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Commercial  low  molecular  weight  heparins  (LMWHs)  are  prepared  by  several  methods  including  per-
oxidative  cleavage,  nitrous  acid  cleavage,  chemical  ß-elimination,  and  enzymatic  ß-elimination.  The
disadvantages  of  these  methods  are  that  strong  reaction  conditions  or harsh  chemicals  are  used  and
these  can  result  in  decomposition  or modification  of  saccharide  units  within  the  polysaccharide  back-
bone.  These  side-reactions  reduce  product  quality  and  yield.  Here  we show  the  partial  photolysis  of
unfractionated  heparin  can  be  performed  in  distillated  water  using  titanium  dioxide  (TiO2). TiO2 is  a
catalyst  that  can  be  easily  removed  by centrifugation  or filtration  after  the  photochemical  reaction  takes
ow molecular weight heparin
hotochemical depolymerization
itanium dioxide
MR
C–MS

place,  resulting  in highly  pure  products.  The  anticoagulant  activity  of photodegraded  LMWH  (pLMWH)
is  comparable  to the most  common  commercially  available  LMWHs  (i.e.,  Enoxaparin  and  Dalteparin). 1H
NMR  spectra  obtained  show  that  pLMWH  maintains  the  same  core  structure  as unfractionated  heparin.
This photochemical  reaction  was  investigated  using  liquid  chromatography/mass  spectrometry  (LC/MS)
and  unlike  other  processes  commonly  used  to prepare  LMWHs,  photochemically  preparation  affords
polysaccharide  chains  of  reduced  length  having  both  odd  and even  of  saccharide  residues.
. Introduction

Heparin is a glycosaminoglycan composed of (1 → 4)-linked
lternating glucosamine and uronic acid residues containing O-
ulfo, N-acetyl and N-sulfo groups. Unfractionated heparin consists
f heterogeneous polydispersed mixture of sulfated polysaccha-
ides ranging in molecular weight from 3000 to 30,000, with
n average molecular weight of 15,000 (Anderson, Barrowcliffe,
olmer, Johnson, & Sims, 1976; Harenberg, 1990; Johnson &
ulloy, 1976). Heparin, a clinical anticoagulant, binds to the ser-

ne protease inhibitor antithrombin (AT), causing it to undergo a
onformational change resulting in AT inhibition of thrombin (fac-
or IIa) and factor Xa. AT binds to the specific pentasaccharide
equence (GlcNAc/NS6S (1 → 4) GlcA (1 → 4) GlcNS3S6S (1 → 4)
doA2S (1 → 4) GlcNS6S) in heparin (Linhardt & Gunay, 1999).
nactivation of thrombin by AT requires more than 18 saccha-
ides of heparin (molecular weight <5400), and the smaller heparin

ligosaccharides are unable to accelerate the inactivation of throm-
in by AT but retain their ability to catalyze the inhibition of factor
a by AT. While being widely used as a clinical anticoagulant,
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E-mail address: toida@faculty.chiba-u.jp (T. Toida).
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heparin exhibits some undesirable side effects, such as hemor-
rhagic complications and heparin induced thrombocytopenia and it
also has low bioavailability when administered by non-intravenous
routes (Freedman, 1992; Gervin, 1975; Hirsh & Raschke, 2004).
Low molecular weight heparins (LMWHs) have been introduced
as heparin substitutes with reduced side effects, more predictable
pharmacological action, sustained antithrombotic activity, and bet-
ter bioavailability (Breddin, Fareed, & Bender, 1988; Green et al.,
1994; Hirsh & Raschke, 2004; Linhardt, 2003). The preparation
of LMWH  can be achieved by the treatment of heparin with: (1)
nitrous acid; (2) heparin lyase; (3) hydrogen peroxide; or (4) ben-
zyl halide and base (Bianchini & Mascellani, 1988; Bisio et al.,
2004; Fussi, 1981; Lindahl, Backstrom, & Thunberg, 1980; Linhardt,
Grant, Cooney, & Langer, 1982; Mardiguian, 1984; Nielsen, 1992;
Shivley & Conrad, 1976; Uzan, 1998). These methods depend on
strong conditions or harsh chemicals and decomposition or mod-
ification of individual saccharide residues can be taken place,
resulting in the formation of undesired side products (Bianchini
& Mascellani, 1988; Bisio et al., 2004; Fussi, 1978, 1981, 1982;
Lindahl et al., 1980; Linhardt et al., 1982, 1990; Mardiguian, 1984;

Nielsen, 1992; Shivley & Conrad, 1976; Uzan, 1998). Furthermore,
alcohol precipitation or gel filtration process is required to remove
toxic chemicals such as acids or heavy metals from reaction mix-
ture, reducing the yield of LMWH.  Therefore, development of a

dx.doi.org/10.1016/j.carbpol.2011.09.087
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:toida@faculty.chiba-u.jp
dx.doi.org/10.1016/j.carbpol.2011.09.087


1 te Pol

n
L

l
m
c
u
a
u
c
s
o
a
u

s
h
l
H
t
w
t
B
c
s

2

2

(
m
(
A
U
o
c
(
a
(
b
N
g
a
n

2

O
a
a
a
c

2
r

w
P
l
p
d

738 K. Higashi et al. / Carbohydra

ew method is required for safe, costless and easy preparation of
MWH.

