
Introduction

Boronate-affinity chromatography has been conducted
based on the complex formation between boronic acid
groups of support materials and diol groups of target
biomolecules. In the conventional boronate affinity
chromatography applications involving the selective

isolation of nucleotides, RNA, glycated proteins and
glycoenzymes, boronic acid functionalized polyacryla-
mide, agarose and polyacrylate based gels were com-
monly preferred as support materials [1, 2, 3, 4, 5, 6, 7, 8,
9, 10, 11, 12, 13, 14].

Thermosensitive polymers have been also utilized as
carriers in the immobilization or isolation of different
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Abstract Thermosensitive N-isopro-
pylacrylamide-4-vinylphenylboronic
acid (NIPA-co-VPBA) copolymer
latex particles were used as pseudo-
specific sorbent for the selective iso-
lation of RNA by boronate affinity
chromatography. In the proposed
isolation procedure, RNA was ad-
sorbed onto the latex particles via
the interaction between boronic acid
groups of the particles and diol
groups of RNA at a low temperature
(i.e. +4 �C). No significant amount
of DNA was bound to the particles
under the conditions that were used
for RNA adsorption. This result in-
dicated that the developed sorbent
could be used effectively for selective
removal of RNA from the RNA–
DNA mixtures. RNA adsorption
onto the latex particles significantly
decreased with increasing tempera-
ture. On the other hand, NIPA-co-
VPBA copolymer latex showed a
thermoflocculation behaviour at
temperatures higher than 30 �C.
These two properties were used for
temperature controlled RNA isola-
tion by the proposed sorbent. After

adsorption of RNA onto the stable
latex particles at +4 �C, the parti-
cles were transferred into a desorp-
tion medium. Temperature increase
in this medium resulted in both de-
sorption of RNA from the particles
and thermoflocculation of the latex
suspension. Hence RNA was recov-
ered in the clear supernatant without
applying any additional separation
for the removal of sorbent material.
In the proposed procedure, the
temperature was used as an on–off
switch controlling the adsorption
and desorption of RNA. The neces-
sity of a separate medium (at a cer-
tain pH and ionic strength) for
desorption was eliminated by the
proposed isolation method. This
behaviour allowed the desorption of
RNA to a medium at any ionic
strength and at any pH.

Keywords Thermosensitive latex Æ
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Boronic acid Æ Glucose sensor Æ
Affinity precipitation Æ Uniform
latex particles

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595.276 785.197 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /sRGB
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice



biomolecules such as enzymes, cells and oligonucleotides
[15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33]. The interaction of boronic acid func-
tionalized thermosensitive polymers with the diol-car-
rying biomolecules was investigated by different
researchers [28, 29, 30, 31]. Thermosensitive copolymers
of N-isopropylacrylamide, (NIPA) and acryl-
amidophenylboronic acid (AcPBA) and the terpolymers
of NIPA–AcPBA–dimethylaminopropylacrylamide
(DMAPA) showed an LCST change with glucose con-
centration [29]. A good correlation was observed be-
tween the diol complexation rate and the fraction of
boronate groups in the polymers [30]. The thermosen-
sitive terpolymer gels in the form of NIPA–AcPBA–
dimethylaminopropylmethacrylamide (DMAPM) were
utilized in the endothelial cell differentiation as a cell
substratum [31]. Recently, NIPA based thermosensitive
polymers were tried as carriers for DNA delivery into
the cells [32, 33].

Uniform latex particles are another class of mate-
rials tried as carriers in the isolation or immobiliza-
tion of biological agents. Modified emulsion or
dispersion polymerization techniques have been ap-
plied for the synthesis of uniform latex particles car-
rying desired functionality depending upon the
intended use [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44].
Recently, thermosensitive latexes were promoted as
‘‘new generation carriers’’ in the immobilization of
DNA fragments and oligonucleotides for diagnostic
purposes [40, 41, 42, 43, 44]. Elaissari et al. investi-
gated the RNA adsorption behaviour of magnetic-
thermosensitive latex particles [45]. However, studies
on the use of thermosensitive latexes in the chro-
matographic separation of nucleic acid fragments and
nucleotides were limited.

