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ABSTRACT: The aim of this study was to prepare a new adsorbent for bilirubin (BR); low generation (G, G <4) hexanediamine-contain-
ing polyamidoamine (PAMAM) dendrons were supported on chitosan (CS) microspheres (CS-Gn, n = 0,1,2,3,4). The adsorption proper-
ties of this novel adsorbent for BR in aqueous solution were examined. The adsorption percentages were over 70% at 0.5 h and over 90%
at 1 h. The adsorption capacity was up to 43 mg/g and was not yet saturated. The BR adsorption increased with increasing temperature
and increasing BR initial concentration and was the highest at pH 7.4; it decreased slightly with increasing ionic strength and occurred
even in the presence of bovine serum albumin (BSA). We observed that the CS-Gn microspheres had satisfactory competitive abilities
with BSA, although the adsorption percentage decreased a certain extent in the presence of BSA. In addition, the CS—Gn microspheres
were easier to prepare than the usual PAMAM dendrimers. In summary, this adsorbent is a promising biomedical material for BR re-

moval for artificial liver supported systems. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2013
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INTRODUCTION

Bilirubin (BR) is the normal metabolic product of hemoglobin
in decrepit red blood cells and has a molecular weight (MW) of
584. The chemical structure of BR is shown in Scheme 1. It
exists mainly in two forms in the human body: the free form
(called direct BR) and the form combined with serum albumin
or glucuronic acid (called indirect BR). Free BR is a lipophilic
endotoxin, so it is insoluble under physiological conditions in
the body. Under normal circumstances, free BR is combined
with human serum albumin in the blood to form water-soluble
complexes and transported to the liver through the blood; once
in the liver, it separates from albumin, conjugates with glucu-
ronic acid to form more water-soluble complexes, and is then
excreted into the bile by the liver cells. Finally, it is excreted out
of the body through further metabolism so a normal concentra-
tion of BR in the body can be maintained. However, when one
or a few steps of BR metabolism are obstructed, this will result
in a total serum BR concentration (of the direct and indirect
forms) exceeding the normal level and will further cause hyper-
bilirubinemia (jaundice), especially in newborn infants. Free BR
can pass through the cell membrane and the blood-brain bar-
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rier, so this can lead further to cell death in all kinds of organs,
especially brain cells, and can lead to mental retardation, cere-
bral palsy, or even death. It can also cause liver or bile duct dys-
function and aggravate hepatic injury, particularly in hepatitis
patients. Therefore, the serum BR concentration is an important
index for identifying various liver diseases.

Scientists have used a variety of methods to remove excess BR
in the body. In recent years, many technologies for hyperbiliru-
binemia treatment have been developed; these include light
therapy and blood purification therapies, including plasma
exchange (plasmapheresis),! plasmadialysis, plasma perfusion,
plasma hemoperfusion, hemodialysis, hemofiltration, hemodia-
filtration, molecular adsorbent recirculating system,™'* and the
Prometheus system.**'" The investigation of BR adsorbents is a
hot research topic for BR removal. Reported adsorbents''™>
have included mainly polymer microbeads,''>"'**° mem-
branes,'>'*?° fibers,?®*’ and amorphous materials,!>1#421-27:31-33
The adsorbents used in blood purification should be safe and
nontoxic to bodies, possess stable chemical properties, good
biocompatibility (especial blood compatibility), large adsorption
capacity, and high mechanical strength.* So far, the main
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Scheme 1. Chemical structure of BR.

problems of the adsorbents used in clinical environments are
poor blood compatibility and low adsorption capacity. So, in
this study, chitosan (CS), a natural, nontoxic polymer with
good biocompatibility, was used as a base material.

