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ABSTRACT: The reaction of poly(vinyl alcohol) with
glutaraldehyde (GA) at different molar ratio was system-
atically studied. By this reaction, white particles function-
alized with aldehyde groups were obtained and their
diameters were found to be between 50 and 150 nm. The
amount of free ACHO groups on the surface of the par-
ticles reached more than 1.6 mmol/g by adjusting the ratio
of n(GA)/n(AOH). The free ACHO groups were then con-
verted into alkyl amino, aromatic amino, and hydrazide
groups by coupling with hexamethylene diamine, m-phen-
ylene diamine, and adipic dihydrazide, respectively, and

the length of the spacer was also prolonged. Finally, a
series of sugar-particle conjugates were prepared by
directly coating the functionalized particles with maltose,
D-(þ)-glucosamine, and heparin. The anticoagulant
experiments show that the heparin immobilized on the
aldehyde- and hydrazide-functionalized particles is still
biologically active. VC 2009 Wiley Periodicals, Inc. J Appl Polym
Sci 114: 2937–2945, 2009
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INTRODUCTION

Carbohydrates are a kind of complex biomolecules,
which are as important as DNA and proteins to
organisms. During the past 2 decades, researchers
have paid more and more attention in this field, but
tools and methods for study of the biofunctions of
carbohydrates are still very limited.1,2 Preparation of
the sugar-particle conjugates has some significance
because analysis of the functions of the glycans on a
solid surface is more convenient using the spectral
and electrical analytical strategies.3,4 Sugar-particle
conjugates can also be used in many important fields,
such as three-dimensional carbohydrate microarray
probes,5,6,7 glycan proofing reagents,8,9 high-perform-
ance supports for chromatograpy columns,10,11 and
therapeutic drugs.12,13 Furthermore, if necessary,
more organic synthesis strategies can be introduced
to modify the immobilized carbohydrate molecules
on the solid support for enlarging the family of

the structure-related glycoligands.14,15 However, the
most challenge work at present is to find a support
which has good properties and suitable particle size
and an effective method for immobilization of the
sugars onto this support but will not destroy the sug-
ars’ natural structures.
Methods for immobilization of the sugars onto a

certain surface were extensively studied in the field of
carbohydrate-microarray technology. They can be
generally divided into three directions5,16–18: physical
adsorption, streptavidin/biotin immobilization, and
covalent bonding. Among them, the first direction
showed low efficiency and could not bear extensive
washing19–23 without modification of the carbohy-
drates.24–28 The second direction proved to be
efficient, but in an elaborate and laborious way, that
has not widely spread.29–32 The most commonly
researched routes are chemical immobilization of the
activated glycoligands onto a functionalized sur-
face33–47 or, oppositely, direct attachment of the glyco-
ligands onto an activated surface. The former usually
needs a tedious modification of the carbohydrate mol-
ecules, which would to some extent destroy the origi-
nal structure of the sugars, especially those which
were highly sulfated, phosphated, or those with other
sensitive functional groups. The latter is a currently
developed method for direct immobilization of gly-
coligands on a certain surface without prior modi-
fication of the carbohydrates. Using aromatic amino
groups,48 aminooxy groups,49,50 hydrazide groups,49,51

or phthalimide chromophores52,53 functionalized
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surfaces were reported as effective routes to achieve
this goal. These strategies, though in their infancy,
were very attractive and valuable.

We tried to apply the direct covalent immobiliza-
tion approaches in our research. Herein, poly(vinyl
alcohol) (PVA) was selected as an original material
because it is a AOH-functionalized polymer and
widely applied in various biomedical fields. Good
biocompatibility, low toxicity, and good mechanical
properties enable this polymer competent for mak-
ing artificial kidney membranes, contact lenses,
wound bandages and dressings, drug delivery sys-
tems, etc.54–59 We first claim using the reaction of
PVA with GA to produce the aldehyde-functional-
ized particles. The ACHO groups were further con-
verted into primary amino, aromatic amino, and hy-
drazide groups through several reductive amination
reactions. Then, modified polymer particles were
applied to directly immobilize different sugars for
preparation of sugar-particle conjugates.

EXPERIMENTAL

Materials

PVA with degree of polymerization of 1750, 25 wt %
glutaraldehyde (GA) solution, hexamethylene dia-
mine (HDA), m-phenylene diamine (m-PDA), D-(þ)-
glucosamine (GlcN), maltose (Mal), sodium heparate
(Hep) (Mw ¼ 4000–15,000), sodium acetate, and all
the organic solvents (analytical grade) were pur-
chased from Sinopharm Chemical Reagent. Sodium
cyanoborohydride and adipic dihydrazide (ADH)
were obtained from Alfa Aesar Plant. The duck
blood was taken out from the carotid of the adult
ducks.