Photochemical reactions, generally involving ultraviolet (UV)
ight-initiated oxidation reactions, are often applied for environ-

entally friendly treatments, including water purification, air
leaning, clean organic syntheses and disinfection. The most widely
sed photocatalyst is titanium dioxide (TiO2) because of its desir-
ble properties, such as chemical stability, high catalytic activity
nder UV-light, low cost and most importantly its low biologi-
al toxicity. Photocatalysis using TiO2 can be performed without
pecial equipment or the need to control temperature. More-
ver, the TiO2 used as catalyst can be easily removed by filtration
fter the photoreaction takes place, resulting in highly pure prod-
cts.

In previous studies, we have reported the depolymerization of
imple, nonsulfated polysaccharides, sodium alginate, pectin and
eparosan using a photochemical reaction relying on TiO2 cata-

yst (Burana-osot et al., 2009; Burana-osot, Soonthornchareonnon,
osoyama, Linhardt, & Toida, 2010; Higashi et al., 2011). The con-

rolled depolymerization of sodium alginate, pectin and heparosan
ere successfully accomplished and the resulting products main-

ained the intact core structure of alginate, pectin and heparosan.
ased on these prior studies we undertook to examine the TiO2-
atalyzed photochemical depolymerization of the more complex
ulfated polysaccharide, heparin.

. Materials and methods

.1. Materials

Heparin sodium salt, Grade I-A from porcine intestinal mucosa
212 USP units/mg), Enoxaparin (Clexane), Dalteparin, (Frag-

in), RD heparin (Ardeparin), OP 2123 (Fluxum) and Logiparin
LHN-1) were obtained from Sigma–Aldrich, Co., USA, Sanofi-
ventis, France, Pfizer, USA, Opocrin, Italy, Hepar Industries,
SA, and Novo Industries, Denmark, respectively. A heparin
ligosaccharide standard mixture was prepared by partial (30%
omplete) heparin lyase I digestion of bovine lung heparin
Thanawiroom et al., 2004). TiO2 (anatase type, particle size
verage, 50 �m)  was purchased from Wako Pure Chemical Co.
Osaka, Japan). Electrophoresis-grade acrylamide, N,N′-methylene-
is-acrylamide, sucrose, glycine, ammonium persulfate (APS),
,N,N′,N′-tetramethylenediamine (TEMED), and pre-cast 4–15%
radient mini-slab gel were from Bio-Rad, (Hercules, CA, USA). Boric
cid, disodium salt of ethylenediamine tetraacetic acid (EDTA), phe-
ol red, and Alcian blue were from Fisher (Pittsburgh, PA, USA).

.2. Photochemical reaction

The photochemical reaction device (Sen Lights Corporation,
saka, Japan) consisted of a VG1500 reaction tank with 5 inlets,

 light source (high pressure mercury lamp HL100 CH-4, 100 W),
 power source (HB100P-1) and lamp jacket-quartz glass JW-2Q
nd Pyrex glass JW-1G. The apparatus was connected with a water
irculating system to cool the lamp.

.3. Degradation of unfractionated heparin by photochemical
eaction

Unfractionated heparin (10 mg)  was dissolved in 1 mL  water
ith 1 mg  of titanium dioxide (TiO2) particles in a tube (borosilicate
yrex glass, 13 mm i.d. × 120 mm,  Iwaki glass Co. Ltd., Tokyo) and
oosely closed by a screw cap. The sample tube was the placed in the
hotochemical reaction tank and was exposed to light within 2 cm
istance from the lamp unit at room temperature. A mechanical
ymers 87 (2012) 1737– 1743

stirrer was  used in addition to a magnetic stirrer to ensure the dis-
solution of oxygen into the solution. After the reaction, the sample
was centrifuged at 1500 × g for 5 min  at 20 ◦C and the supernatant
was filtered through 0.45 �m disposable syringe filter unit (Dismic-
13HP; Advantec, Tokyo, Japan) to eliminate all of the TiO2 particles,
and the product solution was neutralized with NaOH, dialyzed and
lyophilized. The change in molecular weights of degraded heparin
samples were monitored by GPC-HPLC.

2.4. Estimation of the average molecular weight

GPC-HPLC was  performed using a TSK-GEL G3000PWxl size
exclusion column with a sample injection volume of 20 �L (20 �g)
at a flow rate of 0.6 mL/min on an apparatus composed of a
Shimadzu LC-10Ai pump, a Shimadzu CBM-20A controller and a
Shimadzu RID-10A refractive index detector. The mobile phase con-
sisted of 0.1 M NaNO3. The column was maintained at 40 ◦C with
an Eppendorf column heater during the chromatography. The GPC
chromatograms were recorded on a computer with the LC solu-
tion Version 1.25 software and analyzed with its “GPC Postrun”
function. Heparin oligosaccharides of different molecular weights
purchased from Iduron (Manchester, UK) were used as calibrants
for the standard curve.

