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Abstract

We have successfully synthesized a lipid containing the pyranine dye as the hydrophilic head
group. This lipid was incorporated into liposomes with 1-palmitoyl-sn-glycero-3-phosphocholine
as the major component. The resultant liposomes displayed differential enhancements in
fluorescence emission intensity in the presence of nanomolar concentrations of different
glycosaminoglycans. Linear discriminant analysis of the fluorescence response data demonstrate
that the liposomes are able to distinguish between different GAGs. In addition, we also
demonstrate that the liposomes incorporating the pyranine lipid are able to distinguish between
dilute serum from healthy individuals and serum containing elevated chondroitin sulfate
(simulated serum from an Alzheimer’s disease patient).
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Glycosaminoglycans (mucopolysaccharides) are linear polysaccharides composed of
repeating disaccharide units of uronic acid and an amino sugar (Figure 1).1 They may be
either sulfated or non-sulfated, and are involved in many physiological functions.2 In several
diseases, the serum or urine levels of glycosaminoglycans (GAGSs) change relative to that of
healthy individuals. For example, abnormal metabolism of the GAGs and glycoproteins
present in the blood-brain barrier and neuron receptors contribute to abnormally high levels
of GAGs in the serum of schizophrenics,3# with a concurrent decrease in urine
glycosaminoglycan level.#> The serum concentrations of glycosaminoglycans (uronic acids
and chondroitin sulfate) increase considerably in Alzheimer’s disease patients relative to that
of healthy individuals.® The urine GAG concentrations are also elevated for patients with
various types of metastatic cancers,’~9 and for children with acute urinary tract infections.10

Usually, the detection of GAGs involves chemical or enzymatic hydrolysis of the polymers
to smaller units and subsequent conjugation with suitable dyes for spectrophotometric or
spectrofluorometric detection of the hydrolysis products (often by HPLC).1112 There are
commercially available GAG detection kits based on these principles.* However, these
techniques provide the total concentration of the glycosaminoglycans in the sample, and do
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SUPPORTING INFORMATION AVAILABLE: Synthetic details for the pyranine lipid, emission intensity ratio plots, and details of
statistical data analysis. This material is available free of charge via the Internet at http://pubs.acs.org.

*GAG detection kits are available from several suppliers. For example: Biocolor Ltd (UK); Kamiya Biomedical Company, Seattle,
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not provide the identity of the GAG present. Nuclear magnetic resonance (NMR), capillary
electrophoresis (CE) and mass spectrometry (MS) have been used to detect the hydrolysis
products and to identify the GAGs present in the original samples.1! These techniques are
involved, require specialized equipment and purified, known samples of the hydrolysis
products for calibration. ELISA-like assays and immunoblotting have been developed for
selective detection of GAGs.1314 Although these methods are successful in detecting the
individual GAGs, sensitive biological antibodies are used as the recognition elements.

Herein, we report the synthesis of a lipid containing the pyranine dye as the hydrophilic hear
group and demonstrate that liposomes incorporating this lipid show differential modulations
of the emission intensity in the presence of different glycosaminoglycans. Linear
discriminant analysis of the fluorescence response data demonstrate that the liposomes are
able to distinguish between different GAGs. In addition, we also demonstrate that these
liposomes (containing the pyranine lipid) are able to distinguish between dilute serum from
healthy individuals and serum containing elevated chondroitin sulfate (simulated serum
from an Alzheimer’s disease patient). With further development, we anticipate that this
fluorescence-based approach to detect the individual GAGs (without prior chemical or
enzymatic hydrolysis or without using biological antibodies) will be invaluable for accurate
and early diagnosis of these diseases.

MATERIALS AND METHODS

Materials

All reagents were purchased from either TCl America or Alfa-Aesar and were used as
received. Table 1 shows the glycosaminoglycans used, and their respective molecular
weights.

The dansyl, rhodamine and POPC lipids were purchased from Avanti Polar Lipids. Human
serum was purchased from Sigma-Aldrich. Probe sonication was carried out using a Misonix
Microson Ultrasonic Cell Disruptor, with a VWR digital heatblock for temperature control.
Fluorescence spectra were recorded using a Horiba Jobin Yvonne FluoroMax-4
spectrofluorometer.

Synthesis of the pyranine lipid

The synthetic details are provided in the Supporting Information.