Reaction of PVA with GA and preparation of the
aldehyde-functionalized particles

The PVA solutions were prepared by dissolving a
set amount of the polymer into distilled water at
90�C. Then, the solutions were filtered to remove the
impurities. When studying the influence of tempera-
ture and the amount of catalyst on the gelation time
of PVA, 50 mL of PVA solution with the concentra-
tion of 8.80 � 10�2 g/mL was blended with 1.0 g of
25% GA (n(GA) : n(AOH) ¼ 0.05 : 1) and warmed to
the required temperature with vigorous stirring.
Then, a certain amount of 2.0 mol/L HCl aqueous
solution as catalyst was quickly added to the mix-
ture and began to record the time. The gelation
point was judged when the reaction system became
a plastic solid bulk gel (no flowing liquid was
observed). When studying how much free ACHO
groups could be generated by the gelation method, a
series of 50 mL of 8.80 � 10�2 g/mL PVA solutions

were reacted with different amounts of GA at 50�C.
Five milliliters of 2.0 mol/L HCl was used as cata-
lyst in each reaction. Later, the obtained gels were
washed with large quantities of distilled water (usu-
ally 50 mL each time for six times) and dried to a
constant weight at 35�C with good ventilation. Tritu-
ration of the solid gel to powder and determine the
amount of free ACHO groups by hydroxylamine
hydrochloride method.
Particles with different density of free ACHO

groups were prepared by the following procedure: a
set amount of 25% GA aqueous solution was
weighed and blended with 5.0 mL of 2 mol/L
hydrochloride solution as catalyst. Then, the solution
was warmed to 53�C. With vigorous stirring, 220 mL
of 2.0 � 10�2 g/mL PVA solution was slowly
dropped into the mixture in about 2 h and the reac-
tion continued for about additional 3 h. The result-
ant mixture was centrifuged and the residue was
washed five times with distilled water, and then
dried at 30�C with good ventilation. When preparing
the aldehyde-functionalized particles (particle 1) for
the followed reactions, the amount of 25 wt % GA
aqueous solution used was 50 mL and about 6.97 g
of white particles was obtained.

Hydroxylamine hydrochloride method for
determining the amount of aldehyde groups

About 0.5000 g of the sample was weighed and
added into about 15 mL of distilled water. A total of
0.20 g of hydroxylamine hydrochloride was added
into the mixture and reacted for about 30 min with
stirring. The amount of formed hydrochloric acid
was determined with about 0.05 mol/L sodium hy-
droxide solution, using a drop of 0.5% bromophenol
blue in ethanol as an indicator (pH transition inter-
val 3.0–4.6). The amount of aldehyde groups in the
sample was calculated using the following equation:

cðmmol=gÞ ¼ cðV1 � V0Þ=m;

where m is the weight of the sample (in grams), V1

the tall volume of sodium hydroxide solution used
for determination (in milliliters), V0 the volume of
sodium hydroxide solution used for blank (in millili-
ters), and c the concentration of standard sodium hy-
droxide solution (given in units of mol/L).

Preparation of alkyl amine-coated particles

Two grams of HDA and 0.5 mL of AcOH were dis-
solved in 40 mL of DMAc. Then, the solution was
heated to 37�C and 1.000 g of particle 1 was slowly
added into a mixture with vigorous stirring. After
an hour, 0.20 g of NaBH3CN was added into the
reaction mixture and the reaction was kept on in the
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same condition for 4 h. The resultant mixture was
centrifuged and the residue was washed with 10 mL
of 0.1M aqueous NaOH twice and 20 mL of distilled
water three times and then dried at 35�C to constant
weight. A total of 1.15 g of white powder (Particle 2)
was obtained. If NaBH3CN was not added, the
Schiff base intermediate (Particle 20) was also sepa-
rated and characterized by IR spectrum.

