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Abstract
Since its discovery more than a century ago, oxytocin has become one of the most intensively
studied molecules in behavioral biology. In the last five years, Psychoneuroendocrinology has
published more than 500 articles with oxytocin in the title, with many of these articles including
measures of endogenous oxytocin concentrations. Despite longstanding interest, methods of
measuring endogenous oxytocin are still in active development. The widely varying oxytocin
concentrations detected by different approaches to measurement — and lack of correlation among
these techniques — has led to controversy and confusion. We identify features of oxytocin that
may help to explain why various approaches may be differentially sensitive to diverse
conformational states of the oxytocin molecule. We propose that discrepancies in data generated
by different methods of measurement are not necessarily an indicator that some methods are
valid whereas others are not. Rather, we propose that current challenges in the measurement of
oxytocin may be analogous to the parable of the blind men and the elephant, with different
methods of sample preparation and measurement being sensitive to different states in which the

oxytocin molecule can exist.



Since its discovery more than a century ago, oxytocin has become one of the most intensively
studied molecules in behavioral biology. Once thought of primarily as a female reproductive
hormone, oxytocin is now recognized for having diverse roles in the mammalian nervous system,
and is implicated in processes ranging from social monogamy and theory of mind to regulation of
appetite, the immune and autonomic systems, and bone mass and cardiomyocyte differentiation
(Blackburn, Demko, Hoffman, Stricker, & Verbalis, 1992; Carter, 2014; Carter & Perkeybile, 2018;
Feldman, Weller, Zagoory-Sharon, & Levine, 2007; Li, Wang, Wang, & Wang, 2017; MacKinnon
et al., 2018; Paquin, Danalache, Jankowski, McCann, & Gutkowska, 2002; Peltola, Strathearn, &
Puura, 2018; Tamma et al., 2009; Wai, Siu, Zhang, & Chan, 2018). In the last five years,
Psychoneuroendocrinology has published more than 500 articles with oxytocin in the title, with
many of these articles including measures of endogenous oxytocin concentrations. Despite this
longstanding interest, methods of measuring endogenous oxytocin are still in active development,
and questions about the validity of various techniques have spurred controversy and confusion
(Carter et al., 2007; Carter, 2014; Jurek & Neumann, 2018; Leng & Sabatier, 2016; McCullough,
Churchland, & Mendez, 2013).

Specifically, two of the most common approaches for sample preparation (use of extracted
or non-extracted samples; see below for details) lead to entirely uncorrelated results (Leng &
Sabatier, 2016); even when using the same protocols, different commercially available assays
can produce markedly divergent measurements (Lefevre et al., 2017; MacLean et al., 2018).
Questions about endogenous oxytocin concentrations have been further complicated by recent
findings that the vast majority of endogenous oxytocin may be bound to other molecules in plasma
and serum. In many cases oxytocin may evade detection unless these bonds are broken prior to
measurement (Brandtzaeg et al., 2016; Martin & Carter, 2013). Although efforts to develop
reliable measures / confirm the validity of bound oxytocin have proven challenging (Franke, Li,
Menden, Lee, & Lai, 2019), multiple technigues have been developed in recent years, with utility

for both immunoassay and mass spectrometry applications (Brandtzaeg et al., 2016; Liu et al.,



2019). The widely varying oxytocin concentrations detected by different approaches to sample
preparation and measurement — and lack of correlation between these techniques — has led to
the suggestion that particular approaches may be ‘no more than a random number generator’
(Leng & Sabatier, 2016). Reflecting on the poor agreement between various approaches, others
have suggested that it is urgent that we adopt a single approach to be implemented as the
standard in the field (McCullough et al., 2013). Although we agree that progress will depend on
a better understanding of why different methods produce such different results, we suggest that
it is premature to accept any single approach as a gold standard, since discrepancies between
methods are not necessarily an indicator that some methods are valid whereas others are not.
Instead, we suggest that the current challenges in the measurement of oxytocin may be
analogous to the parable of the blind men and the elephant.

