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ABSTRACT: Microextraction coupled to MS has great potential in analytical chemistry laboratories operating in a variety of fields. 

Indeed, microextraction methods directly coupled to MS can be of large value given that they can provide not only analyte extraction 

and enrichment, but also effective sample cleanup. In recent years, the practicality in handling, high active surface area, versatility, 

and environmentally friendly features of magnetic dispersive microextraction technologies have contributed to an explosion in the 

number of methods and technologies reported in the literature for a wide range of applications. However, to the best of our knowledge, 

no technology to date has been capable of efficiently merging these two rising concepts in a simple and integrated analytical workflow. 

In this context, the microfluidic open interface is presented for the direct coupling of dispersive magnetic extraction to mass spec-

trometry. This technology operates under the concept of a flow-isolated desorption volume, which generates a stagnant droplet open 

to ambient while continuously feeding with solvent the ionization source by means of the self-aspiration process intrinsic of the ESI 

interface. To improve the efficiency of the final analytical workflow, a novel dispersive magnetic micro- and nanoparticle extraction 

protocol for biofluid droplets was developed. The final methodology entailed the dispersion of a small amount of magnetic particles 

(20-70 µg) in a droplet of biofluid (≤ 40 µL) for extraction, followed by a particle collection step using a home-made 3D-printed 

holder containing an embedded rare-earth magnet. In the final step, the holder is set on top of the MOI for desorption in the isolated 

droplet. By switching the valve, the desorbed analytes are transferred to the ESI source in less than 5 sec. As proof of concept, the 

completely new setup was applied to the determination of prohibited substances from PBS and human urine using Fe2O3 magnetic 

nanoparticles (50 nm) functionalized with C18. The LOQs obtained were in the low-ppb range in all cases, and acceptable precision 

(≤20%) and accuracy (80-120%) were attained. Also, taking advantage of the fast extraction kinetics provided by the radial diffusion 

associated with small particles, the methodology was employed for the selective extraction of phosphopeptides from 40 µL of tryptic 

β-casein digest using 70 µg of magnetic Ti-IMAC microparticles. To conclude, the technology and methodology herein presented 

provided excellent capabilities comparable to other SPME-MS approaches while dramatically minimizing the amount of sample and 

sorbent required per analysis, as well as affording significantly fast extraction times due to the enhanced kinetics of extraction.

Propelled by the advances in mass spectrometry related to ana-

lyzers and ambient ionization techniques;1,2 the direct-to-MS 

analysis field has emerged to encompass a large collection of 

sensitive and extremely fast technologies. Among the various 

technologies introduced to date, desorption electrospray 

(DESI),3 direct analysis in real time (DART),4 and solid-sub-

strate electrospray,5,6 stand as some of the most widespread 

techniques, with several reported applications in clinical,7,8 en-

vironmental,9,10 and forensic sciences.11,12 However, analysis of 

complex matrices via direct ionization and introduction to mass 

spectrometers can evidence several drawbacks, such as ion sup-

pression and poor limits of detection, which limit the quality of 

data that can be attained by such methods, as well as frequent 

mass spectrometer contamination, which leads to increased 

costs and delays associated with instrument maintenance. Smart 

and efficient sample preparation strategies that circumvent the 

above issues without sacrificing total analysis time and simplic-

ity are thus highly desirable, if not central, to the implementa-

tion of direct-to-MS applications involving complex matrices. 

This concept, representing a vital step in the transfer of direct-

to-MS techniques to clinical and point-of-care applications, has 

spurred the development of several sample preparation ap-

proaches in recent years. For instance, the development and 

subsequent application of slug-flow liquid-liquid microextrac-

tion inside a nano-ESI emitter for extraction of prohibited sub-

stances from different biofluids was shown to achieve accepta-

ble limits of detection and preconcentration factors.13 In the 

solid-liquid microextraction area, several technologies for di-

rect coupling, such as liquid extraction surface analysis 

(LESA),14,15 open port sample interface (OPSI),16–18 and the ca-

pillary gap sampler,19 have been reported. As one of their high-

lights, the above techniques are well-known for their superior 

speed of analysis, enabling times of analysis per sample of just 

a few seconds.16,17 Although these technologies extract using 

the same concept, extraction time in OPSI and the capillary gap 

sampler cannot be optimized due to the dynamic nature of these 

technologies, which operate via a constant flow of solvent to-

wards the mass spectrometer. Notable direct-to-MS technolo-

gies using sample preparation steps such as on-line solid-phase 

extraction (SPE-MS) as well as solid-phase microextraction 

(SPME-MS) have also been introduced recently. However, 

while both techniques involve a solid extractive phase in con-

tact with the sample, the fundamentals of extraction utilized by 

these two seemingly similar techniques are decidedly different. 

