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Abstract

The extraction and analysis of catecholamine neurotransmitters in biological fluids is of great importance in assessing nervous system function
and related diseases, but their precise measurement is still a challenge. Many protocols have been described for neurotransmitter measurement
by a variety of instruments, including high-pressure liquid chromatography (HPLC). However, there are shortcomings, such as complicated
operation or hard-to-detect multiple targets, which cannot be avoided, and presently, the dominant analysis technique is still HPLC coupled with
sensitive electrochemical or fluorimetric detection, due to its high sensitivity and good selectivity. Here, a detailed protocol is described for the
pretreatment and detection of catecholamines with high pressure liquid chromatography with electrochemical detection (HPLC-ECD) in real
urine samples of infants, using electrospun composite nanofibers composed of polymeric crown ether with polystyrene as adsorbent, also known
as the packed-fiber solid phase extraction (PFSPE) method. We show how urine samples can be easily precleaned by a nanofiber-packed
solid phase column, and how the analytes in the sample can be rapidly enriched, desorbed, and detected on an ECD system. PFSPE greatly
simplifies the pretreatment procedures for biological samples, allowing for decreased time, expense, and reduction of the loss of targets.

Overall, this work illustrates a simple and convenient protocol for solid-phase extraction coupled to an HPLC-ECD system for simultaneous
determination of three monoamine neurotransmitters (norepinephrine (NE), epinephrine (E), dopamine (DA)) and two of their metabolites (3-
methoxy-4-hydroxyphenylglycol (MHPG) and 3,4-dihydroxy-phenylacetic acid (DOPAC)) in infants' urine. The established protocol was applied
to assess the differences of urinary catecholamines and their metabolites between high-risk infants with perinatal brain damage and healthy
controls. Comparative analysis revealed a significant difference in urinary MHPG between the two groups, indicating that the catecholamine
metabolites may be an important candidate marker for early diagnosis of cases at risk for brain damage in infants.

Video Link

The video component of this article can be found at https://www.jove.com/video/56445/

Introduction

Catecholamine neurotransmitters and their metabolite contents in body fluids can affect neural function and affect the balance of response-to-
stimulus states to a large extent1. Abnormities may cause a variety of diseases, such as pheochromacytoma, ganglioneuroma, neuroblastoma,
and neurological disorders1,2. The extraction and determination of catecholamines in body fluids is meaningful to the diagnosis of the relevant
diseases. However, catecholamines in biological samples exist in low concentrations and are easily oxidized. Furthermore, they are very difficult
to elute because of the large amount of interference in the medium3. Thus, simultaneous detection of catecholamines in biological fluids is still a
challenge.

There have been reviews showing that urinary catecholamines can be a measure of stress, and that their levels are important biological markers
responding to tactile stimulation processing in newborns5. According to the research, all infants who have suffered from premature incidents
are at risk for brain injury4,5,6, and injury may cause abnormal release of catecholamines and related matters into the fluids. There do exist
advanced magnetic resonance techniques that can detect brain damage in earlier phases7,8. However, within the first 48 h, an abnormal
neurodevelopmental process will cause permanent brain injury that won't be evident in medical images11. Besides, the high cost and scarce
instrument resources, along with other factors, makes it impossible for all neonatal units to have access to these specialized neuro-imaging
techniques. However, the use of an easily approachable and practical biomarker (such as catecholamines and their metabolites) could overcome
these shortcomings, and the screening of a biomarker in human fluids may help in the early diagnosis of brain injury and lead to prompt
identification of new-born infants needing neuroprotection9. The catecholamines in urine can be an easy and obvious index, because of the direct
correlation between the amount of them released into fluids and neuroactivity function.
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Among biological fluids, cerebrospinal fluid (CSF) and plasma samples are not easy to get via existing traumatic procedures, and it is also very
difficult to get rid of interference due to adhesive protein and other impurities, leading to a troublesome and time-consuming sampling process
that is unsuited for repeated detection. Also, for children, it is almost impossible to get the samples in a traumatic fashion. Therefore, urinary
sampling is better than the other forms of sampling, as it is non-invasive, easy to operate, and can be repeatedly done. Urine samples are
abundant and easy to store, and show great advantages over the other forms of biological samples.

The main methods to quantify catecholamines in biological fluids include radioenzymic assays10, enzyme-linked immune-sorbent assays11,
voltammetry12 and thermal lens spectrometry13. But shortcomings exist, such as complicated operations and hard-to-detect multiple targets.
Today, the dominant analysis technique is high-performance liquid chromatography (HPLC)14, coupled with sensitive electrochemical15

or fluorimetric detection16, because of its high sensitivity and good selectivity. With tandem mass spectrometry technology, such as liquid
chromatography /mass spectrometry (LC/MS) and liquid chromatography/mass spectrometry/mass spectrometry (LC/MS/MS), the analysis
and quantification of the neurotransmitters can achieve high accuracy and specificity17,18. However, the MS technique requires expensive
instrumentation as well as substantially qualified manpower, making the method difficult to apply universally in most conventional laboratories.
HPLC-ECD systems are commonly equipped in most conventional and clinical laboratories, and have thus become a common and good choice
for research groups to use for chemical determination, but they require the sample introduced into the system to be clean and of microscale
volume19. Thus, it is of great importance to purify and condense the sample prior to the analysis. The classical method for the purification
step is liquid-liquid extraction14,15,20 and off-line solid-phase extraction, including activated alumina column21,22 and diphenylborate (DPBA)
complexation23,24,25,26.