In this parable, a group of blind men conceptualize what an elephant is like by touching its
body. Each man touches a different part of the elephant, and afterward recounts his perspective.
Of course, all of the men find themselves in utter disagreement about what an elephant is like,
having been exposed to only partial information about a complex system. We propose that the
current diversity of approaches to measuring oxytocin may be analogous to the blind men in this
parable. Varying approaches to sample preparation and measurement of oxytocin may vyield
different and often conflicting information due to differential sensitivity to diverse conformational
states of the oxytocin molecule. We propose that this phenomenon arises because oxytocin, like
an elephant, is biologically complex.

Characteristics of the Oxytocin Molecule

Oxytocin measured in plasma is reported to have a short half-life, ranging from ~1-5
minutes, and in vivo, is rapidly degraded by diverse peptidases in the passage of blood through
the liver and kidneys (Chard, Boyd, Forsling, McNeilly, & Landon, 1970; Morin et al., 2008; Rydén
& Sjoholm, 1969). But perhaps more importantly, oxytocin also strongly binds to other molecules

(including itself), which are common in biological matrices (Avanti et al., 2013; Avanti et al., 2012;



Brandtzaeg et al., 2016; Liu et al., 2019; Yamamoto et al., 2019). Although we know little about
the physiological significance of bound oxytocin, recent work reveals that bound oxytocin can be
transported across the blood-brain barrier yielding important consequences in the central nervous
system. Even following sample collection, oxytocin binds slowly and non-specifically to plasma
proteins, and as described below, a substantial amount of bound oxytocin can be discarded by
common approaches to sample purification (Brandtzaeg et al., 2016; MacLean, Gesquiere, Gee,
et al.,, 2017; Martin & Carter, 2013). Collectively, these properties of oxytocin have major
implications for issues related to its measurement.
Measuring Oxytocin

The most common approaches to measuring oxytocin involve immunoassay or mass
spectrometry. These techniques detect analytes in fundamentally different ways, and as a result,
are characterized by different strengths and limitations (Table 1). Immunoassays rely on binding
between oxytocin and an antibody (Figure 1). Oxytocin antibodies vary in the epitopes they
recognize, which can lead to variable results between immunoassays (Lefevre et al., 2017).
Additionally, because detection is based on antibody binding, there is potential for a wide range
of interferences (Tate & Ward, 2004) ranging from cross reactivity (in which structurally similar
analytes produce false positive signal via reaction with the antibody) to heterophilic interference
(in which interfering substances prevent antibody binding, again generating false positive signal).
Thus, the identity of what is measured using immunoassay is never determined with certainty
(Park & Kricka, 2013). Despite these limitations, immunoassays provide the advantage that
oxytocin may be recognized when it is bound to other components of the matrix, present in
multiple forms, or when the molecule is partially degraded. Thus, a lack of specificity can
sometimes be advantageous, as evidenced through studies of hormones in which the least
specific antibodies sometimes yield the strongest associations with related biological phenomena

(Galeandro et al., 2014).



Mass spectrometry (MS) is sometimes described as being a gold standard for the
detection and quantitation of specific molecules. Indeed, relative to immunoassays, MS can be
highly specific because it “weighs” molecules, providing information about the molecule’s
structure (Figure 2). However, there are also many potential pitfalls with MS. For instance,
analytes of interest may be suppressed by other compounds (e.g. phospholipids, polymers from
plastic tubes, or anticoagulants; Mei et al., 2003). Additionally, if an oxytocin molecule is bound
to other components of the matrix (even another oxytocin molecule), the species may not be
detectable. Finally, there are scenarios in which common mass spectrometers with low resolution
can mix up compounds that have similar properties (e.g. near identical molecular weights). Thus,
there are limitations unique to this platform, and oxytocin’s affinity for binding to other molecules
imposes notable challenges for measurement via MS.

