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Abstract
Improving the time resolution in microdialysis coupled to high performance liquid
chromatography (HPLC) requires that the volume of the separation system be decreased. A low-
volume separation permits smaller microdialysate volumes to be injected without suffering a
sensitivity loss from dilution. Thus, improved time resolution can be achieved with offline
analysis simply by decreasing the separations system volume. For online (near real-time) analysis,
there is a further requirement. The separation speed must be at least as fast as the sampling time.
Here, the combined use of high column pressures and temperatures, sub-2-μm stationary phase
particles, capillary columns, and sensitive, low dead-volume detection resulted in a retention time
for the neurotransmitter serotonin of less than one min in a 500 nL dialysate sample volume. Two
sensitive detectors, photoluminescence following electron transfer (PFET) and electrochemical,
were used for the detection of sub-nanomolar concentrations of serotonin in brain microdialysate
samples. The general principles developed are applicable to a wide range of separations with the
additional advantages of increases in sample throughput and decreases in mobile phase usage.

Monitoring extracellular levels of serotonin (5-hydroxytryptamine; 5-HT) in the central
nervous system with higher temporal resolution than typically practiced (~ 10–30 min) will
be a key to understanding how the dynamics of serotonergic signaling modulate normal and
disease-associated brain function1. The most commonly used method for in vivo
measurement of extracellular serotonin concentration is microdialysis, a sampling method,
coupled to high performance liquid chromatography (HPLC)2. Newton and Justice reported
that one-minute time resolution was possible for microdialysis sampling of dopamine (DA)3.
Indeed, recently, Wang et al. demonstrated 2-s microdialysis time resolution4. Thus,
microdialysis is not currently the limiting factor in defining the time resolution of
microdialysis/HPLC. High speed has recently been attained by HPLC. Approaches to
improving speed include the use of high pressure to increase the linear velocity of the
mobile phase, elevating column temperatures, and using shorter columns packed with
smaller particles5. However, these applications relied on typical injection volumes of several
μL. In microdialysis, the sample volume is defined by the product of dialysate flow rate and
the sampling time. Because typical microdialysis flow rates are in the low- or sub-μL/min
range, a sampling time (and thus time resolution) of 10–30 min is generally required to

Correspondence to: Stephen G. Weber.

NIH Public Access
Author Manuscript
Anal Chem. Author manuscript; available in PMC 2011 December 1.

Published in final edited form as:
Anal Chem. 2010 December 1; 82(23): 9611–9616. doi:10.1021/ac102200q.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



accumulate enough volume of sample (and thus enough mass of analyte) to make an
injection regardless of detector (electrochemical6, mass spectrometric7, or
chemiluminescence8). Newton and Justice3 used 0.5 or 1.0 μL samples and a 500 μm ID
column to determine DA in microdialysate. Jung, et al.9, using a 100 μm inside diameter
(ID) column, performed dopamine (DA) determinations in microdialysate with 0.5 μL
samples. The use of capillary columns with much smaller peak volumes than standard or
microbore (1 mm diameter) HPLC columns minimizes the dilution of small volume
samples10. However, neither of the DA separations mentioned above approached the one-
minute timeframe. The shortest reported retention time for serotonin is ~3.5 min by Ji et al.
11 using a UHPLC system. However, the injection volume of 20 μL still rendered the overall
experimental temporal resolution a modest 20 min. Thus, the rate limiting step in online
microdialysis/HPLC is the separation.

The Poppe plot is a useful tool to understand how operational parameters affect speeds
achievable with a particular number of theoretical plates12. Aided by a Poppe plot, we
selected capillary columns packed with 1.7 μm diameter particles to conduct HPLC
separations of serotonin at up to 80 °C using a splitless pump capable of providing a
maximum pressure of 10,000 psi. The goal of this work was to achieve 1-min separation and
quantification of brain extracellular serotonin levels in microdialysate samples obtained
from unanesthetized mice using an offline chromatographic separation for initial
expediency.

