Analytica Chimica Acta 902 (2016) 8-21

Contents lists available at ScienceDirect

Analytica Chimica Acta

journal homepage: www.elsevier.com/locate/aca

Review

Current analytical methods for plant auxin quantification — A review

@ CrossMark

Sara Porfirio®“**, Marco D.R. Gomes da Silva®* Augusto Peixe? Maria J. Cabrita?,

Parastoo Azadi¢

aEscola de Ciéncias e Tecnologia, Instituto de Ciéncias Agrdrias e Ambientais Mediterrdnicas - ICAAM, Universidade de Evora, 7002-554, Evora, Portugal
b [AQV, REQUIMTE, Departamento de Quimica, Faculdade de Ciéncias e Tecnologia, Universidade Nova de Lisboa, 2829-516, Caparica, Portugal
¢ Complex Carbohydrate Research Center, The University of Georgia, 315 Riverbend Road, Athens, GA, 30602, USA

HIGHLIGHTS

e Recent developments in auxin analy-
sis are covered.

e Critical review of sample preparation
methods is presented.

e Extraction, purification and derivati-
zation strategies are discussed.

e Main analytical techniques are criti-
cally compared and debated.

ARTICLE INFO

Article history:

Received 22 August 2015

Received in revised form 26 October 2015
Accepted 27 October 2015

Available online 6 November 2015

Keywords:

Plant hormones

Auxins quantification
Sample preparation
Chromatographic analysis
Mass spectrometry

GRAPHICAL ABSTRACT

Vil "

Purification

“ Methanol (aq)
« 1sopropanol/Imidazole
* Aqueous buffers

" Chromatography
* Mass spectrometry
« Electrokinetic methods.
« Immunoassays.

< MIM-SPR...

* LLE, SPE, DLLME
« Immuno-extraction
* QuECHERS

*dCPE .

« Bieleski solvent
« VPE, VMAE ...

Analysis

ABSTRACT

Plant hormones, and especially auxins, are low molecular weight compounds highly involved in the con-
trol of plant growth and development. Auxins are also broadly used in horticulture, as part of vegetative
plant propagation protocols, allowing the cloning of genotypes of interest. Over the years, large efforts
have been put in the development of more sensitive and precise methods of analysis and quantification
of plant hormone levels in plant tissues. Although analytical techniques have evolved, and new methods
have been implemented, sample preparation is still the limiting step of auxin analysis. In this review, the
current methods of auxin analysis are discussed. Sample preparation procedures, including extraction,
purification and derivatization, are reviewed and compared. The different analytical techniques, ranging
from chromatographic and mass spectrometry methods to immunoassays and electrokinetic methods, as
well as other types of detection are also discussed. Considering that auxin analysis mirrors the evolution
in analytical chemistry, the number of publications describing new and/or improved methods is always

Immunoassays increasing and we considered appropriate to update the available information. For that reason, this article
aims to review the current advances in auxin analysis, and thus only reports from the past 15 years will
be covered.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Plant hormones are a group of structurally diverse compounds
which regulate most processes involved in plant growth and de-
velopment [1,2]. Auxins are by far the most studied group of plant
hormones mainly because they were the first to be discovered
[3,4], and because they are widely used in plant propagation pro-
tocols [5-9], given their role in adventitious root formation in dif-
ferent species [10,11].

Although there are several compounds with auxin activity,
indole-3-acetic acid (IAA) is by far the most physiologically im-
portant plant hormone. In fact, it is surprising how such a small
molecule can influence so many different processes. IAA has been
shown to be involved in many aspects of plant growth and de-
velopment: cell elongation, regulation of apical dominance, vascu-
lar differentiation, fruit development, lateral and adventitious root
formation [2]. Indeed, IAA has long been considered “the growth
hormone” [4,12].

The widespread use of auxins in plant propagation protocols
and physiological studies [9,13], has led to many efforts towards
the development of analytical methods for the quantification of
the very low auxin levels in plants. The goal of this review is to
summarize the recent advances (since 2000) in analytical methods
for the quantification of two naturally occurring auxins, IAA and
indole-3-butyric acid (IBA) in plant tissues.

2. Analytical methods for auxin quantification

Auxins are indolic acids distinguishable by a variable side chain
(see Fig. 1). One of the main obstacles to auxin quantification
is the low endogenous concentration of analyte present in plant
samples. Like any plant hormone, auxins are typically found in
trace amounts in plant tissues, usually at the ppb level - 0.1-
50 ng g~! FW [14,15], making the qualitative and quantitative anal-
ysis of these compounds very difficult [16]. The analysis is further
hindered by the high amount of interfering substances contained
in crude plant extracts [17]. However, the main difficulty associated
with auxin quantification may be the low yield frequently obtained
as a result of oxidation processes and the tendency of indolic com-
pounds to bind irreversibly to glass [18]. Nevertheless, these effects
can be compensated by the use isotope of dilution techniques
(described in detail in Ref. [18]). Stable isotope-labeled compounds
are very good internal standards on account of their physical and
chemical similarities with the original analytes, providing correc-
tion for analyte loss and ion suppression by co-eluting substances
[16,17]. Structural similarities between analytes and internal stan-
dards entail an identical or nearly identical behavior during extrac-
tion and chromatographic separation, yet the difference in mass
allows them to be distinguished by mass spectrometry (MS) [17].
Nevertheless, it should be noted that the mass difference between
analyte and internal standard must be enough to avoid isotopic in-
terference [19], which is why [3Cg]IAA is the best internal stan-
dard for IAA quantification: the incorporation of six 3C atoms in
the benzene ring of the indole group provides a mass difference of
6 units between analyte and internal standard. In the case of IAA,
different types of isotopically-labeled standards are commercially
available, but this is not so for other auxins. To quantify IBA, for
example, proper internal standards (such as ['3Cg,'>N;]IBA) have
to be synthesized, as reported by some authors [20], which brings
an extra workload. Alternatively, other compounds can be used as
internal standards provided they are closely related to the target
compounds in terms of physicochemical properties and stability,
and are not naturally produced by the plant or are produced in
undetectable amounts [17].

Considering the above, the development of extremely sensi-
tive and selective analytical methods is crucial for the accurate

R Auxin R
ICA —indole-3-carboxylic acid  COOH
\ IAA — indole-3-acetic acid CH,COOH
IPA — indole-3-propionic acid ~ CH,CH,COOH
N IBA —indole-3-butyric acid CH,CH,CH,COOH
H MelAA — IAA methyl ester CH,COOHCH,

Fig. 1. Auxins chemical structures.

quantification of plant hormones, considering that most current
studies require increasingly smaller amounts of plant material and
faster analyses. Many methods have been developed for the simul-
taneous quantification of several plant hormones (Fig. 2) [21-25],
however, until recently, a rapid, sensitive, accurate and efficient
standard method was still needed for faster progress in botany re-
search [14].

2.1. Sample preparation

Despite the advances in analytical methods in the past decades,
and with the exception of microtechniques [20,26], sample prepa-
ration is still the major step in auxin quantification, taking up to
80% of the total time of analysis [27]. Depending on the type of
plant material and the method used, the complete process of sam-
ple preparation can involve sample homogenization, extraction of
analytes from the matrix and purification of the extract to remove
co-extracted interfering substances (extract enrichment) [16].