Sample preparation

Beyond the specific detection platform, pre-analytical steps have the potential to
dramatically influence what states of oxytocin are available for detection. Perhaps the most
influential preanalytical step is sample extraction. In short, extraction refers to a range of
approaches designed to eliminate interfering substances from a complex matrix, while retaining,
and often concentrating the target analyte. The simplest oxytocin extractions involve protein
precipitation, in which a solvent is used to precipitate serum/plasma/urine proteins from the matrix,
which are then discarded, leaving only soluble molecules in the supernatant fraction. Although
free oxytocin is highly soluble, oxytocin bound to proteins will co-precipitate, effectively being
discarded. Given that the majority of oxytocin is bound in serum and plasma, this approach will
retain only a small fraction of the total oxytocin content (Brandtzaeg et al., 2016). In addition,
while protein precipitations are simple and cost effective, they can be subject to high variability
and poor analyte recovery (Alshammari, Al-Hassan, Hadda, & Aljofan, 2015; Hennion, 1999).

A more common preanalytical step involves solid-phase extraction (SPE). In SPE, a

sample is passed through a cartridge containing a chromatographic sorbent which selectively



retains molecules, often as a function of their polarity and affinity for lipids (Figure 3). The sorbent
is then washed to remove potentially interfering substances, and finally, molecules retained by
the sorbent are eluted using a solvent. Compared to liquid-liquid extractions, solid-phase
extraction can be highly selective. However, the effectiveness of SPE depends critically on the
chemistry between components of sample and the sorbent, and in the case of oxytocin, SPE
procedures are typically designed with the properties of the free nine amino acid peptide in mind.
However, as noted above, oxytocin interacts dynamically with other elements of the matrix, which
can affect retention on the sorbent, or whether bound analytes are effectively eluted. Sample
preparation protocols which are optimized for the “catch and release” of free oxytocin in a simple
matrix may still eliminate large amounts of oxytocin which is present in other naturally occurring
conformational states, effectively “throwing out both the baby and the bathwater”.

In addition, SPE can also be subject to breakthrough effects, a scenario in which the target
analyte is not effectively retained in the sorbent, or poor recovery if only a fraction of the analyte
is successfully eluted (Figure 3). Regarding the latter pitfall, it has been noted that common
protocols recommended by immunoassay kit manufacturers often yield poor recovery, and may
require substantial methodological development and optimization by the end-user to achieve
acceptable recovery (Bienboire-Frosini, Chabaud, Cozzi, Codecasa, & Pageat, 2017). Indeed,
different chromatographic sorbents designed to capture molecules via the same mechanism (e.g.
polarity) often behave differently, each requiring optimization of various elements, including wash
steps, flow rate, and solvent selection. Although there are several commonly recommended
generic protocols for oxytocin extraction (often specified in immunoassay kit manuals), end users
should not blindly adopt these techniques or assume they will yield high levels of performance
across all applications.

For immunoassay applications, the eluant from SPE is typically evaporated to dryness,
and later reconstituted in an assay buffer. To expedite this procedure, researchers often heat

samples, creating conditions that can potentially degrade the oxytocin molecule. While steroid



hormones are generally robust to these conditions (Ziegler & Wittwer, 2005), the effect of heat
and oxidation presents greater risk when working with peptides, which are readily degraded by
these procedures. Lastly, evaporated samples may form a compact residue that is not easily
resuspended, creating the potential for additional sample loss due to ineffective reconstitution.
Thus, while extraction is often portrayed as a simple and routine clean-up procedure, it presents
a range of potential pitfalls in the context of dynamic peptides such as oxytocin.
Implications

The issues outlined above reveal a multitude of factors which can influence oxytocin
measurement, beginning at the preanalytical stages, and extending through the process of
guantitation. Preanalytical steps may discard some of the most abundant forms of oxytocin, fail
to satisfactorily recover the analyte, or degrade the molecule through heat and/or oxidation.
Quantitation by immunoassay will depend on whether particular epitopes remain available for
binding, which may depend on whether oxytocin engages in complexes with other elements of
the matrix, which likely occur in diverse forms (e.g., dimers or trimers of the oxytocin molecule, or
binding to various proteins or lipids in plasma, serum, urine, and perhaps even saliva).