2. Experimental
Chemicals and materials

Acetonitrile (AN) - used for the preparation of mobile phases was HPLC grade (Fisher,
Springfield, NJ). Sources of chemicals are as follows: Isopropanol, trifluoroacetic acid
(TFA), sodium 1-octanesulfonate (SOS), serotonin hydrochloride, 5-hydroxyindole-3-acetic
acid (5-HIAA), dopamine hydrochloride, 3,4-dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), 3-methoxytyramine hydrochloride (3-MT), and 5-hydroxy-N-
methyltryptamine: Sigma (St. Louis, MO); lead dioxide: EM Science (Gibbstown, NJ);
disodium EDTA: Fisher Scientific (Fairlawn, NJ); sodium perchlorate: GFS Chemicals
(Columbus, OH); sodium acetate: MCB (Cincinnati, Ohio). Deionized water was obtained
from a Millipore Milli-Q Synthesis A10 system (Bedford, MA) or was purchased from
Cayman Chemical Co. (Ann Arbor, MI). All chemicals from commercial sources were used
as received without further purification. The PFET reagent Os(bpy)3(PF6)2 (bpy-2,2′-
bipyridine) was prepared according to a previously reported procedure9, 13. Fused silica
capillaries were purchased from Polymicro Technologies, LLC (Phoenix, AZ).

Chromatography
Stock solutions of neurotransmitters and metabolites with known concentrations near 1 mM
were prepared in 0.1 M acetic acid and stored frozen. 5-Hydroxy-N-methyltryptamine (1
mM) was prepared in deionized water. Aqueous standards for chromatography were
prepared by successive 10-fold dilutions of stock solutions with 0.1 M acetic acid, except for
the final dilution where artificial cerebrospinal fluid (aCSF) was used. The aCSF solution
contained (in mM) 147 NaCl, 3.5 KCl, 1.0 CaCl2, 1.2 MgCl2, 1.0 NaH2PO4 and 2.5
NaHCO3 at pH 7.414.

Liquid chromatography experiments were performed using a NanoLC Ultra pump (Eksigent
Technologies, Dublin, CA) that delivers mobile phase at flow rates from 0.1–10 μL/min
without a splitter and generates operating pressures as high as 10,000 psi. A Valco 10-port
valve, which can withstand pressures up to 15,000 psi, was used for manual injections. The
fused silica capillary sample loop was 500 nL. Capillary columns were packed by the slurry
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method9, 15 using a custom-built high-pressure packing system. Frits were made by sintering
borosilicate particles (2 μm, Thermo Fisher Scientific, Indianapolis, IN), which were packed
at the ends of the column. Fused-silica capillaries with 100 μm i.d. and 365 μm o.d. were
used as column blanks. Stationary phases were 2.6 μm XTerra C18 MS and 1.7 μm BEH
C18 bonded (Waters, Milford MA). The packing pressure was increased gradually during
the packing process with a final pressure of ~12,000 psi. Column lengths were in the range
of 4 – 5.5 cm for the 1.7 μm packing material, and 7.5 cm for the 2.6 μm packing material.
Particular lengths are provided in figure legends. Flow rates were approximately 4 μL/
minute for columns with 1.7 μm packing and 6 μL/minute for columns with 2.6 μm packing.

Two heaters were designed and built, one for heating the injection valve and the other for
the column. The injection valve was wrapped with an etched foil-like Kapton heating unit
(Minco Products, inc., Minneapolis, MN), and the temperature sensor was attached to the
center of the top of the valve. The column heater was made of an aluminum cylinder
wrapped with another foil-like heating unit having a small hole in the center to
accommodate capillary columns. The temperature sensor for the column heater was
embedded inside the wall of the aluminum cylinder. These two heaters were controlled
independently by two temperature controllers (Minco Products, inc., Minneapolis, MN),
which were designed to fit the power requirements of the heating units.

Mobile phases were prepared by mixing acetonitrile with aqueous buffers containing 100
mM sodium acetate, 0.15 mM disodium EDTA, and 10 mM SOS. The pH of the aqueous
buffer was adjusted with glacial acetic acid or concentrated NaOH solution to the desired pH
(as stated below). The mobile phase was passed through a Nylon filter with 0.20 μm pores
prior to use (Fisher Scientific, Pittsburgh, PA).