Succinctly, SPME is a non-exhaustive extraction technique 

driven by diffusion and equilibrium distribution between phases 

whereas SPE operates under exhaustive extraction conditions.20 

The attributes of the former endow SPME with a level of flexi-

bility in design, allowing for multiple configurations beyond the 

classical fibers.21 As for SPE-based techniques, current SPE-

MS options, such as RapidFire®22 and Turboflow®,23 consist of 

an SPE cartridge hyphenated on-line to MS via ESI, and a 

highly pressurized system that enables fast flushing of samples, 

washing solvent, and desorption solution. Although several ap-

plications have demonstrated analysis times below 20 seconds 

and low limits of quantitation, the high chance of system clog-

ging limits the compatibility of these systems to only certain 

biomatrices. Certainly, biological samples such as plasma and 
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whole blood cannot be processed by these systems without in-

corporation of additional sample preparation steps into the 

workflow. As for SPME-based applications, a wide variety of 

technologies, employing different geometries and ionization 

methods, have been developed for the direct coupling of SPME 

to MS.24–27 Geometries such as blades,28 meshes,29 tubes,26 and 

fibers27 have been successfully adopted in different applica-

tions.24–29 However, the majority of said SPME-MS dispositives 

developed to date are limited to configurations where fixed 

sorbents are deposited onto a substrate. The use of such config-

urations severely limits the active surface area of said probes, a 

factor which in turn limits the recovery amounts of target ana-

lytes. In this context, dispersive SPME has emerged as a valua-

ble option, given that this technique utilizes particles for extrac-

tion of analytes. In dispersive SPME, functionalized particles 

are directly dispersed into the sample matrix, thus maximizing 

the active surface area of the substrate while also increasing the 

mass transfer rate of analytes due to radial diffusion, a feature 

that is enabled by the size of the particles as well as the thin 

coatings.30 Furthermore, the absence of a gluing media, which 

enables direct contact between analytes and the extractive 

phase, contributes to increasing mass transfer coefficients, thus 

dramatically decreasing extraction times.31,32 Therefore, effi-

cient and smart direct hyphenation of dispersive SPME to mass 

spectrometry can offer a variety of benefits, such as speed of 

analysis, reduction in sample consumption, and increased sen-

sitivity. However, in order to successfully achieve this goal, 

particles must be handled in such way so as to minimize and 

simplify the number of steps involved, as well as reduce the 

overall time of analysis. While classical particle handling meth-

ods such as centrifugation or filtration, which are time consum-

ing and hard to automate, are often adopted within the disper-

sive sample preparation workflow, use of magnetic micro- and 

nanoparticles enables manipulation of the extractive phase via 

a magnetic field, a process that highly simplifies the workflow 

of analysis.33,34 First attempt was developed by Chen et al.,35 

where a classical magnetic dispersive-SPE procedure was car-

ried out. Then, collected magnetic nanoparticles were directly 

exposed to a desorption corona beam ionization source with MS 

detection. The currently presented work introduces a technol-

ogy that directly couples dispersive-SPME to mass spectrome-

try through the use of magnetic micro- and nanoparticles as ex-

traction phase. The developed interface is a novel variation of 

the previously reported microfluidic open interface (MOI).27 

Although MOI technology also works under the concept of an 

isolated desorption volume,27 in this case, instead of a microflu-

idic desorption chamber, the interface is consisted of an isolated 

droplet (≈3-5 µL) connected to the ESI source via a modified 

open port probe (OPP) developed by Van Berkel et al.36,37 In 

this analytical workflow, extraction is carried out via dispersion 

of magnetic particles (15-100 µg/sample) in a droplet of sample 

(≤50 µL). Next, a magnetic field is applied for particle collec-

tion, followed by gentle rinsing of the collected particles so as 

to remove any unspecific matrix attachments such as macro-

molecules and salts from their surface. Finally, the isolated 

droplet of the MOI is put in contact with the collected spot of 

particles in order to desorb the targeted analytes (≤10 sec) and 

quickly transfer them to the MS via ESI ionization. As a proof 

of concept, extractions of prohibited substances from droplets 

of phosphate buffer saline and pooled urine were carried out 

using iron oxide nanoparticles functionalized with C18. Extrac-

tions were carried out for 30 s, whereupon particles were col-

lected, rinsed, and desorbed in the interface for a period briefer 

than 10 s. All compounds were detected within a range between 

0.5 ng∙mL-1 and 5 ng∙mL-1 for both matrices, with an overall 

time of analysis below 2 min per sample. Selective extraction 

of phosphopeptides from a -casein digest using a magnetic Ti-

IMAC microparticles was also carried out as part of this work. 

