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ABSTRACT 

Here, we report a precise in situ photopolymerization protocol to prepare methacrylate-based porous monoliths in-
side an SU-8 microchip electrophoresis-electrospray ionization mass spectrometry (MCE-ESI/MS) chip by using a high 
power UV-laser.  The novel approach is to place the monolith at the injection cross which enables rapid (10-25 s), on-
chip solid phase extraction (SPE) with the standard separation chip geometry without sacrificing the high throughput of 
MCE-ESI/MS.  The porosity of monoliths can be easily tuned to allow for low backpressure and thus fluid actuation by 
electrokinetic flow alone.  
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INTRODUCTION 

Microchip (capillary) electrophoresis (MCE) and electrospray ionization mass spectrometry (ESI/MS) are the most 
enabling technologies in modern bioanalysis [1].  However, a drawback of the combination of these techniques is the 
relatively poor concentration sensitivity originating from the very small injection volume characteristic for MCE.  
Hence, there is a graving need for coupling sample preconcentration as an integral part of MCE systems [2].  Solid 
phase extraction (SPE) enables very efficient sample purification and high enrichment factors, up to 500-fold even on 
chip based systems [3].  At the same time SPE can be used as a precleaning process for the separation of hydrophobic 
analytes from hydrophilic impurities or vice versa. 

In this work, we used methacrylate monomers to prepare a porous polymer monolith at the injection cross of an SU-
8-based MCE-ESI/MS microchip.  The polymerization by UV-laser enabled significantly short exposure times and the 
porosity of the monolith could be tuned via optimization of the monomer and porogen compositions to allow for actua-
tion by electroosmotic flow alone. 

 
EXPERIMENTAL 

The microchips, fabricated entirely of SU-8 epoxy polymer, comprised injection and separation channels and a 
monolithically integrated sheath flow interface with an on-chip ESI emitter (Figure 1A) [4].  The methacrylate mono-
lith was prepared in situ according to a protocol slightly modified from that previously published [5].  The monomer 
mixture consisted of the main monomer, 2,3-epoxypropyl methacrylate, and the crosslinkers, trimethylolpropane tri-
methacrylate and triethylene glycol dimethacrylate. The main porogen and the co-porogen were polyethyleneglycol 
6000 and 1-methyl 2-pyrrolidone, respectively.  The polymerization (initiated by the photoinitiator, 1-methyl 2-
pyrrolidone) was performed by exposing the injection cross area (Ø~500 µm) through the SU-8 cover layer (thickness 
70 µm) with a UV laser (355 nm) coupled to an epifluorescence microscope (20×) for 7 minutes (Figure 1B). 

 

 
Figure 1:  (A) Photograph of the SU-8 MCE-ESI/MS microchip with channel dimensions and (B) exposure setup for 

the monolith preparation in the injection cross.  BI=buffer inlet, SI=sample inlet, SW=sample waste, and SLI=sheath 
liquid inlet. 
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The microchip was operated by electrokinetic flow and a standard SPE-MCE-ESI/MS analysis included four steps 

(Figure 2A and B).  Samples were loaded electrokinetically (10-40 s,1000 V/cm, step 1) in 2% ammoniumhydroxide 
solution (pH=12).  Next, rinsing of hydrophilic components was performed electrokinetically (800 V/cm, step 2) with 
background electrolyte (BGE, 30 mM ammonium acetate with 50% methanol) (Figure 2A).  Finally, the retained hy-
drophobic components were released and injected to the separation channel at 1000 V/cm (step 3) and separated by 
MCE at 800 V/cm (step 4) prior to online ESI/MS detection on a triple quadrupole MS instrument (Figure 2B). 

 

 
Figure 2: (A)  Schematic view of the sample loading (in 2% ammoniumhydroxide solution pH=12, step 1) and rins-

ing (in 30 mM ammonium hydroxide with 50% methanol (v/v), BGE, step 2) as well as extracted ion electropherogram 
(EIE) showing the concentration and selective release of cotinine (green line, 50 µM) in step 2.  (B)  Schematic view of 
the injection (in BGE, step 3) and elution (in BGE, step 4) together with EIE of the concentration and selective release 

of verapamil (orange line, 20 µM) in step 4.  The squares represent hydrophilic sample molecules (cotinine) and the 
circles represent hydrophobic sample molecules (verapamil). 

 
RESULTS AND DISCUSSION 

The feasibility of the methacrylate monolith for sample preconcentration and clean-up was examined by selective re-
tention and release of cotinine (hydrophilic, logP=0.21) and verapamil (hydrophobic, logP=5.04) (Figure 2A and B).  
The SPE-MCE-ESI showed robust performance with respect to run-to-run repeatability of the preconcentrated verapam-
il: migration time 3.1% RSD, (n=3) and peak height 11.5% RSD, (n=3).  The retention capacity of the SPE chip was 
confirmed by increasing either the verapamil concentration (10 20 µM) or the loading time (30 40 s).  Here, a minor 
increase in the loading time gave the same gain (i.e., 8-9-fold increase in peak area) as doubling the sample concentra-
tion which confirms that efficient retention takes place into the monolith. 

The effect of loading time on the enrichment factor was examined by using a sample containing 25 µM each of tra-
madol (logP=2.45) and propranolol (logP=2.58).  In general, the preconcentration factors showed linear dependence on 
the loading time (10-25 s) with good coefficients of determination for both tramadol (0.9504) and propranolol (0.9988) 
(Figure 3).  
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Figure 3.  Peak areas of (A) tramadol and (B) propranolol (25 µM each) as a function of the loading time.  The 

BGE consisted of 30 mM ammonium hydroxide with 50% methanol (v/v) and the sheath liquid was methanol:water 
80:20 (v/v) with 1% acetic acid.  The MCE separations were performed in cathodic mode with an electric field strength 

of 800 V/cm (between the BI and the SLI) and the ESI voltage applied to the SLI was 3.5 kV (relative to MS). 
 
The estimated enrichment factors were 15-fold and 23-fold for tramadol and propranolol, respectively, already at a 

loading time as short as 25 s.  Compared to on-chip liquid-liquid extraction (liquid phase microextraction, LPME) per-
formed in-house with the same microchip design [6], the proposed SPE protocol provides higher enrichment factors at 
higher speed.  For instance, a 5-min-long on-chip LPME provided only 2-fold concentration.  This compares unfavora-
bly with the high analytical throughput commonly regarded as the biggest advantage of MCE analysis systems.  

 
CONCLUSION 

We have developed a SPE chip with online, MCE separation and ESI/MS detection for high throughput sample pre-
treatment and separation of pharmaceuticals.  The use of UV-laser for in situ photopolymerization enables very short 
exposure times and preparation of monoliths in precisely defined areas without the need for masking.  In all, our results 
demonstrate the robust performance of the SPE-MCE-ESI/MS microchip in terms of run-to-run repeatability, selectivity 
and sample preconcentration.  Thanks to the possibility to tune the porosity of the monolith, the back pressure can be 
reduced enough for the SPE chip to be actuated by electrokinetic flow alone and no complex interfacing to external 
pumps is needed.  Electrokinetic flow, in turn, allows for rapid and easy valving even in microchannels with multiple 
interconnections so that there is practically no dead volume (i.e., time lag) in the system. As a result, good enrichment 
factors were obtained already at very short loading times. Furthermore, it is possible to tune the porosity of the monolith 
by optimizing the exposure time in order to reduce the back pressure and thus, the microchip can be fully operated by 
electrokinetic flow.  Most importantly, placing the monolith at the injection cross enables straightforward on-line pre-
concentration at significantly high speed without sacrificing the throughput of MCE analysis. 
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