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Abstract

To remove nucleic acids from cellular products as drugs, cross-liNkedlimethylaminopropylacrylamide (DMP) particles with cationic
functional groups were prepared. The particle’s hydrophobicity and its anion-exchange capacity were easily adjusted by changing the
cross-linking agent and the DMP ratio in the cross-linking, respectively. When divinylbenzene (DVB) was used as a cross-linking agent
and the DMP ratio (in the cross-linking) was adjusted to 90 mol%, the particles (DMP-DVB, 90:10) showed the highest adsorbing activity
of DNA (salmon spermary). Its adsorption capacity was 54 mg/ml adsorbent. On the other hand, the adsorption of bovine serum albumin
(BSA) to the DMP-DVB extremely increased with increase in the adsorbent’s pore size (molecular mass exéliygipfiem 2 x 10° to
1 x 10%, but decreased with increase in the buffer’s ionic strengjtd 0.2 or stronger. As a result, when the DMP-DVB (80:20) wWilj,

2 x 10° was used as adsorbent by a column method at pH, 7.2 aad.17, it only selectively removed DNA from a BSA solution, including
1000pg/ml of BSA and 1Qug/ml of DNA. The adsorbent decreased the concentration of DNA in the BSA solutiad@mng/ml, and the
recovery rate of BSA was more 98%.
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1. Introduction L-glutamate) (PMLG) spherical porous particle§, were
very useful as adsorbents for anionic bio-related polymers,

In the industry of recombinant DNA technology, the cel- such as lipopolysaccharides (LPs) and DNA. However, it has
lular products, such as protein and protective antigen, arebeen reporteb] that the commercial DNA adsorbent based
always contaminated with DNA originating from host cell. on chitosan cannot selectively remove DNA from acidic pro-
Therefore, such contaminants have to be removed fromtein solutions, such as bovine serum albumin (BSA), because
biopharmaceutical product solutions used for intravenous of their high adsorption for both DNA and BSA. We have
administration, because of concerns about the possibility of already found that the pore-sized controlled and aminated
nonspecific pathophysiological reactions in mamnijals PMLG particles showed superior DNA selectivity than the
In 1997, a World Health Organization consultative group chitosan adsorbefi]. However, a great disadvantage of this
recommended?2] that the safety risk was negligible or type of adsorbent is the low chemical stability of an ester
non-existent in products that contained less than 10 ng perbond originating from the side chain of PML[3]. Thus,
dose of cellular DNA. their regeneration at high and low pH is ruled out.

To remove DNA from protein solutions, the selective ad-  In this work, as novel DNA adsorbents, we developed
sorption method has proven to be most effective. Already it cross-linked N,N-dimethylaminopropylacrylamide (DMP)
has been reported that various cationic polymer adsorbentsspherical copolymers, which hadeallylacrylamide (AA),
such as chitosan particlg3,4] and aminated polytmethyl N,N’-methylenebis-acrylamide (MBAA), or divinylben-

zene (DVB) as a cross-linking agent (structures of the
monomersFig. 1). The DMP monomer has cationic proper-
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CH,=CH _ _ 25% (w/w) anhydrous sodium sulfate solution containing
CONH(CH s _'*hﬁc% CHz_z:N::I;CHZ 1% sodium carboxymethylicellulose. The suspension was
\CH, 2 stirred and heated at 8C for 12 h. The DMP—-AA copoly-
DMP AA mer particles obtained were washed successively with cold
and hot water, methanol and ethanol.
HC=CH, DMP-MBAA particles were prepared by the method
CH,=CH HC=CH, used for DMP—AA particles using DMP monomer, MBAA
CONHCH,NHOC monomer, 20% (v/v) chloroform as a diluent, and 2% (w/w)
HE=CH, AIBN.
MBAA DVB DMP-DVB particles were prepared by the method
Fig. 1. Structures of the monomers used. used for DMP—AA particles using DMP monomer, DVB
monomer, 20% (v/v) diethylbenzene as a diluent, and 2%
(w/w) AIBN.