2.5. Measurement of level of sulfo group loss and glucosamine
content

The glucosamine for heparin and inorganic sulfate were deter-
mined separately by high performance liquid chromatography
(HPLC) after acidic hydrolysis of heparin (Chaidedgumjorn et al.,
2002). Determination of sulfate groups was performed by anion-
exchange HPLC after acid hydrolysis of the sample in 2.5 M
trifluoroaceteic acid (TFA) at 100 ◦C for 2.5 h using conductively
detection (Tosoh model CM-8020). The column used was TSK gel IC-
Anion-PWXL (4.6 mm,  i.d. × 350 mm)  (Tosoh, Japan) and eluted with
1.42 mM NaHCO3 and 1.5 mM Na2CO3 at a flow rate of 0.8 mL/min.
A standard calibration curve was constructed using Na2SO4. Glu-
cosamine was determined by the post column HPLC derivatization
after acid hydrolysis under identical conditions as described for
sulfate analysis (Honda & Suzuki, 1984).

2.6. Structural analysis by 1H NMR

All 1D 1H NMR  experiments were performed at 298 K on Bruker
Avance II 600 MHz  spectrometer with Topspin 2.0 software. Hep-
arin and LMWHs  (2 mg)  were each dissolved in 0.4 mL  D2O (99.96%,
Sigma–Aldrich, Co.) and lyophilized three-times to remove the
exchangeable protons. The samples were re-dissolved in 0.4 mL
D2O and transferred to NMR  microtubes (OD 5 mm,  Norrell). Exper-
iments were performed with 32 scans and an acquisition time
of 2.6 s. The conditions for two-dimensional HMQC spectra were
as follows: 32 scans, sweep width of 6.15 kHz, acquisition time
of 0.33 s, and relaxation delay of 0.90 s. The conditions for two-
dimensional COSY spectra were as follows: 8 scans, sweep width
of 7.40 kHz, acquisition time of 0.28 s, and relaxation delay of 1.50 s.

2.7. Polyacrylamide electrophoresis

Polyacrylamide gel was prepared in 22% of total acrylamide for
resolving gel (0.75 mm thick × 6.8 cm × 8.6 cm)  and 5% of total acry-
lamide for stacking gel. Upper chamber and lower chamber were
filled with buffer A (0.2 M Tris (pH 9 without adjustment) and 1 M

glycine) and buffer B (0.1 M Tris–HCl (pH 8.3), 0.1 M boric acid
and 10 mM EDTA), respectively. LMWH  sample was  diluted with
equivalent volume of 50% sucrose and phenol red was added to the
sample for the visualization. The gel was loaded with 7.5 �g of each
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MWH sample and subjected to electrophoresis for 80 min  at 200 V.
he gel was visualized first with 0.5% (w/v) Alcian blue in 2% (v/v)
cetic acid aqueous solution.

.8. Preparation of LMWH  by heparin lyase and ozonolysis

Flavobacterium heparin lyases I, II and III were prepared as
escribed previously (Linhardt, 2001; Loshe & Linhardt, 1992).

 reaction mixture (3 mL), contained 25 mM Tris–HCl (pH 7.4),
00 mM NaCl, 10 mg  of Heparin from porcine intestinal mucosa,

 U of heparin lyases I, II, and III were incubated 3.5 h at room
emperature. After incubation, the reactions was stopped by boil-
ng for 5 min  and centrifuged for 5 min  at 3000 × g. The extent of
epolymerization was determined by measuring the A232 using

 Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scien-
ific Inc., USA). The extent of depolymerization for heparin was
pproximately 70% respectively. For ozonolysis, a mixture of hep-
rin oligosaccharide standards was diluted in water at 0.2 mg/mL.
zone, generated from a Welsbach model T-816 (El Sobrante, CA)
pparatus set at 0.4 L/min (O2 at 21 ◦C) air-flow and 70 V, was bub-
led through the solution for 5 min. The reaction was  worked up
y adjusting the sample to pH 3 with 1 M hydrochloric acid and

ncubating for 30 min  at 37 ◦C. The sample was adjusted to pH 7
ith 10% aqueous sodium hydroxide. The sample was  desalted by

000 molecular weight cut-off (MWCO) spin column (Millipore,
SA) and lyophilized.

.9. Liquid chromatography–mass spectrometric analysis of
hotodegraded low molecular weight heparin

LC–MS analyses were performed on an Agilent 1100 LC/MSD
nstrument (Agilent Technologies, Inc., Wilmington, DE) equipped

ith an ion trap, binary pump followed by microflow, and a
V detector. The sample (8 �L, 50 mg/mL) was injected. The
olumn used was a 1.7 �m Acquity UPLC BEH C18 column
2.1 mm × 150 mm,  Waters, Milford, MA,  USA) (Solakyildirim,
hang, & Linhardt, 2010). For HP oligosaccharides analysis, solu-
ions A and B for UPLC were 0 and 75% acetonitrile, respectively,
ontaining the same concentration of 15 mM n-hexylamine (HXA)
s an ion-pairing reagent and 100 mM 1,1,1,3,3,3-hexafluoro-2-
ropanol (HFIP) as an organic modifier. The column temperature
as maintained at 45 ◦C. Solution A for 10 min, followed by a linear

radient from 10 to 120 min  of 0–80% solution B at the flow rate
f 100 �L/min was used for oligosaccharides analysis. The elec-
rospray interface was set in positive ionization mode with the
kimmer potential 40.0 V, capillary exit 40.0 V, and a source of tem-
erature of 350 ◦C to obtain maximum abundance of the ions in a
ull-scan spectra (350–2000 Da, 10 full scans/s). Nitrogen was used
s a drying gas (8 L/min) and a nebulizing gas (40 psi).