Full scan acquisition mode evidenced recovery of this high mo-

lecular weight phosphopeptides, with an overall time of analy-

sis below 20 minutes. The herein presented technology attained 

figures of merit comparable to other direct-to-MS ap-

proaches13,28,37,38 and classical off-line strategies, while using 10 

to 100 times less extractive material and enabling significantly 

faster analysis times.39 

 

EXPERIMENTAL SECTION 

Materials and Supplies Formic acid (FA), ammonium acetate 

(both LC-MS grade), β-casein (BioUltra, ≥98%, C6905), TPCK 

modified sequencing grade trypsin (11418 475 001), 1,4-dithi-

otheritol, iodoacetamide (BioUltra, I1149), ammonium bicar-

bonate (NH4HCO3), polyacrylonitrile (PAN), and ethanol (rea-

gent grade) were all purchased from Sigma–Aldrich (Oakville, 

ON, Canada). LC-MS grade methanol (MeOH) and water as 

well as urea were purchased from Fisher Scientific (Ottawa, 

Canada). MagReSyn® Ti-IMAC magnetic microparticles was 

purchased from Phenoswitch Bioscience Inc. (Sherbrooke, QC, 

Canada). Cocaine, cocaine d3, fentanyl, fentanyl d5, methadone, 

methadone d3, propranolol, propranolol d7, sertraline, and ser-

traline d3 were acquired from Cerilliant Corporation (Round 

Rock, TX, USA). Fe2O3 nanoparticles (≥50nm), Chloro(dime-

thyl)octadecylsilane, and triethylamine were purchased from 

MilliporeSigma (Milwaukee, WI, USA) and used as received. 

A detailed description of the functionalized magnetic nanopar-

ticle synthesis and their characterization can be found in Sup-

porting Information (section 1). A phosphate-buffered saline 

solution (PBS) (pH 7.4) was prepared according to the proce-

dure outlined in Supporting Information (section 2). For small 

molecules, stock standard solutions were prepared in methanol 

at a concentration of 1000 µg·mL-1 and stored at -80 ºC. The 

urine collection procedure carried out as part of this study was 

conducted with the approval of the University of Waterloo’s 

Office of Research Ethical Board. Tryptic digestion of β-casein 

was followed by a standard in-solution digestion protocol with 

some modifications. This procedure is described in detail in 

Supporting Information (section 3). 

 

Interface setup The interface of the developed device consists 

of two main sections. As shown in figure 1 A, the main piece 

has a lower hole of 3.18 mm diameter that connects it to the 

upper part of the apparatus via a channel with a diameter of 0.5 

mm and a length of 2 mm. Aiming to avoid potential carry-over 

between samples, the tip of the dispositive was designed with a 

tapered end that reduces the wetting surface of the device at the 

moment a droplet comes in contact with the sample. The upper 

10 mm of the device has a reduced external outer diameter of 4 

mm to avoid droplet spread by capillarity when the device 

comes in contact with the well’s flat surface. The connection 

between the top piece and the ESI source was inspired by the 

design of the open-port interface reported by Van Berkel et 

al.36,37 Essentially, the interface is comprised of two concentric 

tubes where solvent is delivered by a pump through a tee junc-

tion, where it fills the gap formed between these two tubes. 

Once the solvent reaches the top of the interface, it is aspirated 

by the inner tube towards the mass spectrometer via the Venturi 

effect generated at the ESI source.36 The outer tube is comprised 

of a 304 stainless steel tube with dimensions 1.75 mm i.d. × 
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3.18 mm o.d. × ~5 cm long (McMaster-Carr, Chicago, IL, USA) 

