
Vol.:(0123456789)1 3

Chromatographia (2019) 82:1121–1138 
https://doi.org/10.1007/s10337-019-03748-3

REVIEW

Solid‑Phase Extraction of Glyphosate in the Analyses 
of Environmental, Plant, and Food Samples

Marilda Rigobello‑Masini1 · Erico A. Oliveira Pereira1 · Gilberto Abate2 · Jorge C. Masini1 

Received: 27 November 2018 / Revised: 16 May 2019 / Accepted: 24 May 2019 / Published online: 5 June 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
This review presents the state of the art concerning the strategies of solid-phase extraction of glyphosate and some of its 
metabolites in the analysis of environmental (water and soil), plant, and food samples. Glyphosate is the most used broad-
spectrum herbicide around the world. As a consequence of this intense use, worries have arisen because of controversial 
questions regarding the risks glyphosate may pose to human health through dietary exposure, as well as to the equilibrium 
of ecosystems. Answers to these questions depend on efficient and reliable analytical methodologies that are applicable 
to monitoring programs. As a result of the complexity of sample matrices (especially soil and vegetable extracts) or the 
low concentrations of target analytes in natural water samples, solid-phase extraction has been used for either cleaning the 
extracts or enrichment of the analyte from highly diluted samples. The first part of this review introduces the current issues 
and controversies surrounding glyphosate, followed by systematic approaches used for its solid-phase extraction. Underivat-
ized glyphosate can be extracted by strong anion exchange, immobilized metal affinity, and sorbents affording molecular 
recognition properties such as those of immunosorbents and molecular imprinted polymers. The use of new sorbents based 
on nanostructured materials for extraction of underivatized glyphosate is also addressed. Another approach describes the 
derivatization of glyphosate with 9-fluorenylmethyloxycarbonyl chloroformate which enables the retention of the product 
on hydrophobic sorbent phases, again aiming either at cleanup or analyte enrichment. Extraction strategies and the figures 
of merit of methods used in relevant applications are summarized in tables.
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Introduction: The Glyphosate Issue

The herbicide glyphosate was introduced in 1974 for weed 
control in agriculture. It is also used in orchards, as a weed 
killer in walkways, management of roadside vegetation, in 

streams to kill aquatic weeds, as a desiccant, and as a ripener 
for speeding up the maturation of seeds [1]. Glyphosate acts 
by inhibiting the enzyme 5-enolpyruvylshikimate 3-phos-
phate synthase (EC 2.5.1.19) in the aromatic amino acid 
synthesis pathway, present in plants and in some bacteria, 
thus disrupting the flow of carbon in photosynthesis and 
several other biochemical routes [1, 2].

Glyphosate was used as a pre-emergence herbicide in tra-
ditional agriculture techniques, but after the onset of geneti-
cally modified organisms (GMO), it also started to be used 
in post-emergence control. In 1996, genetically modified 
plants such as soybean, maize, and cotton, named Roundup 
Ready plants, were introduced on the market. A gene, iso-
lated from Agrobacterium sp., which confers resistance to 
glyphosate, was inserted in the genome of these plants. Since 
then, other plants have been modified to resist glyphosate, 
and owing to the easiness of management, the use of GMO 
and glyphosate grew at an unprecedented rate in several 
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countries [3]. The annual global production of glyphosate 
is about 825,800,000 kg [4].

The onset of weeds tolerant to glyphosate is forcing more 
intensive herbicide application [5]. Therefore, biotechnol-
ogy companies are planning to market genetically modified 
plants tolerant to more than one herbicide. Among them are 
2,4-d and Dicamba which can be potentially more dangerous 
than glyphosate to health and ecosystems [6–8]. Thus, there 
are risks of turning integrated weed management based on 
solid ecological principles [9] almost impracticable and of 
having more and more resistant weeds, with the increase of 
non-target effects [10].

The risks that glyphosate pose to human health are still 
the subject of intense debate [11–13]. Because the biochemi-
cal pathway inhibited by glyphosate occurs only in plants, 
there was little concern about the effects of glyphosate 
on animals. Moreover, initial studies about the effects of 
glyphosate on health showed almost no harm to animals. 
Some epidemiological data showed very few statistical cor-
relations between health problems and glyphosate exposure 
[14, 15]. However, as the use of glyphosate became more 
widespread, health problems such as cardiovascular abnor-
malities began to be reported in residents of farm areas 
where glyphosate was applied to crops [16]. Other studies 
demonstrated that animals exposed to glyphosate showed 
increased evidence of carcinogenicity [17, 18]. Currently, 
there are several data about deleterious effects caused by 
feeds manufactured with GMOs, and also data reporting 
problems in aquatic vertebrates, among others [8, 19, 20].

A review by Mesnage et al. [21] showed that glyphosate 
and its metabolites can be toxic at levels below the regula-
tory limits. Another complication arises from the impact 
that simultaneous application of several other herbicides 
can pose to health and environment [6–8]. Therefore, from 
the chemical analysis point of view, there are multiple chal-
lenges to be overcome when determining the causes of 
impacts on health and the environment.

Different points of view about glyphosate use and toxic-
ity are causing arguments among researchers and regulatory 
agencies. Whereas some authors postulate that glyphosate 
may be the cause of most of the modern western maladies 
[11, 12], other authors argue that some environmentally 
directed points of view are also ideologically biased [22].

Regulatory agencies diverge about how glyphosate 
should be classified in terms of its potential toxicological 
effects. Since 1974, it has been stated that glyphosate poses 
no potential harm to mammals. In 1993, the United States 
Environmental Protection Agency (US EPA) classified 
glyphosate as a group E carcinogen, meaning no evidence 
of carcinogenicity [15, 23]. In a recent communication, EPA 
proposed new herbicide management measures, stating that 
a final decision on glyphosate registration will be released by 
the end of 2020 [24, 25]. In 2015, the International Agency 

for Research on Cancer, by its turn, had classified glyphosate 
as category 2A, which means that it is probably carcinogenic 
[26, 27]. Reports from the World Health Organization/Food 
and Agricultural Organization (WHO/FAO) and European 
Union (EU) claim that different methodologies in the evalu-
ation of toxicity and possible carcinogenicity may lead to 
different points of view about glyphosate classification [13, 
28, 29].

The maximum concentration levels (MCL) allowed in 
drinking water also diverge from one regulatory agency 
to another. For instance, MCL values of 0.10, 65, and 
700 µg L−1 are the current limits established by the EU, the 
Brazilian National Environment Council (CONAMA) [30], 
and US EPA [31], respectively.

As the regulations about glyphosate safety are based on 
assessment studies performed 30 years ago, these classifica-
tions and MCL values must be reviewed because they are 
failing to protect public health [32]. The technical assess-
ments should be based on the risks posed by each compo-
nent of commercial glyphosate formulas, as well as all the 
metabolites that can be released into the environment or 
accumulated in plants and animal organs, under the appli-
cation of the herbicide.