Myeongho Lee et al. have been using polymer resin chemically modified with crown ether as the adsorbent to selectively extract catecholamines
from human urine since 200727. Also, in 2006, Haibo He et al. demonstrated a facile synthesis approach for boronate affinity extraction sorbent
byutilizing a functionalizable nanomagnetic polyhedral oligomeric silsesquioxane (POSS) based nanomagnetic composite, and applying it to the
enrichment of catecholamines in human urine (noradrenaline, epinephrine and isoprenaline)28. They also took advantage of the nanomaterials
to fulfill the work, using a technology called nano-electrospinning and forming the polymer fibrous material in the nanoscale. The electrospinning
process can adjust the diameter, morphology, and spatial alignment of the product by controlling the working voltage and changing the content
of the spinning solution along with other parameters29. Compared with the conventional SPE cartridge, electrospun nanofibers are highly
suitable to extract and enrich target analytes from a complex matrix, as they are equipped with high surface-area-to-volume ratios to adsorb the
analytes with high efficiency, and exhibit more easily-controlled surface chemical properties, allowing handy attachment of the target compounds.
These properties make them good choices for SPE adsorbents, greatly reducing the solid phase and desorption solvent amount30,31,32,33.
For catecholamines in urine samples, electrospun nanofibers composed of apolymeric crown ether with polystyrene (PCE-PS) were used to
selectively extract three catecholamines (NE, E, and DA)34. The paper indicated that the selective crown ether adsorbed the targets of NE, E,
and DA, which was based on its correct geometry for binding catecholamines via forming hydrogen bonds. The results displayed the material
crown ether effectively, removing other interfering compounds contained in biological samples. Inspired by this report, a novel method was
developed for the selective extraction of the catecholamines by use of electrospun composite nanofibers composed of PCE-PS.

In this paper, the method reported previously34  was improved and employed not only to successfully analyze E, NE, and DA, but also their
metabolites, MHPG and DOPAC, in urine. We also explore new possibilities for the mechanism of the adsorption process. The method shows
satisfying extraction efficiency and selectivity for the five analytes, and the method was verified in the analysis of urine from high-risk infants with
perinatal brain damage and healthy controls.

Protocol

Informed consent from the parents was obtained, and institutional review board approval was obtained for the study. The study was performed in
accordance with the code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. Caregivers of all
participants provided written consent for being enrolled in the study. Ethical committee approval from Zhongda Hospital, affiliate with Southeast
University, was also obtained.

1. Preparation of the Columns and Solutions Needed for the Extraction and Determination
of Catecholamines

1. Prepare the PFSPE column. Divide 1-2 mg of PCE-PS nanofibers into 5-6 aliquots, and use a fine steel rod with 0.5 mm diameter to
compress them orderly into the end of a pipette tip with a volume of 200 µL.

2. Prepare the artificial urine by weighing 2.427 g urea, 0.034 g uric acid, 0.09 g creatinine, 0.297 g trisodium citrate, 0.634 g sodium chloride,
0.45 g potassium chloride, 0.161 g ammonium chloride, 0.089 g calcium chloride dihydrate, 0.1 g magnesium sulfate heptahydrate, 0.034 g
sodium bicarbonate, 0.003 g sodium oxalate, 0.258 g sodium sulfate, 0.1 g sodium dihydrogen phosphate, and 0.011 g disodium hydrogen
phosphate, and dissolve the above chemicals into 200 mL deionized water.

3. Prepare 2 mg/mL stock solution of diphenylborate (DPBA) solution by dissolving 2 mg of the compound into 1 mL of distilled water. Store the
solution in the dark at 4 °C.

4. Analyte standard
 

NOTE: The chemical structure and properties of catecholamines are instable, and they easily decompose. The preparation process of
standards has to be very fast and must prevent exposure to direct sunlight.

1. Weigh 1.0 mg of NE, E, DA, MHPG, DOPAC and internal standard 3,4-dihydroxybenzylamine hydrobromide DHBA in separate 1.5 mL
microcentrifuge tubes. Dilute the DHBA solution in water to 100 ng/mL before use.

2. Oscillate the prepared standards in the dark at a high speed until analytes dissolve completely. This is the primary stock; store at -20
°C for up to several weeks.

3. Prepare the secondary 1,000 ng/mL analyte stocks. For NE, E, DA, DOPAC and MHPG, transfer 5 µL of each primary analyte stock
into 4,975 µL of distilled water in a 5 mL centrifuge tube, and store it in the dark at 4 °C until use. Prepare these solutions fresh daily.
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For DHBA, transfer 5 µL of primary stock into 4,995 µL of distilled water in a 5 mL centrifuge tube, and store it in the dark separately at
4 °C.

4. Make further dilutions with the secondary analyte stock to create a standard curve (e.g., Supplementary Table 2). Store solutions in
the dark at 4 °C and prepare fresh daily.

5. Test the optimal voltage of ECD detector using the standard stock with proper concentration. Vary the voltage to find a value where the
analytes have the best peak appearance.

5. Prepare eluant containing 30% phosphoric acid, 15% acetonitrile, and 55% distilled water. For 10 mL of eluant solvent, use 5.5 mL of distilled
water, and add 1.5 mL of acetonitrile and 3 mL of phosphoric acid drop by drop into the water.

2. Preparation of Real Urine Samples and Mobile Phase

1. Have mothers collect the first morning urine of their infants using aseptic urine cups. Transfer the samples into polypropylene tubes and label
immediately. Then, store the samples in a -20 °C freezer.

2. Vortex and centrifuge the urinary samples at 1,510 x g for 10 min at room temperature (RT) to get rid of most particulate interference. Discard
the sediment and gather the supernatants for further experiments. In order to extract analytes effectively, proceed to PFSPE pretreatment
(step 3) immediately after centrifuging.

3. Prepare the mobile phase
1. Prepare a clean bottle, at least 1 L. The composition of mobile phase is listed in Supplementary Table 1; for 1 L mobile phase,

measure 6.7242 g of citric acid, 93.06 mg of ethylene diamine tetra acetic acid (EDTA) disodium salt, 7.02 g of monometallic sodium
orthophosphate, 404.5 mg of 1-heptanesulfonic acid sodium salt, and 3.5 g of sodium hydrate into the bottle. Add 40 mL acetonitrile
and distilled water to 1,000 mL. Agitate and vibrate ultrasonically for 15 min until the matter in the solution is all dissolved.