and the inner tube is a peek tube; 180 μm i.d. x 0.75 mm o.d. × 

~20 cm long (Idex, Oak Harbor, WA, USA) embedded inside 

of a 0.75 mm i.d. x 1.52 mm o.d.x 15 cm long FEP tubing (Cole-

Parmer, Vernon Hills, IL, USA). Solvent is delivered by an LC 

pump (200 Series; Perkin Elmer, Santa Clara, CA, USA) and 

the ESI and aspiration are generated by a TurboIon spray source 

(Sciex, Concorde, ON, Canada). To increase the aspiration rate, 

the ESI commercial electrode was substituted with a 150 μm 

i.d. electrode (McMaster-Carr, Chicago, IL, USA). The fluidic 

system was connected by means of a PEEK Tee junction (Idex, 

Oak Harbor, WA, USA). As illustrated in Fig. 1, the pumping 

solvent was bypassed with a 6-port valve in order to rapidly 

switch the pump flow, allowing for rapid aspiration of the iso-

lated droplet towards the MS.27 The operational conditions for 

the desorption step are: pump flow of 100 μL·min-1, positive 

ionization mode, nitrogen gases set at GS1 = 90, GS2 = 70; cur-

tain gas = 25; heated nebulizer temperature = 300 °C; and elec-

trospray voltage = 5500 V. Regarding the second section of the 

device, Figure 1B shows the upper holder that enables physical 

contact between the droplet and the collected magnetic parti-

cles. The upper holder contains a 5 mm diameter x 5 mm long 

rare-earth magnet (Lee-Valley, ON, Canada) that remains in 

contact with the plate, keeping the particles attached to its sur-

face. The holder was 3D printed with Nylon and sits perfectly 

on top of the modified MOI. The plates are made of 2 cm x 2 

cm Teflon® squares with a thickness of 5 mm containing a 

2mm-deep well with a diameter of 4 mm. Once extraction is 

performed, the plate is easily slid into the holder. Figure 1C il-

lustrates how the holder containing the well can be easily posi-

tioned on top of the MOI, allowing for contact to occur between 

the isolated droplet and the magnetic particles. 

Analysis of prohibited substances PBS and urine samples 

were spiked with concentrations of cocaine, fentanyl, metha-

done, propranolol, and sertraline ranging between 0.1 and 100 

ng·mL-1. All employed internal standards (see Table S1) were 

spiked at 10 ng·mL-1. Samples were agitated and stored for 

three hours so as to allow for equilibration between analytes and 

matrix components to occur. Prior to extraction, an aliquot con-

sisted of 20 µL of a slurry of Fe2O3-C18 nanoparticles 3 mg·mL-

1 (60 µg) 50:50 v/v (ether/methanol) was added to the Teflon 

well. Contents were left to rest for a few seconds prior to ex-

traction so as to allow the solvent in the slurry to evaporate from 

the mixture. Then, 40 µL of sample (PBS or urine) was added 

to the well. Next, a sonication probe was utilized in order to 

disperse the particles into the droplet. Essentially, a stainless-

steel wire attached to the tip of the probe allowed for efficient 

transference of ultrasound waves transmitted from the probe to 

the droplet. Following dispersion, the probe was rinsed with 

methanol for 5 s so as to avoid any kind of carryover. Particles 

were kept dispersed for 30 s so as to allow for extraction to oc-

cur. The extraction procedure was completed by applying a 

magnetic field to collect the particles. Once the sample was dis-

carded, the particles were rinsed with 400 µL of water. Imme-

diately following, the well was slid in the top holder, and put in 

contact with the isolated droplet of the MOI for 5 s. After de-

sorption, the valve was switched, allowing for rapid introduc-

tion of the desorption solution into the MS. MRM transitions 

are detailed in table S1.  

Analysis of phosphopeptides Phosphopeptides were extracted 

from a β-casein digest (see Supporting Information, section 3) 

using Ti-IMAC magnetic microparticles (MagReSyn® Ti-

IMAC). Particles were washed and equilibrated according to 

manufacturing specifications. In brief, particles were separated 

from the shipping solution by centrifugation and removal of the 

supernatant. Next, particles were resuspended and washed in 

70% ethanol with gentle agitation (i.e. vortex mixing) for 5 min. 

 

Figure 1 Schematics of A- modified MOI with isolated droplet 

as desorption volume, B- 3-D printed magnetic holder with well 

plate and, C- Desorption setup fitting the holder with the MOI. 

The tube containing the particles was then placed on a magnetic 

separator so as to allow microparticles to decant. The ethanolic 

solution was next removed by aspiration with a pipette and dis-

carded. This washing procedure was repeated twice. Next, par-

ticles were submitted to a basic washing step, using 100 µl of 

1% NH4OH with gentle agitation (i.e. vortex mixing) for 10 

min. Following, particles were magnetically collected, and the 

solution removed. Finally, the particles were equilibrated 

with1M glycolic acid in 80% ACN, 5% TFA for 60 seconds. 

