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Abstract: Matrix effects can compromise ionization and hence 

reliability of electrospray ionisation mass spectrometry (ESI-MS), 

making sample clean-up including protein removal critical in 

bioanalysis. Automation of protein removal protocols is challenging. 

Here, an electrokinetic extraction (EkE) syringe is presented allowing 

for on-line electrokinetic removal of serum proteins before ESI-MS. 

The method relies on the electrophoretic migration of charged serum 

proteins away from neutral target analytes in an electric field, applied 

across the syringe barrel utilizing the metallic syringe needle and 

plunger as electrodes. Under acidic conditions, most proteins are 

cationic facilitating their accumulation at an cathodic plunger. 

Similarly, under basic conditions, the anionic proteins aggregate 

near the anodic plunger. Actuation of the plunger enables infusion of 

the deproteinated sample remaining in the barrel into the ESI-MS for 

detection of acidic or basic molecules. The proposed concept is 

demonstrated by the determination of pharmaceuticals from human 

serum within minutes, with sample preparation limited to a 5x dilution 

of the sample in the background electrolyte (BGE) and application of 

voltage, both of which can be performed in-syringe. Signal 

enhancements of 3.6-32 fold relative to direct infusion of diluted 

serum and up to 10.8 fold enhancement, were obtained for basic 

and acidic pharmaceuticals, respectively. Linear correlations for the 

basic drugs by EkE-ESI-MS/MS were achieved, covering the 

necessary clinical range with LOQs of 5.3, 7.8, 6.1, and 17.8 ng/mL 

for clomipramine, chlorphenamine, pindolol, and atenolol, 

respectively. For the acidic drugs analysis, EkE-ESI-MS, the LOQs 

were 3.1 µg/mL and 2.9 µg/mL for naproxen and paracetamol, 

respectively. The EkE-ESI-MS and EkE-ESI-MS/MS methods 

showed good accuracy (%found of 81% to 120%), precision (< 20%), 

and linearity (r > 0.997) for all the studied drugs in spiked serum 

samples.  

Introduction 

Sample preparation is an indispensable part of the analytical 

procedure to prevent matrix effects that impact on the 

reproducibility and efficiency of analysis, and/or, to pre-

concentrate the target analytes to enhance the sensitivity[1]. 

However, sample preparation is typically the most labor‐

intensive, expensive, and time-consuming part of the analytical 

workflow[2-3]. The use of off-line processes and manual handling 

also can result in loss of analyte which makes the sample 

preparation prone to errors and a source of variability[2]. 

Miniaturised, online, and automated sample preparation systems 

offer many merits to routine bioanalytical protocols such as low 

consumption of samples and solvents, high extraction efficiency, 

enhanced robustness, and high analysis speed[1], fueling intense 

efforts to automate and integrate sample preparation with the 

final detection step[4]. 

For the analysis of plasma and serum samples by ESI-MS, the 

serum albumins along with other abundant serum proteins can 

cause significant ion suppression and consequently compromise 

the detection of small-molecule analytes by competing for the 

charge available on the ESI droplets[5]. Protein precipitation, 

liquid-liquid extraction (LLE), solid phase extraction (SPE), and 

ultrafiltration are the most common methods used for the clean-

up of these types of samples[6]. Protein precipitation is the 

simplest approach for protein removal where proteins are 

denatured using heat, organic solvents, or acids[6] but it suffers 

from variation in the recovery based on the precipitating agent[1]. 

Protein removal via LLE is hindered by having inferior selectivity, 

low recovery, emulsion formation, and low efficiency for 

extracting highly hydrophilic compounds, in addition to the 

difficulty in process automation[7-8]. Although SPE offers 

advantages over the other methods including higher selectivity 

and relatively easier automation[9], it is affected by limitations 

such as elaborate method development, high cost, poor inter‐

batch reproducibility, and the co-elution of the endogenous 

contaminants from the SPE cartridges such as polyethylene 

glycols and phthalates[2, 7] which can interfere with the target 

analytes and cause ion suppression[10]. Ultrafiltration methods 

require a relatively large volume of sample (>25 µL)[11] and in 

many instances, the removal of interfering compounds is 

incomplete, especially for high-molecular weight targets[12]. 

