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Abstract
Though the aggregation of glycosaminoglycans (GAGs) in the presence of liposomes and divalent
cations has been previously reported, the effect of different GAG species, as well as minor
changes in GAG composition on the aggregates formed is yet unknown. If minor changes in GAG
composition produce observable changes in liposome aggregate diameter or zeta potential, such a
phenomenon may be used to detect potentially dangerous over-sulfated contaminants in heparin.
We studied the mechanism of the interactions between heparin and its over-sulfated
glycosaminoglycan contaminants with liposomes. Herein, we demonstrate that Mg2+ acts to shield
the incoming glycosaminoglycans from the negatively-charged phosphate groups of the
phospholipids, and that changes in the aggregate diameter and zeta potential are a function of
glycosaminoglycan species and concentration, as well as liposome bilayer composition. These
observations are supported by TEM studies. We have shown that organizational states of the
liposome bilayers are influenced by the presence of GAG and excess Mg2+, resulting in a
stabilizing effect which increases the Tm value of DSPC liposomes; the magnitude of this effect is
also dependent on GAG species and concentration present. There is an inverse relationship
between the percent change of aggregate diameter and percent change of aggregate zeta potential,
as a function of GAG concentration in solution. Finally, we demonstrate that the diameter and zeta
potential changes of POPC liposome aggregates in the presence of different over-sulfated heparin
contaminants at low concentrations allow accurate detection of over-sulfated chondroitin sulfate at
concentrations as low as 1 mol%.

INTRODUCTION
Glycosaminoglycans (GAGs) are linear polysaccharides composed of disaccharide units of
an amino sugar and uronic acid1. When incubated with phosphatidylcholine liposomes and
divalent cations, GAGs cause the aggregation of liposomes2, 3. The interaction between
liposome charge and GAG concentration to cause this effect has been well documented2-5.
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However, studies conducted to date have focused primarily on mechanism of GAG binding,
and have limited investigation of how average aggregate diameter and zeta potential are
influenced by the species of GAG present in solution. In addition, there is no mention of
how average aggregate diameter and zeta potential may co-vary as a function of GAG
species and/or concentration, nor is information on how small changes in GAG composition
affect these factors presently available. In the current study, we address a number of
questions: do liposome aggregates demonstrate differences in their average aggregate
diameter and zeta potential as a function of the GAG present in solution? If such changes are
observed, how do the original diameter of the liposomes and the concentration of the GAG
present influence these changes in aggregate diameter and zeta potential? Finally, if the
composition of GAG present in solution varies slightly, can these changes be used to detect
these changes? If so, such a phenomenon may prove useful in various industries, particularly
the drug industry to detect potentially dangerous over-sulfated contaminants in heparin.

Heparin is a naturally occurring GAG which, when fully sulfated, has three sulfate groups
per repeating disaccharide unit, making it the most negatively charged naturally occurring
polyelectrolyte in mammalian tissues6. Its primary physiological function is highly varied;
however its pharmaceutical form (which is typically purified either from porcine intestine or
bovine lung) is widely utilized as a drug for the prevention of blood clots in surgery
patients7.

In 2007 – 2008, several batches of heparin were found to be contaminated with over-sulfated
chondroitin sulfate (OSCS), a product prepared by the synthetic oversulfation of chondroitin
sulfate8, at levels 0.5% by weight to 28% by weight9. Over-sulfated chondroitin sulfate has
similar but considerably reduced physiological effects as compared to heparin; the
anticoagulant effect of oversulfated chondroitin sulfate is approximately 20-25% of that is
given by heparin3. In addition, its intravenous administration was associated with numerous
allergic reactions, including 149 deaths10. The adverse effects of oversulfated chondroitin
sulfate result from a potent anaphylactic response caused by the activation of the kinin-
kallikrein pathway, leading to the release of bradykinin11. Other over-sulfated GAGs have
also been shown to modulate this response12.

To circumvent the onset of above noted side effects, many techniques have been explored/
developed for the detection of over-sulfated GAG contaminants in commercial preparations
of heparin. These include 1H NMR spectroscopy13, potentiometric strip tests14, enzyme
immunoassay (ELISA)15, polyanionic sensors16, colorimetric assays17, and activated partial
thromboplastin times (aPTT) and prothrombin times (PT) performed with sheep and human
plasma18. While each of these techniques presents advantages, all require specialized
equipment, highly-trained personnel, and/or considerable time to obtain results.
Approximately one billion doses of heparin are produced each year19, and therefore a fast,
simple, and readily available screen for the presence of over-sulfated contaminants would
prove beneficial, both from the safety and economic standpoint. In pursuit of developing
easily adaptable and sensitive protocol for detection of oversulfated GAG contaminates in
heparin preparations, we investigated the aforementioned tendency of liposomes to
aggregate in the presence of GAG and Mg2+, varying both liposome diameter and
composition, as well as GAG species and concentration. Sensitivity of the changes in
aggregate diameter and zeta potential with respect to these parameters were our interest.

