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ABSTRACT: This article presents new possibilities of using thin films of lanthanide stearates as sorbent materials. Modification of
the Q-sense device resonator with monolayers of lanthanide stearates by the Langmuir—Schaeffer method made it possible to study
the process of insulin protein adsorption on the surface of new thin-film sorbents. The resulting films were also characterized by
compression isotherms, chemical analysis, scanning electron microscopy, and mass spectrometry. The transition of stearic acid to salt
was recorded by IR spectroscopy. Using the LDI MS method, the main component of thin films, lanthanide distearate, was
established. The presence of Eu** in thin films was revealed. In the case of europium stearate, the maximum value of insulin
adsorption was obtained, —1.67-107'% mole/cm”. The findings suggest the possibility of using thin films of lanthanide stearates as a
sorption material for the proteomics determination of the quantitative protein content in complex fluid systems by specific
adsorption on modified surfaces and isolation of such proteins from complex mixtures.

B INTRODUCTION studied for a small number of trivalent cations.'’~"* Despite
the fact that yttrium is formally trivalent, the formation of films
proceeded with ease, as with films containing ordinary divalent
cations. Yttrium stearate was studied in ref 15, where it was
shown that the ion fraction form of the yttrium content in the
film depends on the pH of the subphase. During the study of
yttrium arachidate films, it was found that the yttrium in the
film is in the Y(OH)?* form."® However, it was observed that
there is one Y* cation per three acid anions in LBF. This
variety of compositional data of LBF has been obtained by
different research groups using the same techniques.*™"” This
disparity can be explained by deviating the different conditions
during the experiments. For lanthanum, the characteristics of
monolayers were obtained due to stability,'® contact angle,"”

The interest in the properties of thin films containing metal
atoms,’ such as Langmuir—Blodgett films (LBF), has not
waned in recent years. Their initial studies were substantially
related to salts of fatty acids and divalent metals.”” The first
studies of LBF began with cadmium stearate.’ At the moment,
the precipitation of cadmium stearates and other divalent metal
stearates is the standard process for the preparation of LBF.
Obtaining monolayers and LBF from trivalent metal ions and
fatty acids was impossible for a long period of time.”> The
deposition of trivalent cation stearates poses a problem due to
the impressive shear modulus of the monolayer on the surface
of the subphase.6 At the same time, ions of trivalent cations
tend to hydrolysis and complexation more than divalent metals
in an overwhelming number of cases; therefore, this problem is

more relevant for trivalent ions. In this regard, works on these Received: December 27, 2021
lanthanide salts were published much later, in spite of the fact Accepted:  June 30, 2022
that the production of such films was described in literature’ Published: July 14, 2022

and results of the preparation multilayer LBF from acids and
trivalent metals were reported.”” The techniques often used to
obtain these structures are not standard and have only been

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.1c07300

v ACS PUbl ications 24973 ACS Omega 2022, 7, 2497324981


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olga+Ladikan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Silyavka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrei+Mitrofanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastasia+Laptenkova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimir+Shilovskikh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petr+Kolonitckii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petr+Kolonitckii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikita+Ivanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrey+Remezov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Fedorova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vassily+Khripun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olga+Pestova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ekaterina+P.+Podolskaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ekaterina+P.+Podolskaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikolai+G.+Sukhodolov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artem+A.+Selyutin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c07300&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07300?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07300?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07300?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07300?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07300?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07300?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07300?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07300?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/29?ref=pdf
https://pubs.acs.org/toc/acsodf/7/29?ref=pdf
https://pubs.acs.org/toc/acsodf/7/29?ref=pdf
https://pubs.acs.org/toc/acsodf/7/29?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c07300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

