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Abstract

A very simple and inexpensive method to detect oversulfated chondroitin sulfate (OSCS) or other
high charge density polyanionic structures as contaminants in heparin products using potentiometric
polyanion sensors is described. In the potentiometric measurement, a greater change in the phase
boundary equilibrium potential of polymeric membranes formulated with
tridodecylmethylammonium (TDMA) anion exchange sites is observed for the contaminated heparin
than for the untainted heparin due to the higher charge density of OSCS or other impurities compared
to that of porcine heparin. Detection of 0.5 wt% OSCS impurity is readily achieved using only 1 mg/
mL of final polyion concentration. Even lower detection limits for OSCS contamination may be
possible if higher final concentrations of heparin preparations can be employed in the test procedure.

Heparin is a highly-sulfated glycosaminoglycan that is widely used as an injectable
anticoagulant.1-3 A variety of medical devices and diagnostic products may also contain or be
coated with heparin. Recently, an acute, rapid onset of serious side effects indicative of an
allergic type reaction (resulting in a large number of patient deaths) has been reported in
connection with the use of certain lots of heparin. A specific contaminant, oversulfated
chondroitin sulfate (OSCS), has been identified in given preparations that may have caused
these adverse events.* ® Due to the similarity in chemical structure and anticoagulant activity
that OSCS possesses relative to heparin, it is impossible for routine bioactivity assays® to detect
the presence of the OSCS species. More advanced analytical methods including nuclear
magnetic resonance (NMR)® 7 and capillary electrophoresis (CE)® have been suggested for
the detection of the OSCS contaminants.

It has been demonstrated previously that large, reproducible EMF responses toward
polyanionic species can be achieved if polymeric ion-selective electrodes (ISEs) are formulated
with lipophilic anion-exchangers, such as a tridodecylmethylammonium (TDMA) salt, in
plasticized poly(vinyl chloride) (PVC) membranes.®-11 In the presence of relatively low
concentrations of polyanions in the test solution, the surface of the polymer membrane becomes
partially depleted of the small counter anion (i.e., chloride from the TDMA salt), and a gradient
of the polyanion exists in aqueous layer adjacent to the polymer membrane and throughout the
outermost layer of organic membrane (as an ion-pair with the TDMA species). Under such
conditions, the phase boundary potential at the membrane sample/interface achieves a non-
equilibrium pseudo steady-state value in proportion to the concentration of polyanion present
in a background electrolyte solution.1! This potentiometric response toward the polyion is
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super-Nernstian, and changes significantly over a relatively narrow range of low polyanion
concentrations. However, if higher concentrations of polyanion are added to a background
electrolyte solution, the outer surface of the polymeric membrane achieves a relatively rapid
equilibrium phase boundary potential change toward the polyion, and this equilibrium potential
change can be expressed by the following equation:12

RT dgl RT A poly k poly
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where AEMF represents the magnitude of the overall potential change after the polyanion is
added, St denotes the total concentration of the lipophilic anion exchanger (TDMA) and [R™]
is the added/endogenous anionic site concentration in the membrane; ac) and apoly are the
background chloride activity and polyanion (with charge z) activity in the sample solution,
respectively; kcj and Kqoy are the partition coefficient between membrane and aqueous phases
of chloride and polyanion, respectively; and f is the overall ion-pair formation constant in the
membrane phase. Specifically, it has been shown previously1? that the magnitude of the
equilibrium EMF change in response to high polyanion concentrations is related to the charge
density of the polyanion since a stronger cooperative ion-pair can be formed between the
extracted polyanion with higher charge density and the TDMA exchanger species in the
polymeric film (greater value for 4 in equation 1).12 It should be noted that this equilibrium
phase boundary potential change is essentially independent of polyion concentration, since
when the outer surface of the ion-exchange membrane is at equilibrium, the classical Nernstian
response to the polyion is observed, which given the very high charge for these species, yields
very small EMF changes as function of polyion concentration (< 1 mV/decade for heparin).