Nyren-Erickson et al. Page 2

Langmuir. Author manuscript; available in PMC 2013 November 20.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



EXPERIMENTAL PROCEDURES
Materials, synthesis of over-sulfated GAGs

Chondroitin-6-sulfate, dermatan sulfate, and heparin were sourced from Spectrum Chemical
Corp., CalBiochem, and Alfa Aesar, respectively. Each was over-sulfated using the
procedures published by Maruyama, et al3 and Nagasawa, et al20.

Preparation of Liposomes for Aggregation
Stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, commercially
available from Avanti Polar Lipids, Alabaster, AL) and 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC, commercially available from Avanti Polar Lipids, Alabaster, AL)
were prepared in chloroform at a concentration of 2 mg/mL. Stock solution of 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (rhodamine lipid, commercially available from Avanti Polar Lipids,
Alabaster, AL) was prepared in chloroform at a concentration of 0.01 mg/mL. Stock
solution of pyranine lipid was prepared in chloroform at a concentration of 0.01 mg/mL.
Lipid mixtures containing POPC were obtained by combining 2.4 mL POPC stock solution,
and either 8.0 mL rhodamine lipid stock solution or 8.4 mL pyranine lipid stock solution.
Mixtures containing DSPC were prepared by combining 2 mL DSPC stock solution and 6.5
mL rhodamine lipid stock solution.

The resulting mixtures had molar ratios of 99:1 POPC (or DSPC):rhodamine lipid/pyranine
lipid, respectively. The mixture was subjected to rotary evaporation at 50°C for 15 minutes,
forming a thin film adhering to the sides of the flask. This thin film was then dried overnight
under high vacuum to ensure complete removal of solvent. Lipid films containing POPC as
the main lipid were then hydrated with 4.0 mL of 25 mM HEPES buffer at pH 8 by rapid
rotation in a 50°C water bath for 1hr. Lipid films containing DSPC as the main lipid were
hydrated with 4.0 mL of 25 mM HEPES buffer at pH 8 by rapid rotation in a 70°C water
bath for 1hr. The procedure now varies for production of 50 nm, 200 nm, and 500 nm
liposomes:

• For 50 nm diameter liposomes (POPC liposomes only): the hydrated solution was
probe sonicated at 70°C for 45 minutes, followed by extrusion at 70 °C (15 times)
through polycarbonate membrane filters (100 nm pore size). The average diameter
of the prepared liposomes (by DLS) was approximately 55 nm + 25 nm.

• For 200 nm diameter liposomes (POPC and DSPC liposomes): the hydrated
solution was immediately extruded at 70 °C (15 times) through polycarbonate
membrane filters (100 nm pore size). Average measured diameters (by DLS) were
approximately 185 + 8 nm and 250 + 90 nm for POPC and DSPC liposomes,
respectively.

• For 550 nm diameter liposomes (POPC liposomes only): Following hydration, the
resulting large vesicles were found to have an average diameter of 550 + 70 nm (by
DLS). These liposomes were used as such.

The final volume of each respective liposome solution was then measured using the
extrusion syringes, and the total lipid per unit volume calculated from this volume. All
liposome solutions were diluted to 1.4 mM total lipid before use. We have tested the same
batches of diluted liposomes multiple times over up to two months. The size of the
liposomes did not change during the two month time period, and the aggregation and zeta
potential during this time period have been extremely consistent.
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Mechanistic Studies--Influence of GAG species and Mg2+ on diameter and zeta potential of
aggregates

DSPC or POPC liposomes (200 nm diameter only) were incubated for 15 minutes at room
temperature in the presence and absence of Mg2+ (33.4 mM final concentration), as well as
the presence and absence of heparin. Mixtures were produced according to Table 1 below.

Each mixture was allowed to incubate at room temperature for 15 minutes before reading.
One hundred μL of this aggregated solution was mixed with 900 μL HEPES buffer at pH 8
in a disposable polystyrene cuvette, and read on a Malvern Zetasizer Nano ZS90 with the
following settings: 5 measurements, each an average of 10 reads, each read 10 sec; 90° read
angle; 60 second pre-equilibration; Auto Attenuation off, manual attenuation set to 7. For
the corresponding zeta potential measurements, liposomes were aggregated in the same way
as above. Zeta potential was read on a Malvern Zetasizer Nano ZS90 with the following
settings: 5 measurements, each an average of 10 reads, each read 10 seconds; 60 second pre-
equilibration; automatic attenuation on; automatic voltage selection on.

Mechanistic Studies--Influence of GAG species and concentration on the saturation of
aggregate diameter and zeta potential

For tests with individual GAGs, POPC and DSPC liposomes were aggregated in the
presence of eight different concentrations of each GAG (heparin, over-sulfated chondroitin
sulfate, over-sulfated dermatan sulfate, or over-sulfated heparin) in preparation for DLS,
according to Table 2 below.