In our previous work,>* hexanediamine (HDA)-modified CS
and a series of low generation (< 3) ethylenediamine (EDA)-
containing PAMAM dendrons supported on CS were prepared
for BR adsorption. The results showed that CS-HDA had the
best adsorption properties, even when the content of the amino
groups was not very high. So, in this study, a series of low gen-
eration (G, G<4) HDA-containing PAMAM dendrons sup-
ported on CS were synthesized. It was difficult to directly sup-
port PAMAM-G2.0 or PAMAM-3.0 dendrons on CS,** so in
this study, HDA-modified CS was used as the reactive core, and
CS-supported, HDA-containing PAMAM dendrons were
obtained by the divergent method used in the preparation of
PAMAM dendrons.®® The advantages of this method were as
follows: (1) the separation and purification of the products
were simplified as they could be achieved by simple filtration
(2) the conversion percentage could be improved with a great
excess of reagents, and (3) the unreacted reagents could easily
be recycled. The results show that all of the adsorption capaci-
ties of CS—-HDA—-G1.0-G4.0 were higher than that of CS-HDA.
In our previous study, the saturated adsorption capacity of
EDA-containing PAMAM dendrons was 15 mg/g. In this study,
the adsorption capacity of the HDA-containing PAMAM den-
drons was 43 mg/g, and they were not yet saturated.

EXPERIMENTAL

Materials

A BR (>95%) solution (100 mg/L) was prepared by the dissolu-
tion of BR into a sodium hydroxide aqueous solution (0.1 mol/
L) and dilution with a phosphate buffer solution (0.05 mol/L,
pH = 7.2-7.4) before use in a dark room. All BR solutions
were stored in amber glass vials wrapped with aluminum foil
and placed in the dark to prevent light-initiated BR oxidation.
A CS (10.6 x 10* Da, 85% degree of deacetylation) aqueous
solution (5% w/w) was prepared by the dissolution of CS into
an acetic acid aqueous solution (2% v/v). Methyl acrylate (MA)
was distilled in vacuo before use. Bovine serum albumin (BSA)
fraction V. (MW = 68000 Da) was purchased from Roche,
Basel, Switzerland. Gn’s of HDA-containing PAMAM dendrons
supported on CS microspheres were prepared with 1,6-HDA
and MA according to a method reported previously.”> All other
chemicals were analytical grade and were purchased from the
Sixth Chemical Reagent Factory (Tianjin, China).

Scanning electron microscopy (SEM; S-3500N, Hitachi, Tokyo,
Japan) and Fourier transform infrared (FTIR) spectroscopy
(FTS 6000, Bio-Rad, Hercules, California, USA) were used to
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characterize the structure of the functionalized crosslinked CS
microspheres. The amino content of the microspheres was
determined by a method reported previously.”® The nitrogen
and chlorine contents of the microspheres were determined
with an elemental analyzer (Elementar Vario EL, Germany) and
the Volhard method, respectively. BR adsorption experiments
were carried out in a constant-temperature immersion oscillator
(SHZ-88, Jintan Medical Instrument Factory, Jintan, China).
The concentration of BR was determined by a UV-2450 spectro-
photometer (Shimadzu, Kyoto, Japan) at 438 nm.

Preparation of the Microspheres

Mixtures of carbon tetrachloride and liquid paraffin (200 mL, 1:1
v/v) containing span-80 (0.47 g) were added to a 500-mL, three-
necked, round-bottom flask with a mechanical stirrer. A CS (10.6
x 10* Da, 85% degree of deacetylation) aqueous solution [100
mL, 5% w/w, prepared by the dissolution of CS into an acetic
acid aqueous solution (2% v/v)] was added to the flask with a
stirring speed of 80 rpm and was reacted for 1 h at room temper-
ature. The CS aqueous solution was dispersed into uniform beads
with appropriate size. A formaldehyde aqueous solution (2 mlL,
37% w/w) was added dropwise and reacted for 1 h. When the
reaction temperature was raised to 40°C, a glutaraldehyde aqueous
solution (7 mL, 50% w/w) was added dropwise and reacted for 2
h. Changing the amount of glutaraldehyde allowed us to obtain
different crosslinked CS microspheres. When the reaction tempera-
ture was raised to 60°C, a sodium hydroxide aqueous solution
(10% w/w) was added dropwise to adjust the pH value to 9-10;
this was then reacted for 12 h for solidification. The products
were filtered and washed with petroleum ether, ethanol (EtOH),
and deionized water to remove liquid paraffin, span-80, and so-
dium hydroxide, respectively. We removed formaldehyde protec-
tion from CS by soaking the CS in an HCI solution (0.5 mol/L) at
room temperature for 24 h to release more amino groups. Finally,
the microspheres were dried in vacuo at 40°C (Scheme 2).