In this study, boronic acid carrying thermosensitive
latex particles were prepared by the dispersion copo-
lymerization of NIPA and a boronic acid carrying
comonomer, 4-vinylphenylboronic acid (VPBA).
Poly(N-isopropylacrylamide-co-4-vinylphenylboronic
acid) [poly(NIPA-co-VPBA)] latex particles were used
as pseudospecific sorbent for temperature controlled
RNA isolation from nucleic acid mixtures. In the
proposed method, RNA was selectively adsorbed onto
the latex particles at a low temperature (i.e. +4 �C).
RNA adsorbed particles were transferred into the
desorption medium and the temperature was increased
to 37 �C. In this medium, desorption of RNA and
flocculation of latex particles simultaneously occurred.
Since the latex particles were precipitated by ther-
moflocculation, no additional operation was done for
the separation of carrier material (i.e. latex particles)
from the desorption solution. Hence RNA was re-
covered in the clear supernatant by the desorption
and flocculation processes induced by the temperature
elevation.

Experimental

Materials

N-Isopropylacrylamide (NIPA, Aldrich Chem. Co., Milwaukee,
Wisc., U.S.A.) was recrystallized from hexane–acetone. The com-
onomer, 4-vinylphenylboronic acid (VPBA) was supplied from
Aldrich Chem. Co. and used without further purification.
N,N-methylenebisacrylamide (MBA, BDH Chemicals Ltd., Poole,
U.K.) was used as the crosslinking agent. The copolymerization
was initiated with potassium persulfate (KPS, Analar grade, BDH
Chemicals Ltd.). Ribonucleic acid from baker’s yeast (RNA, Cat
No: R 7125, Sigma Chemical Co., St. Louis, Mo., U.S.A.) and
deoxyribonucleic acid from salmon testes (DNA, Cat No: D 1626,
Sigma Chemical Co.) were used in the adsorption experiments. The
buffer solutions for the adsorption experiments were prepared by
using N-[2-hydroxyethyl]piperazine-N’-[2-ethane sulfonic acid]
(HEPES, Sigma Chem. Co.). Distilled deionized water was used in
all experiments. The boronic acid content of the latex particles was
determined by using a reactive dye, carmine (C.I. 75470, alum lake
of carminic acid, Merck A.G., Darmstad, Germany).

Preparation of poly(NIPA-co-VPBA)
copolymer latex

Typically, NIPA (0.5 g), VPBA (0.05 g) and MBA (0.021 g) were
dissolved in distilled water (40 ml) in a cylindrical Pyrex reactor.
The initiator, KPS (0.03 g) was dissolved in the resulting homo-
geneous solution. The reactor was purged with bubbling nitrogen
for 5 min and sealed. Dispersion copolymerization was conducted
at 70±0.5 �C for 24 h in a temperature-controlled water bath
shaken at 120 cpm. After completion of the polymerization period,
the latex was cooled to room temperature and cleaned by serum
replacement. For this purpose, the latex suspension was centrifuged
at 14,000 rpm for 15 min. The supernatant was discarded and the
particles were redispersed in water (40 ml) by ultrasonication for
approximately 1 min. This operation was performed three times.
To obtain thermosensitive poly(NIPA-co-VPBA) latex particles
with different boronic acid contents, the VPBA feed concentration
was varied in the copolymerization experiments.

Characterization of latex particles

Particle size was determined by transmission electron microscopy
(TEM, JEOL, JEM 1200EX, Japan). An aqueous dispersion of
cleaned latex particles diluted approximately 10-fold (about 0.1 ml)
was spread onto a formvar-coated grid and the water was evapo-
rated at room temperature. The specimens were examined by TEM
and the fields including particles placed in the monolayer form were
photographed with a magnification of 5,000·.

The boronic acid content of the latex particles was determined by
the carmine method [46]. For this purpose, a concentrated HCl
solution (0.1 ml) containing 5% (w/w) HCl was added to the
cleaned latex sample (2 ml, solid content approximately 50 mg).
Following the addition of concentrated sulfuric acid solution
(10 ml), the resulting mixture was cooled to room temperature.
Then, carminic acid solution (10 ml) prepared by dissolving carmine
(0.092 g) in concentrated sulfuric acid (100 ml) was added. The
absorbance of the final solution was measured at 550 nm in a UV–
Vis spectrophotometer (Shimadzu, Kyoto, Japan). The VPBA
content of latex particles was calculated by means of the calibration
curve prepared by measuring the absorbances of the aqueous VPBA
solutions of known concentrations.