Measurement of aggregate diameter and zeta potential proceeded in the same way as stated
above. Three measurements were collected for each GAG concentration for both average
diameter and zeta potential, each an average of 10 reads, each read 10 seconds. Equipment
settings remained the same.

TEM Imaging
To aggregate liposomes, 50 μL of liposomes (200 nm diameter) at 1.4 mM, were incubated
with 60 μL of GAG at 1 μM (approximately 20% v/v, 170 nM final concentration) and 6 μL
of MgSO4 at 2 M in 240 μL HEPES buffer at pH 8 for 15 minutes at room temperature. For
liposome only control, 60 μL GAG was substituted with 60 μL additional HEPES buffer.
Copper TEM grids (300-mesh, formvar-carbon coated, Electron Microscopy Sciences,
Hatfield, Pennsylvania, USA) were prepared by applying a drop of 0.01% poly-L-lysine,
allowing it to stand for 30 seconds, wicking off the liquid with torn filter paper, and
allowing the grids to air dry. A drop of the aggregated liposome suspension was placed on a
prepared grid for 30 seconds and wicked off; grids were allowed to air dry again.
Phosphotungstic acid 1%, pH adjusted to 7-8, was dropped onto the grid containing the
liposome sample, allowed to stand for 1.5 min, and wicked off. After the grids were dry,
images were obtained using a JEOL JEM-2100 LaB6 transmission electron microscope
(JEOL USA, Peabody, Massachusetts) running at 200 keV.

Differential Scanning Calorimetry
DSPC liposomes were incubated with 1 μM and 250 μM GAG for 15 minutes at room
temperature, before being degassed for 15 minutes and loaded into a Nano DSC (TA
instruments New Castle, DE) without further dilution. A sample of DSPC liposomes
incubated with only Mg2+ was used as the control. The DSC reference cell was filled with
HEPES buffer at 25 mM, pH 8, containing 33.4 mM MgSO4, the same as that of the
samples. Machine was pressurized to three atmospheres, and scans were conducted from 25
°C to 75 °C, and rate of temperature change was 2 °C/minute. Heat required during
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transition was calculated using NanoAnalyze software provided by the instrument vendor,
using the sigmoidal baseline function to produce the pre- and post-transition baseline.

Mechanistic studies—combined influence of liposome diameter and GAG concentration
on diameter and zeta potential changes

POPC liposomes of diameters 50, 200, and 550 nm diameter liposomes were each incubated
with heparin, OSH, OSCS, and OSD (individually) at concentrations of 50, 170, and 500
nM. Measurement of aggregate diameter and zeta potential were measured in the same way
as stated above. Five measurements were collected for each GAG concentration for both
diameter and zeta potential, each an average of 10 reads, each read 10 seconds. Equipment
settings remained the same. Following collection of data, each over-sulfated contaminant
was compared to the corresponding measurement of heparin by calculating the percent
change from heparin, using the following formula:

The same formula was applied to calculate zeta potential percent change.

Heparin contamination studies
For contaminated heparin studies, final concentrations of 170 nM and 500 nM total GAG
were used with 200 nm and 500 nm diameter liposomes, respectively. Solutions of heparin
with an over-sulfated contaminant were prepared according to Tables 3 and 4 below.

Measurement of aggregate diameter and zeta potential proceeded in the same way as stated
above. Five measurements were collected for each GAG concentration for both diameter and
zeta potential, each an average of 10 reads, each read 10 seconds. Equipment settings remain
the same.

Statistical Analysis
Analysis of variance and Dunnett’s post-tests were run using Minitab software, version
16.1.1.

RESULTS AND DISCUSSION
In our previous work, we have demonstrated that phosphocholine liposomes having either
the pyranine lipid or the lissamine-rhodamine lipid present in the bilayer at 1 mol% were
able to distinguish between different GAG species in solution21. In these studies, we have
found the optimal liposomes for GAG discrimination contain the pyranine or the rhodamine
lipid (Figure 1 shows structures of these lipids); however preliminary studies demonstrated
that liposomes containing the pyranine head group tend to aggregate in the presence of
excess of divalent cations (i.e., in the absence of GAG; data not shown). Based on these
prior results, we prepared 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
liposomes incorporating 1 mol% of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl; rhodamine lipid), as well as 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) liposomes incorporating 1 mol% rhodamine lipid for use in these
studies. We employed transmission electron microscopy (TEM) and dynamic light scattering
(DLS) to evaluate the relative diameter differences between aggregates produced by
different GAGs. Changes in diameter and zeta potential in the presence of different GAGs
were also evaluated. We used DLS and zeta potential changes to determine if there are any
variations upon contamination of heparin with over-sulfated GAGs. Inclusion of the
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fluorophore in the liposomal bilayer was originally intended for study of fluctuations in
fluorescence emission intensity as a function of the aggregation phenomenon. However, due
to non-uniformity of the liposomal solution upon aggregation, fluorescence studies produced
very variable results, and were thus removed from this study.