Based on these complexities, we suggest that is not at present useful to make inferences
about whether a particular measurement approach is valid based on the magnitude of
concentrations it detects, or whether these values correspond with those from historical practices.
In the elephant metaphor, this would be akin to anchoring all judgements to the perspective of a
single blind man, who happened to be the first to touch the elephant. From this viewpoint, it
becomes clear that current debates — especially those that are not informed by the complex
chemistry of this molecule — about the ‘correct’ way to measure oxytocin, may be fundamentally
misguided. We suggest that true progress will depend on better answers to questions about the
states in which we intend to detect oxytocin when measuring it, the biological causes and
consequences of these states, and how and why various approaches to measurement may be

differentially sensitive to the above.



One important implication of this perspective is that progress will depend on a clearer
formulation of precisely what researchers intend to measure when they measure oxytocin.
Discrepancies between the results of different methods are often interpreted as an indication that
one measure must be erroneous. That is, differences between measures are attributed to error,
because both measures should detect the same entity, yet one or both fails to do so accurately.
We agree that if two measures are designed to detect the same entity, and measurements are
discordant, this reflects a serious methodological problem. However, we suggest that a neglected
possibility is that differences between measures may also reflect variation in the states in which
oxytocin is detected. For example, if oxytocin is bound to other elements in a biological matrix, it
may remain detectable following some approaches to sample preparation and measurement, but
not others. If one measure detects free oxytocin, but another detects free and bound oxytocin,
and these concentrations are not in agreement (or correlation), is one measure valid whereas the
other is not? If so, which? Clearly the answer to this question depends on the taxonomy of states
in which we intend to measure oxytocin, and at present this taxonomy is often poorly specified
(but see Brandtzaeg et al., 2016; Green et al., 2001; MacLean, Gesquiere, Gruen, et al., 2017).
If — as current data suggest — oxytocin is present in multiple dynamic states, and more than one
of these states is biologically meaningful or with different receptor affinity (Jurek & Neumann,
2018) it is possible that there will be multiple valid measures, but these measures will not covary.

At present, variation in reported values has been attributed exclusively to measurement
error, without considering the possibility that different approaches may be fundamentally attuned
to different states of the same molecule. These may reflect adaptive or functional changes in the
availability of oxytocin, which will be important to interpreting outcomes. Of course, our
perspective does not imply that all existing measures are valid, nor that we should accept all
findings at face value without skepticism, assuming that they all index some meaningful
component of oxytocin biology. Indeed, as detailed below, the possibility of multiple valid

measures underscores a need to critically validate the full range of techniques being employed.



One concern arising from our perspective is that although it provides an explanation for
why multiple valid measures may vary, it also increases the number of conceptual entities to be
accounted for, each perhaps requiring its own physiological explanation. Although we
acknowledge the large number combinatorial possibilities that could arise, we hypothesize that
much of the currently reported variance is attributable to differences between detecting only the
free vs. the free and bound fractions (see below for discussion of the potential significance of
these fractions). Considering oxytocin’s interactions with a biological matrix also raises important
guestions about how these dynamics may vary between matrices. Although researchers are often
interested in oxytocin’s effects in the central nervous system (CNS), in most studies it is not
possible to directly measure oxytocin release in the brain or cerebrospinal fluid, and instead
samples are collected from peripheral fluids including blood, urine, and saliva. Current studies
have produced mixed results regarding the correlation between oxytocin concentrations in the
CNS and these peripheral fluids (Lefevre et al., 2017; Valstad et al., 2017), consistent with data
suggesting that central and peripheral release can occur through both independent and
coordinated mechanisms (Jurek & Neumann, 2018; Landgraf & Neumann, 2004; Wotjak et al.,
1998).