The main metabolite of glyphosate metabolism is amino-
methylphosphonic acid (AMPA), but other metabolites can 
be found [26, 27] (Fig. 1). The relative levels of glyphosate 
(1) and AMPA (2) can change with the second generation 
of GMOs. These plants may have genes that code for the 
enzymes glyphosate oxidase and glyphosate N-acetyl trans-
ferase (GAT). The first enzyme can convert glyphosate into 
AMPA and glyoxylate (3), thus raising the levels of AMPA 
and lowering glyphosate levels. The GAT enzyme converts 
glyphosate into N-acetyl glyphosate (4) and then to N-acetyl 
AMPA (5). Thus, additionally to glyphosate and AMPA, 
the chemical determination of all these and other potential 
metabolites (Fig. 1) must be considered in studies about 
glyphosate toxicity to assess health and environmental risks 
[28, 33].

Besides, the formulation used influences the absorption 
of glyphosate by leaves and the adsorption on soils [33, 34]. 
Several adjuvants (Fig. 2) have been used in glyphosate for-
mulations since the herbicide became commercial. Com-
pounds such as polyoxyethylene amine (POEA, 11), which 
is used as a surfactant in Roundup, should also be included 
in studies of environment and health impacts [4, 36]. Other 
commercial forms include glyphosate as the isopropylamine 
(12), ammonium, and trimesium salts (13). Besides, some 
impurities such as N-(phosphonomethyl)iminodiacetic acid 
(14) and bis(phosphonomethyl)amine (15) are likely to be 
found in formulations. All compounds, metabolites, and 
adjuvants, once released into the environment, can accumu-
late and be even more toxic than glyphosate itself to nontar-
get organisms [37].
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The 5-year re-approval of glyphosate by the State Mem-
bers of the EU in 2017 was preceded by intense discussions 
that arose as a consequence of the poorly understood fate 
of glyphosate and its metabolites and adjuvants in the envi-
ronment, as well as their impact on ecosystems and human 
health [38, 39]. Analytical chemistry plays an important 
role in answering these questions by providing simple and 
efficient methodologies for the quantification of glyphosate 
in environmental samples, food, and biological fluids [38]. 
This review highlights the challenges imposed by the phys-
icochemical properties of glyphosate on the development 

of standardized protocols for quantification of glyphosate in 
the presence of its metabolites, adjuvants, humic substances 
(co-extracted from soils), metal cations, etc.

Analytical Methods for Quantification 
of Glyphosate

As a result of the presence of phosphonic, amino, and car-
boxylic groups in its structure (Fig. 3), glyphosate is an 
ionic compound (log KOW = − 3.40), highly soluble in water 

Fig. 1  Structures of glyphosate 
(1) and its metabolites AMPA 
(2), glyoxylate (3), N-acetyl 
glyphosate (4), N-acetyl-AMPA 
(5), methylphosphonic acid 
(6), sarcosine (7), N-methyl-
aminomethyl phosphonic acid 
(MAMPA) (8), hydroxymethyl 
phosphonic acid (9), and phos-
phonoformic acid (10)

Fig. 2  Some common adjuvants 
in glyphosate formulations: 
POEA (11), isopropyl amine 
(12), trimethyl sulfonium 
(13), and some contami-
nants N-(phosphonomethyl)
iminodiacetic acid (14) and 
bis(phosphonomethyl)amine 
(15)
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(10.5 g L−1 at pH 1.9 and 20 °C) [40]. Despite its retention 
on soils, and its biodegradation into aminomethyl phospho-
nic acid (AMPA, 2), glyphosate has been detected in soils 
and water long after its application, and sometimes far from 
the application site [41].

Glyphosate is not volatile and lacks chromophore and 
fluorophore groups, so its detection may require derivati-
zation, as reviewed by Arkan and Molnár-Perl [42]. Gas 
chromatography methods coupled with mass spectrometers 
are used after derivatization by simultaneous acylation and 
esterification or trialkylsilylation to convert the analytes into 
volatile compounds [43]. Liquid chromatography demands 
pre- or post-column derivatization to produce fluorescent 
derivatives and to enhance their retention in hydrophobic 
stationary phases prior to detection by fluorescence or tan-
dem mass spectrometry. Two more common liquid chroma-
tography methods are based on (1) separation of glyphosate 
and AMPA by ion-exchange, post-column derivatization 
with hypochlorite to convert glyphosate into glycine, and 
downstream reaction of glycine with o-phthaldialdehyde 
(OPA) in 2-mercaptoethanol to produce a detectable indole 
fluorescent derivative (Fig. 4) [44–48]; and (2) pre-col-
umn derivatization with 9-fluorenylmethyloxycarbonyl 

chloroformate (FMOC-Cl) followed by reversed-phase chro-
matography and detection by fluorescence or tandem mass 
spectrometry [49–58] (Fig. 5). The use of either hydrophilic/
weak exchange or reversed-phase/weak exchange mixed-
mode chromatography without any derivatization, followed 
by diverse detection techniques including tandem mass 
spectrometry detection is gaining interest [59–65]. Capillary 
electrophoresis methods have been reported in recent years 
using detection systems as varied as contactless conductiv-
ity, electrochemiluminescence [60, 61], and laser-induced 
fluorescence [61, 66], as reviewed by Gauglitz et al. [67].

Solid‑Phase Extraction of Glyphosate

Since the first publication describing the use of solid-phase 
extraction (SPE) for preconcentration purposes [68], many 
developments were described, and the first extraction car-
tridges became commercially available in 1978. During 
the last four decades, extensive progress has been achieved 
thanks to the impressive developments in materials sci-
ences and nanotechnology, as demonstrated by excellent 
recent reviews [69–73]. The concentrations of glyphosate 

Fig. 3  Ionic forms of glyphosate 
and the approximate pKa

Fig. 4  Derivatization of glypho-
sate with hypochlorite and OPA 
in the presence o-2-mercaptoe-
thanol
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in environmental water is usually low (nanograms per liter) 
so that preconcentration by either off- or online SPE is man-
datory prior to detection.

In the case of soil analysis, the extraction of glyphosate is 
hampered by the strong interactions of the phosphonate, car-
boxyl, and amino groups with iron oxides, silica, alumina, 
and organic matter [74]. The strength of these interactions 
depends on factors such as pH, metal cations, phosphate 
from fertilizers, etc. [38]. Extraction is usually performed 
with either alkaline solutions (KOH or NaOH, aqueous 
 NH3, triethylamine, sodium tetraborate) [55, 75] or weak 
acids [65, 76]. Mixed solutions of  NH3 and  KH2PO4 were 
proposed by Huang et al. [40]. A difficulty imposed by 
extraction with strong bases is the co-extraction of humic 
acids which interfere with the derivatization and suppress 
the ionization in ESI–MS/MS detectors [55]. Therefore, the 
extract cleanup in SPE cartridges has been essential for the 
determination of glyphosate in soils [65].

Another important application of SPE systems is in the 
determination of glyphosate in foods and plants. Most meth-
ods described in the literature adopted water as the extract-
ing solvent [65, 77–81]. However, there are methods that 
used monosodium phosphate [82], borate buffer [83], and 
even a mixture of water and dichloromethane [80]. Cham-
kasem [84] used a mixture of an acidic solution with EDTA 
for the extraction of glyphosate in grapes. Liao et al. [85] 
applied mixtures of solvents, deionized water, acidified 
water, methanol, and dichloromethane for extracting glypho-
sate and glufosinate from different food samples. The com-
position of the extracting solutions depended on the water 
content of the food. Solid-phase extraction in reversed-phase 
[65, 77, 83, 85], ion-exchange [78, 82], and mixed-mode 
sorbents [80, 84] has been described. In the case of plant-
based materials, the predominant goal is the cleanup of the 
extract. For instance, Ding et al. proposed a combination of 
 C18 and strong anion exchange (SAX) cartridges in which 
the protein and nonpolar substances, such as lipids, were 
retained in the  C18 phase. The solution that passed through 
the  C18 was applied to the SAX cartridge which retained 
glyphosate, thereby separating the analyte from neutral and 
alkaline substances [81].