The thermosensitive behaviour of poly(NIPA-co-VPBA) latex
particles was followed using a UV–Vis spectrophotometer equip-
ped with a heater and a temperature control system (Varian, Cary
100, U.S.A.). For this purpose, the cleaned latex was diluted to
obtain a suspension having a solid content of approximately 0.1%
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(w/w). The pH of this suspension was adjusted using aqueous
NaOH solution to a prescribed value (i.e. 5, 7 or 9). The
absorbance was recorded at 500 nm in the temperature range of
15–40 �C by increasing the temperature with a heating rate of
1 �C/min. The same procedure was also followed in the deter-
mination of the critical flocculation temperature (CFT) of
poly(NIPA-co-VPBA) latex particles. For each poly(NIPA-
co-VPBA) latex, these determinations were performed at pH 7.0
in the aqueous media containing NaCl at different concentra-
tions. The temperature at which a peak was observed in the
variation of absorbance with the temperature was evaluated as
the CFT of the selected latex in the aqueous medium with a
certain NaCl concentration [47].

Nucleic acid adsorption experiments

RNA and DNA adsorption experiments were performed in batch
fashion. Typically, a certain volume of cleaned latex containing
poly(NIPA-co-VPBA) particles (0.05 g) was centrifuged at +4 �C
and 14,000 rpm for 10 min and the supernatant was discarded. The
precipitated particles were redispersed in HEPES buffer (i.e.
adsorption medium, 5 ml, pH 8.5, 0.1 M MgCl2) containing RNA
or DNA at a certain concentration. The adsorption medium was
magnetically stirred at 250 rpm for 2 h at +4 �C. The preliminary
adsorption experiments indicated that the adsorption equilibrium
was established within this period. The latex suspension was cen-
trifuged at 14,000 rpm for 10 min at +4 �C and the supernatant
was isolated. In the experiments performed for the effect of tem-
perature on the RNA adsorption, the centrifugation was conducted
at a temperature identical to that of adsorption. After adsorption,
the RNA concentration in the supernatant was determined by
measuring the absorbance at 260 nm in a UV–Vis spectropho-
tometer (Shimadzu, Kyoto, Japan). The amount of RNA adsorbed
onto the poly(NIPA-co-VPBA) particles (QRNA, mg RNA/g dry
particles) was calculated according to Eq. (1), where Co (mg/ml)
and Cf (mg/ml) are the initial and final RNA concentrations in
the adsorption medium, respectively. V (ml) and M (g) are the
volume of adsorption medium and the amount of dry particles,
respectively.

QRNA ¼ Co � Cfð Þ½ �V =M ð1Þ

After adsorption, the DNA concentration in the supernatant
was determined by Spirin’s method described in detail elsewhere
[48, 49]. The amount of DNA adsorbed onto the particles (QDNA,
mg DNA/g dry particles) was calculated by adapting Eq. (1) for
DNA.

RNA desorption experiments

Following RNA adsorption at +4 �C, the latex was centrifuged at
the same temperature and the supernatant was separated from the

particles. RNA adsorbed poly(NIPA-co-VPBA) particles were
transferred into a desorption medium (HEPES buffer at pH 8.5,
0.1 M MgCl2). The particles were redispersed in the solution at
room temperature. After obtaining a stable suspension, the tem-
perature of the desorption medium was increased to 37 �C with a
heating rate of 0.3 �C/min. The entire mixture including aggregated
poly(NIPA-co-VPBA) particles was kept at 37 �C for 30 min.
Following complete precipitation of poly(NIPA-co-VPBA) parti-
cles by the thermoflocculation taking place in the desorption
medium, a certain volume of sample (3–4 ml) was withdrawn from
the clear supernatant and the absorbance was measured at 260 nm.
By using the calibration curve (i.e. RNA concentration versus
absorbance), the desorption yield was calculated as the ratio of
desorbed amount of RNA (mg) to the amount adsorbed onto the
particles (mg).

Results and discussion

Characterization of thermosensitive latex particles

Thermosensitive poly(NIPA) and poly(NIPA-co-VPBA)
latex particles with different boronic acid contents were
prepared by dispersion polymerization, by using the
conditions in Table 1. First, two types of poly(NIPA)
particles with different average sizes (NV1 and NV2)
were obtained. As seen here, poly(NIPA) particles with
higher size could be achieved by the use of higher NIPA
feed concentration. The particles encoded as NV2 were
used as control sorbent in the RNA isolation experi-
ments to evaluate the RNA adsorption/desorption
behaviour of boronic acid functionalized particles.