Importantly, automaton of all of these approaches is difficult and 

adds a considerable cost. 

Recently, innovative strategies for analytes extraction from 

biological fluids have been developed and coupled with ESI-MS 

such as slug flow microextraction (SFME)[13-14], liquid extraction 

surface sampling (LESA)[15], and digital microfluidics[16]. They 

showed an ability to deal with micro-volume samples, 0.2 µL in 

LESA[15] and a high speed of extraction can be offered by these 

approaches ranging from dozens of seconds in SFME[14] to 5 

minutes in DMF[16]. Moreover, SFME, and DMF are applied 

successfully for quantitative analysis[13-14, 16]. However, the 

drawbacks of SFME are represented in the manual transition 

from the preparation event to the MS event (non-automated 

electrospray) and the electrical hazard where the open ion-

source has an exposed high voltage[17]. Also, DMF and LESA 

are unable to deal with wet samples to measure some biological 

and chemical properties like the enzymatic functions, used only 

in dried biofluid spots analysis[15-16]. 
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Electrokinetic techniques present an alternative approach to 

treat biological samples based on the movement of charged 

species within an electric field, making it fundamentally different 

to all of the current widely used sample treatment approaches[18-

19]. The power of electrokinetic processing has been 

demonstrated, for example through the electroextraction of 

acylcarnitines from plasma in 3-9 min using a three-phase 

system, yielding a 10-fold enhancement in detection and a 

protein-free ESI signal[20]. Also, a microfluidic electro membrane 

extraction (EME) platform was developed for the extraction of 

basic drugs in complex matrices like urine prior to the online 

ESI-MS detection[21]. Furthermore, an electrocapture cell was 

applied for the online enrichment of peptides at femtomole levels 

prior to MS analysis[22]. Despite the potential of these 

approaches, automation to increase the throughput is still 

difficult, nor are these approaches directly compatible with 

current high throughput laboratory instrumentation. 

A syringe has been the most commonly used device for sample 

introduction to different analytical instruments for decades. 

Sample preparation within a syringe simplifies the workflow and 

enhances the analytical performance by integrating sample 

preparation into the existing liquid handling systems. Over the 

last few years, in-syringe systems were coupled with various 

analytical techniques such as electrothermal atomic absorption 

spectrometry[23], gas chromatography-mass spectrometry[24], 

and inductively coupled plasma spectrometry[25]. Recently, we 

electrokinetically created a pH boundary inside a syringe for the 

concentration and purification of amphoteric analytes, and 

demonstrated the detection of histidine in urine for the diagnosis 

of histidinemia[26]. The instrumental simplicity of this approach 

combined a DC power supply with a commercial glass syringe, 

applying the potential difference over the liquid in the syringe 

barrel using the syringe needle and metallic plunger which 

functioned as electrodes. Given the widespread use of syringes, 

the instrumental simplicity of this approach, and its potential for 

incorporation in an automated workflow, this novel approach is 

attractive for sample treatment in bioanalysis. 

The focus of this work is to apply the EkE syringe for one of the 

most common and frequently used sample treatment processes, 

protein removal, and couple this on-line with ESI-MS(/MS) for 

the analysis of small molecules in serum and plasma. Two 

systems were investigated targeting weakly basic and weakly 

acidic compounds. For basic compounds, the sample was 

diluted in a basic electrolyte (300 mM NH4OH, pH 11.4) such 

that the pH is higher than the isoelectric points (pIs) of the major 

serum proteins. This causes electromigration and concentration 

of the anionic proteins close to the anodic plunger leaving a 

protein-depleted region in the syringe and the targeted neutral 

weak bases distributed along the length of the syringe. Similarly, 

for acidic compounds, the sample is diluted in an acidic 

electrolyte (50 mM formic acid, pH 2.5) with pH below the pIs of 

the serum proteins such that they become cationic and focus 

near the cathodic plunger, this time leaving the neutralized weak 

acids distributed along the syringe. Subsequent actuation of the 

plunger allows for direct infusion of the protein-depleted syringe 

fluid into the ESI interface for MS detection of the bases (acids) 