To the best of our knowledge, there is no specific review 
on the applications of SPE for quantification of glyphosate 
and related compounds in matrices such as environmental 
water samples, soils, and vegetables. The chemical proper-
ties of glyphosate that are exploited for suitable retention 
and separation in liquid chromatography were used for SPE 
as well [75]. In some methods, glyphosate is retained by 
weak or strong anion exchange for enrichment and matrix 
exchange. In other cases, hydrophobic sorbents (predomi-
nantly  C18) are used after derivatization of glyphosate 
(and AMPA) with FMOC-Cl. The presence of phospho-
nate, amine, and carboxylic groups makes glyphosate and 
AMPA strong complexing agents [86] so that the principles 
of immobilized metal affinity chromatography (IMAC) were 
explored to develop SPE methods using chelating sorbents. 
Some studies demonstrated the applicability of metal oxides 
for the selective extraction of glyphosate in soil-like interac-
tions [87]. A special case of SPE is based on hydrophobic-
hydrophilic sorbents to retain nonpolar interferences, but 
not glyphosate, thus performing a sample cleanup prior 
to the derivatization or chromatographic analysis. Sample 
cleanup was also performed by using chelating, strong cation 
exchangers to retain metal ions and mixtures of strong cation 
and anion exchangers [61, 66, 88].

The current review describes the diverse materials 
and strategies of SPE with emphasis on ion-exchange or 
reversed-phase sorbents, IMAC, interactions with metal 
oxides, and sorbents affording molecular recognition mech-
anisms, particularly the recent development of molecularly 
imprinted polymers (MIPs). Some strategies using SPE for 
the development of sensors is also addressed. Examples of 
applications to the analysis of environmental samples and 
vegetables are given in Table 1 (water samples) and 2 (plants 
and food).

Solid‑Phase Extraction on Anion Exchangers

Glyphosate can exist as a zwitterionic molecule (Fig. 3) 
which can be retained in cation or anion exchangers depend-
ing on the pH. Retention in cation exchangers, however, 

Fig. 5  Reaction of glyphosate 
with FMOC-Cl
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requires an extremely acidic medium, which is not compat-
ible with chemically bonded silica-based materials. Conse-
quently, the majority of SPE methods using ion exchange are 
based on strong and weak anion exchangers supported on 

poly(styrene-co-divinylbenzene), P(ST-co-DVB), or silica 
[45, 89, 90]. For instance, Corbera et al. [89] compared two 
strong polymeric anion exchangers based on P(ST-co-DVB) 
 (Amberlite® IRA-416 and  Amberlite® IRA-900) with a 

Table 1  SPE materials and figures of merit for some methods for determination of glyphosate in water samples, denoting if the derivatization 
was performed before or after the SPE step

a Cleanup
b Enrichment of glyphosate or the derivatized glyphosate

Sorbent phase Matrix Separation 
technique

Derivatiza-
tion

Linearity 
(μg L−1)

LOD 
(μg L−1)

LOQ 
(μg L−1)

RSD (%) Recovery 
(%)

References

Amberlite®IR-
120a

Drinking 
water

LC–FLD FMOC-Cl 
(after)

0.01–0.20 0.012 – 3.3–8.7 98–100 [88]

(Purolite 
A-510S + Puro-
lite C-100H)a

Bio-Rad AG1-
X8b

River water CE–LIF Naphtha-
lene-
2,3-di-
carboxal-
dehyde/
NaCN 
(after)

0.169–16.9 0.27 – 6.3 103 [66]

LiChrolut  ENa/
Amberlite IRA 
 410b

River water
Groundwa-

ter

LC–FLD Hypochlo-
rite/OPA 
(after)

5.0–200 2.0 – 5–18 83–90 [45]

Amberlite®IRA-
900b

Isolute-NH2
®b

River water LC–FLD FMOC-Cl 
(after)

1–200 < 0.1 – < 12 90–100 [89]

Dowex AG1X8-
100b

Tap water
Filtered 

water
River water

LC–DAD p-Toluene-
sulfonyl 
chloride 
(after)

200–10,000 90 200 13–34 67.1–104 [90]

Gemini-NX  C18b Groundwa-
ter

River water
Wastewater

LC–MS/MS FMOC-Cl 
(before)

0.01–2.00 – 0.005 < 3.2 91–100 [98]

Strata™-Xb Surface 
water

LC–ESI–
MS/MS

FMOC-Cl 
(before)

– 0.2 – 8.2 79 [54]

Oasis  HLBb Runoff water LC–MS/MS FMOC-Cl 
(before)

0.1–500 0.2 0.6 < 6 89–102 [56]

Oasis  HLBb Surface 
water

Groundwa-
ter

LC–ESI–
MS/MS

FMOC-Cl 
(before)

0.025–5.00 0.005 0.05 < 12 89–106 [50]

IC  RPa River water LC–MS/MS – 2–200 3.04 – – 99–103 [65]
Spheron Oxine 

1000-Pd(II)b
River water
Groundwa-

ter

LC–UV FMOC-Cl 
(before)

– 0.2 – < 15 80–92 [105]

Magnetic  SPEb River water CE–UV FMOC-Cl 
(before)

5.0–1000 4.0 – 1.3–3.2 81.2–106 [107]

Carbon dot mag-
netic  particlesb

River water Fluores-
cence

– 10–80,000 8.0 – 1.22–3.84 94–98.3 [113]

MIPsb Mineral 
water

Groundwa-
ter

UPLC–MS/
MS

FMOC-Cl 
(before)

– – 0.05 12 96 [119]

MIP-SBSEb River water
Soil extracts

LC–FLD FMOC-Cl 
(before)

0.25–1000 0.140 0.468 < 5 93.3–97.3
90.6–96.7

[121]

(MIP) 
 AFFINIMIP®b

Mineral 
water

UPLC–MS/
MS

FMOC-Cl 
(before)

0.1–0.75 0.01 0.1 – 68 [62]
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silica-based weak anion exchanger (Isolute-NH2
®) for extrac-

tion of glyphosate and AMPA from water samples. All sorb-
ents extracted glyphosate quantitatively, but only  Amberlite® 
IRA-900 also extracted AMPA quantitatively. Enrichment 
factors of glyphosate in Isolute-NH2 and  Amberlite® IRA-
900 were 125 and 17, respectively.