CS with formaldehyde protection (16 g, ~5 mmol/g —CH,OH),
epichlorohydrin (80 mL, 94.4 g, 1.02 mol), and water (60 mL)
were added to a 250-mL, three-necked, round-bottom flask, and
the mixture was stirred mechanically at 60°C for 0.5 h.
Perchloric acid (16 mL, 28.3 g, 0.2 mol) was added dropwise to
the flask with caution. After 8 h, the product was filtered and
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Scheme 2. Preparation of the glutaraldehyde crosslinked macroporous
Cs.
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washed with acetone and water until it was neutral. Finally, the
product was dried in vacuo at 40°C to obtain hydroxypropyl
chlorinated chitosan (HPCS) microspheres. The chlorine con-
tent of HPCS was determined by the Volhard method.

HPCS (12 g, 1.74 mmol/g chlorine) and HDA (30 mL, 25.5 g,
0.22 mol) were added to a 100-mL, three-necked, round-bottom
flask with mechanical stirring and reacted at 60°C for 24 h. The
product was filtered and washed with acetone and then water
until it was neutral. Finally, the microspheres were removed
from the formaldehyde protection and dried in vacuo at 40°C
to obtain CS-GO. The chlorine and nitrogen contents of CS-GO
were determined by the Volhard method and elemental analysis
(Elementar Vario EL), respectively. The amino content was
determined by a method reported previously.*®

CS-GO0 without formaldehyde protection (11 g, about
4.94 mmol/g of —NH,), MA (25 mL, 23.75 g, 0.276 mol), and
EtOH (40 mL) were added to a 250-mL, three-necked, round-
bottom flask with mechanical stirring and argon protection at
room temperature and were reacted for 24 h. The product was
filtered and washed with EtOH. The final products were dried
in vacuo at 40°C to obtain CS—GO.5. The nitrogen and amino
contents were determined in the same way as those for CS-GO.

The mixture of HDA (150 mL, 127.5 g, 1.097 mol) and EtOH
(100 mL) was cooled to room temperature, and then added to
the mixture of CS-G0.5 (10 g, ~2.2 mmol/g of —COOCHj;)
and EtOH (60 mL) in a 500-mL, three-necked, round-bottom
flask under mechanical stirring and argon protection. The mix-
ture was stirred strongly at 0°C for 1 h and then reacted at
room temperature for 96 h. The product was filtered, washed
until it was neutral, and immersed in EtOH several times. The
final products were dried in vacuo at 40°C to obtain CS-G1.0.
The determination of the nitrogen and amino contents were
done in the same way as those for CS-GO0. The CS-G1.5 to CS—
G4.0 microspheres were prepared by the same method. The
reaction times for the preparation of CS-G2.0, CS-G3.0, and
CS-G4.0 were 5, 6, and 7 days, respectively (Scheme 3).

Absorption of BR in Aqueous Solution

The dried microspheres (0.1 g, 80-100 mesh) and BR solution
(10 mL, 100 mg/L, freshly prepared) were added to an amber
glass vial wrapped with aluminum foil to carry out the adsorp-
tion experiments at 37°C in a constant-temperature immersion
oscillator. There was a certain amount of attenuation because of
the instability of the BR solution, so it was essential to use
the initial BR solution as a blank reference. The concentration
of BR was detected with a UV-2450 spectrophotometer
(Shimadzu, Kyoto, Japan) at 438 nm for free BR and 460 nm
for conjugated BR with BSA (MW = 68000 Da, Roche).

RESULTS AND DISCUSSION

Preparation of the Microspheres

An SEM photo of the CS (Figure 1) showed that the CS beads
had a good spherical shape and were almost uniform particle
size with only small dispersion. There was no aggregation of CS
beads. The mean particle size of CS beads was 130 um, and the
particle size was mainly distributed between 80 and 150 um.
Under the same magnification, the mean particle size of the
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CS-G4.0 beads was 160 um, apparently bigger than the CS
beads; the particle size was mainly distributed between 110 and
190 um. There were a few broken microspheres, but these
should have no influence on the use of CS.