PFET detection
The photoluminescence following electron transfer (PFET) detector has been previously
reported9, 13 and was further modified for enhanced sensitivity. An iBEAM-488-S-3V3
single-mode diode laser (Toptica Photonics AG, Gräfelfing, Germany) with a maximum
optical output of 20 mW was used to provide a 488 nm laser beam as the excitation source.
Fluorescence intensity was measured by an IR-sensitive photomultiplier tube (R374,
Hamamatsu, Bridgewater, NJ) and a 6485 picoammeter (Keithley, Cleveland, Ohio), which
was followed by a low pass programmable analog filter (Model SIM965, Stanford Research
Systems, Inc., Sunnyvale, CA 94089). Data were collected by a PeakSimple
Chromatographic Data System (SRI Instruments, Torrance, CA). Custom mixers were
similar to those reported previously but with capillaries of smaller i.d. to reduce band
dispersion16. Fused silica capillaries of 25 μm i.d. were used as the inlet arms of the mixer
and 39.5 μm i.d. capillaries were used as the mixing/reacting arms. The detection window
was ~30 cm from the mixing point. A 1 mM stock solution of Os(bpy)3(PF6)2 was prepared
in acetonitrile. This was diluted with an acidic electrolyte solution (0.2% TFA and 0.1 M
NaClO4 in acetonitrile or water) to prepare the PFET reagent solution.

Electrochemical detection
The electrochemical detector was composed of a BASi radial-style thin-layer auxiliary
electrode (West Lafayette, IN), a 13-μm thick Teflon spacer and a custom-built 1 mm
diameter glassy carbon electrode block. This thin spacer provides a detector volume that
minimizes band broadening in the flow cell. The glassy carbon electrode was secured in the
center of a Kel-F block with Spurr low viscosity epoxy resin (Polysciences, Inc.,
Warrington, PA), which was allowed to cure at 70 °C for at least 8 h. Electrical contact was
made by connecting the glassy carbon electrode to a metal pin using silver epoxy H20E
(Epoxy Technology Inc., Billerica, MA), which was cured at 80 °C overnight. Before
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assembling the flow cell, the electrode block was wet polished with 0.05 μm γ-alumina
(Buehler Ltd., Lake Bluff, IL, USA), rinsed, and sonicated with deionized water. The
electrochemical detector was housed in a Faraday cage. A short length of 25 μm i.d. fused
silica capillary acted as a connecter between the column and the detector. A BASi Epsilon
potentiostat controlled the detection potential at +0.7 V vs. Ag/AgCl (3 M NaCl).

Microdialysis
Dialysates contain a number of interfering peaks not found in standards. Thus, it was
necessary to assess our approach to the separation of serotonin using actual microdialysis
samples. Nine-week-old male mice (~ 40 g) with constitutive loss of serotonin transporter
expression (SERT−/−) and wildtype mice (SERT+/+) were used for these experiments1, 14.
All procedures involving animals were approved by The Pennsylvania State University
Institutional Animal Care and Use Committee and strictly adhered to National Institutes of
Health Animal Care and Use Guidelines.

Guide cannulae for CMA/7 microdialysis probes (CMA Microdialysis, Solna, Sweden) were
implanted in the right ventral hippocampus at A-2.8, L-3.5, V-2.2 under isoflurane
anesthesia2 Three to five days later, mice were briefly anesthetized and a microdialysis
probe (CMA 7, 2 mm × 240 μm cuprophane membrane; 6,000 MW cutoff) was slowly
inserted into the cannula. Ascorbate (7 μM) was added to aCSF to prevent oxidation of
serotonin. Artificial cerebrospinal fluid was vacuum-filtered using 0.45 μm Millipore filters
and loaded into 1 mL syringes to be used with a CMA 102 programmable infusion pump.
The pump and probe were connected via a zero dead-volume CMA 110 liquid switch.