Boronic acid functionalized latex particles were syn-
thesized by fixing the crosslinking agent (MBA) concen-
tration at 2.7% mol (except particles encoded as NV5).
Representative TEM photographs of poly(NIPA-co-
VPBA) particles are given in Fig. 1. These photographs
indicated that the copolymerization of NIPA and VPBA
provided latex particles of nearly uniform size. The
properties of the particles are given in Table 1. As seen
here, either the size or the boronic acid content of parti-
cles increased with increasing VPBA feed concentration.

Thermosensitive behaviours of poly(NIPA-co-VPBA)
latexes as followed by UV–Vis spectrophotometry are
given in Fig. 2. Here, the magnitude of absorbance dif-
ference between fully shrunken and fully swollen states

Table 1 The production condi-
tions and properties of poly
(NIPA-co-VPBA) particles
(CNIPA: NIPA concentration in
the polymerization medium,
dp: particle size, QVPBA: VPBA
content of latex particles. Poly-
merization conditions: KPS:
30 mg, water: 40 ml, tempera-
ture: 70 �C, shaking rate:
120 cpm, time: 24 h)

Code CNIPA Feed monomer composition dp QVPBA

(mg/ml)
NIPA VPBA MBA

(nm) (mg/g dry

(% mol) (% mol) (% mol)
particles)

NV1 12.5 97.3 0.0 2.7 266 0.0
NV2 25.0 97.3 0.0 2.7 429 0.0
NV3 12.5 93.7 3.6 2.7 214 49.2
NV4 12.5 90.4 6.9 2.7 286 94.9
NV5 12.5 87.9 6.7 5.4 329 66.9
NV6 12.5 87.3 10.0 2.7 386 144.0
NV7 12.5 84.4 12.9 2.7 471 171.0
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of latex particles was considered as a measure of ther-
mosensitivity. Hence the latex sample exhibiting the
largest absorbance difference between fully shrunken
and fully swollen states is probably the most thermo-
sensitive one among the materials produced. As seen in
Fig. 2, poly(NIPA) latexes and poly(NIPA-co-VPBA)
latex with the lowest boronic acid content (i.e. 49.2 mg/g)

exhibited a larger absorbance difference between upper
and lower plateau values with respect to the other
particles. The absorbance difference decreased with
increasing VPBA content of the latex. This behaviour is
probably expected since VPBA is the temperature non-
responsive component of particles. Among the poly
(NIPA-co-VPBA) particles obtained at a constant
crosslinking agent concentration of 2.7% mol, the par-
ticles produced by keeping the VPBA feed concentration
at 6.9% mol or higher did not exhibit a significant
absorbance difference between fully shrunken and fully
swollen states (Fig. 2). To obtain another poly(NIPA-
co-VPBA) particle sample exhibiting an appreciable
absorbance difference, a recipe as an alternative to NV4
was used in the experimental design. For this purpose,
the VPBA feed concentration was fixed at 6.7% mol
while the crosslinker concentration was doubled with
respect to NV4. The use of higher crosslinking agent
concentration with respect to NV4 caused a slight
decrease in the boronic acid content; hence an appre-
ciable thermosensitivity was obtained with the particles
encoded as NV5 (Table 1 and Fig. 2).

Poly(NIPA-co-VPBA) particles had a critical floccu-
lation temperature (CFT) in the salt containing aqueous
medium. The absorbance–temperature curves utilized
for CFT determination at different salt concentrations
are exemplified for poly(NIPA-co-VPBA) particles with
the highest thermosensitivity (i.e. NV3) in Fig. 3A.
While the variation of absorbance with the temperature
in the aqueous medium containing no salt was expressed
as an S-shaped curve, the absorbance exhibited a peak
point at the CFT in the aqueous media prepared with
different NaCl concentrations. The decrease in the

