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Abstract: The synthesis and self-assembly behavior of biohybrid ABC triblock copolymers consisting of a
synthetic diblock, polystyrene-b-polyethylene glycol (PS,-b-PEG113), where mis varied, and a hemeprotein,
myoglobin (Mb) or horse radish peroxidase (HRP), is described. The synthetic diblock copolymer is first
functionalized with the heme cofactor and subsequently reconstituted with the apoprotein or the apoenzyme
to yield the protein-containing ABC triblock copolymer. The obtained amphiphilic block copolymers self-
assemble in aqueous solution into a large variety of aggregate structures. Depending on the protein and
the polystyrene block length, micellar rods, vesicles, toroids, figure eight structures, octopus structures,
and spheres with a lamellar surface are formed.

Introduction macromolecules are the biohybrid giant amphiphiles, which are
o ) . composed of a protein or enzyme head group and a hydrophobic
Amphiphiles are technologically important compounds and 41y mer tail, and different routes toward the synthesis of these
therefore have been the subject of intensive studies for many compounds, for example, solid-phase synthesis and click
years. The clags_ical low molecular weight structures (i.e., Soapschemistry, have been explorédPhysical studies have revealed
and phosphollplds) are "“QW” to form a broad range Of that these biohybrid block copolymers also self-assemble into
structures when dispersed in water, for example, micelles, g erse structures, while the biomolecule component remains
vesicles, and lamellar structurksMore recently, the self- catalytically active.
assembly behavior of so-called super amphiphiles, that is,  Amphiphilic triblock copolymers have received less attention
molecules consisting of a hydrophilic and a hydrophobic 1 their diblock counterparts, but recent studies show that they
polymeric block, has been reported, and it was found that they 5 4150 assemble into complex architectrEsr example, a
form structures similgr to those of their low molecqlar weight polystyreneb-polyvinylpyridine-b-polyethyleneglycol triblock
counterparts in selective solverifsn advantage of using block 54y mer was found to form micelllar structures, which in time
copolymers is that the obtained assemblies are very stable '”reorganized to yield segmented wormlike miceflesnother
contrast to the assemblies of low molecular weight amphiphiles. example involves a poly(acrylic acidpolymethylacrylates-
Furthermore, by varying the length and composition of the polystyrene ABC triblock copolymer, which initially self-
blocks in the block copolymer, the shape of the amphiphile can 55qempled into micellar structures in THWater, but evapo-
be varied and hence the structure of the aggregate. In addition.4iion of the THE from the solvent mixture gave ringlike
to the classic geometries such as micelles, vesicles, and rodSgycyres. Furthermore, the size and stability of the latter
also other types of aggregates have been observed for supepssempiies could be influenced by changing the valency and
amphiphiles, for example, helicé# new class of amphiphilic concentration of the counteridd.In contrast to diblock

