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Abstract—Emulsifier-free emulsion copolymerization of acrolein with styrene and methyl methacrylate

in the presence of potassium persulfate was developed to prepare microspheres with surface aldehyde groups.
The kinetics of monomer copolymerization was studied and the conditions for preparing monodisperse
microspheres 371000 nm in diameter were determined.

Monodisperse polymer microspheres are widely EXPERIMENTAL
used in immunology as supports of biologically ac-
tive compounds (BACs) [1]. These BACs are either Preliminarily, styrene, MMA, acrolein, dimethyl-
simply sorbed on the support surface or bound to it byormamide (DMF), methyl ethyl ketone (MEK), and
various chemical reactions with reactive groups ommethylene chloride were purified by distillation ac-
the microsphere surface. For example, surface aldeerding to standard procedures. Double-distilled water
hyde groups react with BAC amino groups yieldingserved as dispersion medium. Sodium chloride NacCl,
Schiff bases under mild conditions. As a rule, polymesodium tertaborate NB,O,, potassium dihydrogen-
microspheres with aldehyde groups are prepared kghosphate NEPQ,, analytically pure hydroxylamine
homopolymerization of unsaturated aldehydes (e.ghydrochloride, and HCI and NaOH standard solutions
acrolein, formylstyrene) [1]. The monodisperse poly-were used without additional purification.
acrolein particles are often prepared by the anionic or
radiation-induced radical polymerization in aqueous;
solutions [25]. However, these procedures give sig-

The emulsion radical emulsifier-free copolymeriza-
n of the monomer mixtures was carried out in the
e ; . . 2 presence of potassium persulfate [9]. In order to ob-
nificant amounts of oligomeric products, which, inin monodisperse microspheres of widely varying

the course of storage of the latexes and preparations : L
on their base, migrate to the particle surface, makin%?;tei(’)r:hgfTr?éa%ré’lggn?;rtﬁb'(?ﬁgl i??,\rll;)trgsr(s\;\ltc%r;cen

its surface structure unstable. At the same time, onl X A
in few works, microspheres were prepared by rad{emperature, and concentrations of the initiating agent

: L : and buffer salt were varied (Table 1). The residual
ical copolymerization of acrolein and styrene-g, monomers were separated from the resulting latexes

though such a procedure allows control over the fracz = . ../ .. ; .
tion of acrolein units in the surface layer and, prob(fby distillation with steam. The monomer conversion

ably, over the degree of polymer cross-linking vigVas determined by gas chromatography with internal

aldehyde groups. Therefore, we studied in this Worlgeference (butanol).

the copolymerization of acrolein with more hydro- The measurement error was 5%. The particle size of
phobic monomers, such as styrene and methyl metlhe resulting latexes was measured with a JEM 100 S
acrylate (MMA), to prepare monodisperse micro-electron microscope (JEOL, Japan). Water-soluble
spheres containing surface aldehyde groups. Data @dmixtures were removed from the latex by three
the synthesis of poly(styrene/acrolein) (PSAC) and poeycles of centrifugation and dispersion in double-
ly(MMA/acrolein) (PMMAAC) latexes by emulsifier- distilled water. Then the surface concentration of the
free emulsion copolymerization are of particular in-carboxy and aldehyde groups was determined by con-
terest for revealing the effect of water-soluble acroleirductometric titration [8]. The aldehyde groups were
on the course and mechanism of particle formation. analyzed after preliminary treatment of the latex with
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hydroxylamine hydrochloride [9]. The content of the Table 1. Synthesis conditions, monomer conversigrand
sol fraction in the copolymers was determined by fracdiameterD of microspheres prepared by copolymerization
tional extraction with methylene chloride for 3 days.of styrene and acrolein

The IR spectra of the sol fraction solutions were _ —
registered in the 4004000 cm? range. The thin-layer Synthesis conditions
chromatograms of the sol fraction of the resulting Run >l K %| D nm
polymers were studied on the silica support in com- "% | W T | Csanx 10751 7 '
parison with the homopolymers: polystyrene (PS) and wt % c M
polymethyl methacrylate (PMMA). Polyacrolein is in- 10 60 B 90 370
soluble in the solvents used because of the strong in-5 10 60 _ 75 370
termolecular cross-linking [1] and thus cannot be used 5 10 55 _ 90 520
as reference. In the case of PS &®AC, the mobile 4 10 55 _ 57 370
phase was toluene, whereas for PMMA and PMMAAC g5 15 55 _ 90 610
the mixture of toluene and MEK (5 : 7 volume ratio) ¢ 10 60 | NaCl, 2 90 420
was used. The chromatograms were developed using7 10 60 | NaCl, 4 90 | <700”
a mixture of sulfuric acid and potassium per- 8 15 60 | KH,PO, 1| 90 670
manganate. 9 15 55 | KH,PO, 1| 80 | <700"
: 10 15 55 | KH,PO, 2| 80 | <80G"
The procedure of the microsphere surface modifica-; | 15 55 | KH.PO, 1| 57 520
tion with protein is presented elsewhere [10]. As ad- z