Preparation of liposomes

For pyranine-containing liposomes, 1.2 mL of POPC solution in chloroform (2 mg/mL), and
4.2 mL of pyranine lipid solution in chloroform (0.01 mg/mL) were added to a 10 mL
round-bottom flask. For lissamine-rhodamine-containing liposomes 1.2 mL of POPC
solution in chloroform (2 mg/mL), and 4 mL of lissamine-rhodamine lipid solution in
chloroform (0.01 mg/mL) were added to a 10 mL round-bottom flask. For dansyl-containing
liposomes, 1 mL of POPC solution in chloroform (2 mg/mL), and 1.74 mL of dansyl lipid
solution in chloroform (1 mg/mL) were added to a round-bottom flask. The solutions were
evaporated using a rotary evaporator at 50 °C for 10 minutes. The resulting lipid thin film
was stored in a desiccator for 8 hours or overnight. The lipid thin film was hydrated with 2
mL of 25 mM HEPES buffer (pH 8) for 1 hour at 50 °C with rotation and then probe-
sonicated at 70 °C for 45 min. The liposomes were stored at room temperature (22 °C) in
darkness for 1 hour and then extruded 15 times through a 100 nm filter at 70 °C. The
extruded liposomes were allowed to come to room temperature (15 min) before use.

Anal Chem. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nyren-Erickson et al.

Page 3

Calculation of fluorophore on outer leaflet

Formula used is as follows:

(60% of lipid on outer leaflet) x (wt. of pyranine lipid added in grams) x (1000)/(Molar
mass of fluorophore lipid in grams) x (final volume of preparation in mL).

Therefore, for 1.8 mL final volume of pyranine-containing liposomes, the calculation is as
such: (0.6) x (0.000044g) x (1000)/(1329.61g) x (1.8mL) = 1.1 x 107> M, or 11uM stock
solution of liposomes. This solution was then diluted for use in the same buffer used for
hydration of the thin film (see above). In addition, it is this concentration (that of the
fluorophore on the outer liposome leaflet) that was used to express the concentrations of
liposomes used during fluorescence emission studies.

Fluorescence spectroscopic studies

To determine the changes in fluorescence emission upon addition of GAGs to each
fluorophore-containing liposome, the following sequential additions were made to a quartz
fluorimeter cell. Each experiment was repeated six times for the statistical analysis of the

data.

1.
2.

4,
5.
6.

193 uL of 25 mM HEPES buffer, pH 8.

5 uL liposomes solution (200 nM solution for pyranine and rhodamine liposomes,
and 8 uM for dansyl liposomes (final concentration of 5 nM for pyranine and
rhodamine, 200 nM for dansyl liposomes). Following this addition, the solution
was excited six times at a wavelength corresponding to the excitation wavelength
of the fluorophore present, and each excitation was followed by collection of the
emission spectrum.

2 UL GAG solution in 25 mM HEPES (100 nM solution added—final
concentration 1 nM).

1.8 uL GAG solution (1 uM solution added—final concentration 10 nM).
8 UL GAG solution (1 uM solution added—final concentration 50 nM).
10 uL GAG solution (1 uM solution added—final concentration 100 nM).

The maximum emission wavelength for each fluorophore was recorded; data at this
wavelength for all cycles was collected and used for data analysis.

Experiments with human serum

Normal human serum was diluted 10,000 times using 25 mM HEPES buffer at pH 8.
Chondroitin sulfate was added to bring the concentration up to 48 nM from 26 nM. This
corresponds to 8.1 mg/dL of uronic acid in the serum without dilution (similar to that
observed for Alzheimer’s disease patients). The serum was diluted so that the concentration
of chondroitin sulfate is close to 50 nM (the concentration where the pyranine liposomes has
the best discriminating ability). An aliquot (1 mL) of each serum mixture was withdrawn
and 5 pL solution of the pyranine liposomes (1 pM pyranine concentration in the outer
leaflet of the liposomes) was added to each, resulting in final concentration of 5 nM
pyranine in the outer lipid layer liposomes. A portion of the liposome-serum mixture (200
pL) was used in the fluorescence experiments.

RESULTS AND DISCUSSION

GAGs are known to interact with liposomes and depending on the concentration of the
GAG, this leads to liposomal aggregation.1®16 We reasoned that this interaction can be
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modulated and monitored by incorporating lipids with charged fluorophores (as head
groups) in the liposomes. With this goal, we synthesized a lipid with the pyranine dye as the
hydrophilic head group (Figure 2). For comparison, we selected two other commercially-
available lipids incorporating the lissamine rhodamine and dansyl moieties as the
hydrophilic head groups (Figure 2).