The first paper describing the use of anion exchange to 
pre-concentrate glyphosate and AMPA was published in 
1998 by Mallat and Barceló [45]. The developed methodol-
ogy was aimed at the determination of trace concentrations 
of glyphosate and AMPA in water samples and degrada-
tion studies. In that method, the filtered samples were first 
passed through a cleanup polymeric column (LiChrolut EN) 
to retain polar organic compounds, but not glyphosate and 
AMPA. In a second SPE step, glyphosate and AMPA were 
retained in a strong anion exchange sorbent in the hydroxide 
form (Amberlite IRA 410) and eluted using a 0.40 mol L−1 
sodium citrate buffer. Since the pH of this solution is around 
9.5, glyphosate is in its anionic form (Fig. 3) so that the 
elution mechanism is the exchange of the retained glypho-
sate (and AMPA) by citrate. Chromatographic separation 
was performed by strong cation exchange (SCX) with post-
column derivatization with hypochlorite and OPA (Fig. 4), 
followed by fluorescence detection (Table 1).

Patsias et al. [46] proposed an automated online SPE 
extraction of glyphosate and AMPA from water samples 
prior to SCX and fluorescence detection after derivatiza-
tion with OPA. Ionic components in environmental water 
samples reduced the recoveries to values as low as 3.2% for 
glyphosate and 0.5% for AMPA. The issue of low recoveries 
was circumvented by coupling a cleanup column filled with 
a 60:40 (w/w) mixture of strong anion and cation exchang-
ers. Glyphosate was completely unretained, whereas 14% of 
AMPA was retained on this cleanup column. The SPE mate-
rial contained trimethylammonium immobilized on a P(ST-
co-DVB) support. Elution was performed with 5 mmol L−1 
 KH2PO4 mobile phase acidified to pH 1.9 with  H3PO4. The 
cleanup and the SPE increased the recoveries to 83% and 
26% for glyphosate and AMPA, respectively.

Immobilized quaternary ammonium functional groups 
were used for retention of glyphosate and AMPA from sev-
eral matrixes [66, 79, 91–93]. For instance, the AG1-X8 
resins were used by Delmonico et al. [90] and by Jiang and 
Lucy [66] for off-line preconcentration of glyphosate and 
AMPA (see Table 1 for figures of merit). Sample loading, 
especially in the cases of water samples, is performed with-
out any buffering since in these samples the pH range is 
between 5 and 9, a condition in which glyphosate is anionic 
(Fig. 3). Elution is performed using mixtures of methanol 
with HCl [79, 90],  HNO3 [82], or formic acid [92], the last 
of these attending the volatility requirement of MS detectors.

Strong anion exchangers were also used in passive sam-
plers in aquatic environments and exhibited quantitative 

retention. However, no release was observed by immersing 
the membrane in alkaline solutions (NaOH, pH 12) [64], 
a fact that may be explained by the low specificity of the 
resin by  OH−, and its low concentration, which probably pre-
vented the exchange of the anionic glyphosate by the  OH−.

Weak anion exchange cartridges were used for retention 
of glyphosate and AMPA from water samples using trimeth-
ylaminopropyl and diethylaminopropyl groups on silica or 
P(ST-co-DVB) supports. The retention of the analytes on 
these weak exchangers suffered from competition with the 
ionic contents of the samples so that cleanup in a mixed ion 
exchanger prior to the SPE was necessary [46]. The choice 
of the composition of the loading and elution solutions is 
critical. For instance, loading of glyphosate and AMPA in 
phosphate buffer at pH 7 may lead to poor recoveries due 
to the competition for phosphate anions by the protonated 
amine sites of the sorbent [82].

Strong anion exchangers were used, for instance, by 
García De Llasera et al. [82] for analysis of tomatoes, by 
Nagatomi et al. [79] in beer and barley tea, and by Ding et al. 
[81] in aqueous extracts of corn, carrot, and spicy cabbage 
(Table 2). The main goal in these cases was the cleanup of 
the extract and the retention of glyphosate and glyphosate-
related compounds on SAX cartridges. These analyses may 
be preceded by another cleanup in  C18 or mixed phases con-
taining  C18 and strong cation exchangers to retain proteins 
and neutral and basic compounds.

Reversed‑Phase Solid‑Phase Extraction

Solid-phase extraction in the reversed-phase mode may 
be used for either sample cleanup or analyte enrichment 
(Table 1). For sample cleanup, the underivatized sample is 
passed through the sorbent to retain the nonpolar compounds 
that can interfere with the derivatization and/or detection 
[80, 94–96]. If used for preconcentration, derivatization is 
crucial to enable the retention of the derivatized analyte on 
the sorbent and elimination of the matrix, as demonstrated 
by Wang et al. for analysis of seawater [53]. A commonly 
used protocol for SPE of glyphosate in the reversed-phase 
mode is illustrated in Fig. 6.

Derivatizations

The reaction of glyphosate with FMOC-Cl (Fig. 5) is the 
most used pre-column derivatization for SPE on nonpolar 
sorbents [97] containing either  C18 functionalities [52, 54, 
92, 95, 98, 99] or the hydrophilic/hydrophobic copolymer of 
divinylbenzene with N-vinylpyrrolidone commercialized by 
Waters Company as OASIS HLB [50, 51, 56, 100]. An inno-
vative approach was proposed by Ghanem et al., exploiting 
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the retention of glyphosate on strong anion exchange sorb-
ent which was used as solid support for derivatization with 
FMOC-Cl [101]. The excess of reagent was eluted from the 
SPE column with a mixture of 0.025 mmol L−1 borate buffer 
(pH 9.2) and acetonitrile (ACN) (50:50), while the derivat-
ized analytes were eluted with a mixture of 1 mol L−1 NaCl 
and ACN (70:30, v/v) to an OASIS HLB cartridge for con-
centration. This method was applied for the determination 
of glyphosate and AMPA in sewage sludge by LC–ESI–MS/
MS, affording average recoveries of 70 ± 7% for glyphosate 
at 100 mg kg−1 (dry weight) and limit of detection (LOD) 
20 µg kg−1 (also in dry weight).

The first article reporting the derivatization of glypho-
sate, aminomethylphosphonic acid, and glufosinate with 
FMOC-Cl prior to the SPE in an OASIS HLB sorbent was 
published by Ibáñez et al. in 2005 [50]. Analyses of water 
and soil samples were performed by SPE coupled online to 
an LC–ESI–MS/MS system using isotope-labeled glypho-
sate as the internal standard for quantification. After the 
unretained compounds were washed out, the FMOC deriva-
tives were eluted from the SPE to the analytical column by 
a gradient of ACN in 5.0 mmol L−1 acetic acid/ammonium 
acetate buffer (pH 4.8) (Table 1). Recoveries of glyphosate 
were 89% and 90% for water and soil samples spiked with 

Table 2  SPE materials and figures of merit for some methods for determination of glyphosate in plants and food samples denoting if the deri-
vatization was performed before or after the SPE step

a Enrichment glyphosate or derivatized glyphosate
b Cleanup
c 4-Chloro-3,5-dinitrobenzotrifluoride

Sorbent phase Cereal, 
fruit, or 
vegetable

Separa-
tion 
technique

Derivati-
zation

Spike levels LOD LOQ RSD (%) Recovery 
(%)

References

C18 bonded 
 silicab

Flour LC–FLD FMOC-Cl 1–10 mg kg−1 – 0.5 mg kg−1 5.3–17 61.3–99 [77]

C18 bonded 
 silicab + SAXa

Soybean, 
corn, 
carrot, 
etc.