copolymers, little research has been carried out on ABC triblock
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1309-13109. Hannink, J. M.; Cornelissen, J. J. L. M.; Farrera, J. A.; Foubert, P.; de
(3) (a) Cornelissen, J. J. L. M.; Fischer, M.; Sommerdijk, N. A. J. M.; Nolte, Schryver, F. C.; Sommerdijk, N. A. J. M.; Nolte, R. J. Mngew. Chem.
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Forster, S.J. Am. Chem. So002 124, 1658-1663. (e) Cheot, F.; Chem.-Eur. J2006 12, 6071-6080.
Lecommandoux, S.; Gnanou, Y.; Klok, H.-Angew. Chem2002 114 (6) See, for example: (a) Pochan, D. J.; Chen, Z.; Cui, H.; Hales, K.; Qi, K;
1395-1399;Angew. Chem., Int. ER002 41, 1509. (f) Dirks, A. J.; van Wooley, K. L. Science2004 306, 94—97. (b) Zhu, J.; Jiang, Y.; Liang,
Berkel, S. S.; Hatzakis, N. S.; Opsteen, J. A.; van Delft, F. L.; Cornelissen, H.; Jiang, W.J. Phys. Chem. B005 109 8619-8625. (c) Liu, F.;
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would be of interest to investigate the aggregation behavior of Scheme 1. Synthetic Route to Acetylene-Functionalized PPIXZn?
such biomacromolecular systems and to determine whether theg H 0
incorporation of the (functional) biomacromolecule leads to the \/\H/N\/\O/\/o\/\NJ\Ok
same kind of self-organizational complex®#2 To our knowl- ° 1 :
edge, ABC triblock copolymers containing a protein or enzyme
block have not yet been reported. ‘ a
In this paper, we describe the self-assembly behavior of four
biohybrid triblock copolymers, which were synthesized via
direct coupling of a synthetic diblock copolymer, polystyrene- & H HO
b-polyethylene glycol (P$b-PEG3), prepared using atom \/YN\/\O/\/O\/\NHZ
transfer radical polymerization (ATRP), to a hemeprotein by © 2 HCl \
the Cu(l) catalyzed azide-alkyne§2] cycloaddition reaction
(also called “click” reaction) and subsequent cofactor reconstitu-
tion. The latter method was selected because previous studies
had revealed that the cofactor, protoporphyrinlX (PPIX), could
be functionalized easily by conventional synthetic chemPstfy.
Furthermore, the reconstitution method has been demonstrated
to be applicable to a range of functional proteins, many of them
with interesting propertiesand two biohybrid diblock copoly- 3 \
mers have already successfully been made and studied by our
group employing this proceduP@dThe combination of ATRP
and the click reaction has successfully been used in recent ‘
studies to attach synthetic polymers to biorelevant macromol-
ecules'© As will be shown, the obtained ABC biohybrid triblock
copolymers self-assemble into various structures, among which
are the classical aggregates such as micelles and vesicles, but
also unusual structures such as Y junctions, octopus structures, \
figure eight structures, and lamellae-containing spheres.
o

2 (a) HCI/EtOAc, (b) py-BOP, DIPEA, THF/DMF 1:1 v/v, o.n., (c) TFA,
formic acid, 6 h, (d) Zn(OAc) THF/DMF 1:3 viv, o.n.

Results and Discussion

Synthesis.The triblock copolymers described in this work

consist of polyethylene glycol, polystyrene, and a hemeprotein,  The ppIX was functionalized by first protecting one of its
that is, myoglobin (Mb) or horse radish peroxidase (HRP). The carboxylic acid groups with aert-butyl ester functiod?
block copolymer polystyrenb-polyethylene glycol (P&b- Subsequently, an acetylene-functionalized spa2emés at-
PEG, was chosen because it is known that this macromolecule, 13ched using standard conditions. After deprotection ofefte
depending on the ratio between the two different blocks, can butyl ester with trifluoroacetic acid and formic acid, zinc was
phase separate into various structdrésirthermore, the PEG  jnserted in the PPIX using zinc acetate in DMF/THF (see
block makes the polymer more water soluble, facilitating the gcheme 1), vielding the acetylene derived PPIX@nThe
reconstitution of the apoenzyme (see below). cofactor contains only one modified carboxylic acid group

Following the general synthetic strategy, monomethoxy because it is expected that this will allow the protein or enzyme
polyethylene glycol was functionalized with an ATRP initiator,  to keep its activity as compared to systems in which the cofactor
and subsequently styrene was polymerized using this initiator pears substituents on both carboxylic acid gro@s3 Fur-
and PMDETA/CuBr as the liganeimetal complex (see experi-  thermore, an ethylene glycol spacer was introduced between
mental section). The initiator/monomer ratio was varied to obtain the acetylene function and the cofactor, to improve the compat-
the desired block ratios (see Supporting Information for different ibility of the polymer with the enzyme as is known from earlier
polymers that were synthesized). After the ATRP, the terminal experiments in which it was shown that reconstitution times
bromine of the block copolymers was converted into an azide were shorter and higher enzymatic activities were obtained when
function using a literature procedutk. a polar spacer of at least 10 A was uSaéil4