Sample collection is the first of a series of key steps in the
preparation of samples prior to analysis. It is very important to
work fast and collect the samples in a way that avoids changes in
hormone levels induced by wounding [28]. One way of doing so in-
volves flash-freezing the samples in liquid nitrogen when they are
collected from the plant, a step particularly important when deal-
ing with large sample amounts (>50 mg). In this case, the next
crucial step involves grinding the frozen samples, which can also
be done in liquid nitrogen to prevent defrosting of the sample and
chemical degradation of auxins [14]. However, if a small amount
of sample is used (few mg) grinding should be bypassed to avoid
sample loss. Instead, tissues may be disrupted by ceramic beads in
a tissue homogenizer [22] or homogenized directly with extraction
buffer in vibrating-ball micromills [21].

Another option involves freeze-drying the samples before grind-
ing, which eliminates time constraints related to the possibility of
defrosting and minimizes chemical degradation of analytes. Actu-
ally it has been shown that freshly frozen and freeze-dried plant
tissues do not differ in plant hormone contents [29]. However, it
should be mentioned that freeze-drying is not suitable for all types
of plant tissues, so the method used in sample preparation should
be chosen based on the type of plant material.

2.1.1. Extraction

Because plant samples are in solid form, the first step of any
analytical protocol is a classical solid-liquid extraction that will ex-
tract the analytes into a liquid phase, which can be used for further
purification and concentration steps.

Extraction yield is highly dependent on the choice of the right
extraction solvent, which frequently is a mixture rather than an
individual solvent. An ideal solvent would extract the maximum
amount of auxins and the minimum amount of matrix compo-
nents, but since the interfering matrix is in large excess over aux-
ins, is very difficult to find such a solvent.

Auxins are only slightly soluble in water, and highly soluble in
organic solvents (e.g. methanol, ethanol, acetone, diethyl ether and
dimethyl sulfoxide) or in aqueous alkaline solutions such as basic
buffers [30].
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Many different solvents have been applied in auxin extraction:
methanol [21,31,32], methanol: water [33-35], acetone: water [36],
methanol: KH,PO,4 buffer [37], isopropanol: H,0: HCl [28], iso-
propanol: imidazole buffer [18,38]. There are also some references
to the use of aqueous buffers (phosphate buffer pH 6.5) [39] and,
in an attempt to use more environment-friendly extraction sol-
vents, several ionic liquids were tested as extraction solvents of IBA
from pea samples [40]. Although good results were obtained with
1-butyl-3-methylimidazolium hexafluorophosphate ([C4mim][PFg]),
a previous extraction step using phosphate buffer is still required
[40]. Among these different mixtures, methanol has become the
most popular solvent for extraction of plant hormones possibly
because it easily penetrates plant cells during extraction due to
its low molecular weight and high polarity ([15] and references
therein). Nevertheless, auxin extraction with primary alcohols can
possibly result in the esterification of IAA [18], which should be
taken into account when choosing an analytical protocol. To avoid
this type of artifacts, secondary alcohols such as isopropanol or
solvents with similar polarity, such as acetonitrile can be used in-
stead [18,41].

The choice of extraction solvent also should be influenced by
the analytical technique to be used. Recently, Novak et al. [42]
showed that organic solvents may be unsuitable for LC/MRM/MS
analysis. When comparing the performance of 80% methanol, 70%
acetone and 2-isopropanol/Na-phosphate buffer pH 7.0 (2:3), un-
buffered organic solvents extracted a much higher concentration
of interfering compounds such as lipids and pigments. However,
phosphate buffers have been suggested to cause enzymatic degra-
dation of auxins during extraction, and acetone is reported to pro-
duce lower recoveries than methanol and acetonitrile [43].

Auxins are easily oxidized and degraded by exposure to light,
oxygen and high temperatures [30]. Although this is less of a
problem when working at the microscale, if the sample prepa-
ration procedure is long, which is usually associated with large
sample sizes and bulk extractions, an antioxidant can be added
to the extraction solvent to prevent auxin degradation. The most
widely used antioxidants are butylated hydroxytoluene (BHT) [33-
35,39] and diethyl dithiocarbamate [36,44]. In such cases, consid-
ering the reasons above, extraction is normally carried out for sev-
eral hours at low temperature. It should be mentioned, however,
that such additives interfere with subsequent analysis and their
use can and should be avoided if rapid analysis methods are to
be used. Extraction efficiency can be improved using microwave
energy (microwave-assisted extraction (MAE)), which also speeds
up the whole procedure. However, the high temperatures produced
by microwaves can destroy some plant compounds [45]. To over-
come this problem, extraction can be performed under vacuum

conditions. This procedure not only prevents oxidation of analytes,
but also allows extraction to be performed at low temperatures
preventing thermal degradation. An example of this procedure was
described by Hu et al. [46] who used vacuum microwave-assisted
extraction (VMAE) to extract IAA and IBA from pea and rice seeds.

As previously mentioned, depending on the type of plant mate-
rial and technique used, further sample clean-up may be still nec-
essary between extraction and analysis. While this type of proce-
dures is losing significance in most modern protocols [26], sam-
ple purification is still very important to remove interferents and
increase sensitivity of the analytical methods when working with
bulk extractions.

2.1.2. Purification and clean-up

Sample purification can be crucial for a successful analysis be-
cause it isolates the analytes of interest from their matrix con-
stituents, while cleaning the sample. This procedure not only im-
proves separation and detection by the analytical methods used,
but also reduces the cost of analysis by increasing the instrument’s
maintenance interval [27]. However, the type of plant tissue and
the available instrumentation will greatly influence the need for
purification methods. When working with small amounts (a few
mg or even less) of herbaceous tissues and having access to pow-
erful instrumentation such as high-resolution MS, sample clean-up
becomes less important and can even be detrimental. Nevertheless,
auxin quantification is frequently performed in more ligneous tis-
sues using less powerful instrumentation. In these situations, pu-
rification of crude extracts still is a fundamental step of sample
preparation.

2.1.2.1. Adaptations of liquid-liquid extraction (LLE) and solid-phase
extraction (SPE). Classical techniques such as LLE and SPE are by
far the most used methods of purification in auxin analysis (see
Tables S1-S4). Given their simplicity and the possibility of cus-
tomization and automation, they became the preferred purifica-
tion techniques for most analytes [47], although SPE has been as-
sociated with higher recoveries than LLE [48]. Particularly, the pu-
rification of IAA by C18-SPE has been optimized in detail as part
of analytical protocols starting from samples extracted with 80%
methanol [49]. lon exchange chromatography (IEC) has also been
applied as a purification step in combination with SPE and/or LLE.
For example, DEAE columns have been combined with C18 SPE car-
tridges [50,51], or with LLE [52] or even with other IEC columns
[53] (Tables S1 and S2). In other cases, a dual-mode SPE purifi-
cation step including ion exchange columns (Oasis MCX) in com-
bination with C18 cartridges was used to isolate IAA from other
plant hormones [54,55]. Mixed-mode cation-exchange cartridges

“ - Purification .
BN

* Methanol (aq) o LLE * GC/MS

* Isopropanol/ * SPE * GC-MS/MS
Imidazole « SPME * 2D-HPLC

* Aqueous e DLLME ¢ HPLC-FLD
buffers o HF-LLLME o LC/MS

 Bieleski « VPE ¢ LC-MS/MS
solvent rrnancy e CE

¢ |onic liquids extraction o CE-MS

* VPE  QUEChERS « Immunoassay

* VMAE * dCPE * MIM-SPR
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Fig. 2. Examples of sample preparation methods and analytical methods used in auxin analysis.
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such as Oasis MCX can improve detection by LC/ESI-MS/MS by re-
ducing the matrix effect through the selective retention of inter-
ferents, like pigments and lipids [56]. Further improvements in an-
alyte recovery can be achieved by combining SPE with LLE in the
same protocol, as described by Cui et al. [48], who performed a
comparative study on the performance of different SPE cartridges
(Oasis HLB, HyperSep C18, Oasis MAX and Oasis MCX) and LLE
solvents (ethyl acetate, hexane and dichloromethane). The authors
concluded that Oasis MCX cartridges combined with ethyl acetate
LLE was the best combination to extract auxins (among other plant
hormones) from two-month-old leaves of oilseed rape.