The amino content of the CS beads after the removal of the
formaldehyde protection was 3.25 mmol/g (Table I).
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Scheme 3. Ideal synthetic route of CS-HDA-Gn.0.
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Figure 1. SEM photo of the CS and CS-G4.0 microspheres.

The FTIR spectrum of HPCS [with formaldehyde protection;
Figure 2(a)] showed that the C—Cl absorption peak of HPCS
appeared at 625 cm™'. The chlorine content was 1.74 mmol/g.

Table I. Characterization of the Microspheres®

GP (%; Gn — Gn.5) Amino
content
Sample?® Observed®  Theoretical N% (mmol/g)
G5 = = 5.06 825
HPCS — — 479 3.13
CS-GO = = 8.12 4.94
CS-G0.5 23.60 67.15 6.57 3.30
CS-G1.0 11.75 39.2 10.28 523
CS-G1.5 2111 57.74 8.11 3.89
CS-G2.0 13.10 35.78 12.02 517
CS-G2.5 28.56 53.94 9.35 3.51
CS-G3.0 11.91 34.19 12.81 4.93
CS-G3.5 23.89 52.23 10.34 3.63
CS-G4.0 948 34.30 13.07 468

280—100 mesh, with the removal of the formaldehyde protection.
PCalculated by the change in the nitrogen content on the microspheres
from Gn to Gn.5.
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Figure 2. FTIR spectrum of the microspheres: (a) HPCS and CS-Gn.5
and (b) CS-Gn.0.

The nitrogen content of CS (Table I) after the reaction with epi-
chlorohydrin decreased slightly from 5.06 to 4.79%. All of the
previous data proved the success of hydroxypropyl chlorination.

Compared with the FTIR spectrum of HPCS, the spectrum of
CS—GO [Figure 2(b)] showed that the C—Cl absorption peak of
HPCS at 625 cm™ ' disappeared; this echoed the chlorine con-
tent in CS-GO, which decreased from 1.74 to 0.06 mmol/g in
HPCS. The details in the FTIR characterizations of CS-GO to
CS-G4.0 changed alternately and repeatedly with increasing
generations. All of the FTIR spectra of CS-Gn.5 [Figure 2(a)]
were similar: the strong characteristic absorption peak of C=0
in ester groups of PAMAM dendrons appeared near 1737 cm™ '
[Figure 2(a)], and the characteristic absorption peak of C=0 in
the imido groups of the PAMAM dendrons was present at
1645 cm™! (except in CS—G0.5). All of the FTIR spectra of the
CS-Gn.0 [Figure 2(b)] were similar: the characteristic absorp-
tion peak of C=0O in the imido groups of the PAMAM den-
drons presented at 1650 cm™' [the weak one in the CS-GO
spectrum was that of the residual acetyl imido group because of
the incomplete deacetylation; Figure 2(b)]; that of C=0 in the
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ester groups of the PAMAM dendrons disappeared at 1737
cm™'; this proved that CS-Gn.5 was basically transformed to
the corresponding CS-Gn.0 after the reaction. So, from the pre-
vious analysis, it was proven that PAMAM dendrons could be
successfully loaded onto the surface of CS beads by an alternate
and repeated reaction of Michael addition and ester aminolysis.

The amino and nitrogen contents on HPCS (Table I) after the
reaction with HDA increased obviously. The amino and nitro-
gen content on CS—-G0-G4.0 changed alternately and repeatedly
with increasing generations. Moreover, the amino and nitrogen
contents on all of the whole generations of CS-Gn.0 after the
reaction with MA decreased obviously, whereas that on all of
the half generations of CS-Gn.5 after the reaction with HDA
increased obviously. The previous analysis further proved the
success of the preparation of the PAMAM dendrons supported
on the CS beads.