and shear viscosity’’ measurements. However, these measure-
ments were most likely limited to a narrow range of application
conditions. Although lanthanide salts of fatty acids have a wide
range of applications, it is striking that there are so few
fundamental works on the study of their physicochemical
properties.”’ The superiority of lanthanide fatty acid salts over
inorganic lanthanide salts lies in their solubility in molten
polymers. Thus, it is possible to obtain transparent polymer
fibers, films, and plates with trivalent lanthanide ions
introduced into the composition.”” The main advantages of
optical polymer fibers in comparison with glass are low weight,
low price, and ease of use. > Apropos, recent works have
appeared in which monolayers containing ions of transition
metals and lanthanides are used as sorption materials. In
particular, these works investi%ate similar materials as
adsorbents for bioorganic analysis.”>* Thin films transferred
onto a substrate can act as metal-affinity sorbents. Such
sorbents have an advantage because metals with an increased
affinity for sites of biologically active macromolecules are
accessible. This is due to the structure and method of
transferring such films to the substrate. Researchers’ interest
remains in one of the object protein chemistry, namely, insulin.
The use of this protein as a drug is still an extremely common
procedure in improving the quality of life for patients with
diabetes. The questions of searching for chromatographic
methods for specific isolation and determination are still
important.”>~*" Thin-ilm materials containing lanthanide
atoms, as an example of nanotechnology, are actively used in
many fields.*”~>° Also, materials containing lanthanide atoms
are being actively studied as materials for bioorganic
sensors,”' > including for determining the activity of insulin
and analytical applications in the analysis of insulin content in
complex systems."””*™>° Taking into account all of the
problems associated with the production and application of
such materials for proteomics, the purpose of this work is to
demonstrate the possibility of using films containing lanthanide
ions for insulin adsorption.

B EXPERIMENTAL SECTION

Chemicals. The following reagents produced by Merck
were used: lanthanum (7439-91-0), cerium (7440-45-1),
praseodymium (7440-10-0), neodymium (7440-00-8), sama-
rium (7440-19-9), europium (7440-53-1), gadolinium (7440-
54-2), terbium (7440-27-9), dysprosium (7429-91-6), holmi-
um (7440-60-0), erbium (7440-52-0), thulium (7440-30-4),
ytterbium (7440-64-4), lutetium (7439-94-3), stearic acid (57-
11-4, 95%), nitric acid (7697-37-2, 65—67%), hexane [110-54-
3, puriss. p.a,, ACS reagent, reag. Ph. Eur., >99% (GC)], and
ammonia solution 25% (1336-21-6). All reagents were used
without further purification, except stearic acid. For the
purpose of recrystallization, a saturated solution of stearic
acid in ethyl alcohol at 70 °C was prepared. Then this solution
was cooled to 4 °C in a refrigerator. The crystals obtained were
filtered under reduced pressure. The procedure mentioned
above was repeated six times for each portion of the
precipitated stearic acid crystals. Ultimately, colorless crystals
of stearic acid were obtained, the yield of which was about
20%. These crystals were also measured for their melting point,
which was 69.6 °C. Also, the purity of the obtained stearic acid
was checked by FTIR and 'H NMR spectroscopy. For the
sorption process, insulin glargine produced by Sanofi-Aventis
Deutschland GmbH company was used.

Obtaining Collapsed Lanthanide Stearate Films. For
this, a weighed portion of recrystallized stearic acid equal to
0.0100 g was dissolved in 10 mL of hexane. Thus, a stearic acid
solution with a concentration of 3.5 X 107> M was obtained.
This concentration was chosen due to the ease of application
and ease of control over the filling of the film on the surface.
For the preparation of solutions of nitrates of lanthanides, the
metal sample (3.0 X 10™* mole) was dissolved in a minimum
amount of nitric acid. Then the resulting solutions were diluted
to a volume of 3 L to obtain solutions with a concentration 1.0
X 107* M. The pH of the aqueous subphase was eight. This
value was fixed by adding nitric acid and ammonium
hydroxide. To obtain films of lanthanide stearates, the
Langmuir trough (self-made, size 600 mm X 250 mm X 20
mm) with movable barriers was filled with a solution of
lanthanide nitrate, which was a subphase. A solution of stearic
acid in hexane (250 uL) was applied to the surface of this
solution. After the evaporation of hexane, the resulting film was
compressed by movable barriers until collapse. The skimmed
film was collected with a spatula.