with minimal ion suppression. An EkE syringe-ESI-MS/MS 

method was developed for the analysis of four weakly basic 

drugs with different levels of protein binding, namely, 

clomipramine, chlorphenamine, pindolol, and atenolol (plasma 

protein binding: 98%, 72%, 40%, and 6-16%, respectively), 

spiked in serum using their corresponding deuterated isotopes 

as internal standards (ISs). A complementary EkE-ESI-MS 

method was developed using an acidic electrolyte for the 

analysis of naproxen and paracetamol from serum as examples 

for weakly acidic drugs, using valproic acid as an internal 

standard.  

Results and Discussion 

When a voltage is applied over the fluid inside the syringe, 

charged molecules move according to their electrophoretic 

mobility. Here, deproteination is achieved by selecting 

separation conditions under which the serum proteins are 

charged and the target analytes are neutral, allowing for protein 

removal through electromigration. Serum proteins include 

predominantly albumins (58%), globulins (38%), and fibrinogen 

(4%)[27], proteins with pIs of 4.7-4.9[28], 5.3-7.3[28], and 5.5-6.3[29], 

respectively. A 5x dilution of the sample with a basic electrolyte 

– 20% serum in 300 mM NH4OH (pH 11.4) – means that nearly 

all of the serum proteins are negatively charged while weak 

bases including the target analytes with a pKa < 10.4 will be 

predominantly deprotonated and neutral. Application of a 

potential difference across the plunger and the needle using the 

plunger as anode result in the anionic serum proteins migrating 

towards and aggregating close to the plunger (the anode) while 

the weakly basic analytes remain homogenously distributed 

across the syringe volume, as shown in the schematic in Figure 

1a. This concept was experimentally verified as presented in 

Figure 1b and Supplementary Video 1, showing the focusing of 

Chromeo™ P465 labelled human serum albumin (HSA) (λex 486 

nm; λem 650 nm) toward the plunger (anode). When rhodamine 

6G (basic dye, pKa 7.5[30], λex and λem of 526 nm and 555 nm, 

respectively[31]) is added to visualize the behavior of a weak 

bases, it remains unfocused while the HSA migrates towards 

and aggregates close to the plunger, as illustrated in Fig 1c and 

Supplementary Video 2. For weakly acidic compounds, an acidic 

BGE of 50 mM formic acid (pH 2.5) can be used to render the 

serum proteins positively charged, and the plunger is used as 

the cathode (Supplementary Figure 1 and Supplementary Video 

3 utilizing Chromeo™ 488 HSA and eosin B as models for the 

serum proteins and acidic target analytes, respectively). The 

movement of the proteins towards the plunger creates a zone in 

the barrel that contains the analyte but is depleted in protein, 

making it suitable for analysis by ESI-MS. Not visualized is the 

migration of inorganic anions and cations towards the anode and 

cathode, respectively, providing a potential added advantage of 

desalting during deproteination. 

The EkE syringe needle (OD 0.8 mm) was connected directly to 

a 3-port valve which was closed during the EkE of the weakly 

basic drugs. This provided a sealed system, allowing for the 

application of an increasing pressure through actuation of the 

gas-tight plunger, solubilising the electrolysis gases in solution 

and minimising the formation of gas bubbles in the syringe barrel 

during the electrokinetic deproteination step. The components of 

the bubble-free system are shown in Supplementary Figure 2a. 

A 25 µL SGE syringe - rated to withstand a maximum pressure 

of 1000 psi – could be used for up to 20 runs with a good 

efficiency in prevention of bubbles formation during the EkE 

before the PTFE seal of the syringe should be replaced. 