HILIC–
MS/MS

– 0.05, 0.1, and 
1.0 mg kg−1

0.005 mg kg−1 
(corn)

0.02 mg kg−1 
(all matrices)

< 7 83.1–
100.6

[81]

SAX-Clb Tomato LC–FLD FMOC-Cl 
(after)

0.4–40 µg g−1 0.05 µg g−1 0.08 µg g−1 2–10 87–94 [82]

AG 50 W-X8 
(CAX)b

Food 
(vari-
ous)

LC–MS/
MS

FMOC-Cl 
(after)

0.05–
0.5 µg kg−1

– 0.05 mg kg−1 6.7–18.2 80.0–104 [78]

C18b Apple LC–UV CNBFc 
(before)

0.1–50 µg g−1 0.01 µg g−1 – 1.43–6.32 86–99.55 [94]

Oasis  MCXb/
InertSep  SAXb

Malt and 
corn

LC–MS/
MS

– 5–500 µg kg−1 – 10 µg kg−1 3.8–10.2 89.2–97.5 [79]

Oasis  HLBb Rice, 
maize, 
and soy-
bean

UPLC–
MS/MS

– 0.1–20 µg kg−1 ≤ 0.12 mg kg−1 ≤ 0.4 mg kg−1 1–17 77–100 [80]

Grace Maxi-
Clean™ (IC-
RP)b

Diverse 
sources

LC–MS/
MS

– 0.05–
0.5 µg g−1

– 0.05 mg kg−1 2–19 80–86 [65]

C18b/SAXb Soybean, 
corn, 
carrot, 
apple, 
spicy 
cabbage

LC–MS/
MS

– 0.1–1 mg kg−1 ≤ 0.008 mg kg−1 ≤ 0.026 mg kg−1 1.7–6.1 83.1–
100.8

[112]

Oasis  HLBb Grape LC–MS/
MS

– 100–
2000 ng g−1

6 ng g−1 19 ng g−1 ≤ 6 83−100 [84]

C18a,b Food 
(vari-
ous)

LC–MS/
MS

FMOC-Cl 
(before)

5–20 µg kg−1 ≤ 2 µg kg−1 5 µg kg−1 3.8–6.1 91−114 [85]

Strata-Xb/Strata-
XAa

Beer UPLC–
MS/MS

– 0.2–25 µg kg−1 0.2 μg kg−1 0.5 μg kg−1 1.6–4.1 87–119 [123]
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50 ng L−1 and 0.05 mg kg−1, respectively. The same research 
group improved the methodology in 2006 [51], extending 
its application to ground water samples for which poor 
recoveries (15%) were observed. This poor recovery was 
assigned to the formation of strong chelates between glypho-
sate and metal cations such as  Fe2+,  Fe3+,  Cu2+, and  Ca2+, 
leading to poor yields in the derivatization with FMOC-Cl, 
as further confirmed by Freuze et al. [86]. To circumvent 
the chelation effect, the samples were first acidified to pH 
1.5 with 6.0 mol L−1 HCl and then neutralized to pH 6–7 
with 6 mol L−1 KOH, buffered with borate, and immediately 
derivatized with FMOC-Cl. After this procedure, and the 
online SPE using OASIS-HLB sorbent, the recoveries in 
groundwater were near 100%. The results suggested that the 
kinetic of re-complexation is slow, allowing the derivatiza-
tion with FMOC-Cl to be performed without the interference 
of glyphosate complexes.

Hanke et al. [52] studied in detail the derivatization of 
glyphosate with FMOC-Cl and developed a method for the 
determination of ultra-trace concentrations of glyphosate, 
AMPA, and glufosinate in natural water samples. System-
atic studies on the concentrations of ACN and FMOC-Cl 
were undertaken since the reagent must be in stoichiometric 
excess over the amines in the sample. The concentration of 
ACN used to dissolve the FMOC-Cl reagent should be kept 
at a minimum to avoid the elution of the FMOC derivatives 
of the analytes from the  C18 sorbent (Strata-X from Phenom-
enex, in this case). The excess of FMOC-Cl and the reaction 
time may be problematic because the FMOC-OH formed by 
hydrolysis and decarboxylation of the parent reagent is less 
water soluble than the derivatized analytes and potentially 

impairs the chromatographic column as a result of precipita-
tion. Besides, this by-product may decrease the ionization 
efficiency in the ESI–MS/MS detection. To circumvent this 
issue, prior to the elution of the target analytes to the ana-
lytical column, the FMOC-OH was washed from the SPE 
column with dichloromethane, which among the studied 
solvents (hexane, ACN) was the one capable of removing 
considerable amounts of the by-products without eluting 
the analytes. The LOD for glyphosate was between 0.2 and 
0.5 ng L−1 (ground and surface water samples, respectively) 
with recoveries close to 100%. In this work the authors veri-
fied a low recovery in the presence of cations, even perform-
ing the acidification of the sample [51, 86]. As the deri-
vatization with FMOC-Cl is performed at pH 9.5 and the 
reaction times lasts from 30 min to 2 h (overnight in some 
cases) it is likely that complexes may be formed again. This 
problem was resolved by adding EDTA after 2 h of deri-
vatization, leading to recoveries of 85% for glyphosate. The 
method reported by Hanke et al. [52] was further developed 
and validated for analysis of soils [55, 99].

In water samples rich in natural organic matter, Toss 
et al. [54] found systematic low recoveries using the orig-
inal method reported by Hanke et al. [52]. When SPE is 
used to concentrate glyphosate, undesirable compounds 
can be concentrated as well, causing matrix effects in the 
LC–ESI–MS/MS analysis, especially if the stationary phases 
in both SPE and chromatographic columns are of similar 
chemical nature. To reach recoveries around 80% using  C18 
stationary phase for SPE (Strata X) and chromatographic 
separation (Phenomenex Synergi 4u Hydro-RP column), 
Toss et al. [54] optimized the sample volume loaded in SPE, 

Fig. 6  Procedure commonly 
adopted for reversed-phase SPE 
of glyphosate and glyphosate-
related compounds
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the liquid chromatography mobile phase buffer concentra-
tion, and pH and the gradient speed. The conditions of pre-
column derivatization were systematically studied. It was 
demonstrated that excess of borate partially decomposes the 
glyphosate-FMOC derivative so that borate concentration 
should be kept at a minimum and the SPE cartridge should 
be properly washed before elution of the analytes and evapo-
ration of the solvent. Optimization of the MS parameters 
allowed the authors to use isotope-labeled internal standard 
with just one 13C atom.

In recent work, Poiger et al. [98] investigated the occur-
rence of glyphosate and AMPA in surface water samples 
from Switzerland using a miniaturized online SPE method. 
The samples were first spiked with  [13C2

15N]glyphosate and 
 [13C15ND2]AMPA (internal standards) and derivatized with 
FMOC-Cl in borate buffer overnight at room temperature. 
The excess of reagent, as well as side products (FMOC-
OH) and some ACN, was extracted with 2 mL of dichlo-
romethane. The aqueous phase was then injected into two 
stacked Gemini-NX C18 cartridge columns (4 × 3.0 mm i.d., 
5 µm) for the enrichment of the analytes and cleanup of the 
sample from highly polar components such as the borate 
buffer. After the enrichment step, the derivatized analytes 
were eluted back to a Gemini  C18 column for separation with 
a linear gradient of methanol. Detection was performed by 
tandem mass spectrometry and the main figures of merit 
appear in Table 1.