Two mice were studied: one SERT+/+ and one SERT−/−. Before experiments began,
probes were perfused with aCSF overnight at 1.1 μL/min in vivo. The following morning,
baseline samples were collected from each mouse at either 1 μl/min for 3 h or 3 μL/min for
1 h (i.e., samples were 180 μL) into borosilicate glass HPLC microsampler vials (CMA
Microdialysis, North Chelmsford, MA). Following this, probes were perfused with aCSF
containing isoosmotic 120 mM K+ for 20 min (3 μL/min) to evoke presynaptic release of
serotonin. One sample was collected during high K+ stimulation, as well as a second sample
containing the dialysate fraction during the 20 min period immediately after high K+

administration. All samples were frozen immediately at −80 °C sent to the University of
Pittsburgh by overnight courier, also on dry ice. Samples from the SERT+/+ mouse were
collected on “day one”, frozen at −80 °C, shipped on day 6, received on day 7, and analyzed
with EC detection on day 9. SERT−/− samples were shipped on day 1, received and
analyzed by EC detection on day 2, and by PFET on day 23. Samples were kept frozen at
−80 °C when not being analyzed. Our tests of stability show that there is no loss of 5-HT in
one day on dry ice, and no loss of 5-HT after 22 days at −80 °C. However, samples that are
thawed and frozen do degrade.

3. Results and discussion
The Poppe plot provides a way to know whether or not a chromatographic system can
provide a particular number of theoretical plates (N) in a particular time when full
advantage17 of the maximum available pressure is taken. That pressure may be used with
long columns to obtain the maximum N possible (with a given column at a particular
temperature), or it may be used with short columns to achieve high speed with a sacrifice in
N. Figure 1 shows Poppe plots for different HPLC configurations, e.g., stationary phase
particle diameters, temperatures, and maximum column pressures, obtained according to a
method previously described12b. Conceptually, the plate height, H, is determined by mobile
phase velocity and parameters of the solute (diffusion coefficient, retention factor) and
column (packing material diameter, porosity, etc.) as expressed in the well-known Knox or
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van Deemter equations. N depends on column length, L, and H. To arrive at a curve on this
plot, first recall that the maximum available pressure, Pmax, is used. A point on the curve can
be determined by choosing a value of L which, with pressure and column properties, gives a
value of the mobile phase velocity. The velocity and length, along with some column
properties, give the void time, t0, which is needed for the vertical axis. The velocity also
gives H (measured or calculated, e.g, from the Knox equation). H and L give N, which is
needed for both axes. Note that changes in temperature change viscosity. Changes in
viscosity change the velocity for a given column and pressure as well as the diffusion
coefficient of the solute. Thus changes in temperature affect H. Each curve in Fig. 1
represents the shortest time-per-theoretical-plate, t0/N, that can be achieved given a certain
number of theoretical plates, N, using the given HPLC configuration. The desirable area of
the plot is the lower right (large N, short time), however, the space below and to the right of
each curve is inaccessible for the chosen conditions. Mass transfer resistance (C term in the
plate height equation) dominates at the lower left of each curve, while the axial diffusion (B
term) becomes dominant at the upper right. Each straight line with a slope of -1 consists of
points with the same dead time, t0. A t0 of 7.5 s corresponds to a retention time of 1 min (k′
~7 in preliminary work with a mobile phase containing 10% AN (v/v)) for serotonin. Hence,
separation of serotonin within one min falls in the area to the left of the dead time line
corresponding to 7.5 s. To obtain the needed separation, the column efficiency should be at
least 3000–4000 plates. The shaded target area represents conditions that are sufficient (t0
less than 7.5 s and N>3500).

Curves A and B (Fig. 1) taken together show the effect of raising the maximum column
pressure from 4000 psi (A) to 7000 psi (B) for a separation at 25 °C with 2.6 μm diameter
particles. Condition B can produce a shorter time per theoretical plate than condition A, but
there is no overlap between the accessible area (above the curves) and the target area,
meaning that the desired separation cannot be achieved under these conditions. Replacing
2.6 μm particles with 1.7 μm particles (curve B vs. C) results in the accessible area moving
down towards shorter plate times. This leads to a small amount of overlap with the target
area. However, a much larger overlapping area, the hatched pseudo-triangle in Figure 1, is
obtained by carrying out the separation at an increased temperature of 70°C (D). In recent
years, others have reported experimental results that revealed similar effects of column
pressure, temperature, and particle size on separation speed18.