Preparation of aromatic amine-coated particles

Two grams of m-PDA and 0.5 mL of AcOH were
dissolved in 40 mL of DMAc. Then, the solution was
heated to 37�C and 1.000 g of compound 1 was
slowly added into a mixture with vigorous stirring.
After an hour, 0.20 g of NaBH3CN was added into
the reaction mixture and the reaction was kept on in
the same condition for 4 h. The resultant mixture
was centrifuged and the residue was washed with
10 mL of 0.1M aqueous NaOH twice and 20 mL of
distilled water three times and then dried at 35�C to
constant weight. A total of 1.14 g of hoar powder
(Particle 3) was obtained. If NaBH3CN was not
added, the Schiff base intermediate (Particle 30) was
also separated and characterized by IR spectrum.

Preparation of hydrazide-coated particles

Two grams of ADH and 0.5 mL of AcOH were dis-
solved in 30 mL of DMSO and 10 mL of distilled
water. Then, the solution was heated to 37�C and
1.000 g of compound 1 was slowly added into a
mixture with vigorous stirring. After an hour, 0.20 g
of NaBH3CN was added into the reaction mixture
and the reaction was kept on in the same condition
for 4 h. The resultant mixture was centrifuged and
the residue was washed with 10 mL of 0.1M aque-
ous NaOH twice and 20 mL of distilled water three
times and then dried at 35�C to constant weight. A
total of 1.19 g of white powder (Particle 4) was
obtained. If NaBH3CN was not added, the Schiff
base intermediate (Particle 40) was also separated
and characterized by IR spectrum.

Characterization of the synthesized particles

IR spectra were scanned by a Perker Elmer 2000
Fourier transform infrared spectrometer (FTIR) using
the KBr disk method. The elementary analysis was
carried out on the Axios-Petro X-ray fluorescence
spectrometer (XRF). Procedure: (a) the synthesized
particles were incubated in 0.1M of aqueous HCl for
10 min and then washed thoroughly with distilled
water and dried at 35�C to constant weight; (b)
2.00 g of sodium acetate (water free) was dissolved
in 20.0 mL of distilled water; (c) blend 2.00 mL of
the solution with each gram of the particle sample

and then dry the mixture at 35�C with good ventila-
tion; (d) the dried powders were pressed to disks
and scanned using the XRF spectrometer. Scanning
electron microscope (SEM) images were taken by a
Philips-FEI XL30 ESEM spectrometer. Molecular flu-
orescence (MF) emission backgrounds were scanned
by an Edinburg F920 fluorescence spectrometer.

Preparation of sugar-particle conjugates

One gram of carbohydrate and 0.15 g of NaBH3CN
(2.3 mmol) were dissolved in 20 mL of DMAc, and
0.5000 g of particle 1 was added into the solution.
The reaction mixture was heated at 37�C in a closed
environment with stirring for 12 h and centrifuged.
The residue was washed five times with distilled
water and dried at 35�C to constant weight. Yield to
corresponding carbohydrate: 0.569 g (D-(þ)-GlcN),
0.607 g (Hep). One gram of carbohydrate and 0.15 g
of NaBH3CN (2.3 mmol) were dissolved in 20 mL of
DMAc and 5 mL of AcOH. A total of 0.5000 g of
particle 2 was added into the solution and the reac-
tion mixture was heated at 37�C in a closed environ-
ment with stirring for 2 days and centrifuged. The
residue was washed five times with distilled water
and dried at 35�C to constant weight. Yield to corre-
sponding carbohydrate: 0.508 g (D-(þ)-GlcN), 0.517 g
(Mal), 0.524 g (Hep). One gram of carbohydrate and
0.15 g of NaBH3CN (2.3 mmol) were dissolved in
20 mL of DMAc and 5 mL of AcOH. A total of
0.5000 g of particle 3 was added into the solution
and the reaction mixture was heated at 37�C in a
closed environment with stirring for 2 days and cen-
trifuged. The residue was washed five times with
distilled water and dried at 35�C to constant weight.
Yield to corresponding carbohydrate: 0.553 g (D-(þ)-
GlcN), 0.579 g (Mal), 0.585 g (Hep). One gram of car-
bohydrate was dissolved with 20 mL of DMAc and
0.5 mL of AcOH. A total of 0.5000 g of particle 4
was added into the solution and the reaction mix-
ture was heated at 50�C in a closed environment
with stirring for 12 h and centrifuged. The residue
was washed five times with distilled water and
dried at 35�C to constant weight. Yield to corre-
sponding carbohydrate: 0.557 g (D-(þ)-GlcN), 0.591 g
(Mal), 0.596 g (Hep). The heparin conjugates of par-
ticles 1–4 were called H1–H4, respectively.