.10. Anticoagulation activity of heparin, pLMWH, Dalteparin
nd Enoxaparin

Anti-factor Xa activity was measured using Test Team® heparin
 kit (Sekisui Medical, Tokyo, Japan). A reaction mixture 1 (0.2 mL),
ontained 50 mM Tris–HCl (pH 8.4), 20 mL  of human plasma, 20 mU
f AT and 10 ng of unfractionated heparin and LMWH  were incu-
ated 37 ◦C at 2 min. After incubation, reaction mixture 2 (0.3 mL),
ontained 42.6 mU  of factor Xa and 150 �g of S-2222, was  added
nd incubated at 3 min. Reaction was stopped with 300 �L of 8.33 M
cetic acid and absorbance at 405 nm was measured. Anti-thrombin
ctivity was measured using Test Team® ATIII 2 kit (Sekisui Medical,

okyo, Japan) following the supplier’s manual with minor modi-
cations. A reaction mixture (75 �L), contained 100 mM Tris–HCl
pH 7.4), 12 mU of thrombin and 10 ng of unfractionated heparin
r LMWH were incubated 37 ◦C at 5 min. After incubation, 50 �L of
ymers 87 (2012) 1737– 1743 1739

1.43 mg/mL  of S-2238 were added and incubated at 5 min. Reac-
tion was stopped using citric acid and absorbance at 405 nm was
measured.

3. Results and discussion

Photochemical activation of aqueous titanium dioxide (TiO2)
affords to produce reactive oxygen species that are capable of
randomly oxidizing the sugar residues of polysaccharides, result-
ing in a decrease in polysaccharide molecular weight. In previous
studies, sodium alginate and pectin were depolymerized by pho-
tochemical reaction under the various pH conditions. First of all,
effects of pH of reaction mixture were investigated at pH 4 (water
adjusted with 10 mM hydrochloric acid), pH 7 (water adjusted
with 10 mM ammonium hydroxide) and pH 10 (water adjusted
with 100 mM  ammonium hydroxide) and water (Burana-osot et al.,
2009, 2010). The dissolved heparin (10 mg/mL), suspended with
1 mg  TiO2 particles in 6 mL-screw-capped test tube (borosilicate
glass), was  exposed to a high-pressure mercury UV light for 0, 1,
3 and 6 h. The molecular weight of samples at each pH condition
was determined by GPC-HPLC. The degrees of depolymerization
of heparin at pH 4 and 7, and in water were not different each
other, while heparin was  easily depolymerized at pH 10 (data not
shown). On the other hand, TiO2 (80% anatase, 20% rutile)-catalyzed
photocatalytic degradation of unfractionated heparin had previ-
ously been described using a quartz lamp jacket (125 W medium
pressure mercury lamp) in the oxygen-saturated water (Blažková
et al., 1995). Under the condition, however, significant desulfona-
tion and decarboxylation of the resulting LMWH  products were
observed. It has been reported that a mixture of anatase and rutile
TiO2 nanoparticles has a much higher photocatalytic activity than
pure the anatase or rutile TiO2 nanoparticles (Ohno, Sarukawa,
Tokeida, & Matsumura, 2001). We  had previously demonstrated
the pure anatase TiO2-catalyzed photo-depolymerization of algi-
nate and pectin, unsulfated polysaccharides using quartz lamp
jacket (100 W high pressure mercury lamp, wavelength range:
254–436 nm)  without concomitant structural damage to these
molecules (Burana-osot et al., 2009, 2010). Depolymerization of
heparin was examined using quart lamp jacket (100 W high pres-
sure mercury lamp, wavelength range: 254–436 nm), however,
significant desulfonation of heparin was observed (Fig. 1B). To
depolymerize heparin without structural damages, Pyrex borosil-
icate glass lamp jacket was used instead of a quartz lamp jacket,
because a Pyrex borosilicate glass lamp jacket is known to decrease
the transmission of UV light. Thus, TiO2-catalyzed photochemi-
cal reaction was  performed using Pyrex glass lamp jacket (100 W
high pressure mercury lamp, wavelength range: >370 nm) (Fig. 1).
Molecular weight of the starting heparin and the photodegraded
low molecular weight heparin (pLMWH) was  determined by GPC-
HPLC and the desulfonation of the pLMWH  was  determined by
anion-exchange HPLC. While the rate of depolymerization by light
filtered through a Pyrex lamp jacket was  slightly reduced, there
was a remarkable decrease in desulfonation observed when using
a Pyrex lamp jacket (Fig. 1A and B). Thus, the optimal conditions
for a photochemical reaction with >370 nm light and for purifica-
tion to obtain LMWH  were established as exposure to the visible
light in the presence of TiO2 in water. Heparin depolymerization
by photolysis is thought to be occurred via mechanisms of radical-
induced scission of glycosidic linkage because photo-irradiation of
TiO2 leads to the formation of active oxygen radical (H2O2, O2