Preparation of liposomes
We have previously shown that 100 nm diameter liposomes composed of 99 mol% POPC
and 1 mol% fluorophore-conjugated lipid (either pyranine, rhodamine, or dansyl) are able to
discriminate between various GAGs21. Although these liposomes undergo modulations in
fluorescence intensity in the presence of GAGs only, we wish to utilize the tendency of
these liposomes to undergo rapid changes in the aggregate diameter and zeta potential in the
presence of GAG and divalent cations to develop a rapid screen for these contaminants. To
achieve this, we have chosen Mg2+ as a flocculating agent22, and have produced POPC
liposomes of three diameters (50, 200, and 550 nm) and aggregated each of these in the
presence of three concentrations (50, 170, and 500 nM) of each GAG of interest: heparin,
over-sulfated heparin (OSH), over-sulfated chondroitin sulfate (OSCS), and over-sulfated
dermatan sulfate (OSD). We demonstrate that high concentrations of Mg2+ aggregate
liposomes in the presence of GAG, but not in the absence of GAG (as shown in Tables 5 and
6).

Mechanistic studies: liposomes selectively aggregate upon binding of different GAG
species when Mg2+ is present, and liposome-GAG interactions influence the zeta
potentials and diameters of overall assembly

Kim and Nishida had proposed that the divalent cation (Mg2+ in our case) form bridges
between the negative phosphate groups of the phospholipid head groups5. This interaction
shields the incoming GAGs from the negative charges on liposome surface, allowing them
to bind to the positively charged choline5. To study this effect, we used both DSPC-
rhodamine liposomes and POPC-rhodamine liposomes (200 nm diameter) in the presence of
Mg2+ only, in the presence of each GAG only (no Mg2+), and finally in the presence of both
GAG and Mg2+ (GAG concentration was held constant at 170 nM). Both diameters and zeta
potentials of the resulting aggregates were measured. Results of these studies are as shown
in Tables 5 and 6.

As the zeta potentials of both POPC and DSPC-containing liposomes does not appear to
change significantly without the presence of Mg2+, we conclude that the GAGs alone do not
bind to the surface of liposomes, as has been previously reported4. However in contrast to
previous studies4, we find that excess Mg2+ does result in liposomal charge inversion23,
changing the zeta potential of the liposomes. It is likely that previous studies did not use
divalent cations in sufficiently large excess to observe this effect. Consistent with previous
findings, we note a significant change in the zeta potential upon the addition of both Mg2+

and GAG in the presence of DSPC liposomes; however this effect is negligible for POPC
liposomes. Interesting to note is the drop in zeta potential of the DSPC aggregates to −16
mV in the presence of OSCS, 4 mV below that of the original liposomes. This effect likely
results from overcharging of the liposome surface, due to excess charge from the OSCS23.
Both liposomes experience significant changes in aggregate diameter in the presence of
GAG and Mg2+, and these diameter changes appear to be dependent on the species of GAG
present, particularly for POPC liposomes. Literature reports on the measurement of zeta
potential in the presence of liposomes aggregated by glycosaminoglycans have found that
the aggregation does not interfere with the measurement of zeta potential2.
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Mechanistic studies: Diameter and zeta potential of liposome aggregates reach saturation
upon addition of sufficient concentrations of GAG

To determine how the aggregate hydrodynamic diameters and zeta potentials of both DSPC
and POPC containing liposomes changed with increasing concentrations of each GAG, and
to determine if there were any differences between GAGs at these concentrations, DSPC and
POPC liposomes were incubated with heparin, over-sulfated chondroitin sulfate, over-
sulfated dermatan sulfate, and over-sulfated heparin at eight concentrations (100 nM, 500
nM, 1 μM, 10 μM, 50 μM, 100 μM, 250 μM, and 500 μM). Results are summarized in
Figure 2 below; each data point is the average of three collected aggregate diameter or zeta
potential measurements. We note that some of the diameter measurements are outside the
range which the Zetasizer Nano may accurately measure (5 × 103 nm diameter), however
the purpose of these experiments was to investigate whether each species of GAG caused
the eventual saturation of both aggregate diameters and zeta potentials, and if so above what
concentration does this saturation take place. Measurements are of interest in terms of
general trend only.

Notable are the progression of aggregate diameters from small to quite large and then to
small again for both DSPC and POPC containing liposomes, as concentration increases.
This is consistent with theoretical analysis of McClements24 and Guzey25, according to
which below a specific critical concentration of charged polymers (e.g., GAGs), the surface
of the colloid particles (liposomes) will be incompletely covered by the polymer, resulting in
an imbalance between attractive and repulsive forces acting on the colloidal particles. Below
this critical concentration, these imbalances will allow sections of liposome surface coated
with GAG to attract sections of neighboring liposomes which have not been so coated,
resulting in aggregate formation. Above this critical concentration however, the surfaces of
the colloidal particles will become saturated as the charged polymer forms a continuous coat
on the surface, and allows the repulsive forces between the colloid particles in solution to
become re-balanced, preventing significant aggregation. McClements24 also notes that at
concentrations much higher than the critical concentration may cause “depletion
flocculation” due to excesses of polymer electrolyte in solution, which may be sufficient to
overcome the repulsive forces between colloid particles. This depletion flocculation may be
one explanation for the sudden increase in diameter of the POPC liposomes in presence of
500 μM over-sulfated heparin.