[8] that the cross-linked DMP porous particles showed high = these particles with diameters of 44—10% were used
adsorption of LPs having anionic regions (phosphoric acid 55 adsorbents.

groups). Nucleic acids (DNA and RNA) are also anionic

bio-related polymers with phosphoric acid groups. Thus, it 5 3 petermination of pore size, hydrophobicity, and

is expected that the cross-linked DMP patrticles also show anion-exchange capacity

high DNA-binding activity. The particles, being composed

of -CONH-bonds originating from DMP, are also expected  The pore size of the matrix in the adsorbent was esti-

to keep their entire structure in solutions of high and low pH. ,5ted as the molecular mass exclusidvig() by agueous
This paper dgscribes the effe(;ts of the cross—!inking €oN- gjze-exclusion chromatography. TMym value was deter-

tent and pore size of the cross-linked DMP particles on the yined as the molecular mass of polysaccharide by extrap-

adsorption of purified DNA or protein by the particles, and g|ating the linear part of the curve as described previously
then provides a method for the chromatographic removal of 10].

DNA from a protein solution, which are contaminated with The hydrophobicity of the adsorbent was estimated
DNA, using the cross-linked DMP adsorbents. from elution behavior of 1-alcohol obtained by an aqueous
chromatography similar to determination of the pore size.
1-Methanol, 1-ethanol, 1-propanol, 1-butanol, 1-pentanol,

2. Experimental and hexanol were used as permeable substances.
_ The anion-exchange capacity of the adsorbent was quan-
2.1. Materials tified by pH titration and by elemental analyses.

DMP monomer (Kohjin, Tokyo, Japan) and AA 24. DNA and protein assay
monomer (Kohjin) were purified by vacuum distillation
at 131°C/1mmHg and 115C/0.7mmHg (1mmHg = The DNA concentration in the sample solution was
133322 Pa), respectively. DVB monomer (Wako, Osaka, determined by fluorometric analysig] with a spectroflu-
Japan) was purified by extraction with 0.1 M sodium hy- orophotometer FP-6500 (Jasco) using the fluorescent dye
droxide. MBAA monomer was purchased from Sigma. The 4’ 6-diamidino-2-phenylindole dihydrochloride hydrate.
purified DNA (from salmon spermaryi;: 3 x 10°) was  The protein concentration was measured at 280 nm with a
purchased from Wako. BSAM;: 6.9 x 10* isoelectric UVIDEC-660 spectrophotometer (Jasco).
point (p), 4.9], and~y-globulin (from human serum;:

1.6 x 10°; pl, 7.4) were purchased from Sigma. The fluo- 2.5 Adsorption of DNA and other cellular products

rescent dye '46-diamidino-2-phenylindole dihydrochloride

hydrate[9] for fluorometric analysis was purchased from  The adsorption of nucleic acids was measured by a batch-
Nacalai Tesque (Japan). The chitosan particles (Kurimu- wise method as follows: the adsorbent was washed and equi-
ver Il) [3,4] were purchased from Kurita Water Industries, |ibrated with various 0.02 M phosphate buffers (pH, 7) with

Tokyo and used as a standard adsorbent. different ionic strengths. The ionic strength of the buffer
was adjusted by changing the content of sodium chloride.
2.2. Preparation of cross-linked DMP adsorbents A 0.1-0.2ml portion of wet adsorbent was suspended in

2—-4 ml of DNA solution. The suspension was shaken for 2 h
DMP-AA spherical particles were prepared by sus- at 25°C and filtered through a Millipore filter (048m) to
pension cross-linking as follows: DMP monomer, AA remove the adsorbent. The DNA content of the filtrate was
monomer, 30% (v/v) of 1-hexanol as a diluent, and 2% determined. The apparent dissociation constiigtfp) be-
(w/w) azobis-iso-butyronitrile (AIBN) as an initiator were  tween the DNA and the adsorbent was estimated by adsorp-
mixed at room temperature. The mixture was added to ation isotherm as previously describ§s]. The adsorption
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of cellular products other than DNA was investigated by a although adsorption of the protein caused mainly by entry

method similar to DNA-binding assay. of the protein’s molecules into the pore of the adsorbent, the
DNA was adsorbed not only into the pore of the adsorbent
2.6. Removal of DNA from a protein solution but also on its surface. Therefore, various cross-linked DMP