After removing the solution, a suspension of 3 mg·mL-1 of mi-

croparticles was prepared in 50:50 v/v (ether/methanol). A vol-

ume corresponding to 70 µg of microparticles was deposited 

onto the well. After allowing for a few seconds to elapse so as 

to ensure evaporation of solvent, a droplet of 40 µL of β-casein 

digest was added in the well, followed by 5 s of sonication using 

the µ-sonication probe. Extraction was allowed to take place for 

a period of 15 min, after which a magnetic field was applied to 

collect the particles, whereupon the sample was discarded. The 

particles were rinsed with 400 µL of a solution consisted of 

0.1% NH4OH 80:20 v/v (ACN:water). The well was slid in the 

holder and positioned on top of the MOI for 10 s so as to allow 

for desorption to take place. The MOI solvent used was metha-

nol 0.1% NH4 OH, and operational conditions were as stated in 

the previous section. After desorption, the valve was switched 

for 6 seconds so as to allow for introduction of the droplet into 

the MS. Instrumental detection was carried out in full scan 

mode within an m/z range between 600 and 1800, with a scan 

time of 500 ms. MOI conditions were the same than in previous 

section. 

RESULTS AND DISCUSSION 

Dispersive microextraction in droplets using magnetic par-

ticles In order to perform efficient hyphenation between sample 

preparation and MS, a wide range of variables, from both the 

chemical and the technological perspectives, must be consid-

ered. 
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Figure 2 Analytical workflow of droplet magnetic dispersive extraction coupled to MS via MOI.

Key desirable characteristics included fast handling of particles, 

process reproducibility, and efficient transference of analytes 

from sorbent to MS are considered. Hence, the way the extrac-

tion step is performed plays an important role in the general an-

alytical workflow. The first stage of method development con-

sisted of the design of a strategy to disperse the magnetic parti-

cles inside the droplet. For this purpose, a stainless-steel wire 

was adapted to a sonication probe, allowing for transmission of 

ultrasound waves through the micro-probe and precise delivery 

into the droplet. This enabled dispersion of either micro or na-

noparticles to take place in less than three seconds. As video S1 

shows, once the micro-probe is in contact with the sample drop-

let, a negligible amount of energy is enough to proficiently dis-

perse and homogeneously distribute the particles inside the 

droplet. During the extraction process, the amount of time re-

quired for extraction, during which particles must remain dis-

persed, is dependent on particle size, the chemistry of the parti-

cle surface, the chemical nature of the well and the nature of the 

sample. For instance, when handling aqueous-based samples, 

dispersion of 50 nm Fe2O3-C18 particles allowed for a total time 

of two hours of adequate dispersion of particles into the matrix. 

As can be seen in figure S3(A-G) the only limiting factor in this 

case was the evaporation rate of the sample. Time of dispersal 

was also evaluated while dispersing Ti-IMAC magnetic micro-

particles. Maximum dispersion times were approximately 60 

min for this particle size (5-10 µm). This experimental trend 

indicates that the bigger the particles the shorter the time parti-

cles can be dispersed in a droplet by simply sonication. Thus, it 

can be inferred that gravity plays a significant role in shortening 

dispersion times. In cases where longer extraction times are 

needed, either the use of a second sonication or addition of a 

chemical stabilizer may be valid strategies to maintain disper-

sion. Keeping this in mind, particle collection represents an-

other critical step that must be optimized for high-throughput 

analysis. In this step, the use of permanent rare-earth magnets 

yielded better results than electromagnets despite the higher 

practicality of the latter due to the magnitude of the magnetic 

field applied. For this purpose, a holder with an embedded mag-

net was specifically designed and 3D printed (figure 1B). 

Hence, once extraction is concluded, the Teflon® plate is slid in 

the holder and put in close contact with the magnet. Since the 

largest distance needed for a particle to travel is the diameter of 

the droplet (≈2 mm), all particles are collected in less than 10 s 

(Video S2). At this point, considering that the desorption step 

will consist of putting into contact a solvent with the collected 

particles, followed by direct injection of this liquid, a critical 

point to evaluate is how well these particles are retained in the 

presence of a rinsing fluid. Figure S4 displays micrographs of 

the rinsing solution used after extraction with 120 µg of nano-

particles (Figures S4 A-B) and 20 µg of nanoparticles (Figures 

S4 C-D). As can be garnered from the images, 120 µg of parti-

cles sets the upper limit of particles that the system can tolerate, 

as the results of the micrographs of the rinsing step show the 

presence of some remains due to the loose of efficiency in the 

collection step. While the subsequent desorption step did not 

present particles in the solution, since these were removed dur-

ing the washing step, higher amounts of particles would likely 

provoke losses in reproducibility. On the other hand, figures S4 

C and S4 D represent conditions where no displacement of na-

noparticles occurred at all. This limit was experimentally found 

to be below 100 µg of nanoparticles. In the case of the magnetic 

microparticles, the handling of the particles was found to be 

simpler than that of nanoparticles since the influence of gravity 

aided in the collection and detainment. In summary, most of the 

technological challenges discussed in this section regarding the 

dispersion, collection, and handling of particles were overcome 

by completely new alternatives to traditional dispersive extrac-

tion techniques. Further, this work introduces a new extractive 

technology that efficiently fits into a high-throughput analytical 

workflow.  