For the DSPC containing liposomes, as the aggregate diameter becomes saturated, the zeta
potential becomes likewise saturated (at high GAG concentration), and does not change
appreciably at higher concentrations. For the POPC containing liposomes however, there is
a tendency for the zeta potential to reach a minimum, and then return to smaller absolute
values at higher concentrations. This difference is clearly due to the difference in
composition of the fatty acid tails of the liposomal lipids. In the case of DSPC, both tails are
constituted of saturated (stearic acid) and thus they will pack more efficiently (vis a vis the
palmitoyl and oleyl tails of POPC) within the lipid phase. These differences will impart
greater rigidity to the head groups of the DSPC liposomes, and thus will allow homogeneous
distribution of GAG induced aggregates of the liposomes. The above feature is unlikely to
prevail in the case of POPC liposomes. It is worth noting that other studies involving
changes in the liposome’s zeta potential upon addition of GAGs and divalent cations were
focused on lipid bilayers, harboring saturated lipids (DMPC, DLPC, and egg lecithin)2, 4,
and these studies produced zeta potential results similar to our DSPC liposomes. However,
irrespective of the underlying physical forces responsible for our observed experimental data
of Fig.2, it is evident that POPC and DSPC formulated liposomes elicit marked differences
in their aggregational states and zeta potentials as a function of different types of GAGs.
Whether or not such features are intimately involved in discriminatory changes in the
liposome’s resident fluorescence probes21 as a function of different types of GAGs are
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currently being investigated in our laboratory, and we will report these findings
subsequently.

TEM images demonstrate differential aggregation of liposomes in the presence of different
GAG species

The diameters of the POPC liposomes and DSPC liposomes in the presence of Mg2+ only
were compared with those in the presence of heparin, over-sulfated chondroitin sulfate,
over-sulfated dermatan sulfate, and over-sulfated heparin. Figure 3 presents the TEM images
of the POPC liposomes in the presence of Mg2+ alone (panel A) and in the presence of Mg2+

and different GAG species. Figure 4 presents the corresponding TEM images involving
DSPC liposomes. In each figure, panels A-E are images of liposomes magnified 5,000
times, and panel F is an image of one OSCS aggregate magnified 25,000 to show detail of
the stacked liposomes. The TEM images of Figures 3 and 4 clearly reveal that the liposomes
are aggregated in the presence of Mg2+ and different GAG species, and such aggregates are
asymmetrical and polydisperse. However, notable in these TEM images is the presence of
considerably larger aggregates in the presence of over-sulfated GAGs as compared to those
observed in the presence of heparin. Also notable is the apparent size in these images; it is
evident that the liposomes and aggregates have collapsed during the preparation of the
samples. It is therefore necessary to consider these sizes as relative; aggregate images should
only be compared with images of the liposomes in the presence of Mg2+ only.

Differential scanning calorimetry demonstrates intrinsic and differential stability of
liposomes upon binding of GAGs to liposomes

Having established that the liposomes are aggregated in the presence of both Mg2+ and
different GAG species, it was of interest to investigate whether the above “effectors”
modulated the intrinsic stability of liposomes. To probe this, we performed DSC studies for
melting of DSPC liposomes in the presence of Mg2+ and two concentrations (i.e., 1 μM and
at 250 μM) of each different GAG species. The DSC endotherms reveal that the presence of
Mg2+ and GAGs influence both the melting temperature (Tm value) of the liposomes as well
as the area under the peaks (measure of the enthalpic changes between native and denatured/
melted forms of the liposomes; see Figure 5). The observed shifting of the 250 μM trace to a
lower relative heat rate reflects the increase of dissolved solutes over the control26, and the
widening and flattening of the DSC trace with increasing GAG concentration, accompanied
by a rightward shift in Tm, indicates that structural changes are taking place within the
bilayers of the liposomes (increased Tm), and that these changes are dispersed somewhat
unevenly within the “population” of the liposomes (widening and flattening of the Tm
peak)26. To our further interest, we observed that the second DSC scan (performed after
cooling the heated sample after the first scan) yielded essentially identical Tm values in the
presence of different GAG species, albeit the enthalpic changes were slightly decreased
(data not shown). This suggests that there is a marked reversibility in the organizational
states of the liposomes, and such feature is intrinsic to the nature of the GAG species. Table
7 summarizes the Tm values and enthalpic changes under our selected experimental
conditions. A perusal of the data of Table 6 reveals that among different GAGs used herein,
heparin and oversulfated heparin exhibit the least and most stabilizing influence on the
liposomes as evident by their corresponding enthalpic changes.