2. Using a pH meter with a glass electrode, adjust the pH value of the mobile phase to 4.21 with a saturated sodium hydroxide solution.
3. Filter the mobile phase with a 0.45 µm polyvinylidene fluoride microporous membrane and a vacuum suction device to get rid of

impurities.
4. Use ultrasonic vibration for 15 min to degas the mobile phase each time before use.

3. PFSPE Extraction and HPLC Analysis

1. Activate the nanofibers. Press 100 µL of methanol and 100 µL of water sequentially through the PFSPE column using a 5 mL syringe in a
slow, dropwise manner.

2. Mix 100 µL urine sample with 100 µL 2 mg/ml DPBA solution and 30 µL 100 ng/ml of DHBA solution (IS, internal standard) in a 0.5 mL
EP tube, then transfer the mixed solution to the PFSPE column. Press the mixed sample solution through the PFSPE column with a 5 mL
gastight plastic syringe using the force of the air pressure.

3. Leach the column three times by loading 100 µL of DPBA solution (2 mg/mL) into the SPE column, and push the solution slowly through the
cartridge with air pressure using a 5 mL gastight plastic syringe.

4. Load 50 µL of the eluant onto the PFSPE column, and push it through the column, collecting the eluate with a 0.5 mL EP tube.
5. Turn on the HLPC degasser to degas the air in the system. Prior to sample analyses, the system should run for more than 0.5 h with the

mobile phase to equilibrate and reduce baseline noise. See Supplementary Table 1 showing the setup parameters of the HPLC system.
6. Sample 20 µL of the eluate using an automatic sampler, and then inject it into the HPLC-ECD system.
7. When the runs are complete, turn off the detector cell using the detector interface. DO NOT turn off the cell with the switch at the back of the

detector, as this could damage the instrument.
8. Manually change the mobile phase composition to 10% methanol and 90% water. Run for at least 30 min. Then, manually change the mobile

phase to HPLC-grade methanol. Run for about 15 min to protect the system in methanol. Failure to run this step following the recommended
running time could result in damage to the column and the detector. Turn off the flow, then turn off the degasser.

4. Phenylboronic Acid Cartridges (PBA) Extraction

PBA cartridge extraction procedures were similar to the scheme in Kumar et al. (2011)25. All solutions are pushed through the PBA cartridge
(100 mg, 1 mL) with air forced by a syringe.

1. Condition the cartridge with 1 mL 80:20 acetonitrile-water (v/v) containing 1% formic acid and 1 mL of 50 mM phosphate buffer (pH 10)
sequentially.

2. Press the buffered urine sample (1 mL urine and 2 mL phosphate buffer, pH 8.5) through the PBA cartridge.
3. Wash the cartridge with 1 mL 50:50 v/v acetonitrile-phosphate buffer (10 mM, pH 8.5).
4. Elute the cartridge with 1 mL acetonitrile-water (80:20 v/v) containing 1% formic acid.

5. Identification and Quantification of Catecholamines

1. Linearity
1. Dilute the secondary analytes stock with artificial urine to six concentrations (1.5, 3, 12, 25, 50, and 100 ng/mL); the dilution volume

of artificial urine follows Supplementary Table 2. Make three parallel samples with each concentration to get 18 analyte experimental
solutions for constructing calibration curves.

2. Dilute DHBA secondary stock with artificial urine 10-fold to get 100 ng/mL experimental solution.
3. Pretreat all the analyte solutions from 5.1.1, according to step 3 (PFSPE extraction procedures). As in Step 3, inject 20 µL of each

corresponding eluate into the HPLC-ECD system to get an HPLC chromatogram.
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4. Construct calibration curves of the five analytes by plotting the ratio of peak area (targets/IS) as the Y axis against the ratio of
concentrations (targets/IS) as the X axis, as shown in Supplementary Figure 1.

2. LOD and LOQ value for sensitivity
1. Inject 20 µL of the blank artificial urine into the HPLC-ECD system (as in Step 3), to obtain the HPLC chromatogram of the sample.
2. In the chromatogram from 5.2.1, collect 11 blank signal values, and calculate the mean value Xb and standard deviation Sb. Calculate

the minimum signal of a substance that can be detected at a certain level of confidence, XL, as XL = Xb+K*Sb (K is the coefficient
determined by confidence level, Sb reflects noise level of the measuring method and the level of machine noise). Thus, LOD = (XL-Xb)/
S = (K*Sb)/S (S stands for the slope value of the working curve).

3. Define an S/N of 3:1 (K=3) as the limit of detection (LOD), and an S/N of 10:1 (K=10) as the limit of quantification (LOQ).

3. Evaluate the recoveries
1. Prepare real and spiked urine samples. Dilute the secondary analytes stock with real urine to three concentrations (5, 50, 100 ng/mL)

to obtain the spiked urine samples. Prepare three parallel samples for each analyte solution. Count the spiked concentration as the
quantity of target compounds spiked into the urine sample. Define this value as As.

2. Dilute DHBA stock to 100 ng/mL, as in step 5.1.2.
3. Process each sample solution from 5.3.1 according to step 3 (PFSPE extraction procedures) and inject the 20 µL of each

corresponding eluant into the HPLC-ECD system to get the chromatogram result. The value of analytes will be counted as a quantity of
target compounds quantified in the spiked urine sample. Define this value as At.

4. Inject 20 µL of urine sample into the HPLC-ECD (as in step 3) system to get the chromatogram result. The value of analytes will be
counted as an initial quantity of target compounds quantified in the urine sample. Define this value as Ai.

5. Calculate the quantity of target compounds in the samples from the standard curve equation. The percentage recovery is estimated as
methodological recovery % = (At - Ai) × 100/(As). Mean values are shown in Table 1.

4. Evaluate the imprecision
1. Prepare spiked artificial urine samples to 5, 50, and 100 ng/mL concentrations as in step 5.3.1. Prepare six parallel samples for each

analyte solution. Prepare fresh experimental samples every day.
2. Dilute DHBA stock to 100 ng/mL as in step 5.1.2.
3. Evaluate the intra-day precision (n=6). Process each sample solution in 5.4.1 according to step 3 and inject the 20 µL of each

correspondent eluant into the HPLC-ECD system to get the chromatogram. Do the same operation six times in the same day.
4. Calculate the quantity of target compounds in the samples from the standard curve equation. Under the same concentration of the

same compound, the relative standard deviation (RSD) of the six assays in one day is determined as intra-day precision. Mean values
are shown in Table 1.