Finally, the acetylene-functionalized PPIZ) could be linked
to the block copolymers by a Cu(l)-mediated click reaction in
THF (see Scheme 2). Initial attempts to perform the Cu(l)-
mediated click reaction, using Cug@scorbic acid in water/
THF mixtures, were unsuccessful because of insertion of the
copper into the porphyrin. Therefore, we examined the strong
CuBr/PMDETA complex as the catalyst in THF at 35, which

(8) Dong, C.-M.; Chaikof, E. LColloid Polym. Sci2005 283, 1366-1370.
(9) See, for example: (a) Hamachi, I.; Shinkai,Eir. J. Org. Chem1999
539-549. (b) Hamachi, I.; Takashima, H.; Hu, Y.-Z.; Shinkai, S.; Oishi,
S. Chem. Commur200Q 1127-1128. (c) Willner, |.; Katz, EAngew.
Chem.200Q 112 1230-1269;Angew. Chem., Int. E®200Q 39, 1181~
1218. (d) Blonder, R.; Katz, E.; Willner, I.; Wray, V.; Bkmann, A. F.
J. Am. Chem. Sod.997 119 1174711757.
(10) (a) Lutz, J.-F.; Bmer, H. G.; Weichenhan, KMacromolecule006 39,
6376-6383. (b) Wang, Q.; Chan, T. R.; Hilgraf, R.; Fokin, V. V.; Sharpless,
K. B.; Finn, M. G.J. Am. Chem. So@003 125, 3192-3193. (c) Link,
A. J.; Tirrell, D. A.J. Am. Chem. So@003 125, 11164-11165. (d) Lutz,

J.-F.; Baner, H. G.; Weichenhan, KMacromol. Rapid Commur2005

26, 514-518. (e) Ladmiral, V.; Manotovani, G.; Clarkson, G. J.; Cauet,
S.; Irwin, J. L.; Haddleton, D. MJ. Am. Chem. SoQ006 128 4823-
4830. (f) Holub, J. M.; Jang, H.; Kirshenbaum, Rrg. Biomol. Chem.
2006 4, 1497-1502.

(11) Opsteen, J. A.; van Hest, J. C. @hem. Commur2005 57-59.
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(12) Matsuo, T.; Hayashi, T.; Hisaeda, ¥.Am. Chem. So@002 124, 11234.

(13) (a) Ryabov, A. D.; Goral, V. N.; Gorton, L.; Csmi, E. Chem.-Eur. J.
1999 5, 961-967. (b) Tamure, M.; Asakura, T.; Yonetani, Biochim.
Biophys. Actal972 268 292-304.

(14) Hamachi, |.; Matsugi, T.; Wakigawa, K.; Shinkai, I8org. Chem.1998
37, 1592-1597.
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Scheme 2. Synthetic Route to PPIXZn-b-PS;;-b-PEG 2
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a(a) Styrene, PMDETA/CuBIT = 90 °C, (b) TMSN;, THF, o.n., (c) PMDETA/CuBr, THFT = 35 °C, o.n.

turned out to be successftil.Using the porphyrin having Zn  multicomponent vesicles (MCV’) for different ratios of the
complexed in the core is another, preferred, way of preventing PS and PEG blocks (not shown).

copper insertion. Gel permeation chromatography (GPC) studies  Reconstitution. Reconstitution experiments were carried out
monitored both atl = 418 nm and atl = 254 nm, the  wjth both apo-Mb and apo-HRP and different PPIXERS;-
wavelengths where PPIX and polystyrene display maximum b pgG; triblock copolymers (see Table 1 and Figure 2). It is
polymer elute at the same time, without notable increase in jnto Mb.1® The PPIXZn constituted proteins do not show

polydispersity, indicating that the blocks were connected in a catalytic activity, but MbzZn in contrast to native Mb is