We conclude from these studies that binding of GAGs and Mg2+ to the liposomal bilayer
causes the liposomal assembly to become more stable, and thus requires more heat energy
(enthalpic changes) to bring it to the fully disorganized (melted) states with concomitant
increase in the transition temperature. We believe the above feature is due to the
intercalation of the GAGs between the individual phosphocholine molecules, thus forcing
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the exclusion of intervening water molecules and thus allowing the liposomal lipids to pack
more efficiently in their native states.

Mechanistic studies: there is an inverse relationship between the percent change of
aggregate diameter and the percent change of aggregate zeta potential as the
concentration of GAG increases, independent of liposome diameter

For studies comparing the relative contribution of liposome diameter and GAG
concentration to the overall average diameter and zeta potential changes of the resulting
aggregates, only POPC liposomes were used. This is due to the high variability of the DSPC
liposomes’ diameters, which is clear from results shown in Table 6 (the standard deviation
for the diameter of these liposomes alone as measure by DLS is 36% of their diameter).
Additionally, DLS shows the presence of both very large (>1000 nm) and very small (<50
nm) particles in the DSPC liposome solution. Due to this difficulty in controlling the
liposome diameter, DSPC liposomes have been excluded from this, as well as the
contamination studies.

As one considers the percent change of each over-sulfated contaminant relative to heparin at
each concentration, while holding the diameter of the liposomes constant, an interesting
pattern emerges: there appears to be an inverse relationship between the percent change in
aggregate diameters, and the percent change in aggregate zeta potential (i.e.—as the percent
change in diameter goes down with increasing GAG concentration, the percent change in
zeta potential becomes greater with increasing GAG concentration). These results are
summarized in Figure 6.

Notable from this figure is that at 50 nM concentration (represented by a black trace with
black squares), OSCS always produces the greatest change in aggregate diameter, regardless
of the liposomes’ starting diameter. At 170 nM GAG, OSD causes the greatest changes in
aggregate diameter, and at 500 nM GAG results depend on the starting liposome diameter.
Reasons for this are unclear, and will require further investigation. However it is obvious
from these results that as GAG concentration increases, overall percent change decreases.
Results for percent change in aggregate zeta potential are also very consistent for liposomes
of all diameters tested: as GAG concentration increases, the magnitude of percent change in
aggregate zeta potential also increases. We hypothesize the mechanism for this may be due
to differences in the percent overall coverage of the liposome surface by the GAG. When the
concentration of GAG in solution is relatively low relative to the total lipid concentration in
solution (~200 nM), the liposomal surface is covered with GAG to a lesser extent, resulting
in greater imbalance between the attractive and repulsive colloidal forces. As such, the
number of liposomes which form aggregates will be dependent on the charge density of the
GAG present on the liposome surface, as well as the surface area between oppositely
charged sections of each bilayer (a function both of liposome diameters and the percent of
surface area covered). However, as the concentration of GAG in solution increases, the
surface of each liposome bilayer will be covered to a greater extent, which will not only
begin to re-balance the repulsive forces between them in solution, but it will also reduce the
amount of available surface area for aggregation between liposomes. This will reduce the
percent change in the aggregate diameter (as fewer liposomes will be able to aggregate
together), as well as increasing the change observed in the zeta potentials (as a function of
the amount and charge density of the GAG bound). Studies to confirm this mechanism are
currently being undertaken.
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Contamination studies demonstrate that changes in diameter and zeta potential of POPC
liposomes can distinguish small changes in GAG composition

The insights gained from the previous studies were employed to probe whether the presence
of low concentrations of over-sulfated contaminants in a heparin sample could be detected
using DLS and zeta potential measurements of liposomal aggregates. We chose to incubate
200 nm diameter liposomes with 170 nM contaminated heparin (produced the greatest
percent changes in diameter), and 500 nm diameter liposomes with 500 nM contaminated
heparin (produced the greatest percent changes in zeta potential). Heparin samples in 2008
were found by Beyer, et al, to be contaminated in the range of 0.5% to 28% by weight9. As
such, for both of these liposome/GAG concentration combinations, eight contamination
levels were prepared: 0.5, 1.0, 2.5, 5, 10, 15, 20, and 30 mol% contaminations with each
over-sulfated contaminant. Each combination was measured for changes in aggregate
diameter and zeta potential by DLS.

Analysis of variance (α = 0.05) was conducted for each of these sets of data (see statistical
results in Supporting Information). Included in this analysis is a comparison of means for
each contamination level against heparin alone using Dunnett’s method for pairwise
comparisons27. This method allows us to compare each contamination level to the control
(heparin only) while controlling the family-wise error of all comparisons together to 0.05.
Results for both 200 nm and 500 nm diameter liposomes indicate that OSH could not be
consistently detected, and thus will be eliminated from further discussion.