(DMP-AA, DMP-MBAA, and DMP-DVB) particles with
The removal of DNA was measured by a frontal column small pore sizes dfljim 1 x 10° to 8 x 10%, anion-exchange

method as followed: A 1.7 ml portion of wet adsorbent was capacities of 3.7-5.2 meq./g, and swelling degrees (in water)
packed into a sterilized stainless column (10xr@.46 cm, of 4.3-7.9 were prepared as adsorbeiith(e J).
i.d.). The column was washed with 20 ml of 2.0M sodium  The adsorbing activities of the various adsorbents for
chloride and then equilibrated with 0.02 M phosphate buffer DNA were examined by a batchwise method. The purified
(pH, 7.2; u = 0.17). A 120 ml portion of protein solu- DNA (from salmon spermary) was used as a standard DNA
tion (1000p.g/ml) containing DNA (1Qug/ml, purified DNA sample. When the effect of cross-linking agent of adsorbent
from salmon spermary) was passed through the column aton the DNA-adsorbing activity was examined under condi-
a flow rate of 0.2 ml/min at room temperature. The column tions of DMP ratio of 80 mol% and cross-linking agent’'s
was then washed with 30 ml of the buffer. Fractions of 6 ml ratio of 20 mol%, the adsorbent with DVB as a cross-linking
were collected and the concentrations of protein and DNA agent showed highest adsorbing activitfalfle 3. The
in each fraction were measured. The column was reused af-adsorbing capacities of DMP—-AA (80:20), DMP-MBAA
ter washing with 20 ml of 0.2 M sodium hydroxide, 2.0M (80:20), and DMP-DVB (80:20) were 0.5, 2, and 11 mg per
sodium chloride, ultra-pure water, and the buffer. ml of wet adsorbent, respectively. In the DMP-DVB adsor-

bents, while the DMP ratio increased from 50 to 90 mol%,

the DNA-adsorbing capacity increased from 2 to 54 mg/ml

3. Results and discussion and theKq app of DNA to the adsorbent decreased remark-
ably from 55 x 1078 to 4.5 x 101 M (asM; of the DNA:

3.1. Effects of adsorbent’s properties on 3 x 10P), at ionic strengthu = 0.05 and pH, 7.0. The

adsorption of DNA Kd,app Value shows DNA-removing activity of the adsorbent

which arise when the DNA removal from a dilute DNA
In order to achieve the selective adsorption of DNA, it solution is examined, and the adsorbing capacity shows its

is important to decrease the interaction between the adsor-DNA-adsorbing content which arise when the DNA ad-
bent and other cellular products, such as protein. We had al-sorption from a thick DNA solution is examined. In the
ready found6] that the adsorbing activity of net-negatively removal of DNA from a dilute DNA solution by adsorption,
charged polymers, such as BSA and DNA, by the aminated the DNA-removing activity depends more on tKg app of
PMLG adsorbent increased drastically with increasing pore DNA than on the adsorbing capacity. The smallerkhgpp
size in the adsorbent’s matrix to sizes over the molecu- value, the stronger the DNA-removing activity of the adsor-
lar mass of the polymers. On the other hand, it was clear bent. Therefore, it was found that the DMP-DVB (90:10)
that when the pore size of aminated PMLG was adjusted to with the smallesKq app value has highest DNA-removing
Miim below 1¢#, the adsorbent showed good DNA-selectivity activity in all adsorbents. It was also found that the remov-
without adsorption of the protein. This result suggests that ing activities of DMP—-DVB (80:20) and (70:30) are higher