In anticipation of the decrease in k′ occurring on raising the column temperature, we
adjusted the mobile phase to a composition containing only 4% AN (v/v, full details
accompany the figures). Using the information derived from Figure 1, we conducted
separations of standard mixtures of monoamine neurotransmitters, including serotonin, and
their metabolites using several HPLC configurations. Figure 2 shows how the retention time
and retention factor of serotonin were reduced when both higher pressures and temperatures
were used. Ultimately, the changes caused a 13-fold decrease in the retention time of
serotonin.

When analyzing trace amounts of serotonin, such as those found in basal microdialysis
samples, another challenge appeared, namely interfering peaks from impurities in the aCSF.
Further optimization of the separation conditions was necessary to avoid overlap of the
serotonin peak and interfering peaks. At about 80 °C, the serotonin peak co-eluted with two
unknown peaks (Figure S1). Because the relationship between retention factor and
temperature for serotonin is different than for the interferents, lowering the operating
temperature to 70 °C successfully shifted the serotonin peak to a position where there were
no co-eluting species. With these conditions, serotonin was readily determined at
concentrations as low as 200 pM. We expect that the elution conditions can be further
optimized to obtain good separation within shorter run times. We note that a few peaks elute
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after 5-HT and thus may interefere with a subsequent chromatogram. These peaks elute in
the subsequent chromatogram during the large “offscale” peak at low k′ attributable to polar
electroactive substances, chiefly ascorbate. As a result, we do not see interferences from
previous injections when making serial injections with one minute or less between
injections.

The limit of detection (LOD) was calculated based on three times the standard deviation of
the noise level around the serotonin peak position (approximately 0.82 – 0.92 minutes when
the retention time is 0.86 minutes), and was about 0.07 nM for the system with
electrochemical detection, and 0.20 nM for the PFET detector. Figure 3 shows separations
of serotonin in microdialysis samples obtained from the hippocampus of mice, both SERT−/
− and SERT+/+. Peak identities were confirmed by spiking samples (2 nM spike
concentration) and injecting again. Within-day retention reproducibility was excellent. For
example, the serotonin peaks in standards and SERT−/− samples from one typical day had
an average retention time of 51.68 s with a standard error of 0.08 s (38 injections). We have
shown previously using microdialysis and conventional HPLC separation conditions that
extracellular serotonin is elevated 6-fold in striatum and 10-fold in frontal cortex in SERT−/
− mice14. A chromatogram from a SERT−/− mouse with PFET detection is shown as Fig.
S2.

Table 1 shows that for both electrochemical and PFET detection, serotonin concentrations
are significantly higher in samples collected at a perfusion flow rate of 1 μl/min than those
measured in dialysate samples collected at a flow rate of 3 μl/min. This is due to the fact that
relative recovery increases with decreasing dialysate flow rates19. Serotonin levels increased
significantly after perfusion of high K+-containing aCSF and subsequently returned to lower
levels in the dialysate samples immediately following perfusion with 120 mM K+. Together,
these data demonstrate that the peak being monitored is sensitive to depolarization stimulus,
which is further evidence, in conjunction with retention time and coelution with spiked
standard, that this peak is serotonin14. The PFET detection experiments were carried out
three weeks after the electrochemical detection experiments during which time the samples,
which had been thawed for the electrochemical detection measurements for various times,
were frozen at −80 °C, but without acid preservative. As mentioned in the experimental
section, thawing and freezing results in some 5-HT loss. Thus, the concentrations
determined by PFET are lower than those determined by electrochemical detection.

