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Abstract
Heparin-immobilized microspheres were included in microdialysis sampling perfusion fluids
under both in vitro and in vivo conditions to improve the recovery of different cytokines, acidic
fibroblast growth factor, vascular endothelial growth factor, monocyte chemoattractant protein-1
(or CCL2), and regulation upon activation normal T cell express sequence (or CCL5). Different
strategies to dissociate captured CCL2 and CCL5 from the immobilized heparin were attempted,
and both cytokines could be quantitatively eluted from the beads using a phosphate buffer (pH
7.4) containing 25% (v/v) acetonitrile which did not interfere with the subsequent detection of
cytokine using an ELISA assay. Using these heparin-immobilized microspheres, a two to fivefold
increase of microdialysis relative recovery (RR) was achieved for the four cytokines from a
quiescent solution. Enhanced microdialysis RR of CCL2 using the heparin-immobilized
microspheres from microdialysis probes implanted into the peritoneal cavity of a rat was
performed to test the in vivo application. This work suggests that the heparin-immobilized
microspheres provide an alternative affinity agent to the previously used antibody-immobilized
microspheres for enhanced microdialysis sampling of cytokines.
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Introduction
Cytokines are important signaling proteins that are secreted by immune cells and are present
in tissue extracellular fluid [1-3]. Due to their potent activity, cytokines normally are
measured in biological tissues at picomolar to femtomolar concentrations. Elevated
expression of cytokines indicates the activation of cytokine pathways associated with
inflammation or disease progression [4]. Thus, analytical methods that can be applied to the
real-time collection and quantification of cytokines in situ are prerequisites for the study of
cytokine biology and their involvement in pathology.
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Microdialysis sampling is a well-established in vivo sampling technique [5, 6]. Sampling is
based on passive diffusion of analytes across a semi-permeable hollow-fiber dialysis
membrane. Collected dialysate samples can be directly analyzed by a variety of analytical
methods, thus providing concentration and temporal information of the targeted analyte
within its local tissue environment [7, 8]. Microdialysis sampling has been extensively used
for in vivo collection of low-molecular-weight hydrophilic analytes in the study of drug
metabolism, neuroscience, and pharmaceutics [9-11]. The efficiency of the dialysis process
with respect to analyte mass transport is characterized by the analyte relative recovery (RR),
shown in Eq. 1,

(1)

where Coutlet is the outlet analyte concentration of microdialysis probe and Csample,∞ is the
analyte concentration far away from the microdialysis probe in the sample medium [12].

Microdialysis RR is highly dependent on the analyte diffusion properties which can be
characterized by the analyte mass transport resistances among the three different regions it
passes: sample medium, dialysis membrane, and perfusion fluid. Protein molecules, such as
cytokines, usually have small RR values due to their large molecular weights and small
aqueous diffusion coefficients. Typical microdialysis RR values for 10-kDa or larger
proteins across 100-kDa molecular weight cutoff (MWCO) membranes range between 1%
and 5% at flow rates of 0.5 and 1.0 μL/min [13-15]. The combination of low recovery of
cytokines and their suspected low concentrations in vivo makes collecting these important
signaling proteins challenging especially when using shorter microdialysis probes with
higher flow rates (10-mm probes with 1.0-μL/min flow rate) intended for basic science
studies as compared to the longer microdialysis probes with lower flow rates for clinical
studies (10- or 30-mm probes with 0.3-μL/min flow rate) [16, 17].

Previously, we have reported the use of commercially available antibody-immobilized
microspheres (7 μm o.d.) as affinity agents to increase cytokine RR during microdialysis
sampling both in vitro and in vivo [18, 19]. The antibody–antigen interaction between
cytokines and the microspheres results in an increased cytokine diffusive mass transport
driving force and thus increased amounts of cytokines recovered. An average of 3 to 20
times RR enhancement was achieved for a series of cytokines using these antibody-
immobilized microspheres. One problem associated with the analysis step using the
antibody-immobilized microsphere approach is that we have previously observed the
saturation of the antibodies when cytokine concentrations are >5,000 pg/mL, resulting in
analyses that are not quantitative [19]. This difficulty is a severe concern when there is a
need to quantify multiple cytokines expressed at concentrations that span a wide dynamic
range. Flow cytometry analysis does not allow for repeated sample measurements; thus, if
certain cytokine concentrations are out of range, there is no possibility to reanalyze the
sample. For this reason, alternative approaches that will separate the cytokine recovery or
capture event from the actual analysis are desired.

Heparin is a heterogeneous linear polysaccharide belonging to the family of
glycosaminoglycans (GAGs) that are commonly found on the membrane of cells or within
the extracellular matrix [20]. Heparin is negatively charged at physiological pH due to its
highly sulfated disaccharide repeating units, sulfated uronic acid, and glucosamine. Heparin
and other GAGs are of critical importance in intercellular communication in organisms due
to their interactions with a wide variety of proteins [21]. Heparin affinity chromatography is
commonly used in life science research for the removal or separation of different heparin-
binding proteins. Several cytokines have been reported to bind heparin with dissociation
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constants in the nanomolar range [22-24]. Specific interactions between cytokines and
heparin in vivo have been reviewed [25].