As previously mentioned, analysis of soils may involve 
a solid–liquid extraction with strong bases which co-extract 
humic substances with glyphosate and glyphosate-related 
compounds. Botero-Coy et al. [96] employed SPE on Oasis 
HLB cartridges for cleanup of 0.6 mol L−1 KOH soil extracts 
spiked with the isotopically labeled internal standard. For 
this, the pH was adjusted to 9 with HCl and the solution 
was passed through the preconditioned SPE cartridge. 
The eluate was derivatized with FMOC-Cl and the filtered 
extract was acidified to pH 1.5 and injected (20 µL) into 
the LC–ESI–MS/MS system. The linearity was between 
0.05 and 25 mg kg−1. The LOD and LOQ values were esti-
mated as 0.02 and 0.05 mg kg−1, respectively. Recoveries 
from soils spiked with 0.5 and 5.0 mg kg−1 were between 
92% and 107% (5.0 mg kg−1) and between 79% and 117% 
(0.5 mg kg−1).

To minimize the extraction of humic substances, Todor-
ovic et al. [55] proposed the use of sodium tetraborate. 
Analysis of the extract was based on the method reported 
by Hanke et al. [52], adapted for soil, that is, the extract 
spiked with 13C and 15N isotopically labeled glyphosate and 
AMPA was derivatized with FMOC-Cl and concentrated on 
a reversed-phase cartridge before analysis by LC–ESI–MS/
MS. The LOD was between 6.8 and 46.5 µg kg−1 (for three 
kinds of soil) with recoveries between 69.9% and 95.7% at 
the 200 µg kg−1 spiking level. De Gerónimo et al. [102] 

compared the extraction of glyphosate and AMPA from 
Argentinian soils using phosphate buffer and potassium 
hydroxide as extractant solutions. To minimize the ionic 
suppression effects in the tandem mass spectrometry, the 
most efficient strategy was the treatment of the phosphate 
extract with dichloromethane to decrease the organic con-
tent. The alkaline extract was acidified to pH 9.0 and cleaned 
up in an OASIS HLB cartridge [96]. Next, the extract was 
spiked with isotopically labeled glyphosate and derivat-
ized with FMOC-Cl prior to the UPLC–MS/MS analysis. 
The authors stated that the SPE cleanup was insufficient 
to remove the interferences, whereas the dilution and the 
cleanup with dichloromethane were more effective in mini-
mizing the ionic suppression. The insufficient cleanup may 
be explained by the fact that at pH 9.0 the humic substances 
are predominantly anionic, as well as glyphosate and AMPA, 
being thus poorly retained in the OASIS HLB cartridges.

Schrübbers et al. [95] developed a method for determina-
tion of glyphosate and AMPA in leaves of Coffea arabica 
based on two-step SPE using Strata X cartridges. In the first 
step, the SPE was used to retain the nonpolar interferences 
from the aqueous supernatant obtained after the liquid–liq-
uid extraction step carried out with a mixture of 18 mL  H2O, 
2 mL of 1 mol L-1 HCl, and 10 mL dichloromethane. The 
unretained analytes were derivatized with FMOC-Cl and 
concentrated in another Strata X cartridge. Intriguingly, the 
sorbent was washed with ACN, and the derivatized analytes 
were eluted only with methanol in an off-line approach, prior 
to the LC–MS analysis. The conventional procedure is the 
washing of the  C18 cartridge containing the retained FMOC 
derivatives with acidified water (0.1% formic acid) followed 
by dichloromethane. The elution is performed usually with 
methanol, or with 50% methanol adjusted to pH 9.0 with 
aqueous ammonia [85].

Sample Cleanup Without Derivatization

New stationary phases in LC operating in ion-exchange/
reversed-phase or hydrophilic interaction/reversed-phase 
mixed modes enable the retention and the separation of 
polar compounds such as glyphosate, AMPA, and glufosi-
nate using mobile phases compatible with ESI–MS/MS, thus 
avoiding the need for tedious and time-consuming derivati-
zation steps [80, 103]. In this case, the most common proce-
dure is SPE for retention of nonpolar compounds. The unre-
tained compounds are then injected into the LC–ESI–MS/
MS system for analysis. This approach was used for the 
analysis of soybean and corn samples extracted with aque-
ous  Na2EDTA and acetic acid. The extracts were cleaned 
up in an OASIS-HLB cartridge and directly injected into a 
cation/anion exchange mixed-mode column using ammo-
nium formate as the mobile phase [104] (Table 2). A similar 
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method was applied for the analysis of grapes [84]. In other 
work, plant-derived foods (soybean, carrot, apple, and 
spicy cabbage) were extracted with water, and the extracts 
were loaded into  C18 cartridges for removal of proteins and 
weak polar interferences. The unretained compounds were 
directed to a SAX column for the enrichment of the analytes 
and removal of basic and neutral substances. After the wash-
ing step, the cartridges were eluted with 0.1% (v/v) formic 
acid in water. The solvent was evaporated, the residue was 
dissolved in 0.1% formic acid in 10% (v/v) ACN/ water and 
analyzed by LC–MS/MS using a HILIC/WAX column [81].

Marek and Koskinen [65] proposed a simplified method 
for the determination of glyphosate and AMPA in water, 
vegetable, and soils. Extractions with  H3PO4 prevented the 
formation of complexes and exploited the competition of 
phosphate with phosphonate for the adsorption sites of the 
matrixes, enhancing extraction efficiency, without extract-
ing humic substances in the case of soils and water samples. 
The extracts were cleaned up in reversed-phase and cation 
exchange sorbents and directly injected into a tandem mass 
spectrometer using only a BioRad Cation H guard column 
to separate glyphosate and AMPA.

Immobilized Metal Affinity Extraction (IMAE)

Sorbent materials relying on the affinity of phosphate and 
phosphonate groups for metal cations and metal oxides 
were investigated as potential sorbents for glyphosate. Rios 
et al. [105] described the first method relying on IMAE for 
determination of glyphosate and AMPA using a Spheron 
Oxime 1000 macropore chelating resin onto which Pd(II) 
was immobilized on the 8-hydroxyquinoline functional 
groups. Elution was performed with a mixture of 1 mol L−1 
HCl and 1 mol L−1 NaCl. The eluate was analyzed by HPLC 
with fluorescence detection using FMOC-Cl as a derivat-
izing reagent.

Inspired in the field of proteomics, where there is a great 
demand for methods that selectively enrich phosphopeptides 
and phosphoproteins, Hsu and Whang [60] investigated the 
use of alumina-coated iron oxide nanoparticles  (Fe3O4@
Al2O3 NPs) to develop a microscale method for determi-
nation of glyphosate and AMPA in water and guava fruit 
extracts. The aqueous samples (5 mL) were dispersed in 
1 mg of NP and extracted for 5 min by sonication. The NPs 
were isolated by an external magnet and extracted with 5 
µL of 20 mmol L−1  Na2P2O7 (5 min). The extract was ana-
lyzed by CE-electroluminescence. Enrichment factors were 
460 and 64 for glyphosate and AMPA, respectively, whereas 
the LOD values were 0.30 ng mL−1 (glyphosate) and 30 
(AMPA) ng mL−1. Watanabe et al. [106] used zirconia-
based hybrid SPE-phospholipid SPE cartridges to extract 
glyphosate and other phosphorus-containing amino acid 

herbicides from serum and urine. The retention is explained 
by the interactions between Lewis acids and bases, thus 
being dependent on the pH. In a neutral or acidic medium, 
the vacant d-orbitals of the zirconium atoms act as Lewis 
acid, coordinating to the electron pairs of the phosphonate 
Lewis bases. In the SPE protocol, glyphosate is retained at 
pH around 6.0 and eluted with 0.3% aqueous ammonia.

