hIgM ELISA Kit from Elabscience Biotechnology Inc., Houston,
United States (detection limit; 3.13–200 ng/mL and sensitivity; 1.88 ng/mL) was used
in the validation study of the immuno sensor. The IgM concentration in the non-diluted
plasma was found as 51.6 ng/mL and the same concentration of IgM was calculated as
47.3 ng/mL using ELISA. The accuracy result of I-SPR (91.7%) was highly satisfactory to
be used in clinical studies.

The adsorption isotherm models play a key role in describing the binding process,
in this work, the Langmuir, the Freundlich, and the Langmuir-Freundlich adsorption
isotherm models were applied to show the binding of IgM on the sensing surface [29]. The
Langmuir, Freundlich, and Langmuir-Freundlich models and equations were explained
in the Supplementary Materials. As illustrated in Table S1, our experimental results were
close to the Langmuir isotherm model with a high correlation coefficient value R2 (0.99),
and the sensing surface had a monolayer with the equal binding sites.

Selectivity and Reusability Studies

In this work, we tried to develop the SPR based immunosensor by the anchoring of
a-IgM on N-Au NPs for IgM detection in real-time and without labeled molecules in the
aqueous solution and artificial plasma. To test the selectivity of the I-SPR sensor, IgG and
Hb were chosen as competitor molecules because IgG is the same family with IgM and
Hb was selected owing to present in plasma. For this aim, 50.0 ng/mL of IgM, Hb, and
IgG solutions, and their mixtures were used to test the selectivity of the I-SPR sensor, and
the selectivity results were shown in Figure 4A. As seen in Figure 4A, the responses of the
I-SPR sensor against IgM were more notable than the competitor molecules; so, in the light
of the experimental results, I-SPR sensor was capable of selectively recognize IgM in the
aqueous solution.

The IgM sensing performances of the I-SPR sensor and the P-SPR sensor were given
in Figure 4B. The recognition performance of the I-SPR sensor was quite higher than the
P-SPR because the immobilization of N-AuNPs and the anchoring of a-hIgM onto the
N-AuNPs could enhance the dynamic responses of the I-SPR.
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Figure 4. The selectivity of the I-SPR sensor (A) towards IgG and Hb molecules (concentration of the competitor molecules
50 ng/mL, pH: 7.4., flow rate: 150 µL/min and T: 25 ◦C) and the comparison results of I-SPR and P-SPR (B) in the aqueous
solution (IgM concentration: 10 ng/mL, pH: 7.4., flow rate: 150 µL/min and T: 25 ◦C).

A perfect sensor possesses well sensitivity and reusability. From this point of view,
the reusability of studies was examined by detecting IgM at a fixed concentration by
using same the I-SPR. For this aim, the same sensor chip was chosen and tested with six
consecutive binding-rebinding, and regeneration cycles. The reusability results were given
in Figure 5A. The result displayed the positive reusability of the I-SPR and the nearly same
SPR responses were detected in the whole binding process. The I-SPR sensor maintained
its stability during the 6 equilibration-binding and regeneration cycles without the notable
changes in signal responses. Also, after 6 repeated cycles, the binding capacity of I-SPR
sensor was not decreased.

In addition, the storage stability of the I-SPR sensor was tested on the different periods
(1–10 month) and before the storage stability tests, the I-SPR sensor was kept nearly for
30 min at room temperature to reach 25 ◦C. Following that, the I-SPR was equilibrated with
PBS buffer (100 mM, pH 7.4) and 5.0 ng/mL IgM solution was passed through (150 µL/min)
the I-SPR sensor at 25 ◦C. After the stable signals occurred, 100 mM NaCl solution was
used in removing the bounded hIgM from the I-SPR sensor, and the I-SPR sensor was
washed with DW and kept at 4 ◦C until used. This procedure abovementioned was applied
in each step of the storage stability test (1–10 month) and the storage stability of the I-SPR
was obtained as 94.23% (Figure 5B); so, the developed immunosensor had capable of
maintaining its stability over a long time.
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Figure 5. (A) The reusability of the I-SPR sensor (“A”: equilibration, “B”: binding, “C”: desorption), (B) The storage stability
results of the I-SPR sensor in aqueous solution within 1–10 month periods (hIgM concentration: 5 ng/mL, pH: 7.4., flow
rate: 150 µL/min and T: 25 ◦C).

4. Conclusions

ELISA is a well-established and highly selective method used in clinical studies
depended on the antigen-antibody interactions; however, the requirement of the labelled
molecule, the cost, and the long incubation time are the major drawbacks of ELISA.

SPR based sensors measure a change in the refractive index at the sensing surface
depending on analyte concentrations and this optical phenomenon allows to investigate of
the binding kinetics of the molecules [37]. Before the design of a SPR sensor, the receptor is
immobilized on a sensing surface and after that, the kinetic analysis of the target molecule
is investigated in real time and without a need of labelled molecule.
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In this work, we developed a SPR based immunosensor for IgM sensing in the aqueous
solution and artificial plasma. For this purpose, the AuNPs were used as a signal enhancer
and a-hIgM carrier. Before the design of the I-SPR sensor, the AuNPs were firstly anchored
onto the modified surface. Following that, the a-hIgM antibodies were immobilized onto
the N-AuNPs and after the characterization studies, the kinetic analyses of IgM were
examined in the aqueous solution and artificial plasma.

The surface characterization results showed that the immobilization of the N-AuNPs
was successfully achieved with homogeneously distributed on the sensing surface, and
the successful surface modifications led to differences in the surface morphology of the
sensing surface. The immobilization of N-AuNPs could increase the surface thickness
and hydrophilicity of I-SPR compared to the modified SPR sensor chip, the P-SPR and
the bare SPR sensor chip. The I-SPR sensor responses were found to be linear with a
high R2 (0.99) value, and the binding of IgM fitted the Langmuir adsorption isotherm
model with a monolayer adsorption surface in the aqueous solution. The immobilization
of N-AuNPs onto the I-SPR sensor could enhance the signal amplification of the I-SPR and
led to improving the LOD (0.08 ng/mL) and LOQ (0.26 ng/mL) values compared to the
other sensing platforms (Table 1). The feasibility results of the I-SPR sensor in the artificial
plasma were highly predictive with a high R2 (0.98); moreover, the accuracy result of the
prepared sensor and ELISA was found over 90%.

In the light of the experimental findings, the proposed optical immunosensor platform
could be potentially used in IgM detection among the other sensing platforms thanks to
the short analysis time and the low LOD, without the need for the labelled molecule.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mi12091092/s1, Figure S1: The effects of pH on the detection of IgM using I-SPR sensor (flow
rate: 150 µL/min, 100 ng/mL IgM solution and T: 25 ◦C), Table S1: The results of the Langmuir, the
Freundlich and the Langmuir-Freundlich adsorption isotherm models.
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