5. Evaluate the inter-day precision (n=6). At the same time each day in the six sequential days, prepare spiked artificial urine samples for
three concentrations of 5, 50, 100 ng/mL, as in 5.4.1 and 5.4.2., and process each analyte sample solution according to step 3.

6. Inject the 20 µL of each corresponding eluate from 5.4.5 into the HPLC-ECD system to get chromatogram results each day. Calculate
the quantity of target compounds in the samples from the standard curve equation. Inter-day precision is expressed by the RSD of the
assays quantity from the spiked artificial urine samples at the three concentrations in six sequential days. Mean values are shown in
Table 1.

Representative Results

This protocol is a simple and convenient PFSPE method to pretreat urine samples and enrich five catecholamines for detection via an HPLC-
ECD system; a diagram of the process is shown in Figure 1. The protocol mainly includes four steps-activating, loading, rinsing, and eluting-
coupled with a small quantity of PCE-PS nanofibers and a simple solid-phase extraction device. The morphology of PCE-PS nanofibers was
assessed using a surface and porosity analyzer (see Table of Materials). The textural properties-the BET (Brunauer, Emmett, and Teller)
surface area, pore volume and pore size-were 2.8297 m2 g-1, 0.009 cm3 g-1, and 12.76 nm, respectively. These data indicate that the material
used in the protocol has nanoscale pores on the surface, which may contribute to the high adsorption efficiency and the lowered binding pH in
the protocol.

This protocol uses optimized volumes, sample ingredients, leachate, eluant, etc., as well as working pH and time consumed during the
procedures. In Chen et al., the eluant was a 12.0 M acetic acid solution because acidic conditions cause the adsorbent to become protonated
and positively charged, which is favorable for the elution of CAs34,35. In this study, the eluant recipe was reconditioned to be 30% phosphoric
acid, 15% acetonitrile, and 55% distilled water. The final pH value of eluant was adjusted to 3.0. The eluant solvent should be kept in an acidic
environment when eluting, but much more moderate than 12.0 M acetic acid, which may lead to poor peak appearance and damage to the HPLC
system.

For identification of the catecholamines, chromatogram retention times of the peaks in the samples with standard solution peaks are compared.
Figure 2 shows examples of HPLC-ECD chromatograms from the various solutions. If the protocol is followed successfully, the chromatographic
profiles of three catecholamines and their metabolites should be obtained by HPLC-ECD with clear symmetrical, well defined peaks and with
minimal background noise, as illustrated in Figure 2. For comparison with the conventional method, a commercial PBA cartridge was selected as
a control. In Figure 2(a-c), five target peaks in (b) are significantly higher than thaosein (c), indicating that the PFSPE method is more sensitive
than the PBA cartridge method. Also, the DOPAC peak did not show in the PBA cartridge extraction result, indicating that the PBA column was
not capable of extracting DOPAC. Figure 2(d) depicts the chromatogram of the blank urine sample without any pretreatment, and Figure 2(e)
shows the chromatograms of the urine sample extracted using PCE-PS composite nanofibers. Figure 2(f) shows the chromatograms of the urine
sample after the extraction with the PBA column, which also shows no DOPAC extraction consistent with the result in Figure 2(c). The diagram
indicates that the PFSPE method could not only extract the targets with good effect, but also could get rid of most of the interference in the urine,
giving good peak identification for the target compounds.
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Statistical analysis revealed that measurements for the three catecholamines and the two metabolites were reliably reproduced (Table 1). All
the target compounds showed good linearity between 1.5 and 100 ng/mL (R2>0.99), and the standard curve of each analyte can be found in
Supplementary Figure 1. The curves and R2 values demonstrate that the analytes have good linearity and relativity within a certain linear
range, suitable for the calculation of concentrations of analytes in urine samples. The limits of detection (LOD) ranged from 0.25 to 0.54 ng/
mL, and the limits of quantification (LOQ) were 0.83 to 1.81 ng/mL, respectively. The signal-to-noise (S/N) value equalled 3. The range of the
methodological recoveries of the five target compounds was from 97.4% (MHPG) to 124.2% (DOPAC), which was satisfactory for the application
to the actual samples. The intra-day precision was from 2.7 to 4.8% (expressed as relative standard deviation) and the inter-day precision was
2-8.1%, displaying good precision and repeatability.

For detection of targets in real urine samples, 28 high-risk infants and 22 healthy infants in the division of child care, Suzhou municipal hospital,
were recruited. All 50 infants taken into the study were boys. When they were six months old, they were taken to a routine health check in
September 2016. All the urine samples were collected and pretreated following the protocol steps 3.1 and 3.2, and the samples were analyzed
using the remainder of step 3. The concentrations were calculated against the calibration curves. Statistical differences were analyzed by
analysis of variance (ANOVA). The results can be seen in Table 2. The difference of the catecholamines and metabolites between the two
groups were compared and analyzed. The p-values show that the catecholamines were not significantly different between the high risk and
healthy groups, while the metabolite MHPG content was different across these groups (p = 0.001). The high-risk infants group had higher
amounts of MHPG than the control group (14.8 ± 3.6 ng/mL vs. 1.4 ± 0.2 ng/mL), which means that the level of urinary MHPG may be a potential
marker for early identification of high-risk infants.

Figure 3 and Table 3 describe the classic quantification method for determining monoamine materials, and compare with other methods for
which the operation process and figures of interest are given. Compared with classic methods, PFSPE method has advantages like a short
timespan (5-10 min), simplified operation process, less organic solvent, and more environmental friendliness with satisfactory methodological
parameters. The eluant amount needed is low in volume (50 µL) and the target enrichment step requires no evaporation, which greatly promotes
the detection sensitivity for the target compounds in the urine. Compared to conventional particle-based SPE, this method enhanced the
efficiency, simplified the preparation process, and reduced the time of the analysis with acceptable reliability, selectivity, and sensitivity.