Magnetic solid-phase extraction with iron oxide nano-
particles immobilized with Ti(IV) having polydopamine 
(PDA) as bridging molecules  [Fe3O4@PDA-Ti(VI) NPs] was 
used for the analysis of water samples [107]. After extrac-
tion from 10 mL of sample (5 min) with 2 mg of NPs and 
elution with 50 µL of  Na3PO4 (5 min), the analytes were 
derivatized with FMOC-Cl and quantified by capillary elec-
trophoresis with diode array UV detection, reaching a LOD 
of 0.4 ng mL−1. In another interesting study, the affinity of 
glyphosate and AMPA for  TiO2 was exploited in the devel-
opment of a passive sampler device for a diffusive gradient 
thin-film technique. This technique enabled the accumula-
tion of the freely dissolved fraction of glyphosate and AMPA 
in water samples, thus providing potentially useful informa-
tion to predict their ecotoxicology [108].

Solid‑Phase Extraction on Nanostructured 
Materials

Metal organic frameworks (MOF) are crystalline structures 
consisting of clusters of metal ions connected by organic 
linkers. These materials have surface areas that can reach 
thousands of square meters per gram, making them poten-
tially useful adsorbents. Besides, the chemical nature of 
the metallic centers and of the organic ligands enables the 
development of materials highly selective towards the target 
analyte. For instance, Yang et al. explored the high affin-
ity of phosphate and phosphonates for Zr-OH groups of the 
MOF known as UiO-67 prepared on graphene oxide for 
adsorption of glyphosate [109]. In further work, Yang et al. 
[110] prepared a magnetic UiO-67 for simultaneous adsorp-
tion and detection of glyphosate. The authors prepared a 
material containing a magnetic core of  Fe3O4 recovered by 
a  SiO2 shell, wherein the UiO-67 was incorporated via a 
layer by layer assembly strategy, denoting the final product 
as  Fe3O4@SiO2@UiO-67. In this case, the magnetic core 
facilitated the separation of the adsorbent from the aqueous 
phase via application of a magnetic field, whereas the  SiO2 
shell impeded the electron transfer between UiO-67 and 
the magnetic core. The luminescence on the MOF surface 
was enhanced by glyphosate and the LOD of the proposed 
method was 0.093 mg L−1. Other compounds with phos-
phate and phosphonate groups such as dipterex, paraoxon, 
dichlorvos, malathion, and phoxim did not interfere. The 
simultaneous extraction and detection approach is quite 



1132 M. Rigobello-Masini et al.

1 3

interesting and further studies should be undertaken for 
method validation, which would include the effect of other 
structurally related compounds such as glufosinate and the 
glyphosate metabolites AMPA and sarcosine (7), as well as 
the adjuvants of commercial formulations (Fig. 2). Addition-
ally, the effects of major cations  (Ca2+,  Mg2+,  Fe2+/3+,  Al3+) 
and naturally occurring organic matter (humic and fulvic 
acids) are yet to be studied.

New sorbent materials have been developed for the 
removal of glyphosate and AMPA from wastewater and 
runoff water. For instance, a polyaniline composite with 
zeolite ZSM-5 was demonstrated to be an efficient adsor-
bent for glyphosate, owing to the molecular conformation 
of both adsorbate and adsorbent, favoring hydrogen bonding 
between the N and O atoms of glyphosate and the N atoms 
in polyaniline [111]. Despite the high adsorption capacity of 
the material (98.5 mg g−1), the reversibility of the adsorp-
tion (essential for SPE) was not investigated. Three-dimen-
sional carboxymethyl chitosan (CM-CS)–graphene aerogels 
(CM-CS@GA) were prepared by Ding et al. [112] through 
an integration strategy of carboxylation and freeze-drying 
technology for efficient removal of glyphosate from water. 
The impressive adsorption capacity of this new material 
was 578 mg g−1, and the adsorption was reversible, allow-
ing about 30 cycles of adsorption and desorption without a 
decrease in efficiency. This new material was designed for 
wastewater treatment, but materials like this, exhibiting high 
adsorption capacities and recyclability, have potential use as 
efficient sorbents in SPE.

Solid‑Phase Extraction Based on Molecular 
Recognition

The major drawback of SPE sorbents based on either ion 
exchange or partition of FMOC derivatives on nonpolar 
sorbents is the poor selectivity towards glyphosate in the 
presence of compounds of similar chemical nature (Fig. 1). 
These compounds can be extracted and eluted together with 
glyphosate, thus causing interference in the derivatization 
and detection steps. In some cases, the cleanup is not so 
efficient, and, in case of preconcentration, despite the large 
concentration factors, some potential interferences are co-
concentrated as well, interfering in either the derivatization 
or detection. New materials are being developed to afford 
molecular recognition properties with the aim to increase 
the specificity towards glyphosate.

Although not yet explored in SPE, highly specific inter-
actions between antibodies and the target analyte (antigens) 
were used by Wang et al. to develop an immunosorbent 
for glyphosate antibodies [113]. In this work, carbon dot 
magnetic particles were used to immobilize the glypho-
sate antibody for fluorescent visualization of the herbicide 

distribution in plant tissues. Immunoassays for glyphosate 
using magnetic particles were used for detection ultra-trace 
levels of glyphosate in 140 samples of groundwater from 
Catalonia and the results were confirmed by the online SPE-
LC–MS/MS method based on derivatization with FMOC-Cl 
[52, 114].

Molecularly imprinted polymers (MIPs) are synthetic 
materials that contain artificially generated recognition 
sites able to bind a target analyte in preference to other 
compounds of similar chemical nature [115, 116]. Prepara-
tion of MIP involves copolymerization of a complex formed 
between the template and the functional monomer with a 
high percentage of cross-linker responsible for the formation 
of a three-dimensional structure [117, 118]. The polymeriza-
tion can be initiated by thermal or photoinduced reactions 
using initiators such as azobisisobutyronitrile (AIBN) and 
benzophenone, respectively. After the polymerization is 
completed, the porogenic solvents, unreacted monomers, 
and the template are washed out, leaving behind a polymer 
containing cavities with an arrangement of functional groups 
that can re-bind the template molecule.