Anticoagulant test of the heparin-particle
conjugates

Seven tubes were added with 0.2 mL of water,
0.2 mL of water and 10 mg of particle 1, 2 mg of
heparin in 0.2 mL of water, 10 mg of H1/0.2 mL of
water, 10 mg of H2/0.2 mL of water, 10 mg of H3/
0.2 mL of water, and 10 mg of H4/0.2 mL of water,
respectively. Fresh blood was taken out from the
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carotid of a duck real time and 2.0 mL of blood was
added into each tube. Complete clotting time of the
blood was recorded when it came out of the duck’s
body. Photographs were taken by numerous cameras
at different times during the clotting process.

RESULTS AND DISCUSSION

The reaction of PVA with GA has been studied for
many decades because it plays such an important
role in making hydrogels and films.54–59 Figure 1
shows that temperature and the amount of acid cata-
lyst, especially the latter, were two main factors
influencing the reaction rate. When the temperature
rose to 50�C and the amount of hydrochloric acid
(2M) increased to 5.0 mL, this reaction became so
fast that a bulk gel was formed in a few seconds. In
fact, there were three types of reaction in this pro-
cess: intermolecular crosslinking, intramolecular
crosslinking, and reacting with one end of GA. The
distribution of the three types of reactions was con-
trolled by the n(GA)/n(AOH) ratio.60 As shown in
Figure 2, no bulk gel or a network film was gener-
ated until n(GA)/n(AOH) > 3.13 � 10�3, which
shows that a network structure could form until the
intermolecular crosslinking reached a certain degree.
Meanwhile, when n(GA)/n(AOH) < 0.05, the gener-
ated product was plastic transparent hydrogel and
no free aldehyde groups could be detected from the
dried gel. However, when this ratio became much
larger the product became harder with serious
cracks.61 This may be why no reports of using this

reaction to prepare the aldehyde-functionalized
materials have been published up to now.
We discovered that free ACHO groups appeared

when n(GA)/n(AOH) > 0.05, the amount of which
can even reach more than 1.2 mmol/g when n(GA)/
n(AOH) > 0.55. If a diluted PVA aqueous solution
was slowly dropped into excess GA, the intermolec-
ular crosslinking was largely prevented and the
obtained product was not bulk gel but uniform
white particles. The structure of this particle is
described in Scheme 1.
Furthermore, under the used condition for particle

preparation, it can be observed that the reaction of
ACHO groups with AOH groups on the PVA chain
was very fast and randomly selective, and forming
six-member rings which were stable and irrever-
sible. Three experimental phenomena supported this

Figure 1 Influence of temperature and the amount of cat-
alyst on the gelation time of PVA. A total of 50 mL of 8.80
� 10�2 g/mL PVA solution was used for each point.

Figure 2 Weight of the obtained dried gel and the
amount of free ACHO groups detected. A total of 50 mL
of 8.80 � 10�2 g/mL PVA solution was used as material
for each point.

Scheme 1 Route for preparation of the aldehyde-func-
tionalized particles.
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assumption. First, the synthesized particles cannot
agglomerate together again because the intermole-
cule linkages prevented this process. Second, FTIR
spectra (see Fig. 4) show that even when GA was far
exceeded, there was still a small quantity of AOH
groups that did not completely react. This was
because the formed rings could not adjust again,
with the individual AOH groups sandwiched
between two rings or those trapped in the network
cages could not be attacked by the ACHO groups
again and thus became negative. Third, for the same
reason, free ACHO groups were detected even when
n(GA)/n(AOH) < 0.25 (see Fig. 2). Therefore, the
degree of intermolecule linkages controlled the par-
ticle’s size, the retained AOH groups and the
AOACAOA moieties endowed the particles with a
good hydrophilic property, and the high stability of
the six-member rings made the synthesized particles
stable enough for doing the followed reactions.

The high amount of free ACHO groups on the
synthesized particle’s surface can be determined by
the hydroxylamine hydrochloride method, as shown
in Figure 3. It can be seen that when n(GA)/n(AOH)
rose to about 1.25, the amount of free ACHO groups
became larger than 1.6 mmol/g and this value reached
its maximum when n(GA)/n(AOH) arrived at 1.75.