Antibody–antigen interactions typically have dissociation constants, KD, in the low
nanomolar range, and their dissociation rate constants (koff) are roughly 10−5 s−1 [26, 27].
These slow dissociation kinetics generally require harsh conditions (low pH) to decouple the
formed antibody–antigen complex, which subsequently interfere with immunoassay
quantitation. Compared to antibody–antigen interactions, GAG (heparin)–cytokine
interactions generally have faster dissociation rates (koff in the range 10−2–10−4 s−1) [28-30].
This is due to several factors, including shallow heparin binding pockets on the surface of
cytokines and rapid conformational rearrangement of heparin on binding to cytokines [21].
Faster heparin/cytokine kinetics may provide an advantage for the dissociation of cytokine
from heparin. Therefore, for the capture of cytokines, it is reasonable to consider decoupling
the affinity capture step from the detection step using heparin-immobilized microspheres
instead of the antibody-immobilized microspheres especially when during microdialysis
sampling cytokine concentrations are in many cases unknown. Additionally, heparin
provides the advantage of low cost, wide availability, and chemical stability compared to
antibodies.

In this paper, we report an approach to use in-house prepared heparin-immobilized
microspheres as affinity agents to increase the in vitro microdialysis RR of four proteins that
will collectively be called cytokines, human acidic fibroblast growth factor (aFGF, pI 5.4,
MW 16.0 kDa), rat vascular endothelial growth factor (VEGF, pI 8.5, MW 45.0 kDa), rat
monocyte chemoattractant protein-1 (MCP-1/CCL2, pI 10.5, MW 26.2 kDa), and rat
regulation upon activation normal T cell express sequence (RANTES/CCL5, pI 9.0, MW 8.0
kDa). Cytokine quantification was achieved either by bead-based flow cytometry or by
ELISA after dissociation of cytokines from the microspheres using an appropriate
dissociation reagent. Enhanced microdialysis RR of CCL2 from the rat peritoneal cavity
using the heparin-immobilized microspheres demonstrates the in vivo application of this
approach. A flowchart for the experimental approaches described in this manuscript is
shown in Fig. 1.

Experimental section
Chemicals

Glycerol, heparin (sodium salt from porcine intestine), neomycin, protamine, poly-L-lysine,
albumin (from bovine serum, BSA), and lipopolysaccharide (LPS, from Escherichia coli
K-235) were purchased from Sigma (St. Louis, MO, USA). Cell culture grade water and
phosphate-buffered saline (PBS, 1X, Dulbecco’s formula, pH 7.4, consisting of CaCl2 0.90
mM, MgSO4 0.49 mM, KCl 2.68 mM, KH2PO4 1.47 mM, NaCl 136.89 mM, and Na2HPO4
8.10 mM) purchased from MP Biomedicals (Irvine, CA, USA) were sterilized and used for
in vivo experiments. LPS was dissolved in sterilized PBS at a concentration of 100 μg/mL
and stored at 4 °C before use. Isoflurane (liquid for inhalation anesthesia) was purchased
from Hospira, Inc. (Lake Forest, IL, USA). HPLC grade water, acetonitrile (Fisher
Scientific, Pittsburgh, PA, USA), and in-house prepared PBS (pH 7.4, consisting of NaCl
136.89 mM, Na2HPO4 8.10 mM, KH2PO4 1.47 mM, and KCl 2.68 mM) were used for in
vitro experiments. Recombinant rat MCP-1 was from Cell Sciences (Canton, MA, USA).
Rat MCP-1 ELISA kit was from BD Biosciences Pharmingen (San Jose, CA, USA).
Recombinant human aFGF, biotin-conjugated anti-human aFGF polyclonal antibody, and
human aFGF ELISA kit were obtained from Antigenix America, Inc. (Huntington Station,
NY, USA). Recombinant rat RANTES and rat RANTES ELISA kit were purchased from
Peprotech, Inc. (Rocky Hill, NJ, USA). Recombinant rat VEGF and rat VEGF ELISA kit
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were from R&D Systems, Inc. (Minneapolis, MN, USA). R-phycoerythrin-conjugated
streptavidin was purchased from Molecular Probes, Inc. (Eugene, OR, USA).

CCL2 and CCL5 dissociation
The preparation of heparin-immobilized microspheres has been described [31]. A total of
1.0×107 heparin-immobilized microspheres were incubated with 500 μL of CCL2 or CCL5
(2.5 ng/mL) in PBS (pH 7.4) containing 0.05% (w/v) BSA at room temperature for 2 h.
After centrifugation, the supernatant was removed and the cytokine content in the
supernatant was determined using the corresponding rat CCL2 or rat CCL5 ELISA kit.
Absorbance at 450 nm (corrected by subtraction of absorbance at 570 nm) was monitored
using a Tecan SPECTRAFluor plate reader (Tecan Group Ltd., Männedorf, Switzerland).
The amount of cytokine captured on the microspheres was determined by mass balance,
which was the difference between the amount of cytokine added and that remaining in the
reaction mixture.