Results for OSCS and OSD are far more promising. Analysis of variance indicates that for
the 200 nm liposomes, changes in average aggregate diameter could detect contamination by
OSCS at concentrations from 5 mol% to 30 mol%, and OSD contamination from
concentrations of 10 mol% to 30 mol%. Changes in aggregate zeta potential could not
consistently detect contamination. Results for the 500 nm diameter liposomes indicate
detection of OSCS contamination at concentrations from 1 mol% through 30 mol% by
changes in zeta potential, and from 2.5 mol% to 30 mol% by changes in aggregate diameter.
OSD could be detected by this method from 10 mol% to 30 mol% by changes in zeta
potential, and from 0.5 mol% to 30 mol% by changes in aggregate diameter. (For detailed
statistical results please see Supporting Information). If we consider percent heparin
contamination by weight, the lowest contamination level we can detect using these methods
is approximately 1.6% by weight of OSD, and 2.2% by weight of OSCS, making it an
attractive screening tool for heparin intended for clinical use. These calculations are based
on the estimated molecular weights of heparin, over-sulfated chondroitin sulfate, and over-
sulfated dermatan sulfate, summarized in Table 8 below.

It must be stated that despite the relative consistency and significance of the DLS diameter
measurements, the presence of fluorescence, high polydispersity, and large precipitating
particles in the sample lead us to favor the use of zeta potential for measurements of over-
sulfated heparin contaminants, as these measurements are unaffected by any of the
aforementioned concerns.

A comparison of current methods used to detect heparin quality reported in 2011 by Alban,
et al., has been very revealing. The authors reported that while NMR and other spectroscopic
methods are useable, other heparin mimetic may cause deviating results, and thus accurate
detection of OSCS in heparin will be in large part dependent on the skill of the individual
running the tests, and only currently known heparin contaminants may be recognized18.
Additionally, the PT and aPTT, while they are able to detect overall heparin quality, cannot
actually detect contamination, and have an LOD of 3%18. Further, it must be recognized that
no reported adverse effects were observed from enexoparin contaminated with up to 7%
OSCS15. Based on this, the analysis by Alban and Beyer of original contaminated
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samples9, 18, and the above statistical analysis of our data, we believe that zeta potential
measurements combined with DLS diameter measurements of POPC based liposomes
incubated with heparin samples at 170/500 nM and excess Mg2+ may be a rapid and
economical initial screen for contamination in these samples.

CONCLUSIONS
We have demonstrated that liposomes containing 1 mol% lissamine-rhodamine lipid form
aggregates of varying diameters and zeta potentials depending on the species and
concentration of GAG present. This has been verified by TEM studies. We have shown that
organizational states of the liposome bilayers are influenced by the presence of GAG and
excess Mg2+, resulting in a stabilizing effect, and the magnitude of this effect is also
dependent on GAG species and concentration present. Additionally, there is an inverse
relationship between the percent change of aggregate diameter and percent change of
aggregate zeta potential, as a function of GAG concentration in solution. Finally, the
presence of small concentrations of over-sulfated contaminants in heparin samples cause
statistically significant variations in the average aggregate diameter and zeta potential POPC
liposomes. Significant variations of POPC liposome aggregate zeta potentials enables
detection of over-sulfated chondroitin sulfate and over-sulfated dermatan sulfate at 1 mol%
and 0.5 mol % (2.2% w/w and 1.6% w/w, respectively). Based on the work of Bayer, the use
of this method would have been able to detect the contaminants in the majority of the
original heparin samples which caused allergic reactions and deaths of patients in 2007 and
20089. These results offer insight into the potential of these interactions for a rapid and
economical screen for the presence of over-sulfated contaminants in heparin or other drugs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of rhodamine (A) and pyranine (B) lipids.
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Figure 2.
Average aggregate diameters of DSPC liposome aggregates (A) and POPC liposomes (B);
and average zeta potentials of DSPC liposome aggregates (C) and POPC liposomes (D) in
the presence of increasing concentrations of heparin (black squares), over-sulfated
chondroitin sulfate (blue triangles), over-sulfated dermatan sulfate (red circles), and over-
sulfated heparin (green upside-down triangles).
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Figure 3.
TEM images of POPC liposomes with Mg2+ only (A): red arrows denote individual
liposomes), and aggregated in the presence of heparin (B), over-sulfated chondroitin sulfate
(C), over-sulfated dermatan sulfate (D), and over-sulfated heparin (E) magnified 5,000x.
Notable is the increase in average size of the aggregates of over-sulfated GAGs over
heparin, as well as the polydispersity of these aggregates. Shown also is an image of
liposomes aggregated with over-sulfated chondroitin sulfate magnified 25,000x (F). Clearly
shown are the clustered bilayers in one section of the aggregate, denoted by the red arrows.
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Figure 4.
TEM images of DSPC liposomes with Mg2+ only (A), and aggregated in the presence of
heparin (B), over-sulfated chondroitin sulfate (C), over-sulfated dermatan sulfate (D), and
over-sulfated heparin (E) magnified 5,000x. Notable is the the polydispersity of these
aggregates. Shown also is an image of liposomes aggregated with over-sulfated chondroitin
sulfate magnified 25,000x (F). Visible are the closely associated liposomes within a single
aggregate.
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Figure 5.
DSC traces of DSPC liposomes with heparin (A), over-sulfated chondroitin sulfate (B),
over-sulfated dermatan sulfate (C), and over-sulfated heparin (D): liposomes only (black
trace), GAG at 1 μM (red trace), GAG at 250 μM (blue trace).
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Figure 6.
Percent changes for 50 nm diameter liposomes (A, B), 200 nm liposomes (C, D), and 500
nm liposomes (E, F). Shown are percent changes in aggregate diameter (A, C, E) and
percent changes in aggregate zeta potential (B, D, F). Concentrations used for this study are
50 nM (black squares), 170 nM (red circles), and 500 nM (blue triangles).
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Table 1