Fig. 1 TEM photographs of
poly(NIPA-co-VPBA) particles
prepared with different boronic
acid feed concentrations. Mag-
nification 5,000·. Polymeriza-
tion code and VPBA feed
concentration (mol %): A NV3,
3.6; B NV4, 6.9; C NV5, 6.7;
D NV6, 10.0; E NV7, 12.9.
MBA feed concentration: 2.7%
mol for NV3, NV4, NV6 and
NV7 and 5.4% mol for NV5

Fig. 2 Thermosensitive behaviour of poly(NIPA) and poly(NIPA-
co-VPBA) latexes followed by UV–Vis spectrophotometer
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absorbance after the peak point originated from the
flocculation of shrunken particles. As seen in Fig. 3A,
the peak intensity increased with increasing salt con-
centration. In other words, thermosensitive behaviour
of poly(NIPA-co-VPBA) particles was observed more
clearly at higher salt concentration. Even for the poly
(NIPA-co-VPBA) particle types providing no signifi-
cant absorbance difference in pure water (i.e. NV6),
clear and sharp peaks were obtained in the salt-con-
taining media (Fig. 3B). The variation of CFT with
the salt concentration is exemplified for different poly
(NIPA-co-VPBA) particles in Fig. 4. As expected, the
CFT decreased with increasing salt concentration in
the aqueous medium. The particles with higher
absorbance difference between fully shrunken and
swollen states (Fig. 2) had lower CFTs at constant salt
concentration.

Nucleic acid adsorption onto thermosensitive
latex particles

In the first group of experiments, the equilibrium
adsorption behaviours of plain poly(NIPA) latex par-
ticles were investigated by using DNA or RNA as
adsorbate in the separate batches. The adsorption exper-
iments were performed at +4 �C in HEPES buffer
(pH 8.5, 5 ml) containing poly(NIPA) particles (0.05 g
based on dry weight) as sorbent. The selected pH was
reported as an appropriate value in the chromatographic
studies involving the separation nucleotides by using
boronic acid carrying support materials [3, 4, 10, 11]. In
the adsorption runs, the initial nucleic acid (i.e. DNA or

RNA) concentration was varied between 0.5 and
3.0 mg/ml. For poly (NIPA) particles, the variation of
nucleic acid adsorption with the initial nucleic acid
concentration is given in Fig. 5. No detectable amount
of RNA was adsorbed onto the plain poly(NIPA) par-
ticles in the selected concentration range while DNA
adsorption markedly increased with increasing DNA
concentration. This behaviour was used as a reference to
evaluate the RNA and DNA adsorption behaviours of
VPBA carrying latex particles.

Fig. 3 Typical absorbance–
temperature curves indicating
the critical flocculation temper-
atures of poly(NIPA-co-VPBA)
latexes having relatively low
and high boronic acid contents.
Latex type and boronic acid
content: A NV3, 49.2 mg/g;
B NV6, 144.0 mg/g

Fig. 4 The variation of critical flocculation temperature with the
salt concentration for selected poly(NIPA-co-VPBA) particles
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In the second group of adsorption experiments, DNA
and RNA adsorption behaviours of poly(NIPA-co-
VPBA) latex particles were investigated under conditions
identical to those of the previous set. Poly(NIPA-
co-VPBA) latexes with VPBA contents of 49.2 and
66.9 mg/g (i.e. NV3 and NV5) were tried as sorbents in
these experiments. Note that the latex with the VPBA
content of 49.2 mg/g provided the largest absorbance
difference with change in temperature (Fig. 2). This latex
(i.e. NV3) was used in both RNA and DNA adsorption
experiments. The other latex, NV5 was only tried for
RNA adsorption. The variation of nucleic acid adsorp-
tion onto the poly(NIPA-co-VPBA) particles with the
initial nucleic acid concentration is given in Fig. 6. These
runs were performed at pH 8.5 since this value was
determined as the pH providing the maximum RNA
adsorption in the preliminary experiments. An adsorp-
tion behaviour opposite to that of the plain poly(NIPA)
latex was observed in Fig. 6. As seen here, no DNA
adsorption onto the poly(NIPA-co-VPBA) particles
having a VPBA content of 49.2 mg/g was observed.
However, RNA adsorption exhibited a marked increase
with increasing RNA concentration for both of the sor-
bents. Poly(NIPA-co-VPBA) particles with higher VPBA
content exhibited slightly higher RNA adsorption. These
results clearly indicate that poly(NIPA-co-VPBA) parti-
cles can be utilized as a pseudo-specific sorbent for
selective adsorption of RNA from aqueous RNA–DNA
mixtures. RNA adsorption onto the poly(NIPA-co-
VPBA) latex is probably explained by the complex for-
mation between boronate groups of the support material
and the diol groups of RNA [1, 3, 4]. This conclusion is
also supported by the absence of RNA adsorption onto
the plain poly(NIPA) particles (Fig. 5). On the other

hand, no significant DNA adsorption was observed onto
the poly(NIPA-co-VPBA) particles probably due to the
repulsive forces between the DNA molecules and nega-
tively charged boronic acid groups of the supportmaterial
at the studied pH.