− and
•OH) (Harbour, Tromp, & Hair, 1985; Jaeger & Bard, 1979; Noda,

Oikawa, & Kamada, 1992). In the case of preparation of LMWHs
from Fenton’s type depolymerization process or �-ray irradiation,
not only resulting LMWH  but also several side products were gen-
erated (Bisio et al., 2004; Vismara et al., 2007, 2010). Although
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F red as a function of photolysis time. (B) Desulfonation (% sulfo group loss) is measured as
a luated. HPLC condition was  performed as described under Section 2.
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Fig. 2. Proton NMR spectra of A. unfractionated heparin and B. pLMWH. Peak assign-

T
M

ig. 1. Photochemical depolymerization of heparin. (A) Molecular weight is measu
 function of photolysis time. Pyrex glass (©) and quartz (�) lamp jackets were eva

epolymerization of heparin by photolysis using Pyrex glass
amp jackets was milder than Fenton reaction or �-ray irradia-
ion preparations (Bisio et al., 2004; Vismara et al., 2007, 2010),
mall compounds produced by photolysis were removed by dial-
sis against water to avoid contamination in pLMWH, and the
amples were neutralized and freeze dried. After the photolytic
reparation procedure of pLMWH  described above, 93% yield of
LMWH  was obtained from the original unfractionated heparin.
he number-averaged molecular weight (MN), weight-averaged
olecular weight (MW), polydispersity (P) and number of sulfate

roups/disaccharide of pLMWH  which obtained by the photolytic
reparation are shown in Table 1. By carefully controlling hep-
rin photolysis over the course of 12 h, we were able to obtain

 pLMWH  having a molecular weight comparable to commercial
MWHs. Numbers of sulfo groups of each LMWH  were determined
nd pLMWH  retained 96% of sulfo groups presented in the original
nfractionated heparin.

We next measured anti-factor Xa and thrombin activity of
eparin, pLMWH  to examine whether a structure of AT-binding
equence of heparin is preserved (Table 2). Anti-factor Xa activ-
ty and thrombin activity of pLMWH  were approximately 81% and
6%, respectively, of unfractionated heparin and most importantly
hese anticoagulant activities were comparable to those of LMWHs
Enoxaparin and Dalteparin) currently clinical use. Anti-factor Xa to
nti-thrombin ratios for pLMWH, Enoxaparin and Dalteparin were
.32, 3.88 and 2.38, respectively. The value of pLMWH  seems to be
uitable for clinical use (Table 2).

The 1H NMR  spectra at 600 MHz  of heparin and pLMWH  are
hown in Fig. 3. The peaks of the components of heparin were
ssigned based on the data reported previously (Sudo et al., 2001)
nd on two-dimensional HMQC and COSY experiments (data not
hown). The signals for the pLMWH  sample showed the same
hemical shift values and signal intensities as observed for the
ntact heparin sample, except for a reduced intensity IdoA H-5 peak
4.94 ppm) (Fig. 2). These results strongly suggest that depolymer-
zation of heparin by photolysis with >370 nm light was achieved
ith maintaining the intact core structure of heparin.
Heparin depolymerization by active oxygen radical is occurred

ia mechanisms of random scission of glycosidic linkage, resulting
ain products having both the natural reducing and non-reducing

able 1
olecular weight (MN, MW and P) of unfractioned heparin, pLMWH, Enoxaparin and Dalt

MN MW

Heparin 13,873 20,073 

pLMWH  3503 5074 

Enoxaparin 2633 3873 

Dalteparin 4208 5635 
ments are: (a) GlcNS6S H-1; (b) GlcNS H-1 linked to IdoA; (c) IdoA2S H-1; d. IdoA
H-5; and e. GlcNS3S H-2 linked to GlcA.

end-terminal residues (Bianchini & Mascellani, 1988; Vismara et al.,
2007). These phenomena have been observed by the depolymer-
ization of heparin by �-irradiation and been investigated using
MALDI mass spectrometry (Bisio et al., 2004). To detect odd num-
ber oligosaccharides from pLMWH, it is important to prepare odd
number heparin oligosaccharides as a standard for LC–MS analy-
sis. It has been reported that hyaluronic oligosaccharides prepared
using polysaccharide lyase was treated with ozone to confirm the
presence of a double bond in the C4 and C5 position of uronic
acid moiety (Linker, Meyer, & Hoffman, 1956). We  have also previ-
ously found that an unsaturated uronate residue was  successfully
cleaved to form odd number of low molecular weight heparin
(Fig. 3A) (Masuko et al., 2011). Thus, LMWH  obtained by heparin
lyase treatment followed by ozonolysis were prepared and ana-
lyzed on polyacrylamide gel electrophoresis (PAGE). As shown in
Fig. 3B, the resulting products by ozonolysis were polysaccharide

chains having an odd number of saccharide units. As for pLMWH,
distribution of oligosaccharide and polysaccharide chains afforded
by photolysis showed a profile indicating that photochemical reac-
tion and oxidative cleavage products contained oligosaccharide and

eparin.

P Number of sulfate groups/disaccharide

1.45 2.16
1.45 2.08
1.47 1.94
1.34 2.35
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Table  2
Anti-Xa and anti-thrombin activity of heparin, pLMWH, Enoxaparin and Dalteparin.