Screening of appropriate reagents for cytokine dissociation from the heparin-immobilized
microspheres was carried out using a parallel batch dissociation assay. Solutions (110 μL) of
different dissociation reagents (Table 1) were added to 8×105 microspheres with bound
CCL2 or CCL5. The suspension was equilibrated at 4 °C for 12 h. After centrifugation, the
supernatant was removed and cytokine content in the supernatant was determined using the
ELISA kit. The percent cytokine dissociated was calculated for each batch based on mass
balance, which was the mass ratio of cytokine eluted to the total amount of cytokine loaded
on the microspheres.

Bead loss determination
CMA/20 microdialysis probes with a 10-mm polyethersulfone (PES) membrane (100-kDa
MWCO, i.d. 420 μm, o.d. 500 μm, CMA Microdialysis, North Chelmsford, MA, USA) were
used. The external diameter of the probe internal cannula is 350 μm. A 1000 series gastight
syringe (Hamilton, Reno, NV, USA) mounted on a BAS microdialysis syringe pump with a
Bee syringe pump controller (BASi, West Lafayette, IN, USA) was used to pump the
perfusion fluid (PBS with 0.05% (w/v) BSA, pH 7.4) through the microdialysis probes. To
determine the mass balance of microspheres passing through the microdialysis sampling
system, the heparin-immobilized microspheres at an amount of 2.24±0.11×107 beads/mL in
the perfusion fluid were included in the syringe and perfused through the microdialysis
probe at three different flow rates (2.0, 1.0, and 0.5 μL/min). The concentration of
microspheres used here was based on total heparin content determined so as to match
previous work using a heparin–albumin conjugate (which was 7.7×105 beads/mL) [32]. The
syringe was agitated on an in-house built rotator that can rotate 180° and make a complete
cycle in 90 s [32]. The rotator served to keep the microspheres in suspension within the
syringe during microdialysis sampling. Three dialysate samples (75 μL each) were collected
at each flow rate. After each collection, the flow rate was increased to 5.0 μL/min and the
system was perfused for 10 min. The bead amount collected in each sample was determined
by manual counting on a hemacytometer (Hausser Scientific, Horsham, PA, USA).

In order to find the bead loss site through the microdialysis sampling system, the heparin-
immobilized microspheres at an amount of 1.85±0.10×107 beads/mL were included in a
syringe that was perfused at 0.5 μL/min for 120 min. The microspheres were collected at
three different positions denoted in Fig. 2. The bead amounts collected at each position were
determined by manual counting with a hemacytometer.
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In vitro microdialysis sampling
In vitro microdialysis sampling of cytokines was performed at ambient room temperature
(21–25 °C). The perfusion fluid consisted of either 0.05% (w/v) BSA in PBS (pH 7.4)
together with heparin-immobilized microspheres (2.24×107 beads/mL) for enhanced
microdialysis sampling or 0.05% (w/v) BSA in PBS (pH 7.4) for the control experiment. For
the enhanced microdialysis experiment that included the heparin-immobilized microspheres
in the perfusion fluid, the syringe was agitated on the rotator to keep the microspheres in
suspension within the syringe. Solutions containing each cytokine (200 ng/mL of aFGF or
VEGF; 10 ng/mL of CCL2 or CCL5) were prepared in a buffered solution having the same
composition as the perfusion fluid (PBS with 0.05% (w/v) BSA, pH 7.4). A 1-mL portion of
the cytokine solution was placed into a 1.5-mL microcentrifuge tube. Two CMA/20
microdialysis probes with a 10-mm PES membrane for both control and enhanced
microdialysis experiments were immersed into this quiescent solution.

During microdialysis sampling, the probes were perfused at flow rates of 2.0, 1.0, and 0.5
μL/min, and 75 μL of sample was collected at each flow rate. All the microdialysis
experiments (both control and those containing heparin-immobilized microspheres in the
perfusate) were performed in triplicate at each flow rate using one probe. All samples were
stored at 4 °C prior to sample analysis.

Sample preparation and analysis
aFGF and VEGF The concentration of aFGF or VEGF in the dialysate collected from the
control probe was measured by mixing 15 μL of dialysate with 15 μL of heparin-
immobilized microspheres (4.48×107 beads/mL) followed by flow cytometric analysis as
per the procedure described in the previous paper [31]. Dialysates (30 μL) containing
microspheres were analyzed directly by flow cytometry. Dialysate sample of aFGF was
analyzed on the BD FACSArray flow cytometer (BD Biosciences) and the VEGF sample
was analyzed on the Luminex 100 system (Luminex Corp., Austin, TX, USA). Each sample
was measured in duplicate and the average was taken for RR calculation. Cytokine
concentration in the sample medium was determined in duplicate via splitting of a 30-μL
aliquot taken before and after microdialysis sampling. The average concentration between
these duplicate samples was taken as the cytokine concentration in the sample medium for
RR calculation.