Supplementary Figure 2b exhibits different runs of bubble free 
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electrokinetic aggregation of ChromeoTM P465 labelled HSA 

using the developed platform. After the EkE process, the 3-port 

valve was rotated to connect the syringe with the ESI-MS outlet 

and the sample was infused slowly (5.0 µL/minute) through a 

triple tube ESI-MS sprayer via capillary tubing. The triple tube 

sprayer allows for the coaxial infusion of the sheath liquid (0.5% 

formic acid in 75% (v/v) methanol, flow rate 5.0 µL/minute) to 

enhance the ionization of the weakly basic drugs in the positive 

mode. The EkE syringe-ESI-MS interface is indicated in 

Supplementary Figure 3.  

A mixture of four weak bases and HSA was placed inside the 

syringe and EkE was performed with the application of a voltage 

of 800 V using the needle as a cathode before infusion of the 

mixture into the MS. The MS trace is shown in Figure 2a which 

shows the extracted ion electropherograms (EIEs) for each of 

the target analytes and their concentration profile during infusion 

of the syringe barrel content into the ESI-MS after the EkE 

process. HSA, as expected, is depleted from most of the infused 

volume, peaking at the end of the infusion owing to this fraction’s 

origin being near the plunger. The majority of the syringe volume 

did not contain HSA and hence provides a good MS response 

for each of the drugs. The drug response at the start of the 

infusion is low, which we attribute to the elevated concentration 

of inorganic ions including sodium which will have migrated 

towards the cathodic needle, a phenomena contributing to the 

clean-up of the sample present in the syringe. Figure 2b 

indicates the gradual decrease of HSA average intensity by 

increasing the duration of voltage application (up to 90 seconds) 

and clarifies the proportional increase in signal intensity for the 

weakly basic drugs by this decrease in protein content.  

Experiments were then undertaken with serum spiked with 

clomipramine, chlorphenamine, pindolol and atenolol, and 

diluted 5-times with NH4OH (final concentration 300 mM). 

Application of a voltage of 800 V for 90 s purified the sample 

which was then infused into the MS (5 µL/minute, 200 V) over 96 

s with a coaxial flow of the sheath liquid. The extracted ion 

electropherograms (EIEs) of the four drugs are shown in Figure 

3 for spiked serum and pure standards with and without EkE, 

and MS/MS spectra are indicated in Figure 4a and Figure 4b. 

Figure 3 shows a slightly lower response of the 4 drugs in 

standards with the EkE step when compared to direct infusion of 

the standards without EkE. For the serum matrix, however, there 

is a considerable improvement for all of the 4 drugs when 

compared to direct infusion. Additionally, the EkE response for 

serum samples reached similar levels to that obtained in the 

standards. 