Nevertheless, the relatively large amount of sample needed (fre-
quently hundreds of mg), the high solvent waste produced, as
well as the length of operation time associated with both LLE and
SPE methods, have stimulated the development of microextraction
techniques, such as SPME and dispersive liquid-liquid microextrac-
tion (DLLME), which consume minimal volumes of toxic solvents
and can even be performed in a solvent-less, faster manner [57].
Still, it is worth mentioning the work of Liu et al. [20] who devel-
oped a miniaturized SPE protocol for auxin isolation from plant tis-
sues. These authors developed a high-throughput purification pro-
tocol based on SPE TopTips for the quantification of IBA, IAA and
IAA precursors by GC/MS/MS using less than 20 mg of tissue. The
protocol, successfully applied to Arabidopsis and tomato tissues, not
only minimizes the volume of solvents used (overcoming the main
disadvantage of SPE) but also can be customized based on the
choice of SPE resin. A similar approach had previously been de-
veloped by Miiller et al. [21], but in this case the protocol was
designed for the isolation of multiple classes of plant hormones,
including IAA, from Arabidopsis tissues (20-200 mg FW). Other ap-
proaches used SPME to extract IAA and IBA from xylem fluids and
foliage material of Musa basjoo and Viola baoshanensis, respectively
[37], and carbowax-coated fibers were more efficient than poly-
acrylate fibers. Although the method was successfully applied to
both types of samples, it was more efficient when applied to the
xylem fluid as no matrix effect was found in this case, which nar-
rows the application field of the method. Indeed, SPME is seldom
used in auxin extraction. Other constraints for this technique in-
clude the limited number of commercially available fiber coatings
[37] and the requirement for volatile or semi-volatile analytes in
SPME-GC analysis [58]. For instance, polydimethylsiloxane fibers
have been used for SPME extraction of methyl jasmonate [58,59],
however they were not useful in the extraction of its non-volatile
form, jasmonic acid [60]. Nevertheless, a polyaniline nanofiber was
recently developed for in vivo SPME detection of three acidic plant
hormones, which did not include auxins [61].

Further adaptations of SPE include the application of MIPs as
SPE sorbents [62] in a process called molecularly imprinted SPE
(MISPE) (for reviews see Refs. [63-65]). MIPs are tailor-made poly-
meric materials designed for the selective extraction of a partic-
ular analyte. This technology is gaining more and more attention
due to the evolution on the way these materials are being syn-
thetized, allowing to increase molecular recognition [66,67]. A par-
ticular example of this process includes molecularly imprinted mi-
crospheres (MIMs) used as sorbent [68]. In this work MIMs were
prepared by aqueous suspension polymerization using 3-hydroxy-
2-naphthoic acid and 1-methylpiperazine as mimic templates of
the analytes and used as selective sorbents for IAA and IBA purifi-
cation from banana samples. Because the template used for MIM
synthesis was not one of the target analytes, the prepared MIMs,
with a diameter distribution of 30-60 jwm, were able to over-
come the common problem of template leakage. Moreover, the
MISPE procedure showed higher extraction efficiency and better
selectivity than conventional C18-SPE [68]. An alternative varia-
tion of the MISPE method uses magnetic MIP (mag-MIP) beads as
sorbent. Auxin-complementary mag-MIPs can be synthesized by

microwave heating-induced polymerization of 4-vinylpiridine and
B-cyclodextrin and, after adsorption, can easily be collected with
a magnetic bar, simplifying the isolation step [46,69]. Mag-MISPE
has been applied to the extraction of IAA and IBA from wheat, pea
and rice seeds [46,69] but IBA was never successfully extracted
from any of the tested samples. This probably happened because
IAA was used as a template to prepare the mag-MIPs and the se-
lectivity obtained for IBA is not enough to extract the very low
endogenous amounts normally present in plants [20,28]. Although
MISPE can be advantageous in terms of increased specificity and
faster purification than conventional SPE, the main disadvantage of
this technique is the high amount of sample needed. At least in
these initial reports, several grams of sample were used to pro-
duce a crude extract. It is likely that the required sample size will
decrease with the development of the technology, but currently
MISPE applied to auxin analysis still needs improvements.

Another adaptation of SPE based on magnetic properties of the
sorbent was described by Liu et al. [70] for the quantification of
IAA and other plant hormones from rice leaves. Instead of being
packed into a cartridge, a magnetic sorbent made of TiO,/magnetic
hollow mesoporous silica spheres was dispersed into the sample
by vortex, and could be easily separated from the sample by an
external magnet. The adsorbed analyte was then derivatized in situ
with 3-bromoactonyltrimethylammonium bromide (BTA) in prepa-
ration for UPLC/MS/MS analysis. More recently, Cai et al. [71] used
Fe;04@TiO, magnetic nanoparticles, synthesized by liquid-phase
desorption (LPD), as sorbent for the purification of IAA and other
plant hormones from rice seedlings. The purified analytes were
further analyzed by UPLC/MS/MS. Because they are dispersed in
solution and don’t need to be packed into an SPE cartridge, mag-
netic adsorbents allow a faster sample preparation by dramatically
increasing the contact surface area between sample and sorbent
and by avoiding the column blocking step commonly used in con-
ventional SPE [71]. However, despite the advantages named here
and the potential of these techniques, several constraints impede
their broad application in auxin analysis. A major disadvantage is
the limited commercial availability of this type of sorbent, a lack
which frequently implies in-house modification. Correct functional-
ization of magnetic nanoparticles may take several months and not
all labs are equipped with the necessary tools for this kind of pro-
cedure. It may also lead to high variability between batches. There-
fore, despite the future potential and elegance of these techniques,
the inherent drawbacks that method development with magnetic
particles may arise cannot be disregarded.

Adaptations of the classical LLE technique have also been de-
scribed in the literature. Wu and Hu [24] introduced the hollow
fiber-based liquid-liquid-liquid microextraction (HF-LLLME), where
the analytes are transferred from an aqueous solution (donor
phase) to another aqueous solution (acceptor phase), through an
organic solvent (organic phase). The protocol is performed with
inexpensive equipment and low solvent consumption; however, it
was only applied to the quantification of IAA from coconut water
samples. Although a good enrichment factor was obtained (215-
fold), the applicability of the method to solid samples was not
tested.