The amino content on the whole generations of CS-G0 to CS—
G4.0 first increased then decreased with increasing generations.
This result may have been caused by the fact that the six-carbon
chain of the HDA monomer led to an increase in the branched
degree with increasing generations; this resulted in the earlier
appearance of reactive steric hindrance and a decreasing reac-
tion rate. The amino contents of CS-G2.0, CS-G3.0, and CS—
G4.0 were higher than those of the corresponding CS-G1.5,
CS-G2.5, and CS-G3.5; this proved that the aminolysis reac-
tions of CS-G1.5, CS-G2.5, and CS-G3.5 with HDA did occur,
although the increasing
generations.

amino content decreased with

Grafting Percentage (GP). The GP of every reaction step was
determined with the following equation:

GP(%) = (A/B) x 100

where A is the weight of MA or HDA grafted onto CS and B is
the weight of CS charged. A was calculated by the change in the
nitrogen content (Table I) on the microspheres before and after
the reaction. For example, in the reaction of CS-G0 — CS-—
GO0.5, when CS-GO was defined as 1 g, 0.236 g of MA grafted
onto CS—GO0.5 would be obtained by the change in the nitrogen
content from 8.12 to 6.57%. The GP of CS-G0 — CS-GO0.5 was
obviously 23.6%.

The initial theoretical GP (CS-G0 — CS—G0.5) was calculated
by the amino content of CS—GO. The following theoretical GP
was calculated by the stoichiometric proportion of every reac-
tion step. The amino content of CS-GO included the amount of
—NH (from HDA) and —NH, (from CS and HDA). The
amount of —NH, from CS was determined by the difference in
the amino content of CS—GO before and after the removal of
formaldehyde protection. Then, the amount of —NH was calcu-
lated. The theoretical amount of MA grafted onto CS-G0 was
calculated.

The GP of each reaction step is shown in Table I. The theoreti-
cal GP of CS-Gn.5 was similar and the same phenomenon of
CS-Gn.0 appeared. The observed GP showed the same tendency,
except for CS—G4.0. We concluded the success of every reaction
step of the preparation of CS—-G0-G4.0. It was shown that the
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Figure 3. BR adsorption dynamic curves on microspheres: BR initial con-
centration = 100 mg/L; BR solution volume = 10 mL; microsphere
weight = 0.1 g; pH 7.2-7.4; phosphate buffer concentration = 0.05 mol/
L; temperature = 37°C; detected wavelength = 438 nm; size of the micro-
spheres = 80—100 mesh.

observed GP was smaller than the theoretical GP, especially in
CS—G4.0, and this could be explained by the effect of steric
hindrance.

Adsorption Experiment for BR

Adsorption Kinetics for BR. The order of the adsorption per-
centage of BR on the CS-Gn microspheres (Figure 3) was as
follows: CS-G2.0, CS-G3.0, CS-G1.0, CS-G4.0 > CS-GO > CS.
The corresponding adsorption percentages were 95, 93, 93, 91,
86, and 52%, respectively. The adsorption percentages of CS—
G1.0 to CS-G4.0 were similar. All of the microspheres except
for CS arrived at equilibrium in about 2 h. The adsorption per-
centage of CS—G1.0to CS—G4.0 exceeded 70% at 0.5 h and were
close to equilibrium at 1 h. We found that the adsorption
capacity of all of the modified microspheres for BR, including
the adsorption rate, adsorption percentage, and adsorption
equilibrium time, was obviously higher than that of the
unmodified CS. All of the adsorption capacities of CS-G1.0 to
CS-G4.0 were higher than that of CS-GO. In our previous
study,” the adsorption percentage of CS-HDA (CS-GO0) was
higher than CS-EDA-G0-G3.0. Therefore, this proved that the
adsorption capacity for BR of CS-HDA-Gn.0 was much higher
than that of CS-EDA-Gn.0, although the amino content of CS—
HDA-Gn.0 was lower than that of CS-EDA-Gn.0;this was prob-
ably caused by the hydrophobic six-carbonic chain of HDA. The
adsorption percentage first increased and then decreased with
increasing generations. This result was probably due to the high
steric hindrance of high generations; this led the BR molecules
to be absorbed only on the surface of microspheres by the end
amino groups, and this made it hard for them to enter the
interior.