When considering peripheral matrices, researchers often assume that measures from
blood are most reliable given oxytocin’s direct release into the bloodstream from the
neurohypophysis. However, from the perspective of matrix interactions, blood proteins readily
sequester oxytocin leading to challenges for detection (Brandtzaeg et al., 2016; Martin & Carter,
2013). Similarly plasma proteins may cause interference in immunoassays (Selby, 1999), and
common procedures to remove these interferences may discard oxytocin, as reviewed above.
More recently, researchers have begun to measure oxytocin in saliva, an approach that was
originally met with great skepticism (Horvat-Gordon, Granger, Schwartz, Nelson, & Kivlighan,
2005). One of the primary limitations of this approach is that oxytocin’s mode of entry into saliva

remains poorly understood. Nonetheless studies using mass spectrometry confirm the identity of



oxytocin in saliva, and salivary oxytocin is responsive to stimuli known to induce oxytocin release,
including lactation, exercise, stress, and sexual stimulation (Carter et al., 2007; de Jong et al.,
2015; MacLean et al., 2018; White-Traut et al., 2009). In contrast to blood, saliva presents a
relatively clean matrix, limiting opportunities for binding to large proteins, and permitting
measurement without extraction (however, at present the pharmacokinetics of oxytocin in saliva
remain poorly understood). Regarding the latter point, in contrast to blood, oxytocin
concentrations measured in saliva are highly correlated regardless of whether or not a solid-phase
extraction is employed (MacLean et al., 2018). Therefore, there are several considerations
regarding peripheral fluids for measurement of oxytocin, including: i) correlation with
concentrations in the CNS, ii) biological clearance / temporal resolution, iii) potential for binding
to other components of the matrix, and iv) the presence of potential interferants during
measurement.

Importantly, our perspective is not intended to provide a free pass on methodological rigor.
While recognizing that there are perfectly reasonable explanations why multiple valid methods
may produce divergent results, it remains vitally important that new methods are developed and
validated in a rigorous way, with attention to both analytical and biological validity. From an
analytical perspective, methods must be accurate, reproducible, and allow detection within a
biologically meaningful range of concentrations. For immunoassays, analytical validation requires
(at minimum) tests of: i) parallelism, typically tested by serial dilution of samples to ensure parallel
displacement against the standard curve, ii) accuracy/recovery, in which samples are spiked with
standards, to confirm a lack of antigen-antibody interference from the sample matrix, and iii) intra-
and inter-assay variation, in which the same samples are tested multiple times within and across
assays to assess reproducibility (Andreasson et al., 2015). It should also be mentioned that these
individual tests can also have limitations, e.g. the difficulties of obtaining an analyte-free matrix
for testing accuracy and recovery (which is far simpler when designing an assay for a drug known

to not be present in a “blank” sample). For mass spectrometry, analytical validation will also



require addition and assessments of internal standards, and control over potential suppressants
in the matrix (e.g. phospholipids).

Biological validation confirms that a measure is sensitive to relevant physiological
processes. In the case of oxytocin, appropriate physiological events may include parturition,
lactation, sexual stimulation, exercise, non-noxious physical contact, or psychosocial stress
(Dawood, Raghavan, Pociask, & Fuchs, 1978; de Jong et al., 2015; MacLean et al., 2018;
MacLean, Gesquiere, Gee, et al., 2017; Matthiesen, Ransjo-Arvidson, Nissen, & Uvnas-Moberg,
2001; Stock & Uvnas-Moberg, 1988; White-Traut et al., 2009). However, as biomarkers, the
significance of different measures of oxytocin remains poorly understood. We hypothesize that
measures of free oxytocin may be most meaningful with respect to acute changes in response to
specific stimuli. However, free oxytocin concentrations may also be affected by age, morbidity,
or pharmacological compounds that displace oxytocin from proteins, introducing confounds with
potentially large effects (Rowland, Tozer, Derendorf, & Hochhaus, 2011). In contrast, we expect
that measures incorporating bound oxytocin may provide a more robust measure of basal
individual differences, and peptidergic activity across longer time horizons (Brandtzaeg et al.,
2016; MacLean, Gesquiere, Gruen, et al.,, 2017). However, distinguishing whether different
measures of oxytocin have different biological significance is one of the most important challenges
presented by our perspective. At present we know little about the bioactivity of bound oxytocin.
However, emerging work suggests that bound OT may have important functions, echoing findings
from renewed interest in the properties of bound steroids (Caldwell & Jirikowski, 2014; Caldwell
et al., 2006). For example, Yamamoto et al. (2019) have recently shown that that oxytocin can
cross the blood brain barrier by binding to receptor for advanced glycation end-products (RAGE),
maintaining bioactivity in the central nervous system following this transport. Regardless of the
bioactivity of bound oxytocin, free oxytocin can become bound relatively quickly following sample
collection (Brandtzaeg et al., 2016). Therefore, while researchers may be most interested in the