 Analytical workflow The methodology herein presented is in-

tegrated by tailoring each of the steps for compatibility, from 

the extraction stage to MS analysis. This will undoubtedly fa-

cilitate automation given the level of simplicity and short num-

ber of steps that compose the workflow. Figure 2 shows the 

schematics of the analytical workflow. At the first stage, the 

particles are deposited on the well plate using a slurry of a vol-

atile solvent or mixture of solvents as a vehicle. In terms of 

weight, a weight range of particles within 3 µg and 100 µg was 

found to still allow for proper handling while circumventing 

losses of particles during the rinsing and desorption steps. Once 

the slurry is evaporated, a droplet of sample (10-50 µL) is 

added.  Then, the sonication microprobe is inserted in the sam-

ple droplet, followed by 5 seconds of sonication to homogene-

ously disperse the particles (step 2). Dispersion is maintained 

during this step so as to allow for static extraction to occur. 

Once the extraction step is concluded, the well plate is slid in 

the holder, where the magnet collects all magnetic particles.

Page 4 of 9

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

5 

 

Figure 3 Calibration curves for determination of A) Cocaine, B) Fentanyl, C) Methadone and D) Sertraline from urine. Blue squares 

represent calibration points while orange triangles represent validation points.

The sample is then discarded, and particles are rinsed with 400 

µL of a water/solvent mixture using a pipette (step 3). Finally, 

in step 4, the holder is flipped and positioned on top of the mod-

ified MOI. At this point, the isolated droplet is in contact with 

the particles, generating a liquid junction between the MOI and 

the surface of the particles produced by the solvent surface ten-

sion and viscosity (see Figure 2). Since the isolated droplet vol-

ume is practically constant, the contact geometry does not 

change during the time needed for desorption to occur, thus al-

lowing for a reproducible desorption process. Theoretically, the 

desorption volume of the isolated droplet does not exceed 3 µL; 

thus, a great enrichment factor is also attained in this manner.  

The applications developed as part of this work yielded precon-

centration factors of about 15-fold, since sample volumes were 

40 µL, and recoveries close to 100%. Once the desorption stage, 

which lasts approximately 10 seconds, is concluded, the valve 

is then switched in order to bypass the pump flow and aspirate 

the desorbed analytes, transfer them towards the ESI, then fi-

nally to the MS. As mentioned in our previous work,27 the de-

sorption time of the developed technology can be optimized. 

Maximum practical values were close to 30 seconds, where no 

changes in droplet shape and volume were observed. As can be 

seen in Figure 2, the peak has a band width of about 20 s, giving 

an approximate width at half-height of 5 s. Undoubtedly, the 

aforementioned features render the method not only as fast and 

high-throughput compatible, but also as highly sensitive, 

providing high enrichment factors while minimizing analyte 

losses. 

Determination of prohibited substances from biofluids As a 

proof of concept, the developed methodology was applied for 

detection and quantitation of a group of prohibited substances 

present at low ppb levels in PBS and human urine. Figure S3 

shows calibration curves for cocaine, fentanyl, methadone, and 

sertraline in PBS. As can be clearly seen, great linearity 

(r2≥0.99) and LOQs below 1 ng∙mL-1 were attained in all cases 

(see details in Table S2). Furthermore, the amount recovered is 

in agreement with established LogP values, demonstrating typ-

ical C18-based sorbent behavior (Table S1). The accuracy values 

at three different validation points (3, 30 and 90 ng∙mL-1) were 

acceptable and within a range between 81 and 112 %, while 

precision values averaged at 10%. As for urine determinations, 

calibration curves, including the three validation points, are 

shown in Figure 3. In general, the calibration plots yielded good 

linearity (r2≥0.99) as well as precision (average 9%), with sat-

isfactory accuracy within a range between 84 and 116 % (see 

details in Table S3). Furthermore, LOQs only slightly lower 

than those attained for PBS samples, of values 5, 1, 5, 5 and 1 

ng∙mL-1 corresponding to cocaine, fentanyl, methadone, pro-

pranolol, and sertraline, respectively, were attained for urine 

samples. This fact indicates the presence of matrix effects most 

likely due to the presence of ion suppression in the ionization 

process. As a result, the sensitivity of the method decreases in 

comparison with the obtained in PBS. Nevertheless, it was 

found that the internal standards added were able to account for 

all the errors, making this method perfectly suited for this ap-

plication.
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Figure 4 Full scan mass spectra of an extract from beta casein digest directly coupled to MS via MOI. The particles used in these 

experiments were Ti-IMAC magnetic microparticles.

