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ABSTRACT

Anionic detergents like Sodium Deoxycholate (SDC) are commonly used in biochemical and molecular biology research
for solubilizing and denaturing proteins and nucleic acids. In the presence of anionic detergents, the electrostatic interaction
between positively charged methylene blue (MB) and the anions forms a complex that can be extracted into chloroform,
allowing for quantification. Without formation of this complex, water-soluble MB remains immiscible in chloroform. Thus,
the spectrophotometric detection method of MB-detergent complexes can be employed to determine the concentration of SDC
during LC-MS/MS sample preparations. The quantification protocol for SDC was optimized, with the consideration of factors
such as pH, buffer solutions and the spectrophotometer wavelength. Several extraction methods were employed to remove
detergent from the sample, namely, ethyl acetate, mineral oil extraction and acid precipitation. All of the methods have about
the same efficiency. The MB method was used as a standard technique for the precise quantification of detergent amounts which
allowed as achieving an approximate concentration range between the lower limit of ca. 0.025% and 0.1% of the upper limit.

Key words: Calibration curves, liquid chromatography tandem mass spectrometry (LC-MS/MS), methylene blue (MB),
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INTRODUCTION

In recent years, the quantification of detergents in various
samples has gained significant importance, primarily due to
concerns regarding environmental pollution [1]. This is due
not only to the widespread use of this class of substances in
industry, but also to the increase in their production and con-
sumption during the recent COVID-19 pandemic. Many sur-
factants are resistant to natural degradation, resulting in ir-
reversible changes in biogeochemical processes in soil and
water reservoirs [2]. In addition to environmental issues, the
analysis of detergent content in samples is also important for
other areas. For instance, in medicine and tissue engineer-
ing, detergents such as Sodium Dodecyl Sulfate SDS [3] and
sodium deoxycholate (SDC) [4] are used for decellulariza-
tion from the scaffold of transplanted organs. Since these sub-
stances possess cytotoxic properties, it is crucial to determine
the residual amount of SDS and SDC, which should remain
below the threshold to ensure the viability of newly implanted
cells on the matrix. Detergents are also often used as compo-
nents of buffers for cell lysis during RNA and DNA isolation,
as well as protein denaturation for subsequent SDS-PAGE
electrophoresis [5]. In the latter case, detergents bind to de-
natured proteins, making them negatively charged. In addi-
tion, the total charge of the resulting complex depends on the
number of amino acids, thereby the electrophoretic mobility
of the ions proportional to the molecular weight of the pro-
tein. Detergents are also widely used in the proteomics sample
preparation process, but must be eliminated in the last steps
of protocols due to their incompatibility with liquid chroma-
tography system [6] and electrospray ionization (ESI) source
[7, 8]. SDS, SDC, and other surfactants also tend to accumu-
late as deposits on ESI emitters, chromatography columns,
and the front end of the mass spectrometer, which incurs ad-
ditional equipment maintenance costs. Therefore, it is of ut-
most importance to ascertain the detergent content in a sam-
ple intended for LC-MS/MS analysis.

The simplest method for the quantification of detergent
is based on the spectrophotometric measurement of the con-
centration of their complexes with methylene blue which is
a standard method being used to determine the surfactants
in tap-water samples (ISO 7875-1, 1996). Despite the fact
that this method was developed in the 1940s of the last cen-
tury [9, 10], today there are various modifications of proto-
cols with optimized parameters of ratios and volumes of re-
agents [11-13].

As an object for quantitative analysis, we chose the deter-
gent SDC, which is not inferior to SDS and other detergents
in the ability to solubilize and denature proteins, as well as
enhance trypsin activity. Moreover, as shown by Masuda et
al.[14], this detergent can be easily removed by extraction
with ethyl acetate.

The aim of this study was to use this method for the quan-
titative analysis of SDC in solutions during sample prepara-
tion for LC-MS/MS analysis.