fraction of oxytocin that was free at the time of sample collection, much of this fraction may no



longer be free at the time of quantitation. Consequently, we face important questions about the
significance of different fractions of oxytocin not in only terms of their bioactivity, but also with
respect to whether measured values accurately reflect an organism’s physiological state at the
time of sample collection. In many cases the goal of measurement is to provide insights into the
relationship between a chemical factor (in this case oxytocin) and dynamic biological processes,
such as behavioral or physiological processes that may be regulated by the molecule being
studied. Thus, in this example, changes in a given process may be sensitive to different aspects
of the availability of the molecule. For example, oxytocin binding to a receptor, may be relatively
strong, while disulfide bonding to molecules in blood may be a more dynamic process affected by
variables such as availability of oxygen, temperature and pH. Blood-bound oxytocin could also
serve as a reservoir of the peptide available as an anti-inflammatory agent (Szeto et al., 2013).

We urge readers to treat validation work addressing the criteria above as an essential
component of any study measuring oxytocin. These studies should be conducted independently
in each laboratory performing measurement work, and replicated for each unique species and
biological matrix being studied. Importantly, it is not sufficient to cite data from other laboratories
or manufacturers of consumable products used in oxytocin research as a shortcut around this
process. In addition to ensuring data quality, the publication of validation and methodological
studies will make the strengths and weaknesses of various approaches more transparent to
readers, and draw attention to procedural details that could change outcomes. One possible
solution for ensuring rigor, both in methods and their reporting, would be for journals to require
that validation data and detailed methodological descriptions be included for studies involving
measurement (e.g. following FDA or Eurachem guidelines regarding analytical validation).

At present, few methodological studies have addressed the chemistry of oxytocin, and
have instead focused on whether methods produce concentrations that are consistent with

historical data, or the extent to which methods create or mitigate interference during quantitation.



We agree that interference is an important concern, but also note that simply because a method
minimizes interference, does not imply that this method affords a biologically meaningful measure.
Du Vigneaud’s pioneering work, which lead to the synthesis of oxytocin, emerged by “following
the sulfur trail” (du Vigneaud, 1956), and recent data indicate that oxytocin’s disulfide bridge
readily engages in complexes which can strongly influence measurement (Brandtzaeg et al.,
2016; Martin & Carter, 2013). Renewed focus on the chemistry of oxytocin will enable us to better
understand this molecule’s biological fate, and to develop methodological approaches for the
detection of oxytocin under a wider range of biological conditions.

Lastly, although beyond the scope of the present paper, to fully understand the
significance of peripheral measures of oxytocin it is important to recognize that oxytocin is a
component of a phylogenetically ancient system that also includes vasopressin (Carter, 2017).
Thus, both peptides, and the receptors for these molecules, will need to be considered as we try
to understand the functions of this system (for excellent reviews see Grinevich, Knobloch-
Bollmann, Eliava, Busnelli, & Chini, 2016; Jurek & Neumann, 2018)

In sum, we believe that the measurement of oxytocin presents complex challenges that
we are only beginning to understand. Before assuming that discrepancies reflect errors or invalid
measurements, we should consider the possibility that different measures capture different
components of the biological story that oxytocin has to tell. In this sense, we are like the blind
men in the parable. Rather than debating which blind man has the best perspective, we suggest
that it will be most productive to pursue a deeper understanding of the biological and chemical
processes which have made the measurement of oxytocin and its functions such a humbling

enterprise.
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Table 1. Advantages and disadvantages of different methods of oxytocin quantitation.