The synthesis of the pyranine lipid started with the commercially available pyranine dye
(Figure 2). The phenolic hydroxyl group was alkylated to produce the compound 4
containing the carboxylic acid moiety. The compound 4 was subsequently conjugated with
the synthesized bis-oleoyl lipid 1 to produce the desired pyranine lipid as a yellow waxy
solid. We used the racemic 2,3-diaminopropanoic acid in the synthesis, resulting in the
racemic form of the pyranine lipid.

We prepared liposomes with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) as
the major lipid and monitored changes in fluorescence intensity in the presence of varying
concentrations of five different GAGs (heparin sulfate, dermatan sulfate, chondroitin sulfate,
dextran sulfate, and hyaluronic acid, Figure 1). We hypothesized that the presence of
different GAGs will cause varying degrees of liposomal aggregation, causing each
fluorophore to exhibit different patterns of fluorescence emission intensity changes. This
will therefore serve to not only detect GAGs in solution, but also to distinguish between
different glycosaminoglycan types.

The liposomes were prepared in 25 mM HEPES buffer (pH = 8.0) by the thin film hydration
method.1” Unilamellar vesicles were generated by probe sonication followed by repeated
extrusions through membranes of 100 nm pore sizes at 70 °C (Supporting Information).’
The average diameter of the extruded liposomes was observed to be 88 = 5 nm (by dynamic
light scattering). We used 1 mol% of the pyranine lipid or the rhodamine lipid in the
liposomes. A significantly higher amount of the dansyl lipid (40 mol%) was required in the
liposomes to compensate for its lower quantum yield.18 Differential scanning calorimetric
studies revealed that the fluorophore lipids were mixed in the lipid bilayer of the liposomes
(data not shown). To conduct fluorescence spectroscopic studies, liposomes from each batch
were incubated with four different concentrations (1 nM, 10 nM, 50 nM, and 100 nM) of
each of the glycosaminoglycans. The low concentrations of the GAGs in 25 mM HEPES
buffer (pH = 8.0) ensure that the molecules are completely ionized and the degree of
ionization is not influencing the fluorescence spectra from the liposome-incorporated dyes.
Six fluorescence emission spectra were recorded for each concentration of each
glycosaminoglycan, and these were compared with the corresponding emission spectra from
the liposomes in the absence of GAGs. The ratios of emission intensities from liposomes
alone to that in the presence of GAGs (Emjjp/Emgag) Were calculated for each spectrum at
the peak emission wavelength, and these ratio data were subjected to linear discriminant
analysis.19-21

We observed that liposomes containing the selected fluorophores respond differently to the
presence of the different GAGs tested. Figure 3A depicts the ratios of the fluorescence
emission intensity of the pyranine liposomes for each GAG at 50 nM concentration (Aey =
390 nm). Notable from this figure is that each GAG produces a different Emj/Emgag ratio
(Figure 3B; the plots for the liposomes incorporating the other fluorophores are included in
Supporting Information). Transmission electron microscopy of the liposomes after the
addition of 50 nM GAGs indicated aggregation leading to increase in size (Figure 4);
however, we did not observe any precipitate formation.

To determine whether a change in the molecular weight of the glycosaminoglycan would
alter the fluorescence intensity change, we repeated the studies with another sample of
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chondroitin sulfate with a lower molecular weight (20 kDa) and compared the responses
with those from the chondroitin sulfate of molecular weight 35 kDa. We observed that the
higher molecular weight chondroitin sulfate caused more pronounced decreases in the
emission intensity from the pyranine and dansyl-containing liposomes (Supporting
Information). It is likely that the higher molecular weight GAG leads to a greater degree of
liposomal aggregation, and a greater decrease in emission intensity from the liposomes.
However, the reverse was observed with lissamine-rhodamine-containing liposomes, with
the lower molecular weight chondroitin sulfate causing a greater change in emission
intensity (Supporting Information). Reasons for this observation are unclear, and further
investigation is needed to fully deduce the mechanism responsible for this change.