 

Figure 1: Schematic flow chart of PFSPE procedure in the paper and a representation of its device. (1) Gastight syringe, (2) Pipette tip,
and (3) Packed nanofibers. Please click here to view a larger version of this figure.
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Figure 2: Chromatograms of different samples. (a) Spiked water sample with targets and IS in (100 ng/mL) without extraction. (b) Spiked
water sample extracted by the PFSPE method, and (c) by commercial phenylboronic acid (PBA) cartridge. (d) Real blank urine sample without
extraction. (e) Real urine sample extracted by the PFSPE method. (f) Real urine sample extracted by commercial PBA cartridge. Please click
here to view a larger version of this figure.

 

Figure 3: Analytical flow chart of determination methods. (a,b) Previously reported classic extraction methods. (a) Extraction by alumina, (b)
by DPBA complex, and (c) by the method proposed in this paper. Please click here to view a larger version of this figure.

Supplementary Figure 1: Standard curves and equations. The standard curves for the five analytes are constructed in order to use the
equation of the line to calculate the unknown analytes concentration in the sample. (a) NE, (b) E, (c) DA, (d) MHPG, and (e) DOPAC. Please
click here to download this figure.

Supplementary Figure 2: Boronate affinity interaction between boronic acid and cis-diol group or adjacent two hydroxyl groups. (A)
Schematic of the interaction between boronic acids and multiple -OH groups to form five- or six-membered cyclic esters. (B) Cis-diol group or
adjacent two hydroxyl groups in red circles depict the major reaction sites for the five analytes to boronic acid compound. Please click here to
download this figure.
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NE MHPG E IS DOPAC DA

Linear range (ng/
mL)

1.5-400 1.5-200 1.5-100 1.5-100 1.5-400

R-squared values 0.9945 0.995 0.9976 0.9902 0.9954

LOD (ng/mL) 0.323 0.322 0.313 0.657 0.249 0.543

LOQ (ng/mL) 1.076 1.072 1.043 2.191 0.83 1.809

Recovery ± RSD
(%)#n=9#

110.7±2.9 97.4±9.1 103.9±5.2 86.5±7.3 124.2±3.1 117.3±5.4

Precision(RSD %)
(n=9)

Intra-day 4.5 4 2.7 4.8 3.3 4.7

Inter-day 4.1 8.1 2 6.3 3.2 5.9

NE, norepinephrine; MHPG, 3-Methoxy-4-hydroxyphenylglycol; E, epinephrine; IS, internal standard; DOPAC, 3, 4-Dihydroxyphenylacetic acid;
DA, dopamine;

Table 1: Analytical results of the proposed protocol for the determination of three catecholamines and two metabolites with standard
solutions.

Concentration (ng mL-1) Control group (22) High Risk Infant group (28) P value

NE 7.52±1.34 5.56±1.7 0.37

MHPG 1.4±0.2 14.8±3.6 0.001

E 24±15.8 20.9±5.87 0.841

DOPAC 106.36±30.1 72.12±18.07 0.312

DA 55.53±11.9 48.12±20.9 0.76

P#0.05***shows a significant difference between two groups

Table 2: The comparison of concentrations for three catecholamines and two metabolites in urines between healthy infants and high-
risk infants. The results were statistically analyzed using analysis of variance (ANOVA) with a significance level of p = 0.05 for differences
between MHPG content. Means ± standard deviations are shown.

Exhausted
solvent (mL)

Sample
volume (mL)

Pretreatment
time (min)

Linear range Relative
Recovery (%)

Evaporate and
 

redissolve

solvent volume time (min) recovery (%) solvent and

(mL) (mL) reconstituting

Sample LOD

residue

Analytical
method

Urine 0.5 0.05 10 2.0–200 ng/
mL (NE, E,
DA)

0.2-0.5 ng/mL
(NE, E, DA)   

88.5-94.5 (NE,
E, DA) 

No HPLC-ECD
(Chen et al.,
2016)

Urine 19 0.7 — 47–167 µg/L
(DA)

166-500 nM
(DA)

98.3-101.1
(DA) 

No HPLC-UV
(Piotr et al.,
2016)

Urine 1.3 0.01 — 0.5–1250 ng/
mL (NE, E,
DA, NMN,
MN)

0.5-2.5 ng/mL
(NE, E, DA,
NMN, MN)

74.1–97.3
(NE, E, DA,
NMN, MN)

No LC-MS/MS (Li
et al., 2016)

Urine and
plasma

20 0.05 10 0.04-2.5 ng/
mL (NE, E,
DA)

0.01-0.02 ng/
mL (NE, E,
DA) 

87.0-97.5 (NE,
E, DA)

No HPLC-UV
(Mohammad
et al., 2016)

Urine < 0.5 0.1 5 1.5-400 ng/mL
(NE, MHPG,
E, DOPAC,
DA)

0.249-0.543
ng/mL (NE,
MHPG, E,
DOPAC, DA)

97.4-124.2
(NE, MHPG,
E, DOPAC,
DA)

No this work

—, Undefined.
 

PBA, Phenylboronic acid

Table 3: Comparison of this work with studies on pretreatment of monoamines or other related topics in recent years. 
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Supplementary Table 1: Instrument parameters for detection and quantification of analytes in the paper by HPLC-ECD. Please click here
to download this table.

Supplementary Table 2: Preparation of standard curve for five analytes. Please click here to download this table.

Discussion

The proposed PFSPE method in this paper may be significant and meaningful with respect to its rapidity, simplicity, and convenience. The
adsorbents used in the protocol are electrospun nanofibers, which have high surface area-to-volume ratios, and adsorb the analytes with high
efficiency. The procedure only needs a few milligrams of nanofiber and a small volume of eluant solvent, and does not require an evaporation
step to concentrate the analytes. Here, we have presented a detailed overview of an HPLC-ECD based protocol that will permit new users to
establish an effective method for detection and quantification of three catecholamines and two of their metabolites (NE, E, DA, and MHPG,
DOPAC).