Aldehyde-functionalized surfaces were very useful
in fabrication of biochips or biosensors because the
ACHO groups reacted with the amino groups in the
biomolecules (e.g., DNAs and proteins) quickly in
gentle conditions.62–64 The ACHO groups can also
easily be transformed into other groups by reacting
with amino compounds. Hereon, the above synthe-

sized particle 1 was coupled to HDA, m-PDA, and
ADH, respectively, the length of the linkers was
extended, and functional groups were converted
into primary amino, aromatic amino, and hydrazide
groups, as shown in Scheme 2.
The structures of particles 1–4 and the formed

Schiff base intermediates in synthesis of 2–4 were
characterized by FTIR spectra. As shown in Figure 4,
all the compounds had the framework of RACH2,
RACH (v ¼ 2850–2950 cm�1 and 1300–1450 cm�1),
AOACAOA (v ¼ 1000–1200 cm�1). Strong absorp-
tion at 1722 cm�1 and weak Feimi resonance at
2730 cm�1 indicated compound 1 contained a large
quantity of ACHO groups, and adsorption at 3471
cm�1 showed that there were a few AOH which did
not react. The peak at 1669 cm�1 of compound 20

was the absorption of the Schiff base structure over-
lapped with that of the alkyl amino groups. After
reduction with NaBH3CN, only the absorption of the
alkyl amino groups at 1648 cm�1 was left. The spec-
tra of compounds 30 and 3 were similar to com-
pounds 20 and 2, but increased two peaks at 1577
and 1509 cm�1, which were the absorptions of the
phenyl rings. Strong absorption between 1550 and
1700 cm�1 of compound 40 matched up to the
ACOA groups overlapped with the Schiff base struc-
ture. After reduction with NaBH3CN, only strong
absorption of the ACOA groups at 1670 cm�1 was
left. These results were further proved by XRF. It
can be calculated from the XRF elementary analy-
sis results (Table I) that the amount of amino moi-
eties contained in particle 2–4 was 1.63, 1.51, and
1.54 mmol/g, respectively.
SEM was used to describe the topography of

particles 1–4. As shown in Figure 5, it can be seen
from the images that the diameter of particle 1 was
between 50 and 150 nm. After being coupled with m-
PDA or adipic acid, the diameters increased to about
100–250 nm. HDA induced the particles clustering to-
gether to some extent; however, the diameters were
still far less than 1 lm. MF emission spectra were used
to scan the optical backgrounds of the synthesized

Figure 3 Influence of different n(GA)/n(AOH) ratio on
the weight of obtained dried particles and the amount of
free ACHO groups determined by hydroxylamine hydro-
chloride. A total of 220 mL of 2.0 � 10�2 g/mL PVA solu-
tion was used as material for each point.

Scheme 2 Prolong the linker length and diversify the
functional groups.
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particles. As shown in Figure 6, apart from compound
2, particles 1, 3, and 4 had very low fluorescence back-
ground between 280 and 700 nm. The fluorescence
background of particle 2 between 350 and 600 nm may
be due to agglomeration of the particles. Therefore, the
sizes and optical properties of particles 1, 3, and 4
were suitable for making the bioprobes.

Amino and hydrazide groups were widely used
for chemical immobilization of carbohydrate mole-
cules and preparation of carbohydrate conjugates.
For example, Suda et al.48 immobilized the carbohy-
drates through aromatic primary amino groups on
synthesized tree molecules. Flinn et al.65 prepared
the Lewis Y tetrasaccharide hydrazide and then im-
mobilized it on BSA for studying its biofunctions.
Lee and Shin49–51 researched the immobilization effi-
ciency of carbohydrates on the hydrazide-coated
glass slides and amino-coated slides. In these
researches, the mechanisms of the reaction process
were also intensively studied. It was proved that
both the primary amino groups and the hydrazide
groups were reacting with the reductive end moi-
eties of the sugar chain and forming the b-configura-
tion; however, the primary amino group generates
acyclic products preferentially48,49,65–67 and the hy-
drazide group generates cyclic products predomi-
nantly.49,50 Moreover, these reactions were reversible
in aqueous environments, therefore a reduction step
is necessary to form the chemically stable end carbo-
hydrate particle conjugates. We did not study the

mechanisms any more but use them to prepare the
sugar-particle conjugates. As shown in Table II,
three different reducing sugars, D-(þ)-GlcN, Mal,
and Hep were successfully attached onto the synthe-
sized particles. It was found out that the immobiliza-
tion capacity of the hydrazide-functionalized par-
ticles was generally much larger than the amino-
functionalized particles, especially to the primary
amino-activated particles. This shows that the pri-
mary amino moieties lost most of their activity in an
acid condition and the sugar-hydrazide conjugates
can be formed more easily.50,65 Moreover, it was nec-
essary to point out that even to the hydrazide-func-
tionalized particles the immobilization capacity of
the particles to sugar was always not as large as pre-
dicted. This problem had been discussed elaborately
by Hage and coworkers,10,11 it was due to two-point
attachment of the diamines, which can not be char-
acterized by XRF. Nevertheless, because the quantity
of the aldehyde groups on the material particle 1
was large, hundreds of micromoles of sugars were