Microtechniques such as DLLME have been used in the extrac-
tion of auxins from the green algae Chlorella vulgaris [35]. This
approach greatly reduced the extraction time (<1 min) and al-
lowed good enrichment factors (10-fold for IAA and 60-fold for
IBA). However, the same method could not be used for auxin
quantification in the shrub Duranta repens due to “severe back-
ground interference” which represents a main disadvantage, as
the method can’t be applied to plant samples. Nevertheless, an
analogous DLLME method was developed for the quantification of
IAA and IBA from olive (Olea europaea) samples (Porfirio et al.,
2015, unpublished). Actually this method was efficient in extracting
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auxins from two very different types of tissues (semi-hardwood
cuttings and microcuttings) proving the reliability of DLLME as ex-
traction/purification method for auxin analysis in plant samples.

2.1.2.2. Purification by immunoaffinity columns. Several authors
have used immunoaffinity columns for the purification of plant
extracts. Immunoaffinity purification is based on the highly se-
lective antibody-antigen interaction and therefore significantly re-
duces common SPE problems such as co-extraction and matrix
interferences [72]. Immunoaffinity columns are packed with sor-
bents that contain immobilized antibodies against a specific an-
alyte, also called immunosorbents, allowing sample concentration
[73]. Because low molecular mass compounds are unable to induce
immune responses, the development of antibodies against these
analytes includes their binding to a large carrier molecule, typ-
ically bovine serum albumin (BSA) [72], allowing protein recog-
nition by the antibody. This was the case of the protocol de-
veloped by Péncik et al. [74], who generated IAA-BSA conjugates
that were used to produce polyclonal antibodies in rabbit. In this
work, samples (30 mg) of Helleborus niger were firstly extracted
with phosphate buffer and pre-purified by SPE. The resulting elu-
ate was further purified in an immunoaffinity column containing
immobilized polyspecific rabbit polyclonal antibodies against the
IAA-BSA conjugate. Because IAA is attached to BSA through its
carboxylic group, these antibodies are also able to interact with
other indolic compounds such as indole-3-acetamide and indole-
3-acetonitrile (IAA precursors) [74]. Although some cross-reaction
can happen with IBA or IAA-Aspartate (IAA-Asp), this issue is
circumvented by methylation of the analytes with diazomethane
before immunoaffinity purification. Indeed, this method allowed
identification and quantification of several IAA conjugates includ-
ing IAA-Glycine (IAA-Gly), IAA-Phenylalanine (IAA-Phe) and IAA-
Valine (IAA-Val) in the pg g~! FW range. Although IAA-Gly and
[AA-Val had been previously described in crown gall cell cultures
[75], this was the first report on these conjugates in higher plants.

Similar procedures were used by other authors to purify IAA
and in some cases its conjugates from seaweed concentrates [76],
roots of Ricinus communis infected with Agrobacterium tumefaciens
[77] and tobacco BY-2 cells [55].

As previously mentioned, immunosorbents present major ad-
vantages in comparison with traditional sorbents. In fact, home-
made immunosorbents can retain consistent analyte binding ca-
pabilities even after hundreds of utilizations over a period up to
1 year [72]. However, despite its superior behavior, immunoaffin-
ity purification is most definitely not the main purification method
used in auxin analysis, mainly because of the high costs associ-
ated with its operation, the difficulties in producing antibodies, or
the high cost of commercially available antibodies, and the neces-
sity of synthesizing analyte-protein conjugates capable of generat-
ing an immune response. Furthermore, the fact that reproducible
immunosorbents can only be obtained with monoclonal antibodies
[72] greatly increases the difficulty and cost of the entire proce-
dure.

2.1.2.3. Other purification methods. Aside from the methods de-
scribed above, less common purification strategies can also be
found in the literature.

Schmelz et al. [22,78] used Super Q filters and open-top capped
vials to perform what they called vapor phase extraction (VPE)
after a conventional sample pretreatment including tissue ho-
mogenization with an extraction solvent. In this protocol, pre-
derivatized plant samples were heated at 200 °C, so that methy-
lated IAA was volatilized and retained in the Super Q filters which
were eluted for further GC/MS-CI analysis.

Another example of a particular extraction procedure was de-
scribed by Yin et al. [79], who used dual-cloud point extraction

(dCPE) for quantification of IAA and IBA in acacia leaves, buds, and
bean sprout. The procedure consists on the formation of a cloud
point, mediated by a thermostatic bath, between an acidic aque-
ous solution and a surfactant resulting in the formation of two
phases. The two phases are separated by centrifugation and, after
increasing the viscosity of the surfactant phase with an ice bath,
the aqueous phase is removed. Then the surfactant phase contain-
ing the analytes is mixed with an alkaline solution, into which the
analytes will be extracted. A new cloud point is formed by incu-
bation in a thermostatic bath and the resulting aqueous phase is
collected after centrifugation.

Many references also use HPLC fractionation as a purification
step before analysis [50,55,80-87], however, this procedure is very
cumbersome and incompatible with high-throughput analysis, and
protocols most recently developed focused in eliminating this step
[18,20].

Finally, among other plant hormones, IAA has been extracted
from zucchini samples by the QUEChERS (acronym for quick, easy,
cheap, effective, rugged and safe) methodology using 1% acetic
acid in acetonitrile, anhydrous magnesium sulfate, sodium chlo-
ride, sodium citrate dehydrate and disodium citrate. However, the
method was only able to extract IAA from one out of seven tested
samples [88].

2.1.3. Derivatization or labeling

Derivatization refers to a group of modifications intended to
make analytes more compatible with the detection method, ulti-
mately increasing sensitivity and selectivity [47,89]. For instance,
ionization in ESI-MS is frequently improved by derivatization [90-
92], and IAA response in ESI-MS/MS can increase up to 200-fold
after methylation [93].

Several factors determine the choice of a derivatization proce-
dure, including the analyte’s chemical structure, separation method
and type of detector. Incorporation of UV-absorbing or fluorescent
groups is commonly used in LC and CE, and a large variety of
reagents is available [89]. A decrease in polarity and increase in hy-
drophobicity, desirable both in GC and MEKC, is achieved by addi-
tion of alkyl, acyl or silyl groups [94]. In GC, an increase in volatil-
ity is also desirable for many compounds, including auxins, and
this is often achieved through the addition of non-polar groups us-
ing silylation [34] and methylation [13] reactions. In fact, these are
the derivatization procedures most commonly used in preparation
of auxins for GC/MS analysis (Table S1), although examples of other
reactions can also be found in the literature [50,52,77].

Methylation is frequently accomplished using diazomethane, a
reagent that specifically modifies the carboxylic group of auxins
in a short reaction time [18]. Diazomethane is normally used in
preparation of samples for GC/MS analysis, where, in the case of
auxins, derivatization is mandatory, but it can also be applied to
LC/MS analysis as a way of increasing the hydrophobicity of the
analytes and improve separation [44,51,95]. It has also been ap-
plied before ELISA detection of IAA [84]. Besides diazomethane,
other reagents have been used in derivatization reactions preced-
ing LC/MS/MS analysis. One example is bromocholine, which con-
tains a quaternary amine moiety and converts carboxyl groups in
positively charged groups improving the detection of some plant
hormones. Although auxins don’t require this kind of modification,
as they can be analyzed in positive ion mode, given their structure
they are still modified in the reaction with bromocholine [53].