Herein, we take advantage of the fundamental response principles of potentiometric polyanion
sensors to demonstrate a simple and inexpensive method to detect the presence OSCS
contamination in heparin products. Since OSCS has a greater charge density than heparin, a
larger change in the equilibrium EMF response is observed when adequate levels of this
contaminant is present compared to an untainted heparin preparation. Dextran sulfate (DS),
another polysaccharide with higher charge density than porcine heparin, is also used as a model
contaminant species to test the broad applicability of the proposed method to detect a variety
of high charge density polyanions in commercial porcine heparin preparations.

Experimental Section

The polyanion sensitive membrane employed in the present work was formulated with 1.5 wt
% tridodedylmethylammonium chloride (TDMAC) (Aldrich, St. Louis, MO), 32.5 wt% poly
(vinyl chloride) (PVC) (Fluka, St. Louis, MO) and 66 wt% dioctylsebacate (DOS) (Fluka) as
reported previously.10 Membrane components were dissolved in distilled tetrahydrofuran
(THF) (Fisher Scientific, Pittsburgh, PA) at 100 mg per mL. To construct single-use disposable
electrochemical sensors, sealed end glass capillary tubes (0.d. 0.8 — 1.1 mm) were inserted into
short pieces of Tygon tubing (ca. 1 in. long, 1/16 in i.d., 1/8 in 0.d.) with the sealed end
protruding 3 - 4 mm beyond the end of the Tygon tubing. The protruding capillary end was
dip-coated with the membrane cocktail 12 times, leaving 15 min between each dip-coating to
allow for adequate solvent evaporation. The membranes were allowed to dry overnight. The
sensors were soaked in 0.01 M phosphate buffered saline (PBS), pH 7.4, for approximately 1
h before the glass capillaries were carefully removed. The Tygon tubing with the sensing
membrane at the tip was then filled with the same PBS, and a Ag/AgCI wire covered with heat
shrink tubing on the top was inserted. A commercial miniaturized Ag/AgCl electrode (BASI,
West Lafayette, IN) was used as the reference electrode.
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Ten mg/mL and 50 mg/mL DS solutions were used as initial test samples, and then further
diluted with 10 mg/mL and 50 mg/mL solution of pure porcine heparin (171 units/mg)
(Aldrich) to obtain samples that have different DS contaminant content. DS was also obtained
from Aldrich. An aligout (400 uL) of these solutions was added to 3600 pL of PBS, (with the
polyanion sensor and reference electrode in place within this well-stirred PBS solution) to yield
a final polyanion concentration of 1 mg/mL and 5 mg/mL, respectively. AEMFs were obtained
by subtracting the starting background cell potential in PBS alone from the potential value
recorded 10 min after the injection of polyanion solutions OSCS was synthesized according
to a previously reported procedure starting with sodium salt of chondroitin sulfate (CS)
obtained from Aldrich.” A 10 mg/mL solution (in PBS) containing the newly synthesized
OSCS was mixed with pure porcine heparin to yield different levels of OSCS contaminated
heparin samples and then tested with the polyanion sensors as above for DS contamination in
heparin (except for 0.5 wt% OSCS in heparin at a final polyanion concentration of 1 mg/mL,
the EMF change after 15 min was recorded). In addition, a 10 mg/mL reference sample of
contaminated heparin known to have > 10 wt% OSCS was obtained from U.S. Pharmacopeia
(USP) (Rockville, MD) and examined by the proposed method. It should be noted that the
lower limit of detection for the proposed method is based on the ability to discriminate (based
on EMF change) a given wt% of polyanion contaminant in the presence of a large excess of
heparin.