Sorbat_e protein W_e used_ th_e nat've bOV'ne_ S_erum Styrene : acrolein molar ratio 1 : 1, inrun nos. 2 and 11 2: 1;
albumin (BSA); this protein is widely used in im-  concentration of KS,0g with respect to monomers was
munoassay as a carrier of small antigens and as a1 wt%, and 0.5 wt% in run no. 4.

bIOCkmg ag_ent’ which ﬂ"S_ Fhe_ hydrOPhOb'C surface The resulting latexes along with the main fraction of coarse
and thus hinders nonspecific interactions. The proc- particles contain finer particles.

edures for purification and analysis of serum albumin

were given in [10]. In contrast, with increasing monomer concentration in

The solutions of BSA before and after their inter-the reaction mixture, their conversioeached0%; in
action with the polymer particles were studied bythis case, coarser monodisperse microspheres 610 nm
both the traditional Lowry procedure and modern highin diameter were formed (Table 1, run no. 5).
performance monolithic chromatography (HPMC) [11]
on a CIM” Disk DEAE anion-exchange membrane iceq the ionic strength of the reaction mixture. It

(BIA Separations, Ljubljana, Slovenia). The gradieny, o5 tound. that with the NaCl concentration increas-

elution was performed using solution containing tris—Ing to 0.02 M, the particle size grows somewhat

(hydroxymethj)aminomethane hydrochloride (0.02 M) (Tapje 1, run nos. 1 and 6), whereas in a more saline
and sodium chloride (0.5 M), pH 8.0 at a rate ofgojytion the resulting latex becomes polydisperse (run
3 mimin. Albumin was detected & = 229 nm. 5 7). it is well known that, during emulsion poly-

Monodisperse latexes with particle size of 370 merization, the persulfate'initiating agent reacts vv_ith
670 nm were prepared by radical copolymerization oyvater to form hydroxy radicals, and the reaction mix-
acrolein and styrene (Table 1). It was found that afureé becomes more acidic [12]. In our case, the pH of
equimolar monomer ratio the reaction proceeded modf€ resulting polymer dispersions was 2.5 after the re-
completely, whereas at a styrene : acrolein molar rati§ction termination. The aggregation stability of the
of 2 : 1 the conversion was only 75 and 57% (Table 1P0lymer monomer particles (PMPs) in the dispersion
run nos. 2 and 11). These data agree with publishe@€dium with low pH and high ionic strength was
results [8]. With the preparation temperature decreadiSufficient owing to a decrease in the ionization
ing from 60 to 55C, the diameter of the resulting ©f the surface sulfate and carboxy groups which can
monodisperse microspheres increases (Table 1, rif formed during oxidation of the surface aldehyde
nos. 1 and 3), which is due to the decrease in the d&/OUPS in the acrolein units with persulfate.
composition rate of the initiating agent. However, To enhance the aggregation stability in the syn-
upon additional decrease in the initiating agent conthesis of coarse particles at high ionic strength of
centration (Table 1, run no. 4), the size of the resultthe dispersion phase, we used potassium dihydro-
ing microspheres did not increase further because @hosphate buffer salt, which ensures a weakly acidic
the significant decrease in the monomer conversiorstate of the reaction mixture. In the presence of this

To make larger the resulting microspheres, we also
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Fig. 1. (a) Acrolein conversiorK and content of acrolein

C, mole fraction
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units in the latexC,, (b) number of particledN and their

diameterD, and (c) concentration of the surface aldehyde

[-CHO] and carboxy 4COOH] groups vs. theacrolein
mole fraction C in the mixture with MMA.