The effect of temperature on the RNA adsorption
behaviour of poly(NIPA-co-VPBA) particles is given in
Fig. 7. The adsorption experiments were performed at
pH 8.5 with the initial RNA concentration of 2.0 mg/ml.
The sorbent concentration was fixed at 10 mg/ml in a

Fig. 5 The variation of nucleic acid adsorption onto the poly
(NIPA) particles with the initial nucleic acid concentration Fig. 6 The variation of nucleic acid adsorption onto the poly

(NIPA-co-VPBA) particles with the initial nucleic acid concen-
tration

Fig. 7 The effect of temperature on the RNA adsorption beha-
viour of poly(NIPA-co-VPBA) particles
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batch volume of 5 ml. As seen in Fig. 7, RNA adsorp-
tion onto the poly(NIPA-co-VPBA) particles markedly
decreased with increasing temperature. It should be
noted that no RNA adsorption was detected at tem-
peratures higher than 30 �C with the all particles tried as
sorbent. To explain the behaviour of poly(NIPA-co-
VPBA) particles, a scheme was proposed as shown in
Fig. 8. At low temperatures (i.e. +4 �C), thermosen-
sitive poly(NIPA-co-VPBA) particles located in the
adsorption medium probably had a tailor-made struc-
ture including a swollen-core and flexible copolymer
chains carrying boronic acid groups. The slightly basic
character of the adsorption medium (pH 8.5) also makes
easier the ionization of boronic acid groups present on
the tailored copolymer chains. Hence the diol groups in
the large RNA molecules easily interact with the boronic
acid groups located on the flexible copolymer chains.
For this reason, RNA adsorption onto the poly(NIPA-
co-VPBA) particles was higher at the lower tempera-
tures. On increasing the temperature, the core shrinks
and the copolymer chains located on the core lose their
flexibility by folding and probably form a stiff layer on
the surface of a shrunken core. In this case, the inter-
action of RNA molecules with the boronic acid groups
probably becomes more difficult. Therefore the RNA
adsorption capacity of the particles decreases. At
constant temperature, although slightly higher RNA
adsorptions were observed by using poly(NIPA-co-
VPBA) particles with higher VPBA contents, RNA
adsorption capacity was not directly proportional to the
VPBA content of the particles. This behaviour is prob-
ably related to the molecular size of RNA.

The combination of results in Figs. 2 and 7 indicated
that RNA adsorption onto the particles not exhibiting an
appreciable thermoresponsive behaviour also decreased

with increasing temperature (i.e. the behaviour of par-
ticles having a VPBA content of 144.0 mg/g, in Fig. 7,
encoded as NV6). The thermosensitive behaviour ob-
served by spectrophotometry is expected to be a function
of the changes that occurred in the size and light
transmission characteristics of the latex particles.
Therefore the adsorption behaviour of NV6 should be
attributed to the fact that RNA adsorption was pre-
dominantly controlled by the structural changes taking
place on the particle surface with change in temperature.

RNA desorption from thermosensitive latex particles

In studies involving the isolation of nucleic acids and
nucleotides, the desorption process is usually performed
in a strongly basic medium (i.e. pH>10) and/or con-
taining salt at extremely high concentrations (approxi-
mately 1 M NaCl or MgCl2) [3, 4]. Then an extensive
dialysis is usually applied for the purification of
desorbed biological agent. The behaviour in Fig. 7
demonstrated that RNA adsorption onto the poly
(NIPA-co-VPBA) particles could be controlled by
adjusting the temperature. Based on this behaviour, the
desorption of RNA from poly(NIPA-co-VPBA) parti-
cles should be achieved only by elevating the tempera-
ture. This approach provides a flexibility for the
properties of the desorption medium and eliminates the
necessity of a special medium with certain properties. On
the other hand, on elevating the temperature, poly
(NIPA-co-VPBA) particles exhibited a thermofloccula-
tion behaviour during desorption. By the precipitation
of aggregated particles, the separation of sorbent mate-
rial from the desorption medium was achieved during
the desorption of RNA. Hence the amount of RNA