Table 1
Characteristics of cross-linked DMP adsorbents
Adsorbent Molar rati® (mol%) Anion-exchange  Pore size of ¢ Adsorption Kd,app Of
capacicty (meq./g) matrix (Mjim® wet-ml/dry- capacity of DNAY (M
OMP  AA  MBAA DVB pacicty (meq./g) Mim®)  ( y-9) Dr\?Ad ()r/ng/ml) (M)
DMP-AA (80:20) 80 20 0 0 5.1 X 10° 7.9 0.5 9.5x 1078
DMP-MBAA (80:20) 80 0 20 0 5.0 x 10° 5.0 2 1.0x 10°°
DMP-DVB (90:10) 90 0 0 10 5.2 & 10° 5.9 54 45x 1071
DMP-DVB (80:20) 80 0 0 20 5.0 X 10° 52 11 5.7x 10710
DMP-DVB (70:30) 70 0 0 30 45 X 10° 4.8 10 8.2x 10710
DMP-DVB (50:50) 50 0 0 50 3.7 k 103 4.3 5 25x 1078
Chitosan particleés - - - - 35 1x 10° 16.5 17 9.3x 107°

a8 Mol% of the monomer in the cross-linking.

b Value deduced as a molecular mass of polysacchétide

¢ Degree of swelling in water.

d The DNA-adsorption capacity per ml adsorbent andKhgpp of DNA to adsorbent were estimated by adsorption isotherm. The adsorption isotherm
of DNA was determined using a batchwise method with 0.1 ml of wet adsorbent and 4 ml of a DNA solution (DNA from salmon spermary.d/iio00
pH, 7.0; 1 = 0.05). TheKq app Was expressed in mol/l (M) of molecular weight of DNA/( = 3 x 10°).

& Kurimover-Il [3,4].
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Number of carbon atoms of 1-alcohol various cross-linked DMP adsorbents usedFig. 3. The adsorption of

) ) _ _ ) ) DNA was determined by a batchwise method with 0.2 ml of wet adsorbent
Fig. 2. Elution behaviors of 1-alcohols with various cross-linked DMP 504 2ml of a DNA solution (purified DNA from salmon spermary:
columns (DMP-AA (80:20), DMP-MBAA (80:20), and DMP-DVB 500pg/ml).

(80:20). A 5ul portion of 1-alcohol dissolved in water (2mg/l) was in-
jected to the column (10cm 0.46 cm, i.d.) at 0.5 ml/min and 2%. The
e":tion VE'“”“E of fl'a'cgho' its e"prfsiseld a; Ia plercer;:]age IOthhEtEO'UT” products.Fig. 4 shows the effect of DMP content in the
volume. Number of carbon atoms of 1-alconol: methanol; ethanol; .
(3) propanol; (4) butanol; (5) pentanol; (6) hexrgm)ol. @ DMP-DVB adsorbent on adsorption of cellular products
(DNA, BSA, and~v-globulin) at pH, 7.0 andu = 0.05.
The DNA-adsorbing activity increased from 80 to 99%
than those of chitosan particles because of their smallerwith an increase in DMP ratio from 50 to 80 mol%. The
Kd,app Value (57 x 1019 and 82 x 10719, respectively) DMP-DVB (80:20) and (90:10) adsorbents showed excel-
than the chitosan particle&q app 9.3 x 1079). lent DNA-adsorbing activity. Each is able to decrease the
Fig. 2 shows the elution behaviors of 1-alcohols by concentration of DNA from 50f.g/ml to less than 10 ng/ml.
an aqueous chromatography with the columns packed ofOn the other hand, BSA-adsorbing activity depended more
DMP-AA, DMP-MBAA, and DMP-DVB particles. In  strongly on adsorbent®lji,, than its DMP content. The ad-
aqueous chromatography, the larger the elution volume sorbing activity remarkably increased from 8 to 88% with
of 1-alcohol (as a permeable sample), the stronger thea@n increase iMim from 2x 10% to 8 x 10° (the DMP ratio
hydrophobic properties of the column pack||m The hy- from 80 to 90 mol%). We believe that an increase in the
drophobicity of 1-alcohol increases with an increase in its content of DMP having amino groups leads to an increase
carbon number from 1 (methano|) to 6 (hexano|)_ As shown in the degree of Swelling of the adsorbent in the buffer, and
in Fig. 2, when theMj,, of the column and the mol ratio of
the cross-linking agent weres2 10° and 20 mol%, respec-
tively, the DMP—-DVB column having DVB as cross-linking
agent showed always the largest elution volumes of all
1-alcohols. This result indicates that the DMP-DVB has the