Copolymerization of acrolein with a less hydro-
phobic MMA was carried out under the conditions
providing, in the case of acrolein and styrene, poly-
merization formation of coarse monodisperse particles
and the most complete monomer conversion (Table 1,
run no. 8). Since data on the emulsion copolymeriza-
tion of acrolein with MMA are lacking, the effect of
the monomer ratio on their conversion and the prop-
erties of the resulting latexes were studied in more
detail. 1t was found that the acrolein conversion de-
creases with its increasing concentration in the re-
action mixture (Fig. 1a), whereas the MMA conver-
sion remains at a level of about 90%.

With increasing acrolein content in the initial mix-
ture, the number of the polymer particles decreases
and thus their size increases (Fig. 1b). With increasing
acrolein content, the content of the surface aldehyde
groups grows in parallel (Fig. 1c) with the number
of acrolein units in the latex structure (Fig. 1a). How-
ever, there is no clear correlation between the concen-
tration of the surface carboxy groups and the content
of acrolein (Fig. 1c).

We found that the resulting microspheres are par-
tially cross-linked systems and the content of the sol
fraction increases with decreasing content of acrolein
in the initial mixture (Table 2). These data confirm
that the radical polymerization is accompanied by in-
termolecular cross-linking via the C=C and C=0
groups of acrolein [1]. Thin-layer chromatograms

salt, a monodisperse latex with particle diameter of ugsilica) of the sol fractions of the polymers prepared
to 670 nm was prepared (Table 1, run nos. 8 and 11t equimolar MMA : acrolein or styrene : acrolein ratio
In this case, the size of the resulting microspheres alsgshow that these samples differ from, respectively,
increased with decreasing temperature (Table 1, ruMMA and styrene homopolymers. For example, in
nos. 9 and 10), but finer particles were detected alonthe chromatograms with toluene eluent, PS moved
with a coarse fraction.

Table 2. Sol fraction in copolymers

Content, mole fraction Sol
fraction
Run acrolein number of acro- in
no. in the reaction lein units copolymer,
mixture in copolymer %
Methyl methacrylate/acrolein
12 0.33 0.33 100
13 0.40 0.35 72
14 0.50 0.43 50
Methyl methacrylate/styrene
8 0.50 0.53 30

in the front, whereas PSAC remained at the start.
In the toluene/MEK mixture, PMMA advanced with
the B-front and PMMAAC remained at the start. At
the same time, in the case of MEK eluent, tR8AC
and PMMAAC samples moved at the front. IR spec-
tra of the PSAC and PMMAAC samples are shown in
Fig. 2 in comparison with those of MMA and styrene
homopolymers. The IR spectrum of the PSAC sample
contains a strong absorption band at 1725 tm
(C=0 vibrations) and a weak band at 2740 tm
(C-H asymmetric vibrations of the aldehyde group),
which are absent in the IR spectrum of the PS sample.
The IR spectrum of the PMMAAC sample contains
a strong band at 1730 ¢t which can be attributed
to vibrations of the carbonyl bond in both acrolein
and MMA. A weak absorption at 2740 cinconfirms

the presence of the aldehyde groups in this polymer.
Hence, the PSAC and PMMAAC samples are co-
polymers of styrene or MMA with acrolein.
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MMA and styrene at equimolar monomer mixtures is '
illustrated in Fig. 3. The kinetics of MMA conversion
(Fig. 3a) shows that, at the start of polymerization,
the contribution of this monomer is significantly
smaller as compared with that of acrolein. Based on 2
the slope of the conversion curves, the polymeriza- . __ LA

tion rates of MMA and acrolein during this induction
period are 0.3 10° and 2.4x 10° mol It s, re- 2740 5
spectively. The copolymerization constants for the

MMA/acrolein system in dioxane are 10 and 0.2, re- 1730

spectively [13]. Thus, at equal concentrations of the

required monomers in the reaction zone the rate of 4
MMA polymerization must be significantly higher.
The above result is probably due to the fact that the ~ ' ' ' ' 1
solubility of acrolein in water exceeds that of MMA; 2009 30002000 1500 1000 v, em
3.7 and 0.15 M, respectively [14]. Gas chromato- Fig. 2. IR spectra of SQ| fracFions of1f PS/AC and
graphic data show that, at the start of the process, (2 PMMA/AC in comparison with IR spectra of3[ PS
nearly 70% of acrolein is in the aqueous solution. "¢ & PMMA. (v) Wave number.