MATERIALS AND METHODS

Materials and equipments

Sodium Deoxycholate (Sigma-Aldrich, Germany, #30970-
500G), Methylene blue (Sigma-Aldrich, St. Louis, MO, USA,
#M9140-25G), Chloroform (Sigma-Aldrich, St. Louis, MO,
USA, #34854-1L), 0.1M Tris hydrochloride (Tris-HCI), 1X
Phosphate Buffered Saline (PBS), 1% Trifluoroacetic acid
(TFA) (Sigma-Aldrich, Germany, #T6508-100ML), Ethyl
acetate (Sigma-Aldrich, Germany, #34858-1L), Mineral Oil
(Amresco, USA, High purity grade, #J217-100ML), 1M
Na,HPO, (ThermoFisher, Germany, #44814), 0.1M KH,PO,
(BLD Pharmatech Ltd, China, #BD140341-500g), 0.1M
K,SO, (ThermoFisher, India, #FLP304500), 0.1M KNO,
(ThermoFisher, India, #44637), SM NaCl (Sigma-Aldrich,
St. Louis, MO, USA, #31434-1KG-R), H,O (Milli-Q grade),
Universal indicator paper pH 0-12 (LACHEMA, Czech Re-
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public).
Shimadzu UV-VIS Spectrophotometer UV-1900i, Bio-Rad
Model 680 microplate reader.

Sample preparations for spectrophotometric measure-
ments.

Detergent quantification method

A 1 mL stock solution of 0.5% methylene blue in water
was prepared in a 1.5 ml tube, covered with foil to avoid light
exposure and kept over 50 mL of CHCIL,. 5% stock solution
of SDC was prepared in water.

To generate standard curves, 0.5% SDC solutions were
diluted in water (PBS or Tris-HCI) over a range consistent
with use in serial dilution. The samples were then mixed with
0,005% MB aqueous solution at a ratio of 1:2 (MB:sample,
v/v). After vortexing samples with MB, chloroform was added
at a ratio of 1:2 (sample:chloroform, v/v). Samples were then
vortexed four to six times of intermittent touching. The aque-
ous and chloroform phases were then separated by centrif-
ugation at 2,000 rpm for 3 min at low temperature (4 °C).
Tubes were allowed to stand for about 10 min until they were
warmed to room temperature. The chloroform layer (2 ml)
was transferred to a glass cuvette with an optical pass length
of 1.0 cm and absorbance at the wavelength 655nm (OD,,)
was measured with Shimadzu UV-1900i UV-Vis spectropho-
tometer. Pure chloroform was used as blank.

Optimized detergent quantification protocol

For standard curves, 0.5% SDC solution was diluted
in H,O (Milli-Q grade) with the range of 0.05%, 0.025%,
0.012%, 0.003%, 0.0008% and 0% (control). To determine re-
sidual detergent concentration of SDC after ethyl acetate ex-
traction we initially added 1% trifluoroacetic acid to a 0.5%
SDC solution as described by Masuda et al [14]. Then an
equal volume of ethyl acetate was added in a 1:1 ratio to the
sample, and the mixture was centrifuged at 5,000 rpm for 5
minutes. The organic phase was discarded and aqueous phase
alkalized by adding 1M Na,HPO, to pH 7.5 (universal indica-
tor paper). Next, the samples were combined with a 0.005%
MB aqueous solution in a 1:2 ratio of sample solution to MB
(for instance, for 1.5 mL tubes, 200 mL of MB was added to
100 mL of analyzed sample). After vortexing the samples,
chloroform was added in a 1:2 ratio with the sample, and the
tubes were once again vortexed and centrifuged at 2,000 rpm
for 3 minutes at room temperature. 100 pl of the bottom chlo-
roform layer was immediately transferred to the 96-well poly-
styrene plate and the absorbance at the wavelength 655nm
(OD655) was measured with Bio-Rad Model 680 microplate
reader. It is important to minimize the exposure time to chlo-
roform and polystyrene (Figure 2E).

Detergent removal methods
»  Ethyl acetate

Ethyl acetate is a common organic solvent that is effective
at extracting organic compounds, including many types of de-
tergents [14]. The extraction of detergents was performed us-
ing ethyl acetate (99.7% purity) as the organic solvent. In 1:1
ratio ethyl acetate solution was employed to detergent-con-
taining aqueous solution to ensure efficient extraction. The
mixture was vigorously vortexed and centrifuged at 10000
rpm for 5 minutes at RT. Subsequently, the solution was sep-
arated into two distinct phases based on their immiscibility.

4

The upper phase was discarded.
*  Mineral oil

Mineral oil is another type of organic solvent that can be
used for extraction purposes, including the removal of certain
organic compounds from aqueous solutions based its ability
to interact with nonpolar detergent molecules. Mineral oil was
added in 1:1 volume ratio to the sample and thoroughly vor-
texed. After centrifugation at 10000 rpm for 5 minutes at RT,
the upper phase and interphase containing SDC was removed.