A more quantitative evaluation of the EkE process is shown in 

Figure 5, Supplementary Table 1, and Supplementary Table 2 

using four sets of solutions (neat standard solutions (A), neat 

standard solutions after the EkE (B), spiked serum samples after 

the EkE (C), and spiked serum samples without the EkE(D)), 

with data obtained from triplicate experiments at 3 different 

concentrations (10.0, 40.0, and 160.0 ng/mL for clomipramine, 

chlorphenamine, and pindolol and 75.0, 300.0, and 1200.0 

ng/mL for atenolol). Figure 5a shows the reduction in MS 

response of standards with voltage, with clomipramine and 

chlorphenamine being reduced by 10-20% while pindolol and 

atenolol were reduced by nearly 50% possibly due to an 

irreversible electrochemical oxidation reaction[32-33]. Ion 

suppression due to the serum and inorganic ion matrix was 

found to be between 79-95% and the process efficiency– 

expressed as a percentage of the response for a spiked serum 

after EkE relative to the response for a standard[34]– ranged from 

71-89% (Figure 5b and Supplementary Table 1). We believe 

variation in efficiency may be related to plasma protein binding 

as chlorphenamine which had the highest process efficiency 

(89.3%) has a protein binding of 72% while clomipramine had a 

lower process efficiency (74.5 %) and higher protein binding of 

98 %. Pindolol and atenolol had process efficiencies of 71.3% 

and 78.6%, respectively, which is lower due to the proposed 

oxidation. The overall effect of the EkE process is a signal 

enhancement of 3.6-32 fold in comparison to the direct infusion 

of spiked serum (Figure 5c and Supplementary Table 2) which 

allowed the detection and determination of the studied drugs in 

serum samples at their therapeutic levels. For instance, the 

direct infusion approach did not provide the sensitivity to detect 

the Cmax of chlorphenamine (12.6 ng/mL)[35] while owing to the 

32-fold enrichment achieved by the in-syringe EkE approach the 

LOD was lowered to 2.6 ng/mL allowing for the detection of 

clinically relevant levels of this drug. The high enrichment factor 

of chlorphenamine may be related to the high process efficiency 

of its EkE compared to the other drugs as discussed above. 

Moving to acidic targets under acidic conditions, serum samples 

were diluted in-syringe to demonstrate the potential of this 

approach as part of an automated workflow. Following the EkE 

approach under acidic conditions and with reversed polarity 

compared to the method developed for the basic drugs, signal 

intensities of the acidic drugs in serum increased by 7.7 and 

10.8 fold for naproxen (16.0 µg/mL) and paracetamol (12.0 

µg/mL), respectively. Figure 6 illustrates a comparison between 

the mass spectra of the spiked serum samples after the EkE and 

without the EkE to show the effect of the electrokinetic clean-up 

on the MS signal of the studied acidic drugs. 

The constructed calibration curves consisted of 5 concentration 

levels ranging between 10.0-160.0 ng/mL for clomipramine, 

chlorphenamine, and pindolol and 75.0-1200.0 ng/mL for 

atenolol. A linear correlation was achieved by plotting the 

average intensity ratio of each drug to a deuterated standard for 

the interval 1.4-1.6 minutes versus the added drug concentration, 

the linear regression equations and the correlation coefficients 

(r) have been indicated in Figure 7 and Supplementary Table 3. 

The limit of detection (LOD) and the limit of quantitation (LOQ) of 

the four drugs in serum samples were below their peak plasma 

concentrations (Cmax) (Figure 7 and Supplementary Table 3).  

The LOQs of clomipramine, chlorphenamine, and atenolol were 

found to be 5.3, 7.8, and 17.8 ng/mL, respectively, using the 

developed in-syringe EkE-ESI-MS/MS. These are higher than 

the quantitation limits of the corresponding published HPLC-ESI-

MS/MS methods (0.5 ng/mL for clomipramine[36], 0.1 ng/mL for 

chlorphenamine[37], and 5.1 ng/mL for atenolol[38]) however these 

methods used QQQ MS instruments, which offer better 

quantitative performance and higher sensitivity in the multiple 

reaction mode (MRM) than the quadrupole Ion Trap mass 

analyzer used here[39-40], and chlorphenamine method utilized a 

LLE step in which the extract was evaporated to dryness and 

reconstituted in a smaller volume[37]. A better sensitivity was 

enabled for pindolol by the in-syringe EkE approach (LOQ of 6.1 

ng/mL in human serum) compared to the HPLC-ESI-MS/MS 

method (LOQ of 10 ng/mL in human serum[41]) where the latter 

used protein precipitation. Overall, the developed in-syringe 

EkE-ESI-MS/MS method provided the sensitivity required for the 
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determination of the four basic drugs at their therapeutic levels 

in plasma.  

The method accuracy and precision were evaluated for the EkE 

syringe-ESI-MS/MS method and the results are summarized in 

Supplementary Table 4; acceptable accuracy (% found of 82% 

to 120%) and precision (< 20 %) were attained for all the spiked 

basic drugs. For the acidic drugs determination by EkE-ESI-MS 

method, LOQs of 3.1 µg/mL and 2.9 µg/mL were achieved for 

naproxen and paracetamol, respectively. Moreover, the % found 

of the studied drugs using EkE-ESI-MS method ranged from 

81 % to 116 % with a precision < 19. The calibration data of the 

acidic drugs determination in spiked serum is discussed in more 

detail in the Supporting Information. 

The developed EkE syringe offers a very simple protocol for 

protein removal and desalting prior to direct infusion ESI-MS/MS. 