CCL2 and CCL5 Dialysate (60 μL) collected from the control probe or probe with
microspheres was diluted to 120 μL with the perfusion fluid, which was supplemented to an
acetonitrile concentration of 25% (v/v). The suspension was then incubated at 4 °C for 12 h
to allow dissociation of CCL2 or CCL5 from the microspheres. After dissociation, samples
containing acetonitrile were centrifuged at 700×g for 1 min. Solution (control dialysate, 110
μL) or supernatant (dialysate with microspheres, 110 μL) was further diluted to 220 μL with
the assay diluent from the ELISA kit. Cytokine concentrations in the samples were
determined in duplicate using the corresponding ELISA kit. Cytokine concentration in the
sample medium was determined in duplicate via splitting of a 60-μL aliquot taken before
and after microdialysis sampling. The average concentration between these duplicate
samples was taken as the cytokine concentration in the sample medium for RR calculation.

In vivo microdialysis sampling
Male Sprague–Dawley rats (200–225 g, Taconic, NY, USA) were used for in vivo
microdialysis sampling experiments. All animal experimental protocols were approved by
the Albany Medical College IACUC committee and met the guidelines set forth by the NIH
for the care and use of experimental animals. The rats were anesthetized with isoflurane
during the whole experiment. Body temperature was maintained at 37.0±0.5 °C using a
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rectal temperature-controlled heating pad (CMA Microdialysis, Inc.) during the aseptic
surgery and sampling process. All surgical tools were autoclaved before use.

To insert the microdialysis probes, two 0.5-cm incisions were made in the abdominal wall,
one on each side. Two identical CMA/20 microdialysis probes with 10-mm PES membranes
were inserted through each incision into the peritoneal cavity, and the incisions were closed
using surgical staples. The probe tubing lines were taped to the animal to minimize probe
movement. A tissue wetted with sterile PBS was placed on the incisions to prevent tissue
dehydration. One probe served as the control probe which was perfused with sterile PBS
containing 0.1% (w/v) BSA. The other probe was perfused with the same perfusion fluid as
control together with heparin-immobilized microspheres (2.0×107 beads/mL) for enhanced
microdialysis sampling. The syringe with the heparin-immobilized microspheres in the
perfusion fluid was agitated on the rotator as used for in vitro experiment to keep the
microspheres in suspension within the syringe. Dialysates were collected every 30 min after
probe implantation for a total of 3 h at a flow rate of 1.0 μL/min. To elicit an immune
response that would produce CCL2, the rats were intravenously administered with LPS (0.1
μg/g of body weight) 30 min post-probe implantation. At the end of the experiment, 200 μL
of sterile PBS was injected into the peritoneal cavity after microdialysis probe removal and
equilibrated for 1 min. The fluid was then removed from the cavity and used to determine
the concentration of CCL2 in the peritoneal cavity. All samples were stored at 4 °C <2 days
prior to analysis.

In a separate set of experiments, the perfusion of free heparin was compared to the heparin-
immobilized microspheres for the ability to increase the in vivo microdialysis RR of CCL2.
Three probes were implanted into the peritoneal cavity and perfused with sterile PBS
containing either 0.1 μM of heparin in 0.1% (w/v) BSA, 4.0× 106 beads/mL (~0.1 μM
heparin) in 0.1% (w/v) BSA, or 0.1% (w/v) BSA (control). Implantation and LPS dosing
schedules were the same as described above.

Samples were analyzed using the same procedure as the in vitro experiment. Dialysate (30
μL) collected from control probe or probe with microspheres was diluted to 60 μL with the
perfusion fluid, which was supplemented to an acetonitrile concentration of 25% (v/v). The
suspension was then incubated at 4 °C for 12 h to allow dissociation of CCL2 from the
microspheres. After centrifugation at 700×g for 1 min, solution (control dialysate, 55 μL) or
supernatant (dialysate with microspheres, 55 μL) was further diluted to 220 μL with the
assay diluent from the ELISA kit. CCL2 concentration was determined in duplicate using
the rat CCL2 ELISA kit. The peritoneal washed sample was also measured in duplicate
using the rat CCL2 ELISA kit.