Like GC-FID and GC/MS, CE often requires derivatization.
The reaction can occur in pre-, on- or post-capillary modes, or
even on-line (reviewed in Ref. [89]). Several examples of auxin
modification can be found in the literature. In preparation for
CE-electrochemiluminescent detection (CE-ECL), IAA has been
derivatized through AEMP labeling with 2-(2-aminoethyl)-1-
methylpyrrolidine (AEMP) using N,N’-dicyclohexylcarbodiimide
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(DCC) and 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine
(HOOBt) as coupling agents [79]. When using CE with laser-
induced fluorescence detection (CE-LIF) several auxins were
derivatized in situ with 6-Oxy-(acetyl piperazine) fluorescein (APF)
[96], a derivatizing reagent for carboxyl compounds that has also
been applied to HPLC-FLD detection of auxins [97]. Recently, a
new mass probe was developed for the detection of IAA and IBA
by CE-ESI-TOF-MS. BTA contains a permanent positive charge that
improves the ionization of acidic plant hormones, like auxins,
allowing a better signal response in TOF-MS and multiple reaction
monitoring (MRM) [70,98]. In fact, BTA has also been applied as in
situ derivatization reagent to improve sensitivity in UPLC/MS/MS
[70].

Derivatization can tremendously improve sensitivity, as demon-
strated by Prinsen et al. [93]. This is especially important when
dealing with low concentration analytes, such as auxins. While in
the case of GC analysis derivatization is not optional, it can also
improve auxins’ response when using other techniques. Consider-
ing the low price of derivatizing reagents and the resulting ana-
lytical improvements, derivatization is an extremely important and
advantageous step of sample preparation.

2.2. Analysis

The last step in the analytical process is, of course, analysis of
the purified sample in its natural or derivatized form. Chromato-
graphic techniques have long been the preferred methods for anal-
ysis of plant hormones. GC/MS and LC/MS provide the separation
and sensitivity required for accurate quantification of compounds
present in trace amounts in complex matrices, such as auxins [16].
Immunoassays also have been an important tool in plant hormone
analysis, since early 1980’s [99], and ELISA is still commonly ap-
plied to auxin quantification (Table S4). Nevertheless, other meth-
ods such as MEKC [100], pressurized capillary electrochromatogra-
phy (pCEC) [101,102], CZE [103], CE [79,96,98,104] and surface plas-
mon resonance (SPR) [105] have also been applied.

2.2.1. Separation and detection

2.2.1.1. Chromatographic methods. Chromatography is the prevalent
analytical technique for plant hormones, and because several re-
views on this subject have been published in the past [14-16], only
the most relevant approaches will be discussed here.

2.2.1.1.1. GC and GC/MS. GC/MS is the most classical method
of auxin quantification. Although a few reports used GC-ECD for
IAA quantification, compound identification was still performed
by GC/MS in such cases [77]. More sensitive than LC/MS [41],
GC/MS has been widely applied to auxin analysis, especially af-
ter ['3C4]JIAA was chemically synthesized and proposed as inter-
nal standard for IAA quantification [106]. Although other standards,
such as deuterated IAA ([2H,]IAA and [*H5]IAA) (Table S1) and
methylated IAA (MelAA) [49], are used sometimes, [3Cg]IAA offers
several advantages over the deuterium labeled standards, namely,
nonexchangeability of the isotope label, high isotopic enrichment,
and chromatographic properties identical to that of the analyte
[106].

Initially performed using SIM [107] or high-resolution SIM
[108,109], the sensitivity of this technique was highly improved
with the development of multisector instruments that allow MRM.
Hence, when accessible, this is currently the preferred mode of
analysis when using GC/MS, allowing very good sensitivity and low
detection limits (Table S1). One of the first examples of the use of
GC/MS/MS on IAA quantification is the work of Miiller et al. [21],
who used a multiplex technique to quantify multiple acidic plant
hormones in a single run. This method allowed them to gener-
ate whole-plant organ-distribution maps of IAA (among other plant

hormones) in Arabidopsis thaliana. In the following years, other au-
thors used GC/MS/MS to study auxin transport and synthesis in
Arabidopsis and pea [33,34]. More recently, a high-throughput as-
say, which uses typically 2-10 mg FW of tissue, was developed for
the quantification of IBA, IAA and IAA precursors in Arabidopsis and
tomato [20].

2.2.1.1.2. ILC and LC/MS. LC, coupled to various types of detec-
tors, has also been broadly applied to auxin analysis (Table S2),
and it is a more suitable technique than GC since no derivatiza-
tion step is required. Given its sensitivity and selectivity, MS detec-
tion is most commonly used, and different mass analyzers are de-
scribed in the literature: IT, quadrupole time-of-flight (QTOF), tan-
dem quadrupole (qMS/MS), and triple quadrupole linear ion trap
(Q-Trap) (see Table S2). Currently, IAA and IBA can be separated
from other auxins within 7 min by LC/ESI-ITMS [110]. With the de-
velopment of LC/MS instruments, MRM mode became a reality and
the technique surpassed GC/MS due to its simplicity. Currently, it
is the most commonly used method of auxin quantification [16]
(Table S2).

Recently LC/MRM-MS was used to analyze the Arabidopsis 1AA
metabolome from amounts of tissue as small as 20 mg. In the
same protocol, most IAA precursors and degradation products were
analyzed simultaneously, demonstrating the analytical power of
this technique. However, in all studied tissues, IBA levels were be-
low the detection limit of the method [42]. Sensitivity and de-
tection limits can be highly improved by the use of nanoflow-
LC/MRM-MS. Izumi et al. [111] reported detection limits in the
fmol range and a 5-10 fold increase in sensitivity when using
nanoflow-LC/ESI-IT-MS/MS with MRM for plant hormone profiling.

Some authors have also performed two-dimensional HPLC (2D-
HPLC) for auxin quantification. Dobrev et al. [112] firstly described
a “heart-cutting” 2D-HPLC method to separate and purify IAA and
abscisic acid (ABA) from several plant species. In the first dimen-
sion, a silicacyanopropyl column was used and the elution was per-
formed in reverse-phase mode at a low concentration of organic
solvent, allowing a close elution of the two analytes. This was ben-
eficial for the separation in the second dimension, which was done
in a hydrophobic C18 column, because it concentrated IAA and ABA
in narrow peaks. The full injection-to-injection cycle was smaller
than 30 min and the analytes were detected by DAD and fluores-
cence (FLD) detectors connected in series. The method was subse-
quently used by other authors [113,114].

In an attempt to improve the speed of analysis, Stoll et al.
[115] developed a fast and comprehensive (LC x LC) 2D-HPLC/DAD
method for metabolomics studies. The speed of the second dimen-
sion separation was improved by using an ultra-fast and high tem-
perature gradient elution, which reduced cycle time. For that pur-
pose, a high-pressure mixing configuration was used to generate
each second dimension gradient, instead of two separate binary
pump systems. This design eliminated the differential in reten-
tion time between sequential separations, allowing a reduction in
dwell volume higher than an order of magnitude. The two columns
used (Discovery HS-F5 and ZirChrom-CARB, first and second di-
mension, respectively) allowed a high degree of orthogonality and
thus the method was used to separate 26 IAA derivatives from
maize samples in a single injection cycle, in a practical analysis
time of 25 min.