Molar ratio of DVB (%)
60 50 40 30 20 10 O
100 - ! T ! - 10,000

3 0
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strongest hydrophobic properties in the three adsorbents. -é, 80 8,000 ?:

o =

3.2. Effects of various factors on selective g ':’_ 60 6,000 §

adsorption of DNA 3 §

o 5O 40 4,000 S

The effects of adsorbent’s cross-linking agent (AA, e~ o

MBAA, or DVB) and buffer’s ionic strength on DNA ad- -%_ 20 2.000 8

sorption are shown irFig. 3. The DNA adsorption was 5 RS

measured by the batchwise method. The DNA-adsorbing ﬁ 0 A 0 E
activity of each adsorbent decreased with an increase in 40 50 60 70 80 90 100

the ionic strength of the buffer. As a result, at a wide ionic Molar ratio of DMP (%)

strength ofu = 0.05-0.8, the DMP-DVB has always the

greatest DNA-adsorbing activity (99-57%) in the three Fig. 4. Effects of adsorbent's DMP molar ratio and its pore size on
adsorbents the adsorption of cellular products (DNA or protein) by DMP-DVB

. . L adsorbents. The adsorption of DNA or protein was determined by a
For the selective adsorption of DNA, it is necessary t0 patchwise method with 0.2ml of the wet adsorbent and 2ml of a DNA

check the interaction between the adsorbent and cellularor protein solution (50Q.g/ml; pH, 7.0, ionic strength oft = 0.05).
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Fig. 5. Effect of a buffer’s ionic strength on selective adsorption of DNA from a BSA solution(§0@l; pH, 7.0, and ionic strength ¢f = 0.05-0.8)
containing DNA (1Qw.g/ml) by (a) by DMP-DVB (80:20), (b) (90:10), and (c) chitosan adsorbents. The selective adsorption of DNA was determined by
a batchwise method with 0.2 ml of the wet adsorbent and 2ml of a BSA-containing solution.