»  Effect of pH on linearity of calibration curve

The calibration samples containing serial dilutions of SDC
in water were measured on spectrophotometer before and af-
ter acidification. 1% TFA was added to the sample (pH 2, uni-
versal indicator paper) with MB and chloroform after centrif-
ugation. Absorbance of chloroform phases were measured on
spectrophotometer at 655nm.

RESULTS AND DISCUSSION

As mentioned in introduction it is important to remove de-
tergent from sample before LC-MS/MS analysis. Therefore
residual amount of detergent should be determined on final
steps of sample preparation. According to literature data spec-
trophotometric quantification of MB-detergent complexes [9,
10] is simple and sensitive method available to any laboratory.
However, standard protocol is based on detergent quantifica-
tion in water, PBS, Tris-HCI buffers at pH range 7-7.5. But
in case of SDC, protocol is not adapted since acidic solution
cause formation of MB aggregates (dimers, trimers, tetramers
etc.) which soluble in chloroform phase [15] and also com-
petes by absorbing light with MB-SDC complexes. This re-
sults in loss of linearity for calibration standards (Figure 1 B,
D; Figure 2 A, B). MB exhibits higher solubility in water, re-
maining within the aqueous phase. Under low pH values, MB
predominantly exists in its protonated form (MBH?*), which
exhibits reduced solubility in water compared to its unproton-
ated form (MB). Consequently, the protonated form of MB
demonstrates an enhanced affinity for organic solvents, such
as chloroform [16, 17].

In order to get rid of SDC Masuda et al. [14] acidified
tryptic digest by TFA to precipitate or extract detergent. Acid-
ification is also standard to inactivate trypsin during sample
preparation for proteomics [18]. Furthermore, TFA is used in
desalting step on C18 columns, since the greatest binding of
peptides occurs only in an acidic environment [19]. However
acidic solution is not acceptable for residual SDC quantifica-
tion by spectrophotometry as mentioned above. This method
proved to be flawed due to the TFA induced formation of
CHCI, soluble MB aggregates, leading to inaccurate measure-
ments (Figure 2). To address this issue, standard samples were
prepared within the pH 7.0-7.5. By adding the 1M Na,HPO,,
we optimized the protocol for SDC quantification. Regard-
ing the work of Masuda et al. ethyl acetate extraction method
was employed to remove the remaining SDC from the sample.
Nonetheless, an alternative method of detergent removal that
we have used is mineral oil extraction. It is a relatively sim-
ple and effective technique for extracting SDC from an aque-
ous solution (Figure 1C). The interphase is being formed due
to its amphiphilic properties. All these methods turned out to
be compatible in terms of results.
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Figure 1. Detergent removal methods (upper phase is organic). Effects of pH and salts on formation MB aggregates and MB-SDC
complexes (lower phase is organic). (A) Schematic diagram of twofold aqueous serial dilution. (B) The visual observation of serial
dilution of SDC, where initial concentration (from right to left) is 0.05% and final is 0.00078%. The first sample is indicated as control
(no detergent): (C) Detergent removal with mineral oil and ethyl acetate extraction. (D) Loss of linearity after addition of TFA to SDC
samples from (B). Effect of salts (E) and buffers (F) on aggregation of MB without SDC detergent. Aggregates of MB partition to organic
phase. (G) Visual comparison of 1X PBS and 0.1M Tris-HCI buffers with serial dilutions of SDC.
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We also employed commonly used buffer solutions in cel-
lular biology, such as PBS and Tris-HCI in order to maintain
a stable pH. Nonetheless, compared to PBS, in Tris-HCI with
or without the detergent, less MB aggregates transit into the
organic phase of the solution (Figure 1 F, G). Therefore, it
was decided to use H,O (Milli-Q grade) to mitigate the com-
plex formation between MB and chloride ions. Thus, the col-
oration of the chloroform layer decreases in this order PBS>-
Tris-HCI>H,O (Figure 1F). In addition, we tested the effect
of various buffer solutions on the formation of dimmers, trim-
mers, and other aggregates of MB without SDC. The results
showed that the presence of NO, and CI in the buffer solu-
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tions and an acidic environment were found to lead to the
formation of undesired complexes with MB, potentially in-
terfering with our experimental measurements (Figure 1E).
According to George ef al. [12] occurrence of NaCl in a deter-
gent sample does affect the methylene blue active substances
(MBAS) assay, because MB-Cl complex partitions pass into
the chloroform layer. As a result, the use of H,O MQ pro-
vided a chloride-free environment (Figure 1 A, C), ensuring
the accuracy and reliability of our data. The experiment was
carried out at different wavelengths of the spectrophotome-
ter. So based on the results obtained, at the OD630, OD655
and OD665 there is no obvious difference (Figure. 2 C, D).
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Figure 2. Spectrophotometric measurements of MB aggregates and MB-SDC complexes in CHCI, under various conditions. (A) CHCI,
phase measurements of samples before adding TFA. (B) CHCI, phase measurements of samples after adding TFA. The effect of SDC
absorption wavelengths at 630nm (C) and 655nm (D) on data linearity. (E) Determination of the residual SDC concentration after ethyl
acetate extraction method (indicated with orange color). The experiment was conducted in triplicate at absorbance of 655 nm. The
error bars indicate the standard deviation of concentration (F) Schematic illustration of transfer of MB-SDC complexes (blue circles)
into organic phase. F1: Various concentrations of SDC (ranging from 0.05% to 0.0008% and pure water at 0%) were prepared to plot a
calibration curve. F2 and F3: When there is an abundance of SDC present, the interaction between MB and SDC results in the formation
of'a complex with a distinct spectral color. In cases of higher SDC concentrations, it becomes visually evident that the methylene blue-
detergent complex passes into the chloroform phase. F4: In contrast, samples containing no detergent, only pure water, do not exhibit this
phenomenon. In blank (control), the chloroform phase remains colorless.
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CONCLUSION