2D-LC has the potential to be an extremely powerful separa-
tion technique mainly due to its exceptional resolving power com-
pared to conventional 1D-LC methods (see Ref. [116] for a thor-
ough review). In theory, it has a very broad application range as
it allows performing separations using a large combination of LC
modes (SEC, RP, IEC, etc.), although in practice the combination of
certain modes is very difficult, if not impossible [117]. Despite the
tremendous potential of 2D-LC, several disadvantages prevent its
widespread use. The main drawback is still the very long timescale



S. Porfirio et al./Analytica Chimica Acta 902 (2016) 8-21 15

of comprehensive analysis (several hours). Unlike 2D-GC, where
high speed separation is easier to implement, high speed separa-
tion in LC is more difficult because of pressure and instrumenta-
tion limitations (discussed in detail in Ref. [116]). As mentioned
above, this problem was partially addressed by Stoll et al. [115],
who were able to reduce the overall separation time to about
30 min by increasing the temperature and linear velocity of the
second dimension column. An alternative to high temperatures
in speeding up the second dimension analysis can be the use of
monolithic columns, which can accommodate high flow rates with-
out loss of resolution [117].

Furthermore, the number of parameters that need to be cho-
sen, combined and optimized (column, flow rates, mobile phases,
gradients and temperatures) for a 2D-LC method is considerably
higher than for a 1D-LC method [116], which significantly increases
the complexity of the technique. Combining 2D-LC separation with
an MS detector is also a challenge considering that the flow rate
has to be significantly reduced in order to be compatible with ESI
[116]. The speed of the detector is also a problem, especially in the
case of MS detectors, which can be slower than the LC separation
[116].

Another major drawback of 2D-LC is data analysis. The amount
of data resulting from a comprehensive 2D-LC analysis can be over-
whelming, especially when using an MS or PDA detector, and cur-
rently there are no commercially available softwares that allow ef-
ficient and semi-automated analysis of 2D-LC data [117], although
this reality may change in the near future.

Unlike 2D-GC, which was invented over two decades ago
[118,119], has been continuously developed ever since, and is cur-
rently automated and commercially available, 2D-LC is still far
from routine. To this date, 2D-LC remains still a promising tech-
nique.

Nevertheless, LC/MS accuracy and sensitivity is increasing even
in 1D separations. Recently, high-resolution and accurate mass in-
struments have been used for the identification of a wide range of
indolic compounds from crude plant extracts. A minimalistic sam-
ple purification protocol involving only centrifugation and dilution
of the organic extract followed by quadrupole ion cyclotron res-
onance Fourier transform MS (Q ICR FT-MS) analysis allowed the
identification of multiple indolic compounds, including free IAA,
IAA amide-conjugates, tryptophan conjugates and other tryptophan
derivatives from soybean, tomato and Ginkgo biloba [26,120]. Ad-
ditionally, separation and quantification of four isomers of auxin-
myo-inositol conjugates (IAA-Inos), as well as IAA and MelAA, from
Zea mays and A. thaliana was also reported using QTOFMS [121].

2.2.1.1.3. Electrokinetic ~ methods. Although chromatographic
methods are the prevalent analytical strategy to study plant hor-
mones, separation is hampered by the complex sample matrix and
the high cost of analysis resulting from the need for isotopically-
labeled internal standards [96]. CE has a higher separation power
than LC and GC, which are based on the interaction between
analytes and the stationary phase, because analytes are separated
according to their electrokinetic properties (i.e., mass and charge)
[122]. Thus, separations with several hundred thousand theoretical
plates can be achieved with CE [123]. Furthermore, CE displays
several advantages over chromatography such as low sample
(sub-nL) and reagent (sub-pL) consumption, short separation time
and low instrumentation cost [123,124]. Several examples of the
application of CE to auxin quantification can be found in the
literature (Table S3).

A method based on CE-LIF was developed for auxin quan-
tification from crude banana extracts, using APF as derivatizing
reagent [96]. CZE was firstly tested as separation mode, but all
analytes were flushed together using these conditions. Therefore
MEKC was chosen as separation mode and all parameters (pH,
SDS, ethanol concentration, water content) were optimized. Under

optimized conditions, and without any sample clean-up, IAA and
IBA were separated from other plant hormones and quantified
within 20 min, with detection limits in the nM (jvg mL~!) range
[96].

In other cases, CE-electrochemiluminescence (ECL) was used to
analyze IAA and IBA from acacia tender leaves, buds, and bean
sprout [79]. ECL detection is based on the formation of photons
resulting from the decay of species that easily form excited states
at the surface of electrodes, via an applied voltage. Among ECL
systems, tris (2,2’-bipyridyl)ruthenium(Il) (Ru(bpy)s;2*) is one of
the most commonly used, especially when in combination with
CE [123]. Oxidation of Ru(bpy);2t by analytes containing tertiary
amines generates an excited-state Ru(bpy);2+*, whose decay to the
steady state leads to the release of a photon. The amount of light
energy released is therefore proportional to the analyte’s concen-
tration. The method is a powerful analytical tool with high sensi-
tivity and wide linear ranges [123], but its application requires the
presence of tertiary amine groups in the analytes. Analytes lack-
ing a tertiary amine group in their structure, such as auxins, can
be derivatized with AEMP in order to increase detection sensitiv-
ity [79]. Although this is a feasible solution, it also introduces an
extra step in sample preparation. Good detection limits were ob-
tained (nM), and the method was validated by HPLC-UV detection.
Ru(bpy);2*-KMnO,4 ECL had been used previously for the detec-
tion of IAA and IBA in mung bean sprouts [125]. In this work,
Ru(bpy);%* was immobilized on an anion-exchange resin and the
ECL reaction happened by contact with a diluted acidic KMnOg4
solution. This design reduces reagent consumption and does not
require a mixing chamber or a pump. Furthermore, the reagent-
containing resin could be used for at least six months as the rela-
tive ECL intensity only decreased 3% during that period.

Hybrid techniques like CEC and pCEC combine the efficiency of
CE and the selectivity of HPLC, overcoming the disadvantages of
CE [122]. In the case of pCEC, both a pressurized flow and the
EOF push the mobile phase through the capillary, thus solving the
problems associated with column drying-out and bubble forma-
tion [101]. Wang et al. [101] used pCEC to quantify IAA extracted
from corn. Separation was carried out in a monolithic silica-ODS
column, and detection was accomplished in a UV-Vis detector. Al-
though the authors pointed out some disadvantages of pCEC, such
as low concentration sensitivity associated with low sample vol-
ume and limited optical path length for UV-Vis detection, pCEC
provided a better separation than LC. Yin and Liu [122] developed a
method for the preparation of polydopamine-coated open-tubular
capillary columns to be used in the detection of IAA and IBA. The
capillary is filled with an aqueous solution of dopamine, and poly-
dopamine is formed in the inner wall of the capillary through
oxygen-derived oxidation of the dopamine solution, forming a per-
manent coating. The use of repetitive coatings allowed the forma-
tion of a layer with 200 nm thickness, providing a column with
controllable EOF (the coating inhibits EOF, possibly by masking
silanol groups in the inner wall of the capillary). The developed
coating was stable under both acidic and alkaline conditions, re-
sistant to the presence of methanol in the sample, and it can be
stored for up to 2 months. Even though the coating was developed
to separate IAA and IBA, a decreased interaction of IBA and the
coating was observed, likely due to its longer chain. Nevertheless,
both auxin standards were separated within 11 min in the single
layer polydopamine-coated capillary, which showed improved res-
olution in comparison to the bare capillary. Although the method
was successfully applied to the determination of IAA in culture me-
dia of [AA-producing bacteria (Arthrobacter sp., Bacillus sp. and En-
terobacter sp.), its applicability in plant samples was not evaluated.