Fig. 8 Possible structural
changes occurring in the poly
(NIPA-co-VPBA) particles with
change in temperature
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desorbed was recovered in the clear supernatant. The
route followed for the isolation of RNA from nucleic
acid mixtures is summarized in Fig. 9. In our procedure,
RNA was adsorbed onto the poly(NIPA-co-VPBA)
particles at +4 �C and pH 8.5. RNA adsorbed poly
(NIPA-co-VPBA) particles were separated from the
adsorption medium by centrifugation conducted at the
same temperature (i.e. +4 �C). The particles were redi-
spersed in the desorption medium at any pH and ionic
strength, at room temperature. For desorption of
RNA and thermoflocculation of poly(NIPA-co-VPBA)
particles, the temperature was elevated to 37 �C. The
desorption of RNA was conducted at this temperature
for 30 min in the absence of stirring. At the end of this
period, the precipitation of aggregated poly(NIPA-co-
VPBA) particles was completed and RNA removed
from the particles was recovered in the clear super-
natant. The desorption temperature (i.e. 37 �C) was
selected as a sufficiently high value at which the
desorption process was conducted with a satisfactory
yield and the particles were aggregated. The prelimi-
nary experiments showed that no significant increase
occurred in the desorption yield by increasing tempera-
ture to values higher than 37 �C. In the desorption
experiments, HEPES buffer solutions with different pH

values between 6.0 and 9.0 and containing different salts
were used as desorption media. The variation of RNA
desorption yield with pH is given in Fig. 10. Here the
desorption behaviour was examined at both +4 and
37 �C in the presence of 0.1 M MgCl2. As seen in this
figure, the desorption yield was below 10% at +4 �C.
However, desorption yields higher than 50% were ob-
tained at 37 �C by using the same conditions. It should
be noted that higher desorption yields relative to those
of NaCl-containing media were observed in the presence
of MgCl2. This figure also indicated that pH was not an
effective parameter controlling the desorption yield at
37 �C. In other words, satisfactorily high desorption
yields could be obtained in the aqueous solutions with
pH between 6.0 and 9.0. The use of a boronic acid
carrying sorbent in the thermosensitive form allowed
the desorption of selected diol carrying biomolecules
(i.e. RNA) over a relatively wide pH range without a
significant change in the yield occurring. The effect of
salt concentration on the desorption behaviour was
investigated at 37 �C by using two different salts and is
given in Fig. 11. As seen here, the lowest RNA de-
sorption was obtained in the medium containing no
salt. The RNA desorption yield with 0.1 M NaCl or
MgCl2 was significantly higher relative to that in the

Fig. 9 A scheme showing tem-
perature controlled RNA isola-
tion from the nucleic acid
mixtures using thermosensitive
poly(NIPA-co-VPBA) particles
as pseudo-specific sorbent
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absence of salt. However, a further increase in the salt
concentration did not provide a significant increase in
the desorption yield. The behaviours in Figs. 10 and 11

indicated that RNA desorption from poly(NIPA-co-
VPBA) particles was predominantly controlled by the
temperature.

Fig. 10 The variation of RNA desorption yield with the medium
pH. (Adsorption conditions: sorbent: NV3, sorbent concentration:
10 mg/ml, temperature: +4 �C, pH: 8.5, initial RNA concentra-
tion: 1.5 mg/ml, time: 2 h. Desorption conditions: sorbent concen-
tration: 10 mg/ml, temperature: +4 or 37 �C, salt concentration:
0.1 M, time: 30 min)

Fig. 11 The variation of RNA desorption yield with the salt
concentration. (Adsorption conditions: sorbent: NV3, sorbent
concentration: 10 mg/ml, temperature: +4 �C, pH: 8.5, initial
RNA concentration: 1.5 mg/ml, time: 2 h. Desorption conditions:
sorbent concentration: 10 mg/ml, temperature: 37 �C, pH: 8.5,
time: 30 min)
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