Effect of the Temperature. The adsorption percentages for BR
at equilibrium on CS-G2.0 at 4, 25, and 37°C (Figure 4) were
87, 91, and 97%, respectively. The adsorption percentage
increased with increasing temperature. However, the adsorption
caused by hydrogen bonding and electrostatic interaction always
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Figure 4. Effect of the temperature on the BR adsorption: BR initial con-
centration = 100 mg/L; BR solution volume = 10 mL; microsphere
weight = 0.1 g; pH 7.2-7.4; phosphate buffer concentration = 0.05 mol/
L; detected wavelength = 438 nm; microspheres = CS-G2.0, size of the

microspheres = 80-100 mesh.

decreased with increasing temperature because of the exother-
mic process. Therefore, the effect of temperature should have
been caused by the hydrophobic interaction. The final effect of
the temperature on adsorption was dependent on the result of
the offset of the previous two effects. Hydrophobic interactions
were more important for BR adsorption because BR was lipo-
soluble. Thus, hydrophobic interaction was the key factor con-
sidered in the synthesis of CS—Gn.0 in this study. An increase in
the temperature increased the contact area between the micro-
spheres and BR, and it finally led to an increase in the adsorp-
tion rate. Another reason may have been that an increase in the
temperature sped up the diffusion of BR molecules toward the
adsorbent surface and increased the degree of swelling of the
microspheres, so the contact area between the adsorbent and
BR was increased, and the resistance of BR diffusing into micro-
spheres was reduced. All of the previous phenomena led to an
increase in the adsorption rate. The final reason may have been
that an increase in temperature led to the change in the molec-
ular configuration of BR from cis to trans, which reduced the
steric hindrance of BR binding to the microspheres.

Effect of the pH. The adsorption percentage of BR (Figure 5)
reached 92% at pH 7.4, 90% at pH 6.4, and 68% at pH 8.0.
This showed that the best adsorption could be obtained near
neutral conditions (pH 7), and a clear decrease in the adsorp-
tion was seen at alkalescent pH. This also showed the difference
in the adsorption rate at different pHs: the fastest was at pH
7.4, it reached 79% at 0.5 h, and the rates were only 52 and
32% at pH 6.4 and 8.0, respectively.

The changes in the adsorption percentage with pH were mainly
caused by electrostatic interaction between the adsorbents and
BR. The main reason was that the degree of dissociation of the
BR carboxylic acid groups (pK, = 4.2-4.5) and the degree of
protonation of the amino groups on the microspheres were
strongly affected by the pH value. At the low pH of acidic con-
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Figure 5. Effect of pH on the BR adsorption: BR initial concentration =
100 mg/L; BR solution volume = 10 mL; microsphere weight = 0.1 g;
temperature = 37°C; detected wavelength = 438 nm; microspheres = CS—
G2.0, size of the microspheres = 80-100 mesh.

ditions, BR carboxylic acid groups were nondissociated, so the
BR molecule was uncharged. The electrostatic interaction
between the microspheres and BR was very weak, although the
amino groups on the microspheres were highly protonized, so
the adsorption percentage was very low. The degree of dissocia-
tion of the BR carboxylic acid groups increased with increasing
pH, whereas the degree of protonation of the amino groups on
the microspheres decreased. These two cases resulted in an
increase in electrostatic interaction when the pH was less than
7, so the adsorption rate increased. When the pH was about 7,
the electrostatic interaction reached the maximum so that the
adsorption rate reached the maximum. With increasing pH, the
degree of protonization of amino groups on the microspheres
further weakened until it disappeared. The electrostatic interac-
tion obviously weakened. The adsorption rate was significantly
reduced.

We concluded that the best pH for BR adsorption was 7.4. The
normal pH value of blood is 7.35-7.45, with 7.4 being just in
this range; this provides a favorable conditions for the clinical
application of this sorbent in the future.

Effect of the Ionic Strength. It was found that the adsorption
percentage decreased with increasing concentration of NaCl
(Figure 6). The reason was that the carboxyl anions of the BR
molecules at pH values of 7.2-7.4 were enriched around the
positive ions to form an ion atmosphere in the solution. The
concentration of the ion atmosphere increased with increasing
ion strength. The presence of this ion atmosphere obstructed
the contact between the carboxyl anions of BR and the amino
cations on the microspheres, weakened the interaction between
BR and the microspheres, and so decreased the effective concen-
tration of BR in the solution. All of the previous results show
that the increase of ion strength in the solution could inhibit
the adsorption of BR on the adsorbents.