This study encountered limitations related to collapse of
linearity of calibration curve for the quantification of resid-
ual detergents in case of low pH and presence of some ions
in buffer solutions such as CI, NO, especially at higher con-
centrations of salts. The presence of chloride, nitrate ions and
acids promote formation of MB aggregates to transit from the
aqueous phase into the chloroform phase which also absorb
at 655nm and cause competitive effect. By using optimized
protocol we demonstrated that one extraction by ethyl acetate
decreases the amount of SDC by the factor of 20 (from 0.5%
to 0.025%). We also found usability of polystyrene 96 well
plates for measurement of chloroform samples but for short
period of time. This allows performing high-throughput ex-
periments with fewer amounts of reagents and solvents or to
get more measurements for statistical analysis.
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KOJMYECTBEHHASA OHEHKA JTE30OKCUXOJIATA HATPUSA C UCIIOJIb3OBAHUEM
METHJIEHOBOTI'O CHHET O B ITIPOBOINIOJATIOTOBKE K IPOTEOMHOMY AHAJIN3Y
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AHHOTAIUA

AHUOHHBIC JICTEPTCHTHI, TaKKE Kak Ae30kcuxonar Hatpus (SDC), NIMPOKO UCTIONB3YIOTCS B OMOXUMHUYCCKUAX M MOJICKY-
JIIPHBIX OMOJIOTUYECKHUX UCCIICIOBAHUSIX [UIS PACTBOPCHHUSI M ICHATYPHPOBAHUS OCIKOB U HYKJICHHOBBIX KUCIIOT. B mpucyT-
CTBUYM aHHUOHHBIX JICTEPTCHTOB ICKTPOCTATUYCCKOC B3aMMOICHCTBUE MKy TIOJOKUTEIBHO 3aPSKCHHBIM MCTUJICHOBBIM
cuanM (MC) 1 aHHOHAMU MPUBOIUT K 00PAa30BaHHIO KOMILUIEKCA, KOTOPBIA PACTBOPHM B XJIOPO(POPME, YTO IMO3BOJISIET IPOBO-
JTUTH KOJIMYCCTBCHHYIO OLICHKY JieTepreHTa. be3 o0pa3oBaHus STOro KOMILICKCAa pacTBOpUMBIN B Bome MC He cMelInBaeTCst
¢ xsopodopmom. Takum 006pazoM, crieKTpOHOTOMETPUICCKHI METO]T ONPEACICHUST KOMILICKCOB MC-IeTepreHT MOXKET ObITh
HCIIONB30BaH Juist onpeaeicHus koumentpanuu SDC B oopasnax it LC-MS/MS. TIporokon komudectBeHHO oreHkr SDC
OBUT ONITUMHU3UPOBAH C YUETOM Takux (hakTopoB, Kak pH, cocraBa Oydepa u yuHbI BONHBI criekTpodoTomerpa. s yuane-
HUS JICTEPreHTa U3 MPOOBI UCIIOIH30BATIMCH HECKOIBKO METOIOB SKCTPAKIIMU, @ UMCHHO: 3KCTPAKIIHS ITHIIAICTATOM, MIHE-
PAJBHBIM MACJIOM M OCaXKJCHHE C IIOMOIIBIO0 KUCIOTHL. Bee METOBI MMEIOT IPUMEPHO OUHAKOBYO 3(h(heKkTHBHOCTE. MeTox
METHJICHOBOTO CHHETO OBLIT HCITOJIh30BaH B KAUSCTBE CTAHAPTHOTO METO/Ia ISl TOYHOM KOJTMYCCTBEHHOU OICHKH JICTCPreHTa
B 00pa3iie, B TUAMa30He HIKHETO Mpefelia KoHmeHTpaiuu npumepto 0.025% u 0.1% BepxHero.