Characterization. Many properties of collapsed thin films,
such as a smooth surface accessible for interaction, a highly
ordered structure, chemical composition, and thermal and
mechanical strength, are identical to those of LB films. The
possibility of using methods for studying collapsed monolayers
as a way to study LB films was discovered.””>" Based on this,
the resulting collapsed films were examined using scanning
electron microscopy (SEM), element analysis, IR spectroscopy,
mass spectrometry, and quantitative CHN analysis. To
determine the parameters of the thin-film transfer to the
sensor, the film compression isotherm and Brewster angle
microscopy were recorded. The SEM study was carried out on
a HITACHI S3400N electron microscope. In this work, the
following parameters were used for shooting: exposure of 64
frames, an accelerating voltage of 20 kV, and a working
distance of 10 mm (for secondary electrons). For element
analysis in microscopy, an Oxford Instruments X-Max 20
Energy-Dispersive Spectrometer (EDX) attachment, which has
an energy resolution of 127 eV for the Ka line for Mn, as well
as an operating range from Be to Pu was used. The AzTec
control software from Oxford Instruments was used to
determine the elements by characteristic radiation, which was
obtained due to the interaction of the electron beam with the
sample substance and to obtain X-ray spectra. For the
collection of electronic spectra, the following parameters
were adopted: the acquisition time of one spectrum is 20 s;
the probe current is 1.5 nA. For CHN analysis, a Euro
EA3028-NT device was used, in which a dry sample with a
mass of 1—10 mg was placed. For this purpose, 40 skimmed
films of each stearate were placed in microtubes and dried in
air. To carry out the mass spectrometric study, the target was
preliminarily washed in an ultrasonic bath with water, alcohol,
and hexane in turn. Then sample preparation was carried out.
A total of 5—6 freshly prepared collapsed films of lanthanide
stearates were transferred into microtubes and washed with
water to get rid of the solutions of the corresponding
lanthanide salts. After washing, water was removed from
microtubes using a mechanical dispenser. Then, 0.5 mL of
acetonitrile was added to each sample as a dispersing solvent.
The samples were dispersed in an ultrasonic bath for 1—3 min.
The obtained samples with dispersed films were applied to the
target using a microdispenser without a matrix. Laser
desorption/ionization mass spectrometry (LDI-MS) analysis
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was performed on an Axima Perfomance MALDI-TOEF-TOF
time-of-flight mass spectrometer with a UV laser (337 nm).
The range of detection of ions m/z was 100—1500 in positive
mode. Mass spectra were processed using the MALDI-MS
Shimadzu Biotech program. IR spectroscopy was carried out
using a IRAffinity-1 spectrophotometer (Shimadzu, Japan) for
operation in the UV, visible, and near-IR spectral range (from
4000 to 400 cm™'). To obtain the spectra, we prepared a
sample of collapsed lanthanide stearate films tablets with
potassium bromide. The parameters of film transfer to the
substrate were obtained in the course of studying film
compression isotherms. Studying of surface pressure-area
isotherms was carried out by continuous compression on the
automatic installation consisting of a dural waxed bathtub (self-
made, size 600 mm X 250 mm X 20 mm) in which studied
solution was placed (subphase of lanthanide nitrates covered
stearic acid in hexane). Langmuir’s torsion scales with the
sensitive sensor and a mobile barrier with the automatic
mechanism of movement with a speed of 5 cm/min were
connected to the system. Before the procedure for taking
readings for compression isotherms, a calibration of the scales
was made using weights. The formation and structuring
process of insoluble stearic acid monolayers has been proven
by Brewster angle microscopy using a BAM-1 instrument
(NFT, Germany). The solution was placed in a Langmuir
trough (length—20.5 cm, width—8 cm, bath area = 164 cm?).
Moving the barrier is possible in the range from 3 to 14 cm
along the length of the tub, and images of the solution surface
were taken at different film formation steps. To study sorption,
a Q-sense E-4 (QSense Analyzer) (Biolin Scientific) device
was used in the single-stream mode. The oscillation frequency
of the crystal (quartz S MHz (QSX 303 SiO,)) is related to the
change in mass on the surface of the quartz resonator
according to the Sauerbrey equation. The transfer of
lanthanide stearate films was carried out by the Langmuir—
Schaeffer method (horizontal lift) onto quartz resonators with
deposited gold electrodes coated with SiO,. For the transfer,
the monolayer on the surface of the subphase in the Langmuir
trough was brought into the state of a solid (close to collapse)
two-dimensional object. The substrate touches this monolayer
horizontally and peels it off, and the water droplets are dried
with a stream of air. The control of the transfer of films to the
substrate was carried out by measuring the shift of the basic
characteristics of the detector, namely, the basic vibration
frequency and basic energy loss. A modified quartz resonator
was used to plot the adsorption isotherm of insulin glargine on
the surface of a thin film of the stearate of the corresponding
lanthanide. For this, insulin solutions with a given concen-
tration (2.5, 5.0, 7.5, 10, 15, 20, 30, 40, SO, and 60 pg/mL)
were sequentially passed through the measuring cell. The
obtained curves were checked against the criterion of
applicability of the Sauerbrey equation,”” namely, by software
methods; the increase in energy loss with an increase in the
amount of adsorbed substance was estimated.