Although the LOQs for urine were slightly poorer than those 

found for PBS, in all cases, minimum required performance lev-

els (MRPL) cut-off values were met for all compounds (Table 

S1). Thus, the methodology herein developed agrees with all 

sensitivity, accuracy, and precision requirements of other am-

bient MS or SPME strategies.28,38,40,41 Sample consumption is 

very low, commonly in the range between 20-40 µL, which is 

comparable to previously reported approaches.38,40,42 However, 

the amount of sorbent employed is dramatically lower ⎯ at 

least 20 fold lower when compared with any other dispersive 

extraction or microextraction methodologies.39,43 It is important 

to point out that the method not only minimizes the absolute 

amount of nanoparticles used, but also the ratio sorbent-sample 

amount, which is reduced approximately by a factor of 2 by tak-

ing advantage of SPME extraction fundamentals. The latter ad-

vantage also enables the attainment of extremely high enrich-

ment factors on sorbent (average of 2500 times) and equilibra-

tion times of about 30 sec. While the final enrichment factor is 

technologically limited by the desorption volume, this develop-

ment ensures at least a tenfold enrichment factor due to the abil-

ity of the method to enable desorption of target analytes in less 

than 5 µL, with recoveries at over 90%. This fast kinetics of 

extraction and desorption can be explained by the radial diffu-

sion contribution, which is owed to the size of the particles as 

well as the very thin coating of the extractive phase (15 nm).21 

Although the magnetic nanoparticles can be recovered and re-

used by simply washing and conditioning, the negligible 

amount of particles required for experiments make the particles 

practically disposable, since an average of only 10 mg of nano-

particles are used for every 200 analyses. 

Screening of phosphopeptides from protein digest Taking 

advantage of the enhanced kinetics of extraction demonstrated 

in the previous application, molecules within the m/z range 

500-1000 were also evaluated. These molecules, having a mod-

erate to high affinity constant towards the extraction phase, usu-

ally take several hours to reach equilibrium.32 Therefore, in this 

section, the profiling of phosphopeptides from beta casein is 

used as a proof of concept. Beta casein is phosphorylated at five 

different serine residues: S-15, S-17, S-18, S-19, and S-36. Di-

gestion with sequencing grade trypsin hydrolyzes at C-terminal 

lysine (K) and arginine (R) residues. The Q1 MS spectrum of 

beta casein digest after selective extraction followed by MOI 

desorption in figure 4 clearly shows that three phosphopeptides 

at m/z = 687.5 (P1), 742.8 (P2), 780.7 (P3) are predominantly 

present, while the peak at m/z = 748.8 (P2*Na) is the Na adduct 

of peptide P2. The peak at m/z = 830.45 (NP) is a non-phos-

phorylated peptide present in abundance due to the presence of 

hydrophobic residues, which can be eliminated by optimizing 

the washing method. We were unable to identify another prom-

inent peak at m/z = 685.5 based on Q1 data; a cursory exami-

nation would suggest that this peak belongs to a modified form 

of the phosphopeptide P1, although this hypothesis was not 

tested at this time. Detailed information can be found in table 

S4. Other peaks presented in the spectrum were very low in in-

tensity and not identified because were out of the aim of this 

work. The tryptic digest of beta casein should produce more 

than 25 different peptides, three of these being phosphopep-

tides. In this experiment, equilibrium was achieved for most of 

the detected phosphopeptides within 15 minutes without appli-

cation of forced convection. Notably, the particles employed in 

this experiment were in the low micro-size; thus, the kinetics of 

diffusion can still be significantly enhanced by decreasing the 

size of the particles. In order to establish the feasibility of this 

approach, the developed methodology was cross-validated by 

nano-LC-qTOF. For this purpose, desorption of validation sam-

ples was carried out in a vial containing 50µL of desorption sol-

vent (80 % ACN+ 20% H2O + 0.1% FA) for 60 min at 1500 

rpm. Detailed information regarding the protocol used for the 

validation procedure is available in supplementary information 

section 5. The chromatographic region where the characteristic 

phosphopeptides appear, and the mass spectrum of that region 

are presented in Figures S6A and S6B, respectively. Table S5 

provides a summary of phosphopeptides detected by this gold 

standard methodology. Both approaches were able to character-

ize P1, P2, and P3, while P4 was only detected by the separative 

technique. Figures S7-A and B demonstrate the selectivity of 

the droplet dispersive microextraction approach in comparison 

to the validation technique; as can be seen, the inherent lack of 

cleanup and preconcentration that characterizes the validation 

technique yielded a great number of peptides and nonspecific 
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interferences in comparison to the presented method. As a main 