In the presence of water-soluble initiating agent, K, % (a)

various oligomers and oligomeric radicals enriched 100+
with acrolein units are formed in solution; this pro-
vides their high solubility in water. Moreover, these
compounds must possess low surface activity be- 60+
cause of the low content of the MMA units and insig-
nificant difference in polarity between the como-

The copolymerization kinetics of acrolein with 1725
)&AGMO
A

nomer units. As a result, they form PMP later and 20k

their stabilization effect is smaller. Hence, we obtain

coarser microspheres than in the case of acrolein K % b ' '
copolymerization with more hydrophobic styrene 100+ (b)

(Fig. 4). Such a mechanism of PMP formation is
confirmed by the fact that, at increased content of
acrolein in the mixture with MMA, coarser particles 601+
are formed (Fig. 1b). In the second stage of poly-
merization, the rate of MMA consumption increases i
from 0.8x 107 to 2.1x 107 mol It s, whereas the 2ok
rate of acrolein conversion remains constant. In this
stage, polymerization proceeds predominantly on the 100 300

PMP surface and thus the mole fraction of MMA in 7, min
PMP may increase in the course of the experiment andrig. 3. Monomer conversiork vs. synthesis time in co-
acrolein consumption. polymerization of equimolar mixtures of (a)l)( acrolein

When the MMA conversion reaches nearly 35%, with (2) MMA ‘and (b) (1) acrolein with @) styrene.
a gradual increase in the rate of MMA polymerizationm
gives way to a pronounced gel effect: the rate o
MMA consumption increases from 2:4107 to 7.5x
10° mol It st Si-multaneously, the rate of acro-
lein consumption increases to 480 mol [ s™.
This confirms the formation of a copolymer of acro-|
lein and MMA in PMP. It should be noted that in this
stage of polymerization the increase in the viscosity +— oy
of the polymer-monomer mixture in the particles, Fig 4. microspheres of (a) PMMA/AC and (b) PS/AC
which provides coexistence of several growing radicals prepared by copolymerization of equimolar monomer mix-
and causes the gel effect, may be enhanced by crosstures.

500
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A, rel.units (2) the number of acrolein fragments in the copolymer in
03k the course of emulsion copolymerization grows only
slightly with its increasing content in the reaction
mixture and does not exceed 30% at styrene/acro-
lein molar ratio of 1: 2. By contrast, we prepared in
our casePSAC copolymer microspheres with acrolein
content of 53 mol % even at the equimolar monomer
/ ratio (Table 2). The similar reactivities of styrene and
. . L ' ' acrolein in this case can be accounted for by the pres-
A, rel.units (b) ence of potassium dihydrogenphosphate in the reac-
tion mixture, which decreases the acrolein solubility
in water and shifts the polymerization predominantly
into PMPs. As a result, the conversion of styrene in
the course of copolymerization is slightly smaller than
that of acrolein, which allows preparation of copo-
lymer microspheres with high content of aldehyde
groups.

0.2

0.1

To study the sorption of proteins by the surface
' of PSAC and PMMAAC copolymer microspheres, we
T, min performed binding of BSA with their surface aldehyde
Fig. 5. HPMC curves of the albumin solutions in borate 9roups in alkaline medium. The residual concentra-
buffer (pH 9.2) () before and 2, 3) after their interaction tion of BSA after chemisorption was determined by
with microspheres of acrolein copolymers witP) Gtyrene HPMC; the resultsigggestedhat, simultaneously with
and @) MMA (a) without preliminary removal of oligomers  the formation of the Schiff bases on the particle sur-
and (b) after their separationA) Absorption and {) time. face, the polymeric chains enriched with carboxy and
Albumin concentration, mg mf: (a) 1 and (b) 1.5. aldehyde groups can be washed out of the particles
linking of macromolecules via acrolein units (Ta—'Snglc:msgrllmfg'avigzutl?egrg;r;he;sgdé?glsgghcg’r?ﬁ Iantes
ble 2). After the exhaustion of the monomers in>- ' ’ P . Jugate
with the most soluble copolymer chains appear in

PMPs, the copolymerizatiomate significantly de- chromatograms in analysis of the residual BSA in
creases and plateaus are observed in the conversﬁﬂ‘? : tog Y . , .
the dispersion system after chemisorption (Fig. 5a).