The superiority of this protocol mainly stems from the four critical steps during the procedures, as shown in Figure 1: using PCE-PS nanofibers
to capture the target compounds to reduce the size of sorbent to a few milligrams, leading to a rapid adsorption/desorption, and only needing
a small volume of eluting fluid (1); adding DPBA into the urine to complex with the analytes to improve their hydrophobicity (2); rinsing the
nanofibers with the solution containing DPBA to retain the analytes and remove the impurities (3); and optimization of the extraction and analysis
condition to get good sensitivity and selectivity for the analytes (4).

For step (1), the mechanism of superior performance of adsorbent ability for PCE-PS may attributed to a variety of factors. The crown ether
polymers doped in the nanofibers can form a host-guest complex with the guest molecules containing amine groups by H-bonds, such as the
catecholamines in this paper. In addition, Hongyou Hu et al. and Jishun Chen et al. also proposed that boronic acid can bond with nitrogen
atoms in the chemical structure through B-N interactions, and that the hydrophobic skeleton can interact with benzene rings and other aliphatic
groups of analytes36,37. Also, during the desorption process, the hydrogen bonds and B-N interactions are easily broken at very low pH; thus,
eluants with acidic pH are usually suitable for exploration for desorption. Furthermore, there are also several secondary interactions, including
hydrophobic, ionic, and hydrogen bonding, which can occur between boronic chemicals and related compounds36,37,38. All these interactions may
contribute to the adsorption of the analytes to the materials.

For step (2), with the help of added DPBA, PCE-PS nanofibers adsorb DPBA-catecholamine complexes rapidly. Zhen Liu et al. showed that the
boronate affinity materials have emerged as important media for the selective separation and molecular recognition of organic compounds, such
as nucleosides, saccharides, glycans, glycoproteins, and so on38.The complexation mainly occurs from the boronate affinity interaction between
boronic acid and cis-diol groups, or two adjacent hydroxyl groups, to form five or six membered cyclic esters, as shown in Supplementary
Figure 2A. Supplementary Figure 2B depicts the major reaction sites for the five analytes in this work to the boronic acid compound. When the
surroundings become acidic, the boronic acid-cis-diol complex dissociates. The interaction between boronic acid and the cis-diol group or the
adjacent two hydroxyl groups exists extensively and relatively strongly.

For step (3), the complex formed between analytes and DPBA can hold them on the adsorbent while other impurities are rinsed from the PCE-
PS surface, achieving the best reservation for the targets. For step (4), there has been a report showing that the optimal pH was about 9.0 for
the bonding of boric acid and catechol compound39. However, Chen et al. explored the best pH value for the complexing of catecholamine-DPBA
and found that the adsorption performance of the composite PS-PCE nanofibers for the CAs was optimal when the pH value was changed to be
between 6.0 and 7.034,35. Liu et al. implicated that the structure of the supporting materials for boronate acid compounds, especially with spatial
confinement of cavities and nanoscale pores, and the B-N ligands formed during the reaction, can also significantly lower the binding pH and
enhance binding affinity38. The PCE-PS structure as well as catecholamine structure are all equipped with -NH- groups. Thus, the properties and
nanoscale pores of PCE-PS (data as shown in Representative Results), as well as B-N ligands formed, may contribute to the lowered binding
pH in the protocol. Thus, the optimal pH value in this protocol can be neutral, which greatly simplifies the procedures and avoids the degradation
of the analytes.

The main limitations of catcholamine determination are that their concentrations in biological samples are very low and that their structures are
unstable (easily oxidized); furthermore, it is difficult to get rid of the impurities in the media. Thus, for analysis of catecholamine in biological
samples, pretreatment, usually by solid-phase extraction, is necessary. The PFSPE method proposed in this paper provided a simple and
convenient pre-concentration for the analytes in the urine samples. But, when doing the experiment, the experiment condition must be strictly
controlled, by means such as avoiding light exposure and shortening the pre-treatment time as much as possible.

The applicability of the method was evaluated by its use to determine the concentrations of three catecholamines and two metabolites in the
urine of healthy infants and high-risk infants. There was a significant difference between the two groups in urinary MHPG. As summarized
previously, the MHPG amount in the human body is now mainly reported as an index to reflect noradrenergic neuronal tone, the catecholamine
metabolism activity in the central and peripheral nervous systems40,41,42, and is a useful plasma/urine marker for central NE metabolism43.
For high-risk infants, a variety of factors such as hypoxic-ischemic encephalopathy (HIE) causes brain trauma and brain insults, leading to
different degrees of childhood neurodevelopmental deficits. This brain damage in turn will lead to the release of neurotransmitters (MHPG
included) into body fluids44,45. According to reports by J.W. Maas, there are significant correlations between the brain, CSF, plasma, and urinary
concentrations of MHPG46,47. The measurement of total (free + conjugated) MHPG in urine has long been used to assess the metabolism of
central NE and peripheral NE metabolism in humans41,48,49. Thus, it may be concluded that high risk infants have noradrenergic neuronal tone
damage compared with healthy ones, affecting catecholamine metabolism in the central and peripheral nervous systems. This discrepancy
indicates that further research should be done on the relationship between the urinary MHPG level and neurodevelopmental deficits. It has been
demonstrated that the proposed method could be used for the determination of catecholamine presence in urine, with a promising prospect for
use in the clinic for evaluating diseases relevant to these neurotransmitters.

https://www.jove.com
https://www.jove.com
https://www.jove.com
https://cloudflare.jove.com/files/ftp_upload/56445/supplementary_table_1_RM.xlsx
https://cloudflare.jove.com/files/ftp_upload/56445/supplementary_table_1_RM.xlsx
https://cloudflare.jove.com/files/ftp_upload/56445/supplementary_table_2_RM.xlsx


Journal of Visualized Experiments www.jove.com

Copyright © 2018  Journal of Visualized Experiments March 2018 |  133  | e56445 | Page 9 of 10

Disclosures

The authors certify that there is no conflict of interest with any financial organization regarding the material discussed in this article.