Effect of the Initial Concentration of BR. The equilibrium
adsorption capacity increased and the equilibrium adsorption
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Figure 6. Effect of the ionic strength on the BR adsorption: BR initial
concentration = 100 mg/L; BR solution volume = 10 mL; microsphere
weight = 0.1 g; pH:7.2-7.4; phosphate buffer concentration = 0.05 mol/L;
temperature = 37°C; time = 2 h; detected wavelength = 438 nm; micro-
spheres = CS—G2.0, size of the microspheres = 80-100 mesh.

percentage decreased with increasing initial concentration of BR
(Figure 7). The adsorption percentage was always over 90%
when the initial concentration of BR increased from 50 to
350 mg/L. The adsorption percentage decreased to 85% when
the initial concentration of BR increased further to 500 mg/L.
The adsorption capacity increased from 5 to 43 mg/g and did
not reach saturated adsorption when the initial concentration of
BR was increased from 50 to 500 mg/L.

The equilibrium adsorption isotherm (Figure 8) showed that BR
adsorption on the microspheres was a Langmuir monolayer adsorp-
tion and could be fitted and described with the following equation:

log Q = nlog C + log K, R* = 0.995
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Figure 7. Effect of the initial concentration of BR on the adsorption: BR
solution volume = 10 mL; microsphere weight = 0.1 g; pH 7.2-7.4; phos-
phate buffer concentration = 0.05 mol/L; temperature = 37°C; time =
4 h; detected wavelength = 438 nm; microspheres = CS-G2.0, size of the
microspheres = 80-100 mesh.
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Figure 8. Adsorption Isotherm of CS—G2.0 Microspheres for BR. BR solu-
tion volume: 10 mL; microsphere weight: 0.1 g; pH: 7.2-7.4; phosphate
buffer concentration: 0.05 mol/L; temperature: 37°C; detected wave length:
438 nm; microspheres = CS-G2.0, size of the microspheres = 80-100
mesh.

where Q is the equilibrium adsorption capacity (mg/g), C is the
equilibrium concentration (mg/g), n and K are the physical con-
stants of the Langmuir adsorption isotherm, and R is the corre-
lation coefficient of the fitting.

Effect of BSA. Albumin is the natural carrier of BR in the
blood. BR in the blood normally exists in the form of a combi-
nation with albumin. When the blood passes through the
absorbent, both albumin and BR molecules can be adsorbed on
the absorbent. If a large sum of protein in the blood is lost, a
severe protein deficiency would appear; this is an important rea-
son that most BR adsorbents cannot be applied in clinical treat-
ment. In addition, the majority of BR in the blood is combined
with albumin. There are 12 sites acting with BR in one albumin
molecule, although only two of them are tightly integrated with
the BR."" Therefore, adsorbents must possess a certain capacity
of competition with albumin in the adsorption of BR in the
blood. Therefore, in a study of adsorbents for BR in the blood,
it is necessary to examine the efficiency of BR adsorption in the
presence of albumin. In other words, we have to study whether
this adsorbent can still absorb BR or how big its ability is to
compete with albumin for BR adsorption to develop adsorbents
that can be applied for clinical purposes.

One albumin molecule in the blood usually associates with one
or two BR molecules, so in this study, the adsorption of BR on
CS-G2.0 was investigated under three molar ratios of BSA to
BR, that is, 1:1, 1:2, and 0:1 (Figure 9). Also, the adsorption for
BSA on CS-G2.0 was studied under other three molar ratios of
BSA to BR: 1:0, 1:1, and 1:2 (Figure 10). The aim was to further
study the adsorption mechanism of BR on microspheres in the
presence of BSA.

Figure 9 shows that the adsorption percentage in 5 h reached
52, 57, and 93% when the molar ratios of BSA to BR were 1:1,
1:2, and 0:1, respectively. The adsorption percentage and the
adsorption rate for BR decreased with increasing concentration
of BSA. The equilibrium time was delayed and exceeded 5 h in
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Figure 9. Effect of the BSA concentration on the BR adsorption: (a) in
the absence of BSA, (b) n(BSA)/n(BR) = 0.5, (c) n(BSA)/n(BR) = 1. Ini-
tial concentrations: BR = 100 mg/L and (a—c) BSA, 5.814 g/L (b),
11.628 g/L (c). Solution volume = 10 mL, microsphere weight = 0.1 g,
pH 7.2-7.4, phosphate buffer concentration = 0.05 mol/L, temperature =
37°C, detected wavelength: (a) 438 nm and (b,c) 460 nm, microspheres:
CS-G2.0, size of the microspheres = 80-100 mesh.