With the method requiring 1.5 min for EkE and 1.6 min for 

infusion, only 3.1 min is demanded for processing a 2 µL serum 

sample. Realising this using 3.5 µL of acetonitrile makes the 

approach also cost-effective and environmentally friendly, while 

the use of the same syringe for dilution, EkE, and infusion into 

the MS showcases its potential for incorporation in an 

automated workflow. 

In conclusion, the online preparation of samples using a syringe, 

an established liquid handling device, allows for combining of 

different steps of the analytical method in a single platform. With 

liquid handling driven by a syringe pump, this approach opens 

up new opportunities for integrated and automated analytical 

workflows. The potential of the EkE syringe to process complex 

samples is demonstrated with the clean-up of spiked serum 

samples prior to direct quantitative analysis by ESI-MS. Different 

applications and implementations can be investigated in the 

future by modifying the chemistry of the system, integration of 

other components such as membranes, and alteration of the 

syringe dimensions and design. Not only biofluids but also 

proteomics samples and environmental samples could be 

enriched, processed, and desalted in the future applications. 

Furthermore, coupling of the EkE syringes with advanced 

instruments such as high-resolution accurate-mass mass 

spectrometry (HRAM-MS) and ion mobility mass spectrometry 

(IM-MS) instruments can boost the applications of EkE syringes 

in bioanalysis and omics studies and lessen the need of a 

hyphenated chromatographic separation. 
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Figure 1. Mechanism of electrokinetic sample preparation in a syringe. (a) A schematic presentation of the in-syringe EkE of biological samples, removing 

interfering proteins for the analysis of weakly basic analytes using a basic BGE. The metallic plunger of the EkE syringe served as an anode, attracting the anionic 

proteins, and the metallic needle served as a cathode. (b) A single-frame time series showing the concentration of 1.0 mg/mL of Chromeo™ P465 labelled human 

serum albumin (HSA) close to the anodic plunger using 300 mM NH4OH in 30% (v/v) acetonitrile as BGE. (c) A single-frame time series visualising the removal of 

1.0 mg/mL of Chromeo™ P465 labelled HSA from the weakly basic dye rhodamine 6G (2.0 µg/mL) using 300 mM NH4OH in 30% (v/v) acetonitrile as BGE. 

Experiments were conducted in a 10 µL of a glass syringe, with the 0-10 graduation visible in black in the images corresponding to the volume of the barrel 

ranging from 0-10 µL depending on the plunger position (every µL corresponds to approximately 2.4 mm).  

 

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 



RESEARCH ARTICLE    

7 

 

 
Figure 2. MS data of the in-syringe electrokinetic removal of HSA from weakly basic pharmaceuticals: clomipramine, chlorphenamine, pindolol, and 

atenolol. (a) EIEs of the molecular ion [M+H]+1 of each weakly basic drug (50.0 ng/mL) and the fragment ion (m/z 685.1) of HSA (8.0 mg/mL) in 300 mM NH4OH 

in 30% (v/v) acetonitrile after the in-syringe EkE for 90 s by applying 800 V. The contents of the EkE syringe were infused into ESI-MS at a flow rate of 5.0 

µL/minute and a sheath liquid (5.0 µL/minute) composed of formic acid 0.5% in 75% (v/v) methanol. (b) Plot of the intensity enhancement/reduction (ratio of the 

average intensity after each time interval of 800 V application and the average intensity at time=0) of each drug and HSA. 
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Figure 3. Effect of EkE processing on standard solutions and serum samples containing weakly basic pharmaceuticals. EIEs in MRM are presented for 

neat standard solutions without EkE (A), neat standard solutions with EkE (B), spiked serum samples with EkE (C), and spiked serum samples without EkE (D). 