highly efficient manner (see Supporting Informatidf).
Aggregation experiments, in which 10 of a 0.3 mg/mL

polymer solution in THF was injected into 1 mL of water,

revealed that the R&b-PEG;3 block copolymers formed

fluorescent, allowing the use of fluorescence spectroscopy,
which is a more sensitive method than BVis spectroscopy,
to monitor the progress of the reaction. The cofactor PPIXZn,

however, has not been reconstituted with apo-HRP before. To

micelles and micellar rods depending on the length of the two check if reconstitution of PPIXZn with apo-HRP is possible,

polymeric blocks. When the PS block length inJPSPEG 13

was increased, micellar rods were observed (Figure 1A and B).
Similar observations have been made in the case of low
molecular weight amphiphiléd. The triblock copolymers,
PPIXZnb-PSy-b-PEG13 (9a and 9b, see Scheme 2), were
dissolved in THF (0.3 mg/mL), and 10@L of this solution
was dispersed in 1 mL of phosphate buffer (20 mM, pH 7.5).
TEM studies showed the formation of assemblies resembling

(15) Performing the reaction at elevated temperature gives rise to insertion of
copper into the free base PPIX in agreement with earlier studies. See: de
Loos, F.; Reynhout, I. C.; Cornelissen, J. J. L. M.; Rowan, A. E.; Nolte,
R. J. M. Chemm. Commur2005 60—62.

(16) Blank experiments were performed as described in the Supporting Informa-
tion.

(17) (a) Israelachvili, J. N.; Mitchell, D. J.; Winham, B. W. Chem. Soc.,
Faraday Trans. 21976 1525. (b) Israelachvili, J. N.; Marcelja, S.; Horn,

R. G.Q. Rev. Biophys.198Q 13, 121-200.
(18) Zhang, L.; Eisenberg, A2olym. Ad. Technol.1998 9, 677—699.

unfunctionalized PPIXZnnax = 420 nm in phosphate buffer,

pH 7.5) was treated with the apoenzyme using the same
procedure as for the preparation of giant amphiphiles. After
dialysis, using 3 kD tubing to remove unreconstituted PPIXZn,
an absorption maximum at= 416 nm was observed. Excitation
at 1 = 547 nm gave rise to emission maximalat 590 and

(19) (a) Hayashi, T.; Hitomi, Y.; Ogoshi, H. Am. Chem. So&998 120, 4910-
4915. (b) Hayashi, T.; Hitomi, Y.; Ando, T.; Mizutani, T.; Hisaeda, Y.;
Kitagawa, S.; Ogoshi, H. Am. Chem. Sod.999 121, 7747-7750. (c)
Hitomi, Y.; Hayashi, T.; Wada, K.; Mizutani, T.; Hisaeda, Y.; Ogoshi, H.
Angew. Chem2001, 113 1132-1135;Angew. Chem., Int. EQ001, 40,
1098-1101. (d) Hayashi, T.; Hisaeda, ¥cc. Chem. Ref002 35, 35—
43. (e) Tsukahara, K.; Kimura, C.; Kaneko, J.; Abe, K.; Matsui, M.; Hara,
T. Inorg. Chem1997, 36, 3520-3524. (f) Hayashi, T.; Ando, T.; Matsuda,
T.; Yonemura, H.; Yamada, S.; Hisaeda, J.Inorg. Biochem200Q 82,
133-139.

(20) Teale, F. WBiochim. Biophys. Actd959 35, 543. Apo-Mb was prepared
according to this procedure using butanone instead of acetone.
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Figure 2. Schematic representation of the reconstitution method. In the
first step, the cofactor is removed by extraction at 2. In the second
step, the modified cofactor is added at pH 7.5 to obtain the giant
amphiphile?®
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Figure 3. UV —vis spectra of (A) Mb withnax = 409 nm, (B) PPIXZn-
b-PSig-b-PEG 13 With Amax= 420 nm, and (C) MbZb-PSyg-b-PEG 13 with
Amax = 426 nm. All spectra are recorded in a pH7.5 20 mM phosphate

buffer. The U\*-vis spectra oBb and MbZnb-PS 4+b-PEG 13 are identical
to Figure 3B and C, respectively.