B RESULTS AND DISCUSSION

The methods were utilized to establish the qualitative and
quantitative composition of the resulted collapsed films. These
properties and characteristics can be transferred to thin films of
lanthanide stearates. It was they who modified the device’s Q-
sense sensor to determine the characteristics of the insulin
adsorption process on lanthanide ions in films.

Infrared Spectroscopy. The transition of stearic acid to
salt was confirmed by IR spectroscopy (Figure 1). The almost
complete absence of a vibration band in the 1700 cm™" region
indicates the presence of only an ionized carboxyl group.
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Figure 1. Infrared spectra of stearic acid (black) and stearates: Er

(red), Ce (blue).

LDI-MS Analysis. After processing the obtained mass
spectra and comparing them with the theoretically calculated
isotope distribution, the presence of lanthanide stearate ions in
the gas phase was determined. The given masses are presented
in Table 1. The mass spectrometric analysis results confirmed
the existence of the ion fraction form of lanthanide in
monolayers. Experimental mass spectra revealed positively
charged ions of lanthanide distearates, which are structural
units of the studied films. This method was used to detect
singly charged europium monostearate, which is a structural
unit of the corresponding film. Such ions have also been found
in films containing thulium and ytterbium. In europium, the
bivalent state is very stable, which may be the reason for the
absence of EuSt*" particles in the mass spectrum and the
presence of special properties of such a film.

SEM with EDX Attachment. The presence of lanthanides
in the films was also proved using the EDX method. Each
sample contains only carbon atoms and the corresponding
lanthanide. The presence of hydrogen atoms is not fixed by
this method, and the number of oxygen atoms is too small for a
qualitative determination. Spectra can be viewed in Figure SI.
The study of the monolayer film morphology by SEM is
hampered by instrumental capabilities. That is why it seems to
us justified to consider the morphology of collapsed
monolayers. The SEM results of collapsed lanthanide stearate
monolayers are shown in Figure 2. In this series, the folding of
the resulting structures is especially clearly observed. Since the
compression of the monolayers occurred in two directions,
zigzag folding is visible in the micrographs. Moreover, the
formation of fragments with a smooth surface is visible.
Microscopic studies using the SEM method show the presence
of a folded structure of collapsed stearate-based monolayers, as
well as smooth surface areas accessible for the sorption process.
Thus, we can confirm the earlier assumptions about the
similarity of the properties of strictly regular LB films,
collapsed monolayers, and thin films of metal stearates.