Samples were diluted 5 times to yield a final BGE concentration of 300 mM NH4OH in 30 % (v/v) acetonitrile. Samples contained 40.0 ng/mL of clomipramine, 

chlorphenamine, and pindolol and 300.0 ng/mL of atenolol, respectively.  
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Figure 4. MS/MS spectra of the weakly basic pharmaceuticals in serum using in-syringe EkE approach and the direct infusion approach. (a) MS/MS 

spectra (1.4 to 1.6 minutes) showing the transitions of molecular ions to the most abundant daughter ions of 40.0 ng/mL of clomipramine, chlorphenamine, and 

pindolol and 300.0 ng/mL of atenolol in spiked serum after 5-time dilution with the BGE and application of the EkE. (b) MS/MS spectra (1.4 to 1.6 minutes) of the 

spiked serum sample without the EkE step. 
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Figure 5. Quantitative assessment of the EkE process. (a) Effect of EkE processing on the signal intensity of standards, 40.0 ng/mL of clomipramine, 

chlorphenamine, and pindolol and 300.0 ng/mL of atenolol (B/A), n=3 for each set, the error bars represent the SD of the average intensity ratio where 

SD=[(SDA/MeanA)2+(SDB/MeanB)2]1/2x|average intensity ratio| (b) Realized reduction in ion suppression and gain in process efficiency of the EkE process in 

comparison with direct infusion of diluted (5x) serum samples. Ion suppression due to the serum matrix calculated as 100 – (D/A × 100)[42]; process efficiency 

calculated as PE (%) = C/A × 100[34]. PE and Ion Suppression were evaluated at three concentration levels and each concentration level was run in triplicate. (c) 

The enrichment factors (C/D) obtained by the EkE of serum samples (n=3 for each set) spiked with 40.0 ng/mL of clomipramine, chlorphenamine, and pindolol 

and 300.0 ng/mL of atenolol, the error bars represent the SD of the average intensity ratio where SD=[(SDC/MeanC)2+(SDD/MeanD)2]1/2x|average intensity ratio| 

A is the average intensity of neat standard solutions, B is the average intensity of neat standard solutions after the in-syringe EkE, C is the average intensity of 

spiked serum samples after the in-syringe EkE, and D is the average intensity of spiked serum samples without the EkE. All the average intensities were obtained 

for the time interval 1.4-1.6 minutes. 
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Figure 6. Mass spectra of the weakly acidic pharmaceuticals in serum using in-syringe EkE approach and the direct infusion approach. (a) Mass 

spectrum (whole run, 0-3.75 minutes) of a spiked serum sample with added 16.0 µg/mL of naproxen (NAP), 12.0 µg/mL of paracetamol (PCM), and 160.0 µg/mL 

of valproic acid (IS) after the in-syringe 15-fold dilution and EkE (-2000 V application for 320 seconds). (b) Mass spectrum of the spiked serum sample after 15-

fold dilution but without the EkE step. The final composition of the BGE was 50 mM formic acid in 30% (v/v) acetonitrile. 
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Figure 7. Determination of pharmaceuticals in spiked serum using the in-syringe EkE-ESI-MS/MS method. Quantitative analysis of serum spiked with 

clomipramine (10 to 160 ng/mL), chlorphenamine (10 to 160 ng/mL), pindolol (10 to 160 ng/mL), and atenolol (75-1200 ng/mL) using their corresponding 

isotopologues as internal standards (ISs), clomipramine-d6 (80 ng/mL), chlorphenamine-d6 (80 ng/mL), pindolol-d7 (80 ng/mL), and atenolol-d7 (600 ng/mL). The 

calibration graphs were constructed by plotting the average intensity ratio for the time interval 1.4-1.6 minutes versus the corresponding drug concentration. Three 

replicates were run for each concentration level. 
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In-syringe electrokinetic protein removal is introduced and hyphenated with electrospay ionization mass spectrometry (ESI-MS) for 

the direct analysis of biological samples. The novel approach can simplify the bioanalytical workflow, minimize the use of organic 

solvent to few µLs, and allow the whole analysis - in-syringe sample preparation and online ESI-MS determination - to be 

accomplished in less than five minutes. 

((The Table of Contents text should give readers a short preview of the main theme of the research and results included in the paper 

to attract their attention into reading the paper in full. The Table of Contents text should be different from the abstract and should 

be no more than 450 characters including spaces.)) 
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