2.2.1.14. Immunoassays. Immunoassays such as RIA and ELISA
have long been applied to auxin quantification [99,126]. They
are based on highly specific antibody-antigen interactions where
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the analyte is an auxin conjugate that can be recognized by the
antibody. Although ELISA is much less sensitive than LC/MS for the
detection of plant hormones [127], and presents several obstacles
such as complex sample preparation and cross-reactivity [16], its
high selectivity and ease of operation make it a valuable tool for
auxin analysis. Furthermore, anti-auxin monoclonal antibodies and
full ELISA kits are commercially available, which is not true for
other analytical techniques. ELISA has been used for IAA quantifi-
cation using IAA-ovalbumin or IAA-BSA conjugates [77,128,129].

Aside from ELISA assays, biosensors are gaining popularity due
to their unique properties. Different kinds of biosensors have been
adapted to plant hormone determination [130] and, particularly,
immunosensors provide high specificity and sensitivity due to the
use of antibodies or antigens as the sensing element [16].

2.2.1.1.5. Immunosensors and other biosensors. Biosensors are
analytical devices that combine a biological component with a
physicochemical detector, and convert a biological response into a
signal that can be captured and interrogated [130]. As stated by
Sadanandom and Napier [130], the ideal biosensor is selective, sen-
sitive, gives a calibrated dose-response curve over physiologically
relevant concentrations of analyte, gives a spatially resolved read-
ing in vivo, and is not invasive.

A specific type of biosensor is an immunosensor, where the im-
munochemical reaction is coupled to a transducer and converted
into an electrical signal (reviewed in Ref. [131]). Immunosensors
can be classified based on the type of detector: electrochemical,
optical and piezoelectric [131].

An immunosensor with a piezoelectric detector was designed
for IAA detection [132]. A piezoelectric detector consists of a quartz
crystal microbalance (QCM) which detects mass differences be-
tween the analyte-bound an unbound states of the biosensor. Be-
cause IAA is too small to produce a sufficient mass difference,
an IAA-BSA conjugate with higher molecular weight was synthe-
sized and used as antigen (analyte), increasing the sensitivity of
the assay. Anti-[IAA-BSA] antibodies were purified from white rab-
bits and immobilized on the golden surface of the quartz crystal.
This configuration allowed creating a QCM immunosensor capable
of detecting IAA in a linear range of 0.5 ng mL~! - 5 g mL~!. The
capacity of the immunosensor was evaluated by determining 1AA
in solution at different concentrations, in the range 1 ng mL~! -
1 wg mL~!, and the calculated recoveries varied from 96 to 116%.
However, although a functional immunosensor was developed, at
the time of the study regeneration of the biosensor was an un-
solved problem, which creates a great disadvantage. This problem
was addressed in later work by the same authors who developed
a renewable amperometric immunosensor for IAA detection [133].
This immunosensor consists of a sol-gel-alginate-carbon compos-
ite electrode (SACE), produced from the sol-gel precursor tetram-
ethoxysilane (TMOS), alginate and graphite powder, and contains
anti-IAA antibodies on its surface. The detection was based on the
enzyme-linked competitive immunoreaction between IAA in the
sample and IAA labeled with horseradish peroxidase (IAA-HRP) on
the SACE surface. The enzymatic activity of HRP bound to anti-IAA
antibodies is measured by amperometric detection using H,0, and
3,3/,5,5'-tetramethylbenzidine (TMB) as substrates. This biosensor
was capable of detecting IAA in the range 5-500 g mL~! and was
applied to the analysis of hybrid rice grain samples. After each im-
munoassay, the sensor was regenerated by immersing the SACE in
saline solution at pH 12 in order to rinse out the antibody immobi-
lized on the SACE surface. The method was validated by analyzing
the rice samples by HPLC.

Other types of biosensors were further developed for IAA de-
tection. Mancuso et al. [134] described a non-invasive carbon-
nanotube modified and self-referencing microelectrode for the
study of auxin fluxes in root apexes. It is desirable that the mi-
croelectrode can detect IAA levels at precise distances from the

tissues with good spatial resolution. Carbon nanotubes have high
electrical conductivity, chemical stability and mechanical strength
[134], solving some of the problems observed in previously devel-
oped electrodes [135]. Modifying the electrode surface with mul-
tiwalled carbon nanotubes increases the surface area available for
electron transfer and enhances catalysis [136]. In fact, the authors
showed the enhancing effect of multiwalled nanotubes on the ox-
idation peak current of IAA in comparison with a bare platinum
electrode, further confirming the results of Wu et al. [137], who
developed a similar but invasive electrode. The microelectrode cre-
ated by Mancuso et al. [134] was used to monitor IAA fluxes in
growing roots of maize, Arabidopsis and walnut. The method was
validated by analyzing the samples by HPLC, and in both methods
the amounts found in samples were in the ng g~! range.

Nevertheless, this method displayed some disadvantages such
as lower than desired temporal resolution and signal-to-noise ratio,
as well as the need for exogenous IAA addition. Further improve-
ments of this approach were already reported by McLamore et al.
[136], who optimized a non-invasive self-referencing electrochem-
ical microsensor for the measurement of endogenous IAA fluxes
in maize roots. The microsensor included platinum black and car-
bon nanotube (CNT) surface modifications and can be used for
real-time transport monitoring in surface tissues. Furthermore, the
method can be performed simultaneously with live imaging tech-
niques.

Zhou et al. [138] developed an electrochemical immunosen-
sor based on gold nanoparticles (AuNPs) functionalized with HRP-
labeled immunoglobulins (HRP-IgGs) and rat monoclonal antibod-
ies against IAA (anti-IAA). A glassy carbon electrode was coated
with graphene for an increased electrode surface and to facili-
tate electron transfer. The AuNPs were deposited on the electrode
surface to allow IAA recognition. The HRP-labeling was used as
a signal amplification tool to increase the sensitivity of the im-
munosensor, while IAA recognition and capture was performed by
the monoclonal anti-IAA antibodies attached to the AuNPs-HRP-
IGs. Electrochemical measurements were performed by differen-
tial pulse voltammetry (DPV) using Fe(CN)g3~ /4~ as redox probe,
and IAA was indirectly measured by the variation of oxidation
current response of Fe(CN)g3~/4~. The determined LOD was com-
parable with other techniques (CE, chemiluminescence), and the
method was applied to IAA quantification in mung bean sprouts
(12-32 ng g 1). A very similar immunosensor was described in the
same year [139]. The IAA detection mechanism is the same, how-
ever in this case 4-aminophenylboronic acid (4-APBA) was used in-
stead of graphene as coating agent for the electrode. Furthermore,
in this case the HRP-IgGs were attached to Fe304,-COOH magnetic
nanoparticles while the anti-IAA antibodies were attached to the
AuNPs, allowing double signal amplification. Also in this case the
results from IAA quantification in seeds (wheat, corn, mung bean,
soybean, millet and brown rice) were comparable with results ob-
tained by CE [139]. The LODs of both immunosensors are compa-
rable (nM range).