CHN Analysis. Determining the quantitative content of
lanthanide atoms in thin films or collapsed structures based on
them is too complicated due to their extremely small amounts
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Table 1. Monoizotopic Masses (m/z, Da) of the Ions Detected in the Mass Spectrum of Lanthanide Stearate Films

lanthanides monostearate (LnSt")

La

Ce

Pr

Nd

Sm

Eu 436.18495
Gd

Tb

Tm 452.19794
Yb 457.20258

distearate (LnSt,")

705.43379
706.43287
707.43509
708.43516
718.44717

tristearate (LnSt;H")

1003.72021
724.45154
72545278
730.45661
731.45776
732.45774
735.46166
740.46630
741.46822

in the composition. Thus, we decided to apply a different
approach, previously described in the literature. Based on the
data of a qualitative EDX analysis, which indicates the presence
of lanthanide atoms in the composition of the corresponding
films, we carried out a quantitative analysis for the content of
the organic components of the films. To establish the
molecular composition analysis of the films, the elemental
composition of the samples was carried out. The analysis
showed that when moving along the period, the mass fractions
of carbon and hydrogen decrease, which is associated with an
increase in the mass of the metal atom. Based on the
experimental values (Table S1) of the mass content of carbon
and hydrogen, according to the CHN analysis, the transfer
ratios of stearic acid to the salt were calculated for each
investigated lanthanide (Table 2). The transfer ratios were
calculated based on three options for the composition of the
materials obtained: [(LnSt;),.(HSt),_5,] (1); [(LnSt-
(OH),)(HSt),-] (2); [(LnSt,OH),(HSt),,,] (3) (Ln—

lanthanides ions designation, St—stearate anion designation).

18M(C)

W(C) = Tn) + 3M(50)x + (ESO)(L = 32)
(1)
w(C)
B 18M(C)
~ (M(Ln) + 2M(OH) + M(St))x + (M(HSt))(1 — )
()
w(C)
B 18M(C)
"~ (M(Ln) + M(OH) + 2M(St))x + (M(HSt))(1 — 2x)
(3)

When calculating the fraction of the transition of stearic acid
to the stearate of the corresponding lanthanide, it was noted
that in the case of europium, a larger fraction of the transition
is observed in comparison to other lanthanides. This may be
due to the fact that, in addition to tristearate, europium can
also form stable distearates.

Compression Isotherms. To determine the surface
pressure values at which the solid thin-film transfer to the
sensor surface will be carried out, studies of compression
isotherms and an experiment on Brewster microscopy of the
compression process were carried out. For stearic acid, the

compression isotherm had two fairly obvious straight-line
sections.”””*® In the region of low values of surface pressure—
less than 23 mN/m—it describes a two-dimensional liquid-
stretched state. In the region of high values of surface
pressure—more than 23 mN/m—it describes a two-dimen-
sional crystalline state. The collapse pressure is 57 mN/m. By
extrapolating the straight sections of the isotherm to zero
surface pressure, the values of the area occupied by one
molecule in these states were obtained. At low pressures, it was
equal to 0.21 nm? and at high pressures, it was equal to 0.28
nm? A, is equal to 0.28 nm”. The summary table (Table S2)
shows the full parameters obtained due to compression
isotherms for all lanthanide stearate films, and Figure 3
shows some general graphs of the experimental isotherms.

The compression isotherms’ parameters (Table S1)
indicated the similarity of the processes occurring during the
compression and collapse of thin monomolecular films of
stearic acid on the aqueous subphase containing lanthanide
ions. The close radius of all lanthanide’s ions and the same
environment and coordination number are the reasons for the
similarity of compression isotherms of lanthanide stearate films
and their parameters. An increased value of the collapse
pressure was noted in three cases: neodymium, samarium, and
thulium. The values are higher than the surface tension values
near water. The extreme values can be associated with the
excellent temperature dependence of the surface tension of
these stearates. Slight differences in the parameters of
compression isotherms of stearates from stearic acid are
clearly associated with the smaller ionic radius of lanthanides in
comparison with the effective diameter of stearic acid. Based
on these data, the parameters for transferring the obtained
films of lanthanide stearates to the sensor were chosen. The
pressure at which the transfer was carried out was 40—60 mN/
m.