Figure 4 FTIR spectra of synthesized particles: (a) PVA; (b) Compound 1; (c, d) Compounds 2 and 20; (e, f) Compounds
3 and 30; (g, h) Compounds 4 and 40. Compounds 20–40 were corresponding to the Schiff base intermediates of Com-
pounds 2–4. These spectra represent the signal averages of 32 scans obtained using a mixture of the particles in potassium
bromide.

TABLE I
Results of XRF Elementary Analysis

Particle O (wt %) Cl (wt %)

1 29.10 0.04
2 20.59 5.80
3 20.32 5.37
4 19.76 5.48
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attached onto each gram of particles, which could be
sufficient for expressing their bioactivities.

The anticoagulant test was carried out as a rough
method checking the bioactivity of H1–H4. Table III
shows the complete clotting time of the fresh duck ar-

terial blood with different anticoagulants. For obtain-
ing the original data, the fresh blood was directly
mixed with the anticoagulants without any disposal
of it beforehand. In the tests, the blood without anti-
coagulant clotted in about 3 min and the nonhepari-
nized particle 1 even accelerated this process (in
about 90 s). H2 and H3 prolonged the clotting time of
blood, but not very effectively (in about 6 h). This
may due to two reasons. First, the reaction of heparin
with primary amino groups was not easily achieved,
and second, this immobilization approach to some
extent destroyed the structure of the sugar molecules.
Heparin, H1, and H4 were three good anticoagulants,
which were able to hold back the blood clotting time
generally beyond 20 h. It was proved that the basic
anticoagulant active unit in heparin was a pentasac-
charide segment, which did not contain free amino
groups.68,69 The aldehyde functional groups on

Figure 5 SEM images of particles 1–4, scale bar ¼ 1 lm.

Figure 6 Molecular fluorescence emission intensity of
particles 1–4.

TABLE II
Immobilization Capacity of Different
Carbohydrates to the Particles (g/g)

Sugar Particle 1 Particle 2 Particle 3 Particle 4

GlcN 0.139 � 0.01 0.016 � 0.01 0.106 � 0.01 0.115 � 0.01
Mal – 0.034 � 0.01 0.157 � 0.01 0.183 � 0.01
Hep 0.214 � 0.01 0.047 � 0.01 0.170 � 0.01 0.192 � 0.01
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particle 1 only reacted with free amino groups on the
heparin chain. Therefore, this immobilization strategy
did not deprive the anticoagulant activity of heparin.
The hydrazide functional groups on particle 4 can
directly react with the reducing end aldehyde moiety
of sugars without other treatment that will also not
influence the sugar’s structure and function.

More interestingly, there were also some differen-
ces between heparin, H1, and H4. Figure 7 gave the
photographs taken from the clotting process. It
shows that H1 caused the blood’s color becoming
dark more quickly. It can be explained that because
of the steric hindrance, some of the aldehyde groups
on particle 1 could not completely reacted, which
can rob the oxygen from the red blood cells. How-
ever, the complete clotting time of H1 was much
longer than H4, which can be explained in the fol-
lowing way; after one more step of reaction, the den-
sity of ANHANH2 groups becomes less than the
original ACHO groups, as well as the immobilized
heparin molecules.

CONCLUSIONS

The aldehyde groups’-functionalized white particles
with the diameter between 50 and 150 nm were suc-
cessfully synthesized from the reaction PVA with
excess GA. The aldehyde groups were then con-
verted to primary, aromatic amino groups, and hy-
drazide groups through three reductive amination
reactions. All the synthesized compounds were
small particles possessing friendly hydrophilic 3D
surface, flexible functional linkers on the surface,
and a relatively low fluorescence background. A se-
ries of sugar-particle conjugates were prepared by
coating the synthesized particles with D-(þ)-GlcN,
Mal, and Hep, which showed that the applied
immobilization strategies were efficient. Anticoagu-
lant tests of the immobilized heparin show that the

immobilized heparin on the aldehyde- and hydra-
zide-functionalized particles still had good anticoa-
gulant activity. However, complete application of
these particles in the field of biochemistry still
requires a lot of further research.
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