the presence of BSA. There were three possible reasons. One
was the much larger size of the complex of BR with BSA com-
pared to that of BR; this reduced the diffusion speed of the
complex to the microspheres. Another one was the massive vol-
ume of the complex, which decreased the opportunity for BR to
contact the microspheres. In other words, it increased the steric
hindrance of interactions between BR and the microspheres and
blocked the diffusion of BR into the interior of microspheres.
The last reason was the presence of the competitive adsorption
of BR between BSA and the microspheres. With increasing BSA
concentration, the adsorption of BR on BSA was enhanced, and
thus, the adsorption of BR on the microspheres was weakened,;
this resulted in a decrease in the absorption percentage of BR.

Figure 10 shows that the adsorption percentages of BSA were 0,
11, and 19% when the molar ratios of BSA to BR were 1:0, 1:1,
and 1:2, respectively. The adsorption of BSA onto the micro-
spheres was very small under the previous three ratios, so this
could not lead to the loss of a large sum of protein in the blood
and severe protein deficiency. The adsorption percentage of BSA
on the microspheres in the absence of BR was almost zero and
was 11-19% in the presence of BR and increased with increas-
ing molar ratio of BR to BSA. This was obviously because a
small part of BSA combined with BR was indirectly absorbed
onto the microspheres via the adsorption of BR. The adsorption
of BSA onto the microspheres in the presence of BR reached
equilibrium in 2-3 h, whereas the adsorption of BR in the
presence of BSA did not reach equilibrium even after 5 h. This
indicated that BR was still continuously dissociating from the
combination with BSA and was absorbed onto the microspheres
after 3 h, whereas no more BSA would be adsorbed along with
the BR molecule to be adsorbed. This process continued until it
reached equilibrium among the free BR, BR combined with
BSA, and BR absorbed on microspheres. This showed that the
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Figure 10. BSA adsorption dynamic curves on the CS-G3.0 microspheres:
(a) n(BSA)/n(BR) = 0.5, (b) n(BSA)/n(BR) = 1, (c) in the absence of a
BR initial concentration: (a,b) BR, 100 mg/L, (a) BSA, 5.814 g/L, and
(b,c) 11.628 g/L. Solution volume = 10 mL, microsphere weight = 0.1 g,
pH 7.2-7.4, phosphate buffer concentration = 0.05 mol/L, temperature =
37°C, detected wavelength = 292 nm, microspheres = CS-G2.0, size of
the microspheres = 80-100 mesh.

microspheres had a good competitive ability for capturing the
BR molecules even when they were combined with BSA.

The proposed materials in this study will be used for the
adsorption of BR in blood in our future experiments. Their per-
formance in blood purification, in issues such as safety and tox-
icity, mentioned in the Introduction, will be further evaluated.

CONCLUSIONS

A series of HDA-containing PAMAM dendrons supported on
CS microspheres were synthesized by a divergent method in the
preparation of PAMAM dendrimers. The amino content first
increased then decreased with increasing generations. The
adsorption behavior of BR on the microspheres was investigated
in an aqueous solution. The adsorption percentages onto CS—
G1.0 to CS—G4.0 were close to each other. The best adsorption
conditions were pH 7.4, an ion strength of 0, and an equilib-
rium time of 2 h. The adsorption percentage increased with
increasing temperature. Considering practical clinical applica-
tion in the future, we fixed the adsorption temperature at 37°C.
When the BR initial concentration was increased from 50 to
500 mg/L, the adsorption percentage decreased from 100 to
86%, with the adsorption capacity increasing from 5 to 43 mg/g
and not yet reaching saturation. The adsorption percentage of
BR decreased to a certain extent, and the equilibrium time was
delayed with increasing BSA concentration. However, the
adsorption percentage of BSA onto microspheres in the absence
of BR was almost 0, and it was 11-19% in the presence of BR.
The microspheres had a good competitive ability to capture and
absorb BR combined with BSA.
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