In vitro calibration of explanted microdialysis probes
After completing the in vivo microdialysis sampling experiment, each pair of microdialysis
probes implanted in each rat was calibrated. Two CMA 1-mL glass microsyringes were
mounted on a CMA/102 dual-channel microdialysis pump (CMA Microdialysis Inc.) and
used to pump the perfusion fluid through the microdialysis probes. The perfusion fluid had
the same composition as the one used for the in vivo control experiment, which was the PBS
containing 0.1% (w/v) BSA, pH 7.4. Probes explanted from the peritoneal cavity were first
perfused (flow rate=1.0 μL/min) with HPLC grade water at room temperature for 1 h and
stored before calibration. Solutions containing the same concentration of CCL2 as quantified
in the peritoneal wash solution for each rat (49, 36, 35, 38, 77, and 32 ng/mL for rats 1 to 6,
respectively; Table 4) were prepared as the sample solution. A 500-μL portion of this
solution was placed into a 1.5-mL microcentrifuge tube and used as the sample medium
which was quiescent and kept at 37±0.5 °C in a sand bath. Two explanted microdialysis
probes from each rat were immersed into each corresponding solution. The probes were
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perfused at a flow rate of 1.0 μL/min using the perfusion fluid, and 30 μL of dialysate was
collected. All experiments were performed in triplicate using each probe. Samples were
stored at 4 °C prior to analysis.

Statistical analysis
Statistical analysis of data including one-way analysis of variance (ANOVA), two-way
ANOVA with replicate samples, and the Student’s t test was performed using Microsoft
Office Excel (Edition 2007).

Results and discussion
Dissociation of cytokines from the heparin-immobilized microspheres

An important aspect of this work was to be able to capture cytokines with heparin-
immobilized microspheres and release the cytokines so that standard protein detection
methods could be used. An ideal dissociation reagent should be able to release a maximum
amount of cytokine from the microspheres and still be compatible with ELISA or other
detection methods. For this purpose, a series of judiciously chosen dissociation reagents
were screened for their ability to release CCL2 and CCL5 from the heparin-immobilized
microspheres. Table 1 shows the percentage of CCL2 and CCL5 released by various
reagents, including different salt types at different concentrations, buffers at different pH
values, buffers with organic modifiers, and highly positively charged displacers. The
reagents are arranged in increasing order of percent CCL2 released from the heparin-
immobilized microspheres. All the conditions tested were found to not interfere with the
CCL2 and CCL5 ELISA assays. While heparin/protein interactions are usually considered to
be mostly ionic [22, 33, 34], 2 M NaCl was not effective enough to completely dissociate
CCL2 or CCL5 from the heparin-immobilized microspheres in this experiment. This may be
explained by the batch condition used in this work as compared to the continuous flow
condition commonly used in heparin-sepharose affinity chromatography for cytokine
binding studies [25]. The cation-exchange displacer, neomycin, or the heparin-binding
protein and polypeptide, protamine and poly-L-lysine, did not exhibit acceptable
displacement efficacy either using concentrations that did not sacrifice immunoassay
performance. However, the percent CCL2 or CCL5 that was eluted significantly increased
using a PBS buffer supplemented with 20–30% (v/v) acetonitrile. More than 90% of bound
cytokine could be dissociated from the heparin-immobilized microspheres using this
method, and acetonitrile below 30% (v/v) in the dissociation buffer did not interfere with the
subsequent ELISA assay. This suggests that binding of the cytokine to heparin may involve
more than electrostatic interactions between the negatively charged heparin and the cytokine
protein.

Bead loss determination during microdialysis sampling
It is possible for the microspheres to settle during the microdialysis sampling process. Table
2 shows the amount of microspheres collected under varying flow rate conditions.
Approximate amounts of 1.7–2.0×107 beads/mL (1.31–1.52×106 beads in 75 μL of
dialysate) could be collected at the probe outlet with three different flow rates (0.5, 1.0, and
2.0 μL/min) when the amount of 2.24×107 beads/mL (1.68×106 beads in 75 μL of perfusion
fluid) was included in the syringe, indicating that 78–90% microspheres passed through the
microdialysis sampling system. Residual microspheres were flushed out of the probe at 5.0
μL/min for 10 min. Approximately 2.65–2.82×107 beads/mL (2.0–2.9×105 more beads than
expected) were collected in this 50 μL of perfusate. The calculated total bead amounts
collected showed no significant difference (p<0.05) from the initial beads included inside
the syringe indicating mass balance.
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To determine where the microspheres were lost through the microdialysis sampling system,
microspheres at the amount of 1.85×107 beads/mL were included in the syringe and
collected at different positions shown in Fig. 2. Figure 2 shows the bead amount collected at
each of the three positions at 0.5 μL/min for 120 min. A one-way ANOVA showed no
significant difference (p<0.05) among the bead amounts collected at the three different
positions. However, the microspheres collected at position 3 (syringe outlet) were
significantly fewer than the microspheres in the syringe indicated by a paired t test (p<0.05).
This suggests that most microspheres were lost at position 3 at the syringe tip rather than
through the microdialysis sampling probe. Different syringes (CMA Microdialysis vs. BAS)
gave the same results (data not shown).