KuaroueBbie coBa: Liquid chromatography tandem mass spectrometry (LC-MS/MS), ne3okcuxomnar Harpust (SDC), none-
muicynbgar Harpus (SDS), kanmnOpoBodyHbIe KpUBbIe, MeTiIeHOBBIH cunmii (MB), methylene blue active substances (MBAS),
CIEKTPO(OTOMETPHSL, TIOCIIEIOBATEIbHOE pa30aBiIeHHE.

MPOTEOM/IBIK TAJIJTAYFA YJITT JAWBIHIAY BAPBICBIHIA METHJIEH KOKTI KOJIJIAHY
APKBLJIbI HATPUI JTE30KCHUXOJIATBIH CAHJBIK BAFAJIAY
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TYWUIH

Harpuii nezoxcuxonat (SDC) cUsSKTBI aHHOHABI JIETEPIeHTTEP, aKybI3/1ap MEH HYKJIEHH KbIIKbUIJAPbIH epPITy KOHE
JieHaTypalusiay yiliH OMOXMMHUSUIBIK KOHE MOJICKYJIAIBIK OMOJIOTHs 3epTTeyepiH/ie KeHIHEeH KOJIAaHblUIaAbl. AHUOH/IbI
JETepreHTTep KaThicy OapbhIChIHAA OH 3apsaTanrad MeTwieH kok (MK) men aHnoHmap apachlHIAFbl IJIEKTPOCTATHKATIBIK,
opeKeTTecy XJIOpohopMFa IKCTPAKIMSIAHATHIH KOMIUIEKC TY3€ OTBIPBII CaH/BbIK aHbIKTayFa MYMKIH/IIK Oepezi. by komruiexc
Ty3inamece, cyna eputin MK xiopopopmmen apanacmaiigsl. COHbIMEH KaTtap, crekTpodoromerpusiibik MK-neteprenr
KOMIUTEKCIH aHbIKTay 91ici, LC-MS/MS yirinepingeri SDC KOHIEHTPAIUSACHIH aHBIKTAY YIIIiH Kojaanyra 6onaasl. SDC ne-
TEpPreHT MOJIILePiH aHbIKTay xarTamackl pH, Oydep Kypambl )koHE CHIEKTPO(GOTOMETP TOJIKBIH Y3bIH/IBIFbI CUSIKTBI (haKTOpIIap bt
€CKepe OTBIPBII KETUIAIPUIreH. YTieri AeTepreHTTeH apblly YIIiH OipHellle SKCTPaKIHs 9/1icTepl KOJIJaHbULIbI, aTarl
aiiTKaH[a STUIIALIETATTHI SKCTPAKIIMS, MUHEPAIJIbI Mail SKCTPAKIHUSCHI )KOHE KbIIIKBUIIABI TYHIIBIPY. bapiblk oicTep mamaMeH
Oipueii Trimainikke ue. MeTuiieH Kok a/ici, romenri mreri mamamen 0,025% sxone sxoraprsl meri 0.1% apasibIiFbiHaa yiarigeri
JICTEPreHTTIH MOJIILEPiH CaH/IbIK aHBIKTAY IbIH CTAHAAPTTHI 9JIICI PETIH/IE MaiJaaHbLUIIbL.

Herisri ce3mep: Liquid chromatography tandem mass spectrometry (LC-MS/MS), kanu0piey KUCBIK ChI3BIKTApHI,

metmieHni kek (MK), methylene blue active substances (MBAS), Hatpuii nezokcuxonatet (SDC), HaTpuit nogenmicyabharst
(SDS), ciektpodoTomeTpust, TI3OEKTIK CYHBIITY.