Linear discriminant analysis (LDA) is used to identify the predictive power of the liposomes
(see Supporting Information for details).1%-21 Emission intensity data from the liposomes
(the predictor variables) and the five GAGs shown in Table 1 (the dependent variables) were
replicated a total of six times, yielding a sample of 30 observations with four variables (one
for each liposome and one identifying the GAG). All statistical analyses were conducted
using the PASW (formerly SPSS) Statistical Package, Version 18.

Table 2 shows means, F-statistics and Wilks’ Lambda values for each liposome,
disaggregated by GAGs. We note that smaller values for the Wilks” Lambda indicate a
greater potential for the liposomes to discriminate across GAGs.22 All F-statistics have
associated p-values less than 0.05, indicating significant differences exist across group
means for each GAG. For the chondroitin sulfate, dextran sulfate, heparin sulfate and
hyaluronic acid, the dansyl liposomes have the highest mean fluorescence values. The
pyranine liposomes have the second highest mean values, followed by rhodamine liposomes.
The remaining GAG (dermatan sulfate) has the highest mean emission ratios when
combined with pyranine, followed by dansyl and rhodamine containing liposomes. Wilks’
Lambda values are lowest for pyranine, followed by rhodamine and dansyl liposomes.

Chi-square tests indicate that three canonical functions are sufficient to explain our 5 GAGs
(see Supporting Information). Of these, the first canonical function is most important, as it
explains 96.3% of the variation across GAGs. The remaining functions explain 3.0% and
0.7%, respectively. As such, we focus primarily on the first discriminant function. Figure 5
shows a canonical function plot of the first two canonical functions (explaining 99.3% of the
variation in the GAGS). Note that each of the GAGs is clearly distinguished as a group in the
plot. Moreover, traditional and cross-validated discriminant functions corrected predict
100% and 93.3% of the GAGS, respectively, indicating a high likelihood of interval validity.

To assess the overall contribution of each liposome to the discriminatory power of the LDA,
we constructed cumulative potency indices (Supporting Information). The potency indices
suggest that pyranine (potency value = 0.215) provides the largest overall contribution to the
model’s ability to distinguish emission intensities across GAGs (rhodamine potency index =
0.057; dansyl potency index = 0.012).

The LDA results have a clear and intuitive interpretation; namely, that the pyranine
liposomes are the “best” determinant of GAGs. Dansyl liposomes are identified as the least
“potent” discriminator, even though its emission intensities are relatively high (Table 2).
The Wilks’ Lambda and structure matrices (see Supporting Information for the latter)
suggest that this is at least partly attributable to excess variation in dansyl emission
intensities, which offsets the high mean values. One possible limitation of the analysis is that
we have chosen a specific (50 nM) concentration to conduct our experiments. To check the
robustness of our results, we replicated the LDA for the 100 nM concentrations (Supporting
Information). The results are qualitatively (but not quantitatively) similar to those at 50 nM.

Anal Chem. Author manuscript; available in PMC 2012 August 1.
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Subsequently, we proceeded to determine if the pyranine-containing liposomes are capable
of distinguishing an increase in GAG concentration in a complex mixture of proteins and
other biomolecules, e.g., dilute human serum. According to the National Institute on Aging,
currently there is no biochemical test to detect Alzheimer’s disease. Indirect methods are
used by physicians for diagnosis.t However, it has been reported that the serum
concentrations of glycosaminoglycans (uronic acids) increase in Alzheimer’s disease
patients (about 8.4 + 0.8 mg/dL) relative to that of healthy individuals (about 4.6 £ 0.5 mg/
dL).® Chondroitin sulfate concentration in the serum increases from about 0.58 mg/dL
(healthy individuals) to about 2.36 mg/dL for Alzheimer’s disease patients.® The LDA
analysis indicated that the pyranine-containing liposomes are capable of distinguishing
different GAGs at 100 nM and 50 nM concentrations. It follows that the pyranine liposomes
has the capability to distinguish the GAGs in a very dilute human serum from an
Alzheimer’s disease patient (diluted 104 times).

In order to simulate serum from Alzheimer’s disease patients, we spiked commercially
available human serum (Sigma Chemical Company) with added chondroitin sulfate (MW:
35 kDa) such that the uronic acid concentration is about 8 mg/dL. We noted, a priori, that it
is an increase in not one, but rather several GAGs which contributes to the overall increase
in GAG concentration in Alzheimer’s disease patients.6 The use of chondroitin sulfate only
as the GAG of choice is to provide a relevant model system to determine if the pyranine
liposomes are capable of distinguishing changes in GAG concentration in a complex
mixture of other physiological molecules. We noted also that the increase in chondroitin
sulfate in Alzheimer’s disease patients from that of healthy patients is among the highest
percentage increases of all the GAGs, while also making up one of the highest fractions of
the total GAGs present.® We diluted the simulated disease serum appropriately so that the
concentration of the chondroitin sulfate is about 48 nM.