In order to solve the problem of bead settling during the sampling process, the flow rate was
increased to 5.0 μL/min at certain time intervals for 1 min. At a flow rate of 0.5 μL/min, the
probes were perfused for 120 min to obtain 60 μL of sample. In this period, the flow rate
was increased to 5.0 μL/min every 40 min and maintained for 1 min. Then, the flow rate was
decreased back to 0.5 μL/min. Similarly, at flow rates of 1.0 and 2.0 μL/min, the probes
were perfused for 60 and 30 min, and the flow rates were increased to 5.0 μL/min every 20
and 10 min, respectively. The same procedure was performed for both the control probe and
the probe with microspheres. In this way, microspheres at the amount of 2.08±0.15×107

beads/mL could be collected finally at the microdialysis probe outlet, which were ~93% of
the total microspheres included in the syringe.

In vitro enhanced microdialysis RR of cytokines
Table 3 shows the in vitro enhanced microdialysis RRs of four cytokines—aFGF, VEGF,
CCL2, and CCL5—using heparin-immobilized microspheres as affinity agents in the
perfusion fluid at three different flow rates. Paired t tests (p<0.05) between the control and
the heparin-immobilized microsphere-containing probes show that the RR values are
statistically different for aFGF at the flow rate of 0.5 μL/min, VEGF at all three flow rates,
CCL2 at the flow rates of 1.0 and 2.0 μL/min, and CCL5 at the flow rates of 0.5 and 1.0 μL/
min. An average of two to fivefold increase of RR was achieved for the four cytokines using
these heparin-immobilized microspheres in the perfusion fluid, which is similar to that for
antibodies [35].

Control RR values differ between the cytokines shown in Table 3, and the difference is
mainly due to the variations of their molecular weights, tertiary structures, and diffusion
coefficients. The control RR of CCL5, a cytokine with 8-kDa MW, was significantly higher
(p<0.05) than that of VEGF, a cytokine with 45-kDa MW at each corresponding flow rate.
The principal mechanism for the RR enhancement is that binding of cytokines onto the
heparin-immobilized microspheres decreases the concentration of free cytokines inside the
microdialysis probe, thus increasing the cytokine concentration gradient and the driving
force for cytokine recovery across the membrane. In general, cytokines exhibiting higher
control recovery also gave higher enhanced recovery. The trend observed for the RR
enhancements was not simply related to the binding affinities and kinetics of cytokines to
heparin revealed in previous papers [22, 28, 30, 36]. This suggests that binding interactions
between cytokines and the affinity agent only account for a part of the RR enhancement.
Multiple factors may affect the enhancement including the diffusive properties of these
cytokines both in the aqueous buffered solution and across the polymeric microdialysis
membrane.

In vivo enhanced microdialysis RR of CCL2
Figure 3 shows the dialysate CCL2 concentrations detected every 30 min from both the
control and the enhanced probes implanted in the peritoneal cavities of six rats given LPS.
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While there were rat-to-rat differences in the detected CCL2 concentrations, the general
trend with each probe and each animal was the increased cytokine collection after LPS
administration. Dialysate samples from the control probes in six rats not given LPS had
CCL2 concentrations ranging between 90 and 1,020 pg/mL. Two and half hours after the
administration of LPS, the control dialysate CCL2 concentrations ranged between 2,340 and
9,730 pg/mL. CCL2 production could be detected before LPS injection (0–30 min after
probe implantation), which indicated that the immunological response (CCL2 production)
took place right after the probe implantation because the surgery and the probe implantation
initiated the foreign body response of the animal [37]. LPS administration afterwards
accelerated the CCL2 production.

One of the difficulties of working with endogenous cytokines and microdialysis sampling is
the issue of the validation of the approach. Standard microdialysis sampling calibration
procedures, such as zero net flux or approach to zero flow, require steady-state
concentrations for the analyte [38]. In our experience with sampling cytokines, it is rare to
achieve a steady-state concentration. Cytokine concentrations can be quite variable, and for
implanted objects, the concentrations can be in the low 10- to 100-pg/mL range [39-42],
which, combined with microdialysis sampling extraction efficiencies, will lead to non-
quantifiable concentrations. To obtain more consistent cytokine concentrations, we chose to
use LPS to induce cytokine production, as previously demonstrated in mice [43]. While this
approach may produce variable cytokine concentrations, the alternative of not having
measureable concentrations is even more difficult since it is hard to validate a concentration
that cannot be quantified. A separate validation issue we have observed is that cytokine
concentrations seem to be at or very close to the detection limits for the ELISA assays. We
have unpublished experimental observations where using free heparin or antibodies in the
perfusion fluid has consistently given detectable (low picograms per milliliter range)
cytokine concentrations as compared to controls [44].