Anti-Xa activity (U/mg) Anti-thrombin activity
(U/mg)

Anti-Xa/anti-thrombin
(ratio)

Heparin 206.2 ± 3.10 208.3 ± 5.42 0.99
pLMWH 168.3 ± 3.22 72.5 ± 2.61 2.32
Enoxaparin 171.1 ± 3.80 44.1 ± 19.95 3.88
Dalteparin 221.5 ± 2.65 93.0 ± 8.94 2.38

Fig. 3. Removal of the unsaturated uronic acid residue of heparin by ozonol-
ysis. (A) The proposed mechanism of ozonolysis of heparosan and heparin. In
heparin R = [1 → 4)-�-l-IdoA ± 2S (or �-d-GlcA)(1 → 4)-�-d-GlcNS ± 6S and/or ± 3S
(or GlcNAc ± 6S) (1 → 4]n 4)-�-l-IdoA ± 2S(or �-d-GlcA)(1 → 4)-�/�-d-GlcNS ± 6S
and/or ± 3S(or GlcNAc ± 6S). (B) Preparation of LMWH  by heparinase treatment fol-
lowed by ozonolysis. 10 �g of LMWH  prepared by heparinase, LMWH obtained by
heparinase treatment followed by ozonolysis and pLMWH  were separated by PAGE
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Fig. 4. Total ion chromatography (TIC) of LMWH  obtained by (A) heparinase treat-
ment; (B) heparinase treatment followed by ozonolysis and (C) photochemical
depolymerization (pLMWH). The separation was  performed on an Acquity UPLC BEH
C18 column (2.1 mm × 150 mm,  1.7 �m, Waters). Solutions A and B for UPLC were
0  and 75% acetonitrile, respectively, containing the same concentration of 15 mM
HXA as an ion-pairing reagent and 100 mM HFIP as an organic modifier. The column
temperature was maintained at 45 ◦C. Solution A for 10 min, followed by a linear
n  a 22% acrylamide gel and stained with 0.5% (w/v) Alcian blue in 2% (v/v) acetic
cid  aqueous solution.

olysaccharide chains having both an odd and even number of
accharide units. It has been known that OP 2123, prepared oxida-
ive cleavage of hydroxyl radical (•OH), contains both even and
dd number of saccharide units (Bianchini & Mascellani, 1988). To
ompare the molecular weight dispersity of oligosaccharide and
olysaccharide chains of pLMWH  with those of RD heparin and
P 2123, PAGE analysis was performed and indicating that these
MWHs  showed no banding as well as pLMWH  (Supplementary
ata 1). On the other hand, Logiparin and Enoxaparin, prepared by
hemical or enzymatic ß-elimination, showed profiles indicating
hat they consisted of oligosaccharide and polysaccharide chains
aving an even number of saccharide units. These data strongly
upport the fact that heparin depolymerization by photolysis is
aused via mechanisms of random scission of glycosidic linkage,
ut not broken main core structure.

The LC–MS analysis was undertaken on pLMWH, LMWH
repared through the controlled heparin lyase catalyzed depoly-
erization of heparin, and LMWH  prepared using heparin lyase

nd then subjected to ozonolysis (Fig. 4). Analysis utilized reversed

hase ion pairing-ultraperformance liquid chromatography (RPIP-
PLC) for sample fractionation and ion-trap mass spectrometry

or detection. The both LMWHs  showed well-resolved peaks in
gradient from 10 to 120 min of 0–80% solution B at the flow rate of 100 �L/min was
used for oligosaccharides analysis.

their total ion chromatogram (TIC) (Fig. 4A and B). Analysis of the
major peaks in these chromatograms show that LMWH  prepared
using heparin lyase is composed of chains (A1–A9) all having an
even number of saccharide units and that after being subjected to
ozonolysis the resulting LMWH  contains only chains (B1–B8) com-
posed of an odd number of saccharide units (Table 3). These results
are expected based on the specificity of heparin lyase and the
removal by ozonolysis of a single �UA residue at the non-reducing
end of the chain. Similar analysis of pLMWH  showed broad, poorly
resolved peaks in the TIC consisting of chains (C1–C15) (Fig. 4C).
The pLMWH  contains a complex mixture of both even and odd
numbered chains explaining their poor resolution on RPIP-UPLC
(Table 3). Side effects of the odd number of oligosaccharide and
polysaccharide chains in pLMWH, if they happen, are unlikely
because it has been reported that commercial bovine lung hep-
arin consists of both even and odd number of saccharide residues
(Thanawiroom, Rice, Toida, & Linhardt, 2004).

In summary, this study shows that the use of a Pyrex glass light
filter can markedly decrease sulfo group loss in the TiO2-catalyzed
depolymerization of heparin. Careful control of the reaction time
affords a pLMWH  that has molecular weight properties and
in vitro activities comparable to commercial LMWHs. Photo-
depolymerization relies on mild reaction conditions, requires no
harsh or toxic reagents, and affords a product free of chemical
artifacts. The photolytic process might be possible for large scale
production of low molecular weight heparin by the improvement
of instrumentation, especially, the light sources. The reaction was
to be able to scale up to 250 mL  of a mixture of heparin and TiO2 by

the instrument used in this study. Future studies will be required to
assess the in vivo biological activities and pharmacological efficacy
of pLMWH.
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Table 3
Major fractions obtained LMWH  obtained by heparinase treatment (A1–A9), heparinase treatment followed by ozonolysis (B1–B8) and by photochemical depolymerization
(C1–C15).