Another example of the use of graphene in electrodes is the
work of Sun et al. [140] who reported a photoelectrochemical
(PEC) immunosensor using 3-mercaptopropionic acid stabilized
CdS/reduced graphene oxide (MPA-CdS/RGO) nanocomposites for
IAA detection. In this case graphene was chosen for its properties
as electron-transfer matrix. PEC sensing is a promising technique
that allows high sensitivity and high-throughput while using inex-
pensive devices, although to the best of our knowledge this is the
only report describing the use of the technique. The immunosen-
sor was successfully applied to IAA quantification from wheat, corn
and bean seeds, with results comparable to those obtained using
CE.

Yang et al. [141] developed an amperometric sensor based on
a CeCl3-DHP film modified gold electrode for IAA determination.
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In comparison with the bare and DHP modified gold electrodes,
this sensor greatly increased the linear response of detection while
decreasing the noise of the amperometric response. Mung bean
sprout leaves were analyzed by this method, and results were
comparable with HPLC analysis. Previously, a carbon paste elec-
trode had been developed for IAA quantification using square wave
voltammetric determination based on surfactant effects [142]. This
method presented very high sensitivity and low detection limits
(20 nM) and was successfully applied to gladiola and phoenix tree
leaves.

Finally, SPR was also applied to IAA monitoring in plant tissues
[105]. SPR is a surface-sensitive technique based on the measure-
ment of changes in refractive index (RI), which allows perform-
ing real-time and label-free analyte detection in complex matri-
ces even without sample pre-treatment. Sensitivity can be highly
improved by coating the sensor chip surface with a thin film of
MIPs, which will selectively recognize a template molecule. In the
work of Wei et al. [105], high selectivity was achieved by adsorb-
ing a molecularly imprinted monolayer (MIM) on the SPR sensor
chip surface containing preadsorbed IAA. The MIM consisted of a
2D monolayer of alkanethiol self-assembled around the template
(IAA) pre-adsorbed on the surface of the gold-coated sensor chip.
Selectivity was evaluated by applying the MIM-coated chip to the
detection of IBA, and a much lower response was observed in this
case. Moreover, an IBA-imprinted MIM was prepared which further
showed the high selectivity of MIMs. The method was applied to
different samples with good recoveries (95-98%) and very good de-
tection limits (0.20-0.32 pM). The biggest disadvantage of this ap-
proach is the high cost of the SPR sensor chip, and its further func-
tionalization with MIMs.

2.2.1.1.6. Other detection methods. A fluorimetric assay based
on the reaction between IAA and acetic anhydride in the presence
of perchloric acid as catalyst was used to quantify IAA in mung
bean cuttings [143,144]. The method is highly specific as IBA didn’t
form detectable amounts of fluorescent derivatives, which can also
be a disadvantage as no other auxins can be detected.

A colorimetric method for the detection of both IAA and IBA
was described by Guo et al. [145], based on the reaction be-
tween auxins and Ehrlich reagent (p-(dimethylamino)benzaldehyde
(PDAB)) under acidic conditions. PDAB reacts with indolic com-
pounds, and IAA and IBA respond differently to reaction tempera-
ture and incubation time. While at 25 °C IBA’s reaction with PDAB
generates a blue compound, IAA barely reacts with PDAB at this
temperature during the first 60 min, allowing selective determina-
tion of IBA absorbance. At 70 °C, both auxins react intensively with
PDAB, however forming products with different colors (IBA - blue;
IAA - pink). Therefore, IAA concentration can be determined as the
difference between the total absorbance and IBA absorbance. The
specificity of the method was tested by determining IAA and IBA
concentration in the presence of other auxins (phenylacetic acid
(PAA), naphtaleneacetic acid (NAA) and indole-3-carboxylic acid
(ICA)) and tryptophan (Trp). Although no interference from PAA,
NAA and Trp was observed, ICA is a powerful interferent, and 1AA
and IBA determination cannot be performed in its presence. The
method had linear ranges of 0.28-56 wM (IAA) and 0.84-42 pM
(IBA) with detection limits of 0.10 wM (IAA) and 0.28 M (IBA). It
was applied to the analysis of bean sprouts and results were com-
parable to results obtained by CE-ECL.

Although a wide variety of methods are available for auxin
isolation and analysis, conventional (i.e. chromatographic) meth-
ods are still the predominant techniques used in this field, be-
cause they are well established within the laboratory setting as
well as in literature. Techniques such as biosensors and immuno-
based methods provide novel alternatives to the field of study,
but the overall investment needed to implement and incorporate
them into existing laboratories may be still prohibitive for many

laboratories. Furthermore, issues such as high operation cost, lim-
ited commercial availability, low signal-to-noise ratios, standard-
ization and low or non-selective specificity are some of the draw-
backs to consider [72,146,147]. Therefore, although worth noting
for this review, these alternative approaches still remain difficult
to implement in a broad scale.

3. Conclusions

Analytical methods for auxin analysis have greatly evolved since
they were first described (reviewed in Ref. [41]) and more accu-
rate, sensitive, precise and high-throughput methods are available
nowadays. Although sample preparation remains the bottleneck of
the analytical process, currently there are several approaches that
can process large numbers of samples per day. A broad range of
sample preparation methods is available, including the classical
SPE and LLE and their respective variations (SPME, MISPE, DLLME,
HF-LLLME), as well as alternative techniques such as VPE, QUECh-
ERS, dCPE and immunoextraction. Many options are also available
for sample analysis including GC, GC/MS, GC/MS/MS, LC, LC/MS,
LC/MS/MS, CE, CE/MS, immunoassays and other reported methods.
Among these, LC/MS and especially LC/MS/MS are the most ad-
vantageous methods considering their excellent selectivity, supe-
rior sensitivity, high-throughput and high accuracy. It is also de-
sirable that auxin analysis, as well as the simultaneous analysis of
all plant hormones (hormone profiling, or hormonome [53]), be-
comes a routine practice. The development of 2D-LC has brought
us closer to this goal, and with further improvements in soft-
ware and instrumentation, comprehensive hormone profiling can
become a reality. Moreover, the comprehensive analysis of a plant’s
metabolome can also help understand, at the molecular level, the
plant’s response to different conditions such as stress, mutations,
and hormone treatments. However, the chemical diversity of plant
hormones poses a great challenge to the development of simple,
efficient, fast and universal methods [16], a problem exponentially
bigger in the case of metabolomics analysis. Another obstacle to
this ideal analytical method is the current lack of automation for
many sample preparation techniques, a problem that is being ad-
dressed in some cases [18,20], but still lacks a universal solution.

As stated by Du et al. [16], the development of techniques that
allow highly sensitive, noninvasive, in vivo, in situ and real-time
detection of auxins and other plant hormones is still an ambition.
For example, while MS imaging (MSI) has been used with great
success to map the spatial distribution of small metabolites in an-
imal tissues [148], its application to the study of plant tissues has
only recently begun [149,150]. Although MSI only allows a qual-
itative analysis, it will definitely be a valuable tool that can be
used in combination with other techniques such as in vivo SPME
[151,152], SPR-based biosensors [153,154] and atomic and molec-
ular MS [155]. All these techniques can be powerful tools in the
future study of the complex metabolic pathways associated with
plant hormones.
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