Results and Discussion

As shown in Figure 1, large differences in the equilibrium EMF responses toward porcine
heparin, DS, CS, OSCS, and USP contaminated heparin are observed when added to PBS, with
each species at a final total concentration of 1 mg/mL. Pure OSCS or USP contaminated heparin
yield EMF changes of ca. 25 mV more negative than pure porcine heparin, clearly suggesting
that the polyanion sensors can be used as a screening tool to detect the presence of OSCS in
biomedical heparin preparations. Table 1 further summarizes the EMF responses toward
polyanion mixtures with different ratios of OSCS to porcine heparin. The overall EMF response
of the polyanion sensor is very rapid, usually within 30s at relatively high OSCS contaminant
content. For low OSCS content (< 1 wt%), the potential first drops quickly to the equilibrium
EMF change typically observed for pure heparin, and then drifts down slowly toward the value
observed for the pure OSCS or the highly contaminated samples (see Figure 2). Indeed, when
the contaminant polyanion level is lower, the amount of this species present is in a concentration
range where the surface of the membrane does not achieve full equilibrium EMF response
quickly.

Very similar behavior was found for samples of heparin spiked to contain DS at varying wt%
(see Table 1S in Supplemental Information). Based on results obtained from DS measurements
(Table 1S), a lower percentage of DS contaminant in the total polyanion preparation can be
detected for 5 mg/mL final polyanion concentration than for the 1 mg/mL final polyanion
concentration (Table 1S (B)). This implies that if a more concentrated contaminated heparin
is used as the initial test sample, a lower weight percentage of the contaminant polyanion may
be detected (i.e., an improved detection limit for contaminant wt% in the heparin). It should
be noted that semi-quantitative concentration data for the contaminant can only be obtained
when the total polyanion concentration in the final test solution is adjusted to be in a range
where the contaminant concentration is low enough not to achieve a rapid equilibrium phase
boundary potential change at the membrane/sample interface. Indeed, under these conditions
the rate of EMF change of the polyanion sensor toward the equilibrium EMF response for the
OSCS species is proportional to OSCS concentration.
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Conclusion

The very simple methodology described here using disposable potentiometric polyanion
sensors exhibits reproducible responses to high charge density polyanion contaminants such
as OSCS and DS in heparin preparations. The procedure could be used as an inexpensive
screening method to assess raw materials or finalized biomedical grade heparin products. The
test samples can be used directly without complicated pretreatment, although predialysis of
the samples vs. PBS may be necessary in rare instances if there is chance that small lipophilic
anions (e.g., perchlorate, thiocyanate) or organic anions (e.g., salicylate) could be present in
the given sample preparation. The presence of such anions at high concentrations would also
cause significant negative EMF response of the TDMA-based polymeric membrane owing to
the favorable extraction thermodynamics of such anions into the organic membrane phase of
the working electrode. However, in this work, and in all previous studies in which these same
membrane electrodes have been examined for response to commercial heparin preparations,
no such small anion interferences have been observed. Detailed studies to develop a more
quantitative test procedure for OSCS contaminant levels based on the dynamics of the observed
EMF responses are now ongoing in this laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Equilibrium EMF response changes of PVC membranes doped with TDMAC toward various
polyanion preparations at a final total polyanion concentration of 1 mg/mL. The standard
deviations were calculated using data collected from 4 different tests with fresh sensors for
each polyanion preparation reported.
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Figure 2.

Response time trace of PVVC membranes doped with TDMAC after injection of heparin/polyion
preparations (at 1 mg/mL) possessing different degrees of OSCS contamination (5 wt%, 1 wt
%, and 0.5 wt%). For comparison, the response to pure porcine heparin at a final polyanion
concentration of 1 mg/mL is also shown.
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Potentiometric response of PVC membranes doped with TDMAC toward polyanion samples with different

ratios of OSCS and porcine heparin 2

OSCS wt% in polyanion preparations Avg. b EMF (mV)SD (mV) ¢
100 -78.8 2.2
20 -78.8 13
10 -78.2 18
1.0 -714.7 15
0.75 -72.8 1.8
0.50 -72.7 11
0 -54.4 0.7

a. The final polyanion concentration is 1 mg/mL.
b. EMF values were recorded 10 min after the injection of polyanion solutions

c L . .
. The standard deviations were calculated using data collected from 4 sensors for each concentration.
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