Fractions Observed ionsa (charge state, z) Composition Theoretical Mol  Mass

Molecular ion DPb Monosaccharides (sulfo groups, S) Calculated Mol  Mass

A1
880.5 (+2) [M+6HXA+2H]2+

4 1 �UA + 2GlcN + 1IdoA/GlcA (6S) 1153.0 1153.9980.5  (+2) [M+8HXA]2+

A2
1030.4 (+2) [M+6HXA+2H]2+

6 1 �UA + 2GlcN + 2IdoA/GlcA + 1GlcNAc (5S)c 1452.8 1453.11080.9  (+2) [M+7HXA+2H]2+

A3
1049.2 (+2) [M+6HXA+2H]2+

6 1 �UA + 3GlcN + 2IdoA/GlcA (6S) 1490.4 1491.01099.7  (+2) [M+7HXA+H]2+

A4
1060.5 (+2) [M+5HXA+2H]2+

6
1 �UA + 2GlcN + 2IdoA/GlcA + 1GlcNAc (7S) 1614.0 1613.0

1139.6  (+2) [M+7HXA+2H]2+ 1 �UA + 3GlcN + 2IdoA/GlcA (7S) 1570.2 1571.0
A5 1230.4  (+2) [M+8HXA+2H]2+ 6 1 �UA + 3GlcN + 2IdoA/GlcA (8S) 1650.8 1651.0

A6
790.7  (+4) [M+10HXA+4H−S]4+

8
1 �UA + 4GlcN + 3IdoA/GlcA (11S) 2228.8

2227.9835.8  (+4) [M+11HXA+4H]4+ 2228.2

A7
764.2  (+5) [M+10HXA+5H]5+

10 1 �UA + 5GlcN + 4IdoA/GlcA (14S) 2806.0 2805.0723.8  (+5) [M+8HXA+5H]5+

A8
844.5 (+6) [M+17HXA+5H]6+

12
1 �UA + 5GlcN + 5IdoA/GlcA + 1GlcNAc (16S) 3345.0 3343.9

1020.5  (+5) [M+17HXA+5H]5+ 1 �UA + 6GlcN + 5IdoA/GlcA (17S) 3380.5 3381.9

A9
893.8  (+6) [M+15HXA+6H]6+

14
1 �UA + 6GlcN + 6IdoA/GlcA + 1GlcNAc (18S) 3841.8 3840.9

933.9  (+6) [M+17HXA+6H]6+ 1 �UA + 7GlcN + 6IdoA/GlcA (19S) 3880.4 3879.0
980.7  (+6) [M+19HXA+6H]6+ 1 �UA + 7GlcN + 6IdoA/GlcA (20S) 3959.2 3958.8

B1 899.9  (+1) [M+HXA+H]1+ 3 1GlcN + 1IdoA/GlcA + 1 GlcNAc (3S) 797.9 798.1
B2  991.7 (+2) [M+6HXA+2H]2+ 5 2GlcN + 2IdoA/GlcA + 1GlcNAc (6S) 1375.4 1375.0
B3  1082.4 (+2) [M+7HXA+2H]2+ 5 2GlcN + 2IdoA/GlcA + 1GlcNAc (7S) 1455.8 1455.0
B4  1061.1 (+2) [M+7HXA+2H]2+ 5 3GlcN + 2IdoA/GlcA (7S) 1413.2 1413.0
B5  1152.0 (+2) [M+8HXA+2H]2+ 5 3GlcN + 2IdoA/GlcA (8S) 1494.0 1493.0
B6 1067.9  (+3) [M+12HXA+H]3+ 7 4GlcN + 3IdoA/GlcA (10S) 1990.7 1990.0

B7
763.9  (+6) [M+15HXA+6H]6+

11
6GlcN + 5IdoA/GlcA (15S) 3062.4 3063.9

726.7  (+6) [M+12HXA+6H]6+ 6GlcN + 5IdoA/GlcA (16S) 3142.2 3143.9

B8
622.7  (+8) [M+12HXA+8H]8+

13
6GlcN + 6IdoA/GlcA + 1GlcNAc (19S) 3761.6 3762.9

660.5  (+8) [M+17HXA+8H]8+ 7GlcN + 6IdoA/GlcA (17S) 3559.0 3560.8
847.0  (+7) [M+21HXA+6H]7+ 7GlcN + 6IdoA/GlcA (20S) 3802.0 3800.8