Preparation of liposomes for diameter and zeta potential mechanism tests (volume in μL)

HEPES buffer (25
mM, pH8)

Liposomes (1.4
mM total lipid)

MgSO4 (2 M in
HEPES)

GAG (1 μM in
HEPES)

Liposomes only 306 50 --- ---

Liposomes + GAG 246 50 --- 60

Liposomes + Mg2+ 300 50 6 ---

Liposomes + Mg2+ + GAG 240 50 6 60
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Table 2

Preparation of liposome aggregates for saturation tests (all volumes in μL)

HEPES buffer (25
mM, pH 8)

Liposomes (1.4
mM total lipid)

MgSO4 at 2
M

GAG (concentration in
parentheses)

Liposomes only + Mg2+ 300 50 6 ---

100 nM GAG 264 50 6 35.6 (1 μM)

500 nM GAG 122 50 6 178 (1 μM)

1 μM GAG 296 50 6 3.6 (100 μM)

10 μM GAG 264 50 6 35.6 (100 μM)

50 μM GAG 122 50 6 178 (100 μM)

100 μM GAG 264 50 6 35.6 (1 mM)

250 μM GAG 211 50 6 89 (1 mM)

500 μM GAG 122 50 6 178 (1 mM)
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Table 5

Diameters and Zeta potentials of POPC-containing liposomes in the presence of GAG, with and without
Mg2+.

Formulation Zeta potential
(mV) Diameter (nm)

Liposomes only −13.3 ± 0.78 183.1 ± 8.01

Liposomes + Heparin −11.6 ± 1.16 177.0 ± 3.94

Liposomes + OSH −12.1 ± 0.80 174.4 ± 6.35

Liposomes + OSCS −12.3 ± 0.37 186.8 ± 3.2

Liposomes + OSD −12.2 ± 0.41 173.5 ± 4.45

Liposomes + Mg2+ 4.4 ± 0.61 179.5 ± 1.58

Liposomes + Mg2+ + Heparin 4.6 ± 0.58 540.8 ± 50.49

Liposomes + Mg2+ + OSH 4.7 ± 0.75 773.9 ± 78.54

Liposomes + Mg2+ + OSCS 3.2 ± 0.97 2098.6 ± 192.87

Liposomes + Mg2+ + OSD 3.7 ± 0.80 3325.8 ± 543.79
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Table 6

Diameters and Zeta potentials of DSPC-containing liposomes in the presence of GAG, with and without
Mg2+.

Formulation Zeta potential
(mV) Diameter (nm)

Liposomes only −11.8 ± 0.28 254.9 ± 90.97

Liposomes + Heparin −11.4 ± 0.81 374.2 ± 61.16

Liposomes + OSH −11.9 ± 0.44 445.9 ± 68.92

Liposomes + OSCS −11.7 ± 0.43 429.4 ± 36.72

Liposomes + OSD −12.7 ± 0.34 426.6 ± 58.89

Liposomes + Mg2+ 10.3 ± 0.91 397.7 ± 96.19

Liposomes + Mg2+ + Heparin 6.7 ± 1.11 2603 ± 189.51

Liposomes + Mg2+ + OSH 6.7 ± 1.08 1873 ± 162.66

Liposomes + Mg2+ + OSCS −16.0 ± 0.62 2483 ± 200.76

Liposomes + Mg2+ + OSD −2.7 ± 0.67 3489 ± 762.22
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Table 7

Heat required for liposome melting (μJ)

GAG Liposomes only 1 μM 250 μM

Heparin 1709.1 2814.9 2887.1

OSCS 1709.1 3338.2 3367.5

OSD 1709.1 3693.2 2793.5

OSH 1709.1 3653.9 3853.4
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Table 8

Molecular Weight of GAGs (g/mol)

GAG Liposomes only

Heparin 13,500

OSCS 29,560

OSD 42,529
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