The first MIP for glyphosate and AMPA was designed 
by Puzio et al. [119]. Owing to the high polarity and water 
solubility of the analytes, the preparation of the MIP was 
based on templates and functional monomers which favored 
electrostatic interactions and hydrogen bonds. Thus, phenyl 
phosphonic acid and diethyl(2-aminobenzyl) phosphonic 
acid were tested as templates, and 1-allyl-2-thiourea and 
methacrylic acid were tested as functional monomers in the 
presence of ethylene glycol dimethacrylate as a cross-linker. 
Mixtures of ACN or ACN/MeOH were tested as the poro-
genic solvents. The MIP prepared with 1-allyl-2-thiourea as 
functional monomer and phenyl phosphonic acid as template 
displayed a capacity of 0.033 µmol of glyphosate per mg of 
sorbent (5.6 mg g−1). The cartridges containing 250 mg of 
MIP were conditioned with deionized water (3 mL), loaded 
with the sample (15 mL), and eluted with 0.010 mol L−1 
aqueous ammonia or 0.10 mol L−1 HCl. Recoveries from a 
5 mg L−1 spiked deionized water were greater than 80% for 
both glyphosate and AMPA in deionized water, but when 
the matrix was substituted with mineral water the recoveries 
decreased to roughly 30% for glyphosate and 5% for AMPA. 
This drawback was partially circumvented by treating the 
samples with a strong cation exchanger to retain major 
divalent cations  (Ca2+ and  Mg2+) which are known to form 
strong complexes with glyphosate and AMPA. Further treat-
ment with anion exchanger or mixed cation/anion exchang-
ers decreased the recovery of glyphosate. Using both cation 
exchange and the MIP resulted in higher recoveries than 
using the MIP alone. UPLC–MS/MS analysis of ground-
water spiked with 0.50 µg L−1 of glyphosate and AMPA 
revealed quantitative retention of glyphosate, while AMPA 
was not retained.
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Another MIP was prepared by da Mata et al. [120] by 
using glyphosate as the template, acrylamide as functional 
monomer, and ethylene glycol dimethacrylate as the cross-
linker in a 1:1 mixture of chloroform and DMSO (poro-
genic solvent) and AIBN as the free radical initiator. The 
adsorption capacity of the MIP was 3.37 and 4.74 mg g−1 
glyphosate and AMPA, respectively. The adsorption kinetics 
was also determined, but the applicability to real samples is 
still to be proven because selectivity tests towards glypho-
sate in the presence of chemical species that are likely to 
occur in environmental samples were not evaluated. Appli-
cation to real samples and enrichment factors is yet to be 
demonstrated.

Gomez-Caballero et al. [121] prepared a MIP selective for 
glyphosate over a stir bar to perform stir bar sorptive extrac-
tion (SBSE). The coating was performed by radical polym-
erization initiated by UV (benzophenone as initiator), using 
glyphosate as the template, N-allylthiourea, and 2-dime-
thyl aminoethyl methacrylate as functional monomers, 
and ethylene glycol dimethacrylate as the cross-linker. The 
mechanical stability of the coating was improved by adding 
1,3-divinyltetramethyldisiloxane in the polymerization mix-
ture. SBSE was carried out by immersing the MIP-stir bar in 
10 mL of a 10 mmol  L-1 acetate buffer solution (pH 5) and 
stirring at 600 rpm for 120 min. The bars were rinsed with 
deionized water and methanol. Glyphosate was desorbed in 
1 mL of 10 mmol L−1  NaH2PO4, under stirring for 1 h (room 
temperature). The desorbed compounds were then derivat-
ized with FMOC-Cl and analyzed by HPLC with a fluores-
cence detector. Excellent selectivity was observed towards 
glyphosate in the presence of gluphosinate, AMPA, glycine, 
and sarcosine. The protocol was applied for quantification 
of glyphosate in river water samples and in 0.6 mol L−1 
KOH soil extracts. The LOD and LOQ were 0.140 and 
0.468 µg L−1, respectively. The recoveries in spiked river 
water samples (from 1.5 to 600 µg L−1) were between 93.3% 
and 97.3%. Soils were spiked with 1.5–75 µg g−1 glypho-
sate and the recoveries were between 90.6% and 96.7%. 
This is an interesting finding since the treatment of soils 
with 0.6 mol L−1 KOH extracts large amounts of humic and 
humic-like substances. These extracts are often dark and 
require extensive treatment to isolate the humic substances 
prior to injecting the sample into the LC system. The high 
affinity and selectivity of MIP-coated stir bar toward glypho-
sate provided a simple and efficient approach to circumvent 
this issue.

MIP technology is becoming mature so that commercial 
MIPs are currently available for several analytes, including 
one for both glyphosate and AMPA, marketed as AFFINI-
MIP® SPE Glyphosate and AMPA by AFFINISEP. Accord-
ing to a paper by Claude et al. [62], in comparison with the 
MIP prepared by Puzio et al. [119], the commercial MIP was 
prepared by substituting thiourea with another functional 

monomer to enhance the electrostatic interactions with the 
phosphonate groups of both glyphosate and AMPA. The 
cross-linker ethylene glycol dimethacrylate was substituted 
with an ionic/hydrophilic monomer to strengthen the interac-
tion with AMPA and to decrease the nonspecific interactions 
of non-ionic and less polar compounds with the polymer. 
After the sample was loaded, glyphosate and AMPA were 
eluted with 0.10 mol L−1 HCl. The solution was evaporated, 
and the residue dissolved in mineral water, derivatized with 
FMOC-Cl, and analyzed by UPLC–MS/MS. When a 50–100 
times concentration factor was adopted, the LODs of glypho-
sate and AMPA in mineral and ground water samples were 
10 ng L−1. The presence of Pb, Cd, and Zn metal ions in 
the sample matrix did not significantly modify the perfor-
mance, and mean recoveries of 68% for glyphosate and 82% 
for AMPA were obtained. This MIP was further favorably 
evaluated for use in polar organic chemical integrative sam-
pler (POCIS) [122]. This is an interesting finding because 
the commonly used hydrophilic-lipophilic balanced sorbents 
used in POCIS have failed to trap glyphosate and AMPA.

Conclusions and Outlook

In this review, we demonstrated that the amphoteric proper-
ties of glyphosate and AMPA impose difficulties for their 
efficient extraction, especially regarding the selectivity. On 
the other hand, the same amphoteric characteristics offer 
diverse alternatives to handle the retention/release mecha-
nisms and extraction efficiency. Although the strategies of 
SPE in either commercial anion exchangers (post-extraction 
derivatization) or reversed-phase sorbents (pre-extraction 
derivatization) seem to be well established, some issues 
related to low recoveries are still observed, demanding the 
use of matrix-matching strategies and isotopically labeled 
glyphosate in the case of detection by tandem mass spec-
trometry. These issues may be explained by the poor selec-
tivity of the commercially available sorbents so that it is 
difficult to recommend a general protocol which is inde-
pendent of the sample. Thus, validation for different kinds 
of samples is required. For instance, water samples with 
high or low salinities, high or low contents of organic mat-
ter, usually require some method development and valida-
tion, even using generally recommended protocols. Thus, 
in recent years we notice a research trend focused on the 
development of sorbents with molecular recognition abili-
ties for glyphosate and AMPA. In this sense the current 
and future research will be focused on the development of 
nanomaterials, metal oxides, immunosorbents, and molecu-
larly imprinted polymers with high specificity to selectively 
probe glyphosate and its metabolites in the presence of sev-
eral other compounds with similar properties. Because of 
the increase in glyphosate-resistant crops, the demand for 
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monitoring metabolites such as N-acetyl glyphosate (4) and 
N-acetyl AMPA (5) in food and environmental samples will 
increase. With the currently available methodologies, these 
compounds are as yet underevaluated.
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