Detection Method

Advantages

Disadvantages

Immunoassay
(antibody binding)

May detect bound analyte

Identity of analyte not confirmed

May detect degraded analyte

Subject to interferences

May detect multiple forms of analyte

Variability between antibodies

Mass spectrometry
(mass-to-charge ratio)

Highly specific

May not detect analyte if bound,
degraded, or present in variable
forms

High sensitivity

Matrix effects due to ion
suppression

Simultaneous detection of multiple
analytes

Misidentification of analytes with
similar molecular weights




Figure 1. Principles of a competitive oxytocin enzyme-linked immunosorbent assay (ELISA).
A) A sample with an unknown amount of oxytocin (blue triangles) and a known amount of
enzyme-labeled oxytocin (red triangles) are mixed in a well coated with an immobilized
oxytocin antibody. B) Oxytocin in the sample and the enzyme-labeled oxytocin compete for
binding to the antibody. C) Unbound material is removed from the well. D) A clear substrate
is added, which generates a color-producing reaction with the enzyme-labeled oxytocin.

The color produced by this reaction is inversely proportional the amount of oxytocin in the
sample.
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Figure 2. Principles, and challenges of oxytocin extraction. Top: A commonly envisioned ideal
scenario of solid phase extraction of oxytocin. A) A biosample (e.g. plasma or serum) including
an unknown amount of oxytocin (red triangles), proteins (blue triangles), lipids (yellow circles),
and other salts/polar metabolites (green crosses) are introduced to a column filled with
particles featuring a hydrophobic surface. B) An aqueous solvent flushes out the salts/polar
metabolites, while the oxytocin, proteins and lipids are retained. C) A solvent of intermediate
polarity extracts the oxytocin, ready for analysis, while lipids and potentially interfering proteins
remain on the column, which is discarded. Bottom: Solid phase extraction of oxytocin where
other biomolecules affect the process. A) The same biosample is applied. B) Some oxytocin
is bound to proteins, and lipids occupy many of the hydrophobic sites of the column, resulting
in free oxytocin being prematurely eluted. C) When oxytocin is finally eluted, only a small
fraction is available for analysis.




Figure 3. Principles of LC-MS. A) Liquid chromatography: A sample is injected onto a column
filled with porous particles, often featuring a hydrophobic surface. The columns are typically
around 15 cm long, with an inner diameter between 0.1 and 2 mm. A solvent, typically including
water and methanol, is continuously flushed through the column. Compounds are separated in
the column, based on their different affinities to the particles versus the solvent. B) Electrospray
ionization (ESI): In LC, compounds are in liquid state, but must be in gas state for subsequent
MS analysis. The ESI unit allows fragile biomolecules (such as oxytocin) to enter the gas state
as without heating. Briefly, a voltage is applied to the outlet of the fluidic system, allowing LC-
exiting compounds to be sprayed towards the MS inlet, where they depart from the solvent and
into gas phase ions (single or multiple charges). C) Mass spectrometry (MS): The gas state ions
enter the MS instrument, where their mass is determined. There are many MS variants, and the
figure presents a basic visualization of a Time of Flight (TOF) MS. In TOF, compounds fly
through a vacuum tube of a known length. The time of flight then tells us the velocity, and as
compounds will have the same kinetic energy in this procedure, the mass is readily calculable.
LC-MS provides several key features for identifying of a compound, e.g. the time a compound
uses to be chromatographed (the retention time), and its mass. Additionally, serial MS
experiments can be performed, e.g. fragmenting the oxytocin mass measured in one MS, and
subsequently measuring the fragments” masses with a second MS (tandem MS = MS/MS).
MS/MS provides a more comprehensive “picture” of the measured molecule, allowing for more
certain analysis. LC-MS (or more precisely, LC-ESI-MS) is standard instrumentation for doping
analysis, proteomics, environmental analysis, etc.
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