Brewster Angle Microscopy. Figure 4b shows an image
of a monolayer taken immediately after its application to the
water surface. When comparing this microphotograph with the
microphotograph of the surface of a pure subphase, it can be
seen that the monolayer remains on the surface of the
subphase without going deep. This state of the monolayer can
be attributed to the liquid-stretched state. Further, when the
young layer is compressed by the mobile one, the monolayer is
compacted (Figure 4c). With further displacement of the
movable barrier, the monolayer was passed into a condensed
state (Figure 4d); the surface has a pronounced solid character.
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Figure 2. SEM micrographs of skimmed metal stearates LBF: (a) Ln,
(b) Ce, () Pr, (d) Nd, (e) Sm, (f) Eu, (g) Gd, (h) Tb, (i) Dy, (j)
Ho, (k) Er, (1) Tm, (m) Yb, and (n) Lu.

The values of the surface pressure at which the transition to
the condensed state is observed agrees with the pressure
obtained in the study of compression isotherms.

Transfer of monomolecular films onto a sensor was carried
out by the Langmuir—Schaeffer method. For transfer, a
solution of stearic acid in hexane was applied to the surface

Table 2. Transfer Ratios of Stearic Acid to the Salt,
Calculated from the CHN Analysis

x

element (1) 2) 3)
La 0.24 0.19 0.22
Ce 0.21 0.17 0.19
Pr 0.38 0.31 0.34
Nd 0.39 0.32 0.36
Sm 0.43 0.35 0.39
Eu 0.66 0.53 0.60
Gd 0.49 0.39 0.44
Tb 0.52 0.46 0.51
Dy 0.45 0.37 0.41
Ho 0.42 0.34 0.38
Er 0.53 0.43 0.48
Tm 0.49 0.40 0.44
Yb 0.55 0.44 0.49
Lu 0.48 0.39 0.42

T, mN/m

05

Figure 3. Compression isotherms of stearic acid on a subphase
containing a salt solution: Sm (green), Nd (black), Tm (orange), Pr
(red), Eu (blue), Dy (mustard), Yb (purple), and Er (olive).

Figure 4. BAM images of the HSt layer (a) pure water; (b) first
moment after addition of stearic acid dissolved in hexane; (c) at a
surface compression; and (d) 3 min after surface formation.

of the aqueous subphase with a salt of the corresponding
lanthanide, and the resulting layer was pressed by barriers to a
certain pressure. The pressure was determined from the values
obtained from the compression isotherms (from 40 to 60 Nm/
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m). Thus, solid films of lanthanide stearates oriented by
hydrocarbon tails to the hydrophobized surface of the sensor
were transferred to the sensor. The polar “heads”, containing
lanthanide atoms in their composition, were turned outward.
This orientation of the monolayer made it possible to study the
adsorption of the insulin protein on a surface consisting of
lanthanide cations fixed on the surface of a thin solid film of
stearates.

Insulin Glargine Sorption. The transfer of lanthanide
stearate films was carried out by the Langmuir—Schaeffer
method in such a way that the film uniformly covered the
resonator surface and lanthanide atoms remained accessible for
sorption. Prepared insulin glargine solutions with different
insulin concentrations were passed through a cuvette with a
stabilized film of one of the lanthanides on the resonator with
increasing concentration. The solution was changed if the
signal in a cell filled with a lower concentrated solution did not
change for 2—4 min. The admissibility of such a change in
concentrations was checked by a blank experiment in which
this time period was determined experimentally. In Figure S1,
one can see an example of analytical signal changes. After
calculating the mass of adsorbed insulin, an isotherm of protein
adsorption was built at a temperature of 25 °C. The calculation
of adsorption was based on the area of the sensor, which was
constant. Accordingly, the results of the specific adsorption per
area were obtained. Figure 5 shows some general graphs of the
experimental isotherms.

0,08

0,06

0,04

q, pglcm?

C, mg/ml

Figure S. Insulin glargine sorption isotherms on thin film of europium
stearate (black), samarium stearate (green), erbium stearate (purple),
neodymium stearate (blue), and gadolinium stearate (red).