Sig'Ns, and (B) micellar UV —vis spectra of the Mb-containing macromolecules are
aggregates of PEfb-PS4s+N3. Bars represent 200 nm.

shown in Figure 3. After reconstitution with apo-Mb and
Table 1. Amphiphilic Triblock Copolymers purification, a shift of 6 nm is observed with respecS&and
ago protein polymer iriblock copolymer 9b, from_/l =420 nm tc_»l = 426 nm. This latter va_lue_ is near
apo-Mb PPIXZNb-PSebPEGLs  MbZnbPSebPEGL the maximum absorption observed for MbZrE_xcnatlon of
apo-Mb PPIXZNb-PS4sb-PEG1s  MbZNn-b-PS4rb-PEG 3 the suspension &t = 553 nm caused an emissionjat= 593
apo-HRP PPIXZ-PSig-b-PEG 13 HRPZnb-PSig-b-PEG 13 nm, which is in agreement with literature data for MbZn.
apo-HRP  PPIXZrb-PS4sb-PEGis  HRPZND-PS4sb-PEG.s Usually a second emission band is observed for this compound;

however, this signal was not found in the present case due to
. . . .. scattering of the light by the suspension.
?io_n i??:g:;(;om ?ﬁ;j;gfﬁgipomt o a successful reconstitu- When the polymerga and9b were reconstituted wit_h- apo-

) HRP, a small shift of 4 nm was observed after purification,

The reconstitution of the polymers PPIXZAPSy-b-PEG 13 from A = 420 nm tod = 416 nm, which is in agreement with

with apoprotein was carried out as described by Boerakker etihe results described above for the reconstitution of PPIXZn
al. using slightly different condition®:%Instead of the mixture  (Figure 4). Fluorescence experiments were also in agreement
of polymer and apoenzyme being stirred in a glass vial, the with the reference compound; excitationjat= 547 nm gave
reconstitution mixture was gently shaken in a plastic tube. This g emission ai = 590 nm.
prevents absorption of the protein to the glass wall, reducing  An electrophoresis migration-shift essay was carried out as
the chance of denaturation. Earlier experiments had revealedfinal proof of the synthesis and purity of the amphiphilic ABC
that upon reconstitution of P&PPIX with apoprotein firm  triblock copolymers (Table 2). Using sodium docecyl sulfonate
stirring was needed, otherwise the polymer would precipitate polyacryl amide gel electrophoresis (SDS PAGE), the proteins
from solution and reconstitution would not occur. During the are completely denaturated, and the interaction between the
process of reconstitution with the apoenzyme, stable aggregategofactor and the enzyme is lost. In all cases, a band, corre-
are gradually obtained. In the case of PPIXZRS,-b-PEG.13, sponding to the mass of Mb or HRP, was observed for both the
the PEG part is water soluble, and, as a consequence, no stirringhative proteins and the giant amphiphiles (see Supporting
is needed and the triblock copolymer will stay in solution. After  Information), which is expected, because the polymers are no
4 days of incubation, the reaction mixture was dialyzed against longer coordinated to the proteins after the denaturation step.
a phosphate buffer (20 mM, pH7.5) using 100 kDa dialysis With PAGE electrophoreses (i.e., using nondenaturating condi-
tubing to allow the apo-enzymes and non-reconstituted polymers
to pass the membrane, while the amphiphilic triblock copoly- (@1) l(jgp';""‘g?f}ghgé ri‘c‘)jgi"“jr_a,\'ﬂﬂ-(?)\*fv‘érr‘]i‘tac'feé_‘;:ng?d n%"*g-_l%?%lh?ﬁéé’(@_ .
mers remain inside. Biophys. J.199Q 58, 177-186.

2330 J. AM. CHEM. SOC. = VOL. 129