Results from the human serum experiment are shown in Figure 6. We observed a
considerable decrease in the emission intensity from the pyranine liposomes in the presence
of simulated Alzheimer’s disease serum (Figure 6, red trace). It should be noted that the
commercially available kit can detect the total concentrations of the GAGs (after enzymatic
hydrolysis) with micromolar detection limits.13 In contrast, the emission intensity from the
pyranine liposomes change considerably in the presence of 48 nM chondroitin sulfate
(without prior enzymatic hydrolysis of the polymer). These results suggest that the pyranine
fluorophore-containing liposomes may be very valuable in the successful diagnosis of
Alzheimer’s disease by monitoring the levels of the GAGs in the serum. The utility of such a
test could be magnified further if the patient could be tested early in life, and then
subsequently over time, monitoring any changes.

CONCLUSIONS

We have successfully synthesized a lipid with the pyranine dye as the hydrophilic head
group. We have demonstrated (by fluorescence spectroscopy) that liposomes (with POPC as
the major lipid component) incorporating suitable dyes will differentially interact with the
different glycosaminoglycans. Linear discriminant analysis indicated that the liposomes
incorporating the synthesized pyranine lipid have the highest discriminating ability amongst
the GAGs. These liposomes are capable of distinguishing different levels of GAGs (e.g.,
chondroitin sulfate) even in a complex mixture of physiological molecules (human serum).

TReported by the National Institutes of Health, National Institute on Aging; http://www.nia.nih.gov; updated January 10, 2011,
accessed on April 18, 2011.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of the glycosaminoglycans (GAGSs). The sulfate groups are shown in red.
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Figure 2.
Structures of the lipids with pyranine, lissamine rhodamine and dansyl as the head groups

and the synthesis of the pyranine lipid.
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Figure 3.

The fluorescence spectra (A) of the liposomes incorporating the pyranine lipid (Aex = 390
nm) in the presence of 50 nM of each of the glycosaminoglycans are shown. The emission
intensity ratios in the absence and presence of added GAGs are shown in (B). The GAGs
include chondroitin sulfate (olive), dextran sulfate (blue), heparin sulfate (red), hyaluronic
acid (magenta), and dermatan sulfate (brown). The black trace in (A) is for the liposomes in
the absence of any added GAGs. The data points in (B) are connected by straight lines.
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Figure 4.

Transmission electron micrographs of the pyranine liposomes in buffer (2A) and in the
presence of 50 nM chondroitin sulfate (2B) are shown. The magnification was 79,200 (1 cm
in the figures corresponds to 250 nm in size).
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Figure 5.
Canonical correlation plot between two largest canonical correlations and each of the five

GAGs: chondroitin sulfate (group 1), dermatan sulfate (group 2), dextran sulfate (group 3),
heparin sulfate (group 4) and hyaluronic acid (group 5).
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The fluorescence emission spectra for the pyranine liposomes (Aex = 390 nm) in the presence
of diluted healthy serum (blue) and. simulated Alzheimer’s disease serum (red) are shown.
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Table 1

Glycosaminoglycans used and respective molecular weights

GAG Used

MW (kDa)

Chondroitin Sulfate
Dermatan Sulfate
Dextran Sulfate
Heparin Sulfate
Hyaluronic Acid

35
30
40
135
1400
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Table 2
Tests of Equality of Group Means
GAG Pyranine[&P]  Rhodamine[®P]  Dansyl[®P]
Chondroitin Sulfate(b)  1.562 1.297 1.563
Dermatan Sulfate 1.942 1.447 1.412
Dextran Sulfate 1.334 1.247 1.541
Heparin Sulfate 1.729 1.517 1.862
Hyaluronic Acid 1.487 1.124 2.243
Wilks’ Lambda 0.068 0.214 0.560
F-Statistic 85.829 22.898 4.904
P-Value <0.001 <0.001 0.005
[a]

first panel provides group-specific means

[b]
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second panel provides statistics and p-values.
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