A two-way ANOVA with replicate measures shows that both the concentrations between the
time points and the heparin-infused probes are significantly different for CCL2 collection,
p<0.001 (the time points and heparin treatment). The CCL2 dialysate mean concentrations
collected from heparin-infused probes were approximately twofold higher than the control
dialysate concentrations. The recovery enhancement was not as high as that obtained during
in vitro experiment, which was an approximately fourfold enhancement for CCL2 at a 1.0-
μL/min flow rate. A possible explanation to this result is that other proteins present in vivo
may also bind to heparin and thus prevent CCL2 binding to the immobilized heparin on the
bead surface, thus decreasing the binding capacity of the beads to CCL2. Considering the
long collection time (30 min in this study) which is required to obtain sufficient sample
volume for the ELISA assay, the twofold enhancement can reduce the sampling time to 15
min. This will help monitor rapid cytokine change with better temporal resolution. It should
also be noted that incomplete CCL2 dissociation from the beads (~90% recovery) and bead
loss (~15% loss at 1.0-μL/min perfusion rates, as shown in Table 2, or ~7% loss at 1.0-μL/
min rates with periodic 1-min ramp to 5.0 μL/min) during the sampling process may
underestimate the enhanced recovery results.

Table 4 shows the CCL2 concentrations in the dialysates collected during the last 30 min
before probe removal and those in the peritoneal cavity right after probe removal. There was
not enough fluid within the peritoneal cavity to be collected directly for the determination of
CCL2 concentration present outside the probe. A peritoneal wash with the external fluid
(200 μL of PBS) was performed to get an estimate of the resident cytokine concentration
within the cavity. The ratio of CCL2 concentrations in the dialysate sample and the
peritoneal washed sample was used to estimate the RR during in vivo microdialysis
sampling. The calculated control and enhanced RRs were approximately 12.0±3.4% and
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20.7±2.6% (n=6 rats), respectively. However, it should be noted that the peritoneal wash
may dilute the overall CCL2 concentration external to the probes. This indicates that the
actual RR values should be lower than the estimated RRs calculated above.

In vitro calibration of microdialysis probes
In vitro calibrations were performed on the explanted probes with the results shown in Table
5. The RRs are quite similar, and there is no significant difference (p<0.05) between the two
probes of each pair used for the in vivo experiment. Compared to the calculated percentage
recoveries for each control probe from Table 4 (9.6%, 12.8%, 17.6%, 12.0%, 12.7%, and
7.4% for rats 1 to 6, respectively) during the in vivo experiment, the in vitro RRs are lower,
indicating the dilution of CCL2 concentration external to the probes due to peritoneal wash.
Additionally, the in vitro RR values in Table 5 are higher than the control RRs reported in
Table 3. We have previously observed batch-to-batch differences with probe recovery from
CMA/Microdialysis PES probe lots.

Comparison of free heparin and heparin-immobilized microspheres for enhanced
microdialysis RR of CCL2 in vivo

The effect of free heparin and the heparin-immobilized microspheres on CCL2 RR
enhancement was compared. Table 6 shows the CCL2 concentrations in the dialysates
collected every 30 min after probe implantation and those in the peritoneal cavity right after
probe removal. Generally, dialysate CCL2 concentrations collected from the probes
perfused with free heparin or the heparin-immobilized microspheres were higher than those
from the control probe during each 30-min time period for each rat. The calculated
percentage recoveries during the last 30 min for the probes perfused with heparin and the
microspheres, 15.3±2.9% and 16.5±1.5%, respectively, were significantly higher than the
recovery for the control probe, 10.2±2.5% (p<0.05, n=3 rats). No significant recovery
difference was observed between the probe perfused with free heparin and the probe
perfused with the heparin-immobilized microspheres, indicating that the same concentration
of heparin exhibited the same effect on CCL2 recovery enhancement whether the heparin is
dissolved in the perfusion fluid or is immobilized on the bead surface.

Even though no significant difference in dialysate cytokine concentrations was observed
between free heparin and heparin-immobilized microspheres infused probes, there are still
advantages to using the heparin-immobilized microsphere perfusion over free heparin.
Heparin can diffuse through the microdialysis pores and has a loss of about 1.4% from the
CMA/20 10-mm PES probes when 1 μM of heparin is perfused at 0.5 μL/min [45]. Such a
loss could potentially lead to the displacement of cytokines or other proteins from
extracellular matrix glycosaminoglycans [46], which would further complicate the analysis
and data interpretation.