feature, the time of analysis for the herein presented method is 

about 16 min including extraction, while the HR-LC method 

necessitated an analysis period of about 50 min, excluding the 

time needed for column equilibration. It should be emphasized 

that this work represents just a proof of concept, and future 

work will focus on the development of a coupling interface be-

tween dispersive extraction and high-resolution mass spectrom-

etry. Overall, the methodology demonstrated great potential in 

directly coupling dispersive selective extraction to mass spec-

trometry via MOI-MS for major phosphopeptides characteriza-

tion directly from protein digests.  

 

CONCLUSIONS  

Two main technological advances were presented as part of this 

work. The first advance concerns the development of an MOI-

based technology capable of generating an isolated droplet with 

a volume below 5 µL that can be used for desorption of col-

lected particles, or any other kind of surface. Secondly, this 

work presents a significant advance in dispersive droplet ex-

traction methodology via the generation of a protocol that effi-

ciently disperses micro- or nanoparticles in a sample, then 

quickly collects particles in a 3D-printed holder containing an 

embedded magnet. Beyond the simplification of the analytical 

workflow of magnetic dispersive extraction, the methodology 

also enabled significant reductions in sample consumption, a 

dramatic minimization in the number of nanoparticles em-

ployed per sample (20-200-folds), and a twofold decrease in the 

sample-sorbent ratio. Hence, the herein introduced work fills a 

present gap in the research literature by presenting a first suc-

cessful instance of direct coupling of magnetic dispersive ex-

traction to MS. As proof of concept, two applications were suc-

cessfully developed. The first application had as focus the de-

termination of a group of prohibited substances (cocaine, meth-

adone, sertraline, propranolol and fentanyl) from PBS and hu-

man urine. In addition to the satisfactory precision (≤20%) and 

accuracy (80-120%) values yielded by the method, the LOQs 

achieved for both matrices were always within 0.3 and 5 ng∙mL-

1, meeting stated MRPL values. The whole analytical process 

was completed in less than a minute.  The second application 

sought to establish a method for selective extraction of phos-

phopeptides from a β-casein tryptic digest by employment of 

Ti-IMAC magnetic microparticles. In this line, several charac-

teristic phosphopeptides were identified. The method was 

cross-validated by nano-LC-qTOF, using the same samples em-

ployed for dispersive SPME coupled to MOI-MS. For the first 

time, the feasibility of direct hyphenation of magnetic disper-

sive SPME with MS was demonstrated. This work demon-

strated the capability of the technology and methodologies 

herein presented to analyze small molecules as well as heavier 

biomolecules such as phosphopeptides while concurrently min-

imizing sample and sorbent consumption, significantly decreas-

ing time of analysis, and imparting comparable method sensi-

tivity in comparison to traditional methods. Fifteen minutes 

were required to reach equilibrium, but this extraction time can 

be shortened, if agitation is applied not only to disperse the par-

ticles, but also throughout the extraction process. Also, the use 

of higher sample-sorbent ratios would result in higher enrich-

ment and higher sensitivity.30 Future work will also be directed 

at the hyphenation of magnetic dispersive biocompatible SPME 

to high resolution mass spectrometry (HRMS) so as to develop 

methodologies for fast screening of signature peptides and 

phosphopeptides of different proteins from complex matrices. 

ASSOCIATED CONTENT  

Supporting Information 

The supporting information provided for this work contains the ex-

perimental protocols employed for Fe2O3 - C18 synthesis as well as 

its characterization. The supporting information also offers details 

regarding sample preparation of biological matrices, protein diges-

tion, and the LC-HRMS method and results for phosphopeptide de-

termination. Additional experimental information about magnetic 

dispersive extraction is also presented. Details regarding MS pa-

rameters used to quantify each compound, as well as accuracy and 

repeatability values from different matrices are also available. Fi-

nally, calibration curves and validation points for PBS extractions 
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