C1
894.4  (+1) [M+2HXA+H]1+

3 1GlcN + 2IdoA/GlcA(2S) 691.4 691.0814.4  (+1) [M+2HXA+H−S]1+

716.5 (+1) [M+HXA+H−S]1+

C2 899.9 (+1) [M+HXA+H]1+ 3 1GlcN + 1IdoA/GlcA + 1 GlcNAc (3S) 797.9 798.1

C3
899.7  (+2) [M+7HXA]2+

4
2GlcN + 2IdoA/GlcA (5S) 1092.4 1092.0

880.8  (+2) [M+7HXA]2+ 1GlcN + 2IdoA/GlcA + 1 GlcNAc (4S) 1054.4 1054.1

C4
849.5  (+2) [M+6HXA+H]2+

4
2GlcN + 2IdoA/GlcA (5S) 1092.0 1092.0

889.7  (+2) [M+6HXA+2H]2+ 2GlcN + 2IdoA/GlcA (6S) 1171.4 1172.0

C5
1030.4  (+2) [M+8HXA]2+

5
3GlcN + 2IdoA/GlcA (5S) 1252.8 1253.1

1059.2  (+2) [M+8HXA]2+ 1GlcN + 3IdoA/GlcA + 1 GlcNAc (5S) 1310.4 1310.0
C6  1030.5 (+2) [M+8HXA]2+ 5 3GlcN + 2IdoA/GlcA (5S) 1253.0 1253.1

C7
898.3  (+2) [M+4HXA+2H]2+ 5 1GlcN + 3IdoA/GlcA + 1 GlcNAc (6S) 1390.6 1390.0
940.7  (+2) [M+5HXA+2H]2+ 5 2GlcN + 2IdoA/GlcA + 1GlcNAc (6S) 1374.4 1375.0

1058.4  (+2) [M+6HXA+2H]2+ 6 3GlcN + 3IdoA/GlcA (6S) 1508.8 1509.1

C8

896.0  (+2) [M+2HXA+2H]2+ 6 3GlcN + 3IdoA/GlcA (7S) 1588.0 1589.0
949.5  (+2) [M+4HXA+2H]2+ 5 3GlcN + 2IdoA/GlcA (8S) 1493.0 1492.9

1061.2  (+2) [M+7HXA+2H]2+ 5 3GlcN + 2IdoA/GlcA (7S) 1413.4 1413.0
1148.5  (+2) [M+7HXA+2H]2+ 6 3GlcN + 3IdoA/GlcA (7S) 1588.0 1589.0

C9
949.7  (+2) [M+4HXA+2H]2+ 5 3GlcN + 2IdoA/GlcA (8S) 1493.4 1492.9

1239.8  (+2) [M+8HXA+2H]2+ 6 3GlcN + 3IdoA/GlcA (8S) 1669.6 1669.0

C10
1027.9  (+3) [M+10HXA+3H]3+ 7 4GlcN + 3IdoA/GlcA (11S) 2070.0 2069.9
1068.0  (+3) [M+12HXA+H]3+ 7 4GlcN + 3IdoA/GlcA (10S) 1991.0 1990.0
1126.7  (+3) [M+12HXA+H]3+ 8 4GlcN + 4IdoA/GlcA (10S) 2167.1 2166.0

C11
1075.0  (+4) [M+17HXA]4+ 9 4GlcN + 5IdoA/GlcA (13S) 2583.0 2581.9
1127.0  (+4) [M+18HXA]4+ 9 4GlcN + 4IdoA/GlcA + 1GlcNAc (14S) 2690.0 2688.9
1111.5  (+4) [M+17HXA+2H]4+ 9 5GlcN + 4IdoA/GlcA (15S) 2727.0 2726.8

C12
617.8  (+7) [M+16HXA+3H]7+ 10 4GlcN + 5IdoA/GlcA + 1GlcNAc (12S) 2705.6 2705.0
637.8  (+7) [M+17HXA+4H]7+ 10 5GlcN + 5IdoA/GlcA (13S) 2743.6 2743.0

C13
532.9  (+8) [M+11HXA+8H]8+ 11 6GlcN + 5IdoA/GlcA (16S) 3143.4 3143.9
763.9  (+6) [M+15HXA+6H]6+ 11 6GlcN + 5IdoA/GlcA (15S) 3062.4 3063.9
723.2  (+7) [M+18HXA+4H]7+ 12 6GlcN + 6IdoA/GlcA(15S) 3240.4 3240.0

C14  723.3 (+7) [M+18HXA+4H]7+ 12 6GlcN + 6IdoA/GlcA(15S) 3241.1 3240.0

C15

618.1  (+9) [M+18HXA+9H]9+ 13 7GlcN + 6IdoA/GlcA(19S) 3736.8 3735.8
618.1  (+9) [M+18HXA+9H]9+ 14 7GlcN + 7IdoA/GlcA(17S) 3736.8 3737.0
808.8  (+7) [M+18HXA+9H]9+ 13 7GlcN + 6IdoA/GlcA(19S) 3836.6 3735.8
808.8  (+7) [M+18HXA+9H]9+ 14 7GlcN + 7IdoA/GlcA(17S) 3836.6 3737.0

a Major ion detected.
b DP, Degree of polymerization.
c 1�UA + 2GlcN + 2IdoA/GlcA + 1GlcNAc(5S): one residue of 4-deoxy-�-L-threo-hex-4-eno-pyranosyluronic acid, two  residues of 2-deoxy-2-amino-d-glucopyranose, two

residues  consisting of either l-idopyranosyluronic acid or d-glucopyranosyluronic acid, one residue of 2-deoxy-2-acetamido-d-glucopyranose, and five sulfo groups.
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