Conclusions
Affinity-based microdialysis sampling of cytokines using in-house prepared heparin-
immobilized microspheres in the perfusion fluid has been demonstrated. Microdialysis RRs
of four cytokines—aFGF, VEGF, CCL2, and CCL5—were significantly enhanced in vitro
using the heparin-immobilized microspheres as affinity agents. The dialysates could be
quantified either by the bead-based flow cytometric assay or by standard ELISA after the
dissociation of cytokines from the microspheres using an appropriate dissociation reagent.
This approach was also applied in vivo for enhanced RR of CCL2 from the rat peritoneal
cavity. This work suggests that the heparin-immobilized microspheres provide an alternative
affinity agent to the previously used antibody-immobilized microspheres for enhanced
microdialysis sampling of cytokines.
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Fig. 1.
Flowchart of different approaches performed in this study
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Fig. 2.
Determination of bead loss site during microdialysis sampling at a 0.5-μL/min flow rate.
Approximately 2×107 beads/mL of heparin-immobilized microspheres was included in the
syringe. Microspheres were collected at position 1 (probe outlet tubing), position 2 (probe
inlet tubing), and position 3 (syringe outlet). The image of BAS pump and syringe was
redrawn from http://www.basinc.com/products/iv/bee.html. Asterisk represents significant
difference between bead amounts collected at position 3 (syringe outlet) and included in the
syringe indicated by a paired t test (p<0.05, n=3)
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Fig. 3.
Enhanced in vivo microdialysis sampling of rat CCL2. Two identical CMA/20 10-mm PES
microdialysis probes were implanted in the peritoneal cavity of a male Sprague–Dawley rat.
One probe was used as a control (square) and the other was perfused with microspheres
(circle). Dialysate samples were collected every 30 min continuously from six rats right
after probe implantation. LPS was injected intravenously 30 min after probe implantation.
Data represent mean ± SD, n=6 rats for t=30, 60, 90, 120, and 150 min; n= 5 rats for t=180
min due to the loss of one rat under anesthesia
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Table 1

Performance of various reagents for the dissociation of CCL2 and CCL5 from the heparin-immobilized
microspheres

Dissociation reagentsa % CCL2 eluted from the
microspheresb

% CCL5 eluted from the
microspheresb

1 M NaCl 4.0±0.59 9.2±1.30

2.22 μM neomycin 4.9±0.31 5.2±0.59

30 μM neomycin 7.2±0.25 12.5±0.80

2.22 μM protamine 7.9±0.45 4.9±0.55

50 μg/mL poly-L-lysine 9.8±1.06 7.5±0.95

2 M NaCl in 10 mM sodium carbonate buffer, pH 9.5 12.1±1.24 33.7±2.05

2 M NaCl 18.4±2.30 35.6±1.77

1 M NaCl and 25% (v/v) glycerol 20.5±1.17 19.6±1.83

10% (v/v) acetonitrile 27.2±1.12 33.4±2.55

0.5 M CaCl2 29.7±1.50 18.4±1.51

2 M NaCl in 10 mM sodium acetate buffer, pH 4.0 35.0±3.44 39.9±2.05

20% (v/v) acetonitrile 90.8±1.57 88.8±2.67

30% (v/v) acetonitrile 92.2±2.98 91.5±2.56

Data represent mean ± SD, n=3 batch processes

a
Unless indicated, all dissociation reagents were dissolved or mixed in PBS, pH 7.4, containing 0.05% (w/v) BSA

b
Percent CCL2 or CCL5 eluted was calculated by the mass ratio of cytokine eluted to the total amount of cytokine loaded on the microspheres
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Table 2

Microsphere passage through the CMA/20 microdialysis probe with a 10-mm PES membrane

No. of microspheres in 75 μL of perfusion fluida 1.68±0.08×106

No. of microspheres in 75 μL of dialysates
collected at different flow ratesb

0.5 μL/min (1.31±0.12×106) 1.0 μL/min (1.44±0.10×106) 2.0 μL/min (1.52±0.08×106)

Percentage of microspheres collected at different
flow rates

78.0±8.0 85.7±7.2 90.5±6.4

No. of microspheres recovered after 10-min
flush at 5 μL/minb

2.9±0.5×105 2.6±0.3×105 2.0±0.3×105

Total no. of microspheres collected c 1.60±0.13×106 1.70±0.10×106 1.72±0.09×106

a
Data represent mean ± SD, n=4 readings of bead amount using hemacytometer

b
Data represent mean ± SD, n=3 collections at each flow rate

c
The calculated total number of microspheres collected showed no significant difference (p<0.05) from the initial microspheres included inside the

syringe, 1.68±0.08×106 microspheres in 75 μL of perfusion fluid
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Table 3

Microdialysis relative recovery enhancement of cytokines using heparin-immobilized microspheres as affinity
agents as compared to control at three different flow rates

Cytokines (MW) Flow rate (μL/min) Relative recovery (%)

Control Enhanced

aFGF (16 kDa) 0.5 8.4±2.3 29.2±4.8a

1.0 4.9±1.9 9.8±0.7

2.0 3.2±2.3 4.5±1.8

VEGF (45 kDa) 0.5 2.2±0.1 11.3±0.7a

1.0 1.8±0.1 6.5±0.7a

2.0 1.4±0.2 3.9±0.5a

CCL2 (26.2 kDa) 0.5 6.9±3.0 13.8±2.2

1.0 2.8±1.1 11.2±1.4a

2.0 2.0±0.4 8.9±1.2a

CCL5 (8 kDa) 0.5 9.7±1.6 26.3±3.3a

1.0 7.9±1.2 13.0±3.2a

2.0 5.3±0.4 8.5±1.6

Data represent mean ± SD, n=3

a
Statistically significant difference between control and enhanced relative recovery values at 95% confidence level
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