In ref 34, the influence of structural rearrangements of
adsorbed proteins on the form of the adsorption isotherm was
considered. The adsorption isotherm of type I and,
consequently, a smooth kinetic curve (Figure 6a) corresponds
to such adsorption, when at any orientation of the protein,
completely reversible adsorption can be observed, while there
is no protein—protein interaction.

The illustrations that correspond to b, ¢, and d show changes
in the isotherm and kinetic curves of adsorption in the cases
described below:

1. Protein molecules in one conformational or orientation
form are reversibly adsorbed and then are able to pass into an
irreversibly adsorbed state (Figure 6b);

2. Protein molecules with a transition from a reversibly
adsorbed to an irreversibly adsorbed state change their

Q
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Figure 6. Types of protein—surface interaction and kinetic curves of
adsorption and adsorption isotherms corresponding to them (d is the
thickness of the protein layer, Ac is the amount of irreversibly
adsorbed protein, and q is the amount of adsorbed protein.)

conformation with an increase in the adsorption area. These
initiate an increase in protein desorption (Figure 6¢);

3. The adsorbed molecules rush to the irreversibly adsorbed
state in full composition with a change in conformation
(Figure 6d).

Let us consider the obtained isotherms of insulin adsorption
on films. It should be noted that the protein is adsorbed
without changing the configuration, according to Figure 6a.
The plateau is a completely filled layer on the surface. It can be
seen that the course of the curve for most of the presented
isotherms is similar. For an accurate characterization, the
adsorption isotherms were brought into a linearized form
according to Langmuir (1/I" — 1/c) and were also plotted in
logarithmic coordinates (Igl’ — lgc). The constants of the
Langmuir and Freundlich equations were found in the course
of the study from the graphs. We can immediately conclude
that the adsorption isotherms for neodymium and holmium
stearates do not correspond to Freundlich’s theory. Also, due
to the fact that some lanthanides correspond to both
equations, we used a comparison of the values of the reliability
of the approximation. As a result, it was found that stearates of
all lanthanides and lanthanum except europium are best
described by Langmuir’s theory (Table S3) and europium
stearate by Freundlich’s theory.

The maximum adsorption of insulin on films of lanthanide
stearates correlates with the proportion of stearic acid to salt
conversion in the films and not with the specific characteristics
of lanthanides. A monotonic increase in the adsorption value of
the plateau with the metal ion content in the film is observed.
This fact indicates the metal-affinity mechanism of insulin
adsorption on the surface of thin films. The adsorption of
insulin protein on lanthanide stearate films is complex and
cannot be unambiguously described by any single model. The
correspondence of the obtained parameters of adsorption to
the Freundlich model indicates the agglomeration and/or
change in the structure of the protein during its adsorption on
the film surface. This behavior can only be explained by the
presence of a strong interaction of lanthanide ions with insulin
sites. The findings suggest the possibility of using thin films of
lanthanide stearates as a sorption material for the proteomics.

B CONCLUSIONS

The application of a stearic acid solution in hexane to the
aqueous subphase, which contains lanthanide salts, led to the
formation of lanthanide stearates in the form of a thin film. As
evidenced by the data of IR spectroscopy, stearic acid is almost
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completely converted into a salt, which is accompanied by the
disappearance of the vibration band of the non-ionized COOH
group at about 1700 cm™' from the spectrum. The CHN
analysis results showed a very high proportion of the
conversion of stearic acid to the corresponding lanthanide
salt. LDI-MS spectra clearly proved that the structural link in
the material obtained is lanthanide distearates. This situation
was observed for all ions, except for europium. For films
containing europium, the main link is monostearate. It can also
be seen that for europium stearate films, the proportion of the
stearic acid transition to the salt was higher. Compression
isotherms of the structures obtained and their photomicro-
graphs showed that it is possible to apply the structures
obtained by the Langmuir—Schaeffer method onto a Q-sense
quartz resonator. Such a modification of this device made it
possible to study the process of the insulin protein adsorption
on f-element ions in the lanthanide stearate thin solid films.
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