4. Conclusions
Equipped with sensitive electrochemical and PFET detectors, basal serotonin levels in
microdialysis samples can be measured using capillary high pressure and temperature liquid
chromatography in one minute or less. The high speed and improved mass sensitivity
require the use of capillary columns, 1.7 μm particles (or similar sub-2 μm particles),
elevated temperature, and elevated pressure. We envision this method, when coupled with
microdialysis, will lead to the determination of serotonin levels in the central nervous
system with a temporal resolution of one min or less in awake, behaving animals.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Poppe plots for various liquid chromatography configurations
A: 2.6 μm particles, 4000 psi, 25 °C. Chromatograms from Jung, et al.9 and related
unpublished work with 2.6 μm particles were used to establish an estimate of the “C term”
which is the most important term for high-speed work. The dimensionless C term, which
includes a contribution from the postcolumn reactor, was determined to be 0.22. Typical
values of 2 and 1.5 for B and A respectively were used. These values represent data for 1.7
μm particles well. In order to determine Poppe plots with new conditions we used published
equations and temperature dependence of viscosity20 B: 2.6 μm particles, 7000 psi, 25 °C,
C: 1.7 μm particles, 7000 psi, 25 °C, D: 1.7 μm particles, 7000 psi, 70 °C. Here, N is the
number of theoretical plates, t0 is the dead time for unretained analytes, and t0/N is plate
time. Separation conditions that overlap with the desired separation time for serotonin<1
min, corresponding to t0<7.5 s, and that are accessible are denoted by the hatched blue area.
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Figure 2. Effect of separation conditions on serotonin retention times
Column: 100 μm i.d. × 5.5 cm length, 1.7 μm BEH C18 bonded stationary phase. Flow
rates: A to F, 1.5 μL/min; G, 4.0 μL/min. Mobile phase: pH 4.0 aqueous buffer containing
100 mM sodium acetate, 0.15 mM disodium EDTA, and 10 mM SOS, with 4% (v/v)
acetonitrile. Peaks: (1) Serotonin; (2) N-Me-5-HT; (3) 3-methoxytyramine. In separate
experiments, we determined that norepinephrine elutes even earlier than dopamine. Thus,
neither neurotransmitter elutes close to serotonin.
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Figure 3. Fast analysis of microdialysis samples
Left: Column: 100 μm i.d. X 5.1 cm, 1.7 μm BEH C18 bonded. Temperature: 70 °C. Flow
rate: 4 μL/min. Mobile phase: pH 4.0 aqueous buffer containing 100 mM sodium acetate,
0.15 mM disodium EDTA, and 10.0 mM SOS, mixed with 4% (v/v) acetonitrile,
electrochemical detection. 1. aCSF, 2. 500 pM 5-HT, 3. Representative baseline
microdialysate collected from the hippocampus in a serotonin transporter deficient mouse
(SERT−/−) at 3 μL/min, 4. Baseline microdialysate at 1 μL/min. Right: Column: 100 μm
i.d. × 5.5 cm length, Flow rate: 3.7 μL/min, remainder of conditions same as above. Top
trace, 200 pM 5-HT standard in aCSF; middle trace, representative hippocampal
microdialysate sample from a wildtype SERT+/+ mouse; bottom trace, aCSF.
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Table 1

Serotonin concentrations (nM ± SEM (number of injections)) in dialysate samples from a SERT−/− mouse

Sample Electrochemical detection PFET detection

Baseline aCSF perfused at 1 μL/min 3.1 ± 0.2** (3) 1.7 ± 0.4* (3)

Baseline aCSF perfused at 3 μL/min 1.1 ± 0.01 (2) 0.5 ± 0.1 (3)

120 mM K+ aCSF at 3 μL/min 5.5 ± 0.2††,*** (3) 4.2 ± 0.5†,** (3)

Post 120 mM K+ aCSF at 3μL/min 2.3 ± 0.2 (3) 2.2 ± 0.1 (3)

*
p<0.1,

**
p<0.01, and

***
p<0.001 vs. baseline aCSF perfused at 3 μL/min;

†
p<0.05 and

††
p<0.001 vs. post K+ aCSF at 3 μL/min. Comparisons are by unpaired two-tailed t-tests.
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