Acknowledgements

This study was supported by the National Science Foundation of China (No.81172720, No. 81673230), the Social Development Research
Program of Jiangsu Province Science and Technology department (No. BE2016741), Science & Technology Project of China General
Administration of Quality Supervision, Inspection and Quarantine (2015QK055), The Open Project Program of Key Laboratory of Child
Development and Learning Science of Ministry of Education, Southeast University (CDLS-2016-04). We sincerely acknowledge Yuan Song and
Ping Liu who assisted us in samples collection.

References

1. Elhwuegi, A.S. Central monoamines and their role in major depression. Prog. Neuropsychopharmacol. Biol. Psychiatry. 28, 435-451 (2004).
2. Da, C.F., Ngoabdalla, S., Houzel, J.C., Rehen, S.K. Murine model for Parkinsons disease: From 6-OH dopamine lesion to behavioral test. J.

Vis. Exp. (35), e1376 (2010).
3. Varley, H., Gowenlock, A.H. The clinical chemistry of monoamines. Brit. Med. J. 2, 1330 (1963).
4. Wang, X., Rousset, C.I., Hagberg, H., Mallard, C. Lipopolysaccharide-induced inflammation and perinatal brain injury. Semin. Fetal. Neonatal.

Med. 11, 343-353 (2006).
5. Inder, T.E., Volpe, J.J. Mechanisms of perinatal brain injury. Semin. Neonatol. 5, 3-16 (2000).
6. Miller, S.P., Ferriero, D.M. From selective vulnerability to connectivity: Insights from newborn brain imaging. Trends. Neurosci. 32, 496-505

(2009).
7. Barkovich, A.J. et al. Proton MR spectroscopy for the evaluation of brain injury in asphyxiated, term neonates. Am. J. Neuroradiol. 20,

1399-1405 (1999).
8. Liauw, L., van Wezel-Meijler, G., Veen, S., van Buchem, M.A., van der Grond, J. Do apparent diffusion coefficient measurements predict

outcome in children with neonatal hypoxic-ischemic encephalopathy? Am. J. Neuroradiol. 30, 264-270 (2009).
9. Varsami, M. et al. Inflammation and oxidative stress biomarkers in neonatal brain hypoxia and prediction of adverse neurological outcome: A

review. J. Pediatr. Neonat. Individual. Med. 2, e020203 (2013).
10. Cooper, R.L., Walker, R.F. Microradioenzymic assays for the measurement of catecholamines and serotonin. Methods. Enzymol. 103,

483-493 (1983).
11. Murphy, J.F. The development of enzyme linked immunosorbent assays (ELISA) for the catecholamines adrenaline and noradrenaline. J.

Immunol. Methods. 154, 89-98 (1992).
12. Jones, S.R., Mickelson, G.E., Collins, L.B., Kawagoe, K.T., Wightman, R.M. Interference by pH and Ca2+ ions during measurements of

catecholamine release in slices of rat amygdala with fast-scan cyclic voltammetry. J. Neurosci. Methods. 52, 1-10 (1994).
13. Sanchismallols, J.M., Villanuevacamañas, R.M., Ramisramos, G. Determination of unconjugated catecholamine in urine as dopamine by

thermal lens spectrometry. Analyst. 117, 1367-1371 (1992).
14. Lan, C., Liu, W. Determination of catecholamines by HPLC-ECD in urine. Medical Laboratory Science and Clinics. (2007).
15. Tsunoda, M., Aoyama, C., Ota, S., Tamura, T., Funatsu, T. Extraction of catecholamines from urine using a monolithic silica disk-packed spin

column and high-performance liquid chromatography-electrochemical detection. Anal. Methods. 3, 582-585 (2011).
16. Bartolini, B. et al. Determination of monoamine oxidase activity by HPLC with fluorimetric detection. Neurobiology (Bp). 7, 109-121 (1999).
17. Dunand, M., Gubian, D., Stauffer, M., Abid, K., Grouzmann, E. High throughput and sensitive quantitation of plasma catecholamines

by ultraperformance liquid chromatography tandem mass spectrometryusing a solid phase microwell extraction plate. Anal. Chem. 85,
3539-3544 (2013).

18. He, H., Carballo-Jane, E., Tong, X., Cohen, L.H. Measurement of catecholamines in rat and mini-pig plasma and urine by liquid
chromatography-tandem mass spectrometry coupled with solid phase extraction. J. Chromatogr. B. 997, 154-161 (2015).

19. Simon, N., Young, P. How to increase serotonin in the human brain without drugs. J. Psychiatry. Neurosci. 32, 394-399 (2007).
20. Grossi, G. et al. Improvements in automated analysis of catecholamine and related metabolites in biological samples by column-switching

high-performance liquid chromatography. J. Chromatogr. A. 541, 273-284 (1991).
21. Iwamot, T., Yoshiura, M., Iriyama, K. Liquid chromatographic identification of urinary catecholamine metabolites adsorbed on alumina. J. Liq.

Chromatogr. R. T. 10, 1217-1235 (1987).
22. Maycock, P.F., Frayn, K.N. Use of alumina columns to prepare plasma samples for liquid-chromatographic determination of catecholamines.

Clin. Chem. 33, 286-287 (1987).
23. Grossi, G., Bargossi, A., Lippi, A., Battistoni, R. A fully automated catecholamines analyzer based on cartridge extraction and HPLC

separation. Chromatographia. 24, 842-846 (1987).
24. Rondelli, I. et al. New method for the resolution of the enantiomers of 5,6-dihydroxy-2-methyl-aminotetralin by selective derivatization and

HPLC analysis: Application to biological fluids. Chirality. 8, 381-389 (1996).
25. Kumar, A., Hart, J.P., McCalley, D.V. Determination of catecholamines in urine using hydrophilic interaction chromatography with

electrochemical detection. J. Chromatogr. A. 1218, 3854-3861 (2011).
26. Sabbioni, C. et al. Simultaneous liquid chromatographic analysis of catecholamines and 4-hydroxy-3-methoxyphenylethylene glycol in human

plasma: Comparison of amperometric and coulometric detection. J. Chromatogr. A. 1032, 65-71 (2004).
27. Lee, M. et al. Selective solid-phase extraction of catecholamines by the chemically modified polymeric adsorbents with crown ether. J.