that this in turn leads to an increase My, . By contrast, non-aminated PMLG under the conditions of a wide ionic
the adsorption ofy-globulin increased from 2 to 34% with  strength ofu = 0.05-4.0. As shown irFigs. 2 and 3the
a decrease in the DMP ratio from 80 to 50 mol% (with an stronger the hydrophobicity of the adsorbent, the stronger
increase in the ratio of DVB from 20 to 50 mol%). Little its DNA-adsorbing activity. The DMP-DVB particles and
basic proteins, such as cytochromend lysozyme, were  the chitosan particles showed a high DNA adsorption at a
adsorbed £2%) by any of the DMP—-DVB adsorbentkl]. wide ionic strength ofx = 0.05-0.8 Fig. 5. These find-
The effect of the ionic strength of the buffer on the se- ing suggest the DMP-DVB adsorb DNA aneglobulin by
lective adsorption of DNA from a BSA-containing solution hydrophobic binding.
was examined by a batchwise method with various adsor- Furthermore, as shown iRig. 5a-¢ each adsorbent bind
bents. As shown ifrig. 54 DMP-DVB (80:20) selectively ~ more strongly with DNA than protein. This is because the
adsorbed DNA from a BSA solution at = 0.1-0.4, with- pKa of the phosphate residues of DNA is lower than the
out the adsorption of BSA<{2%). DMP-DVB (90:10) and  pl of BSA, and probably because the DNA was adsorbed
chitosan adsorbents were able to adsorb DNA selectively atby the adsorbent, through its multipoint-attachment onto the
u = 0.4-0.8 Fig. 5b and atu = 0.6-0.8 Fig. 59, respec- aminogroups of the adsorbent surface. At an ionic strength
tively. of u = 0.05, the DMP-DVB (90:10) and chitosan adsor-
From these resultd(gs. 2-5and Table 1), we assumed  bents adsorbed also BSA (77 and 23%, respectively) al-
that the adsorbing activity of the cross-linked DMP for cel- though each DNA-adsoving activity was strongig. 5b
lular products was due to the simultaneous effects of their and 9. We suggest that the undesirable binding between
cationic properties and hydrophobic or other properties. The BSA and each adsorbent probably results from the entry of
cationic adsorption is remarkably dependent on the ionic BSA into the large pores (DMP-DVB, 90:1Btiy, 8 x 102,
strength of the buffer, but the hydrophobic adsorption is in- chitosan particlesMjim 1 x 10°) of the adsorbent's ma-
dependent of the ionic strengi®,12]. Nucleic acids (DNA trix. BSA was bound more strongly by DMP-DVB (90:10)
and RNA) are polynucleosides having anionic regions (phos- than by chitosan particles although chitosan particles have
phate groups), pentoses, purine bases, and pyrimidines, ana larger pore size. This is because th&, pf the DMP
thus the charge of DNA is anionic at pH values greater than (pKa: 10.35) is higher than that of chitosanK(p6.2), and
its pKa (<2). The charge of BSA is also anionic at pH val- the adsorbing activity for net-negative charged protein, such
ues >4.9 (its p. The adsorption of DNA and BSA increased a BSA, increases with increasing(p of the adsorbent. As
with increasing anion-exchange capacity (DMP content) of a result, only DMP-DVB (80:20) with a small pore size of
the adsorbentTable 1andFig. 4). It is also dependent on  Mjim 2 x 10° can selectively adsorb DNA under physiolog-
the ionic strength of the buffer~{gs. 3 and » This sug- ical conditions (ionic strength, Ik = 0.1-0.4; pH, 7.0),
gests cross-linked DMP adsorbents adsorb DNA and BSA without the adsorption of proteirF{g. 59.
by ionic interaction. On the other hand, the ionic interac-
tion of the adsorbent wit-globulin (p, 7.4) is notinduced  3.3. Removal of DNA from protein solution by column
at pH, 7.0 since the charge of the protein is cationic at a chromatography
pH under its p value. y-globulin is a weakly hydropho-
bic protein, and its adsorption by DMP-DVB adsorbent in-  The effectiveness of DMP-DVB patrticles as a DNA adsor-
creased with an increase in hydrophobicity (content of DVB) bent increased when a column chromatography process was
of the adsorbentHig. 4). We also reported previousig] used. The selective removal of DNA from a BSA solution
that a hydrophobic bond was formed between DNA and was investigated using DMP-DVB (80:20) column packing
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Fig. 6. Removal of DNA from a BSA solution containing DNA with
the DMP-DVB (80:20) column packing. A BSA solution (10@8/ml,
120ml) in 0.02M phosphate buffer (pH, 7.2, = 0.17) containing
DNA (from salmon spermary, 10g/ml) was passed through a column
(10cmx 0.46 cm, i.d.) at 0.2ml/min. The column was then washed with
30ml of the buffer, and the concentrations of DNA and BSA in the
fractions were measured.

under physiological conditions (pH, 7.2,= 0.17). A BSA
solution (100Qug/ml) to which purified DNA (1Qug/ml)
had been added was used. The result is showhign 6.
The column exhibited a high DNA-removing activity with-
out affecting the recovery of the BSA. The concentrations
of DNA in the treated BSA solution decreased to less than
10 ng/ml and the recovery ratio of the BSA was 98%.

For practical applications, ease of regeneration is very
important. We reported previously that the cross-linked
DMP particles can be completely regenerated by frontal
chromatography with 0.2 M sodium hydroxide, followed by
2.0 M sodium chloridg7]. Their stable structures, resisting
extreme pH values, are due to their -CONH- bonds.

4, Conclusion
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properties by the higheriy of DMP (10.35) than chitosan
(6.2), (2) suitable hydrophobic properties which arise when
the DVB content (in the particles) is adjusted to 20 mol%,
and (3) multipoint-attachment of DNA onto the DMP-DVB
chains on the particle’s surface. On the other hand, their
high DNA selectivity (no interaction with proteins) is due to
(1) the size-exclusion effects on protein molecules through
their small pore sizesMjim 2 x 10%), and (2) the effect of
the decrease in ionic interaction between the particles and
the protein which arise when the buffer’s ionic strengih (

is adjusted to 0.1-0.4.
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