curves. The acrolein conversion is incomplete, probz_~ . , . . o -
P P Their retention time is longer than that of the initial

ably because its certain fraction is retained in waterBS A, which is due to arincrease in the number of
In the course of polymerization with styrene, anionic groups in this protein. This trend is the most
acrolein is consumed at a constant rate of 2.7 pronounced under the chemisorption conditions at
10™ mol I s™ (Fig. 3b), which is higher than the high concentration of the surface aldehyde groups and
rate of its copolymerization with MMA before gela- protein solution (pH > 9.0). This effect was eliminated
tion (2.4x 10™ mol " s™). This is due to the fact \yhen the microspheres were washed with borate buf-

that copolymerization with styrene yields smaller parfer solution (pH 10.0) before chemisorption (Fig. 5b).
ticles, and, thus, the concentration of growing PMPs

is higher. In this case, the induction period in the con- The data on the BSA chemisorption in several
version curve of styrene is less pronounced than in th&amples of copolymer microspheres with different
case of MMA copolymerization with acrolein. This copolymer compositions and surface concentrations
suggests rapid formation of diphilic PMPs, which thusof the functional groups are listed in Table 3. It was
involve the surface-active oligomers and oligomeridound that the BSA chemisorption on PSAC copoly-
radicals containing fragments of hydrophobic styrengner microspheres is somewhat stronger than that in
(3.7x 10 M solubility in water [14]) and hydro- the case of PMMAAC. This is probably due to higher
philic acrolein. At moderate conversion of monomersgurface hydrophobicity of the acrolein-styrene co-
when copolymerization proceeds predominantly irpolymer. The chemisorption efficiency depends on the
PMPs, the rate of styrene consumption (26 pH of the dispersion medium. It was found that, with
102 mol It s is close to that of acrolein. It was the pH of the albumin solution increasing in the
found [8] that, despite equal copolymerization con-course of chemisorption, the amount of BSA bound to
stants of styrene and acrolein in dioxane (0.25 [13])the PMMAAC microspheres increases significantly,
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Table 3. Conditions of albumin chemisorption

1733

Albumin concentration, .
Sample [-CHO] [-COOH] Buffer mg mi?t Albumin
. chemisorption,
no. solution pH ma nT2
ug-equiv nT2 Co Cp 9
Poly(styrene/acrolein)
8 3.20 0.9 7.5 1.50 1.01 1.60
8 3.20 0.9 10.0 1.50 1.09 1.30
3 2.00 0.7 9.25 1.61 1.08 2.30
3 2.00 0.7 10.2 1.64 1.10 2.08
Poly(methacrylate/acrolein)

14 2.96 1.7 10.0 1.50 1.23 1.27
13 1.53 1.8 7.5 1.00 0.93 0.35
13 1.53 1.8 8.2 1.00 0.90 0.65
13 1.53 1.8 9.20 1.50 1.29 0.72
13 1.53 1.8 10.0 1.00 0.79 1.10
12 0.81 0.5 8.2 0.50 0.46 0.35

* The concentrations of albumin and other polymers were determined by Lowry and HPMC procedspestively.

whereas in the case &fSAC microspheres the trend perse microspheres (370000 nm), hydrophobicity

is reverse. It is obvious that certain fraction of BSAof their surface, and content of the aldehyde groups
is physically sorbed on the surface BEAC micro- providing the covalent binding of biologically active
spheres through the hydrophobic interactions. Witltompounds.

increasing pH, the microsphere surface and albumin
globules acquire a larger negative charge owing t
ionization of their carboxy groups, and the albumin
sorption must decrease because of the electrostatic
pulsion and decreasing hydrophobic interaction [15]
The contribution of this mechanism to the BSA inter-
action with the surface dPSAC microspheres is con-
firmed by the fact that, with decreasing surface con
centration of the carboxy groups, the albumin bindin
becomes more efficient (Table 3, sample nos. 3, 8
similar results were obtained in [16]. By contrast,
the formation of the Schiff base becomes facilitated
with increasing pH, which is observed in the course
of BSA binding with the less hydrophobic surface of

the PMMAAC microspheres. With increasing surface The work was financially supported by the Russian

concentration of the aldehyde groups in the PMMAACFoun dation for Basic Research (project no. 01-03-

microspheres, the chemisorption efficiency also in:
creases. 32414).

(2) The albumin binding to the microsphere sur-

ace becomes stronger with increasing hydrophobicity

~ the polymer support, i.e., on passing from poly-

methyl methacrylate/acrolein) to poly(styrene/acro-
[ein). However, the contribution of chemisorption to
the binding of the native bovine serum albumin is
greater for poly(methyl metacrylate/acrolein) micro-

pheres, because the efficiency of the albumin binding
0 the surface of this copolymer grows with increas-
Ihg surface concentration of the aldehyde groups and
he albumin solution pH.
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