Chromatogr. A. 1160, 340-344 (2007).
28. He, H. et al. Facile synthesis of a boronate affinity sorbent from mesoporous nanomagnetic polyhedral oligomeric silsesquioxanes composite

and its application for enrichment of catecholamines in human urine. Anal. Chim. Acta. 944, 1-13 (2016).

https://www.jove.com
https://www.jove.com
https://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2018  Journal of Visualized Experiments March 2018 |  133  | e56445 | Page 10 of 10

29. Subbiah, T., Bhat, G.S., Tock, R.W., Parameswaran, S., Ramkumar, S.S. Electrospinning of nanofibers. J. Appl. Polym. Sci. 96, 557-569
(2005).

30. Hu, W.Y. et al. Packed-fiber solid-phase extraction coupled with high performance liquid chromatography-tandem mass spectrometry for
determination of diethylstilbestrol, hexestrol, and diedestrol residues in milk. J. Chromatogr. B.  957, 7-13 (2014).

31. Liu, Z., Kang, X., Fang, F. Solid phase extraction with electrospun nanofibers for determination of retinol and α-tocopherol in plasma.
Microchim. Acta. 168, 59-64 (2010).

32. Qi, D., Kang, X., Chen, L., Zhang, Y., Wei, H., Gu, Z. Electrospun polymer nanofibers as a solid-phase extraction sorbent for the
determination of trace pollutants in environmental water. Anal. Bioanal. Chem. 390, 929-938 (2008).

33. Kang, X.J., Chen, L.Q., Zhang, Y.Y., Liu, Y.W., Gu, Z.Z. Performance of electrospun nanofibers for SPE of drugs from aqueous solutions. J.
Sep. Sci. 31, 3272-3278 (2008).

34. Chen, L.Q., Wang, Y., Qu, J.S., Deng, J.J., Kang, X.J. Selective extraction of catecholamines by packed fiber solid-phase using composite
nanofibers composing of polymeric crown ether with polystyrene. Biomed. Chromatogr. 29, 103-109 (2015).

35. Chen, L.Q., Zhu, X.H., Shen, J., Zhang, W.Q. Selective solid-phase extraction of catecholamines from plasma using nanofibers doped with
crown ether and their quantitation by HPLC with electrochemical detection. Anal. Bioanal. Chem. 408, 4987-4994 (2016).

36. Hu, H., Zhang, Y., Zhang, Y., Huang, X., Yuan, D. Preparation of a new sorbent based on boronate affinity monolith and evaluation of its
extraction performance for nitrogen-containing pollutants. J. Chromatogr. A. 1342, 8-15 (2014).

37. Chen, J. et al. Sensitive determination of four camptothecins bysolid-phase microextraction-HPLC based on a boronic acid contained polymer
monolithic layer. Anal. Chim. Acta. 879, 41-47 (2015).

38. Li, D., Chen, Y., Liu, Z. Boronate affinity materials for separation and molecular recognition: structure, properties and applications. Chem.
Soc. Rev. 44, 8097-8123 (2015).

39. Yan, J., Springsteen, G., Deeter, S., Wang, B. The relationship among pKa, pH, and binding constants in the interactions between boronic
acids and diols: It is not as simple as it appears. Tetrahedron. 60, 11205-11209 (2004).

40. Reuster, T., Rilke, O., Oehler, J. High correlation between salivary MHPG and CSF MHPG. Psychopharmacology. 162, 415-418 (2002).
41. Beckmann, H., Goodwin, F.K. Urinary MHPG in subgroups of depressed patients and normal controls. Neuropsychobiology. 6, 91-100 (1980).
42. Mitoma, M. et al. Stress at work alters serum brain-derived neurotrophic factor (BDNF) levels and plasma 3-methoxy-4-hydroxyphenylglycol

(MHPG) levels in healthy volunteers: BDNF and MHPG as possible biological markers of mental stress? Prog. Neuropsychopharmacol. Biol.
Psychiatry. 32, 679-685 (2008).

43. Ressler, K.J., Nemeroff, C.B. Role of Norepinephrine in the Pathophysiology and Treatment of Mood Disorders. Biol. Psychiatry. 46,
1219-1233 (1999).

44. Alonso-Spilsbury, M. et al. Perinatal asphyxia pathophysiology in pig and human: A review. Anim. Reprod. Sci. 90, 1-30 (2005).
45. Shalak, L., Perlman, J.M. Hypoxic-ischemic brain injury in the term infant: Current concepts. Early. Hum. Dev. 80, 125-141 (2004).
46. Maas, J.W., Leckman, J.F. relationships between central nervous system noradrenergic function and plasma and urinary MHPG and other

norepinephrine metabolites. MHPG: Basic Mechanisms and Psychopathology. 33-43 Academic Press, (1983).
47. Maas, J.W. Relationships between central nervous system noradrenergic function and plasma and urinary concentrations of norepinephrine

metabolites. Adv. Biochem. Psychopharmacol. 39, 45-55 (1984).
48. Peyrin, L., Pequignot, J.M., Chauplannaz, G., Laurent, B., Aimard, G. Sulfate and glucuronide conjugates of 3-methoxy-4-

hydroxyphenylglycol (MHPG) in urine of depressed patients: Central and peripheral influences. J. Neural. Transm. 63, 255-269 (1985).
49. Peyrin, L. Urinary MHPG sulfate as a marker of central norepinephrine metabolism: A commentary. J. Neural. Transm. 80, 51-65 (1990).

https://www.jove.com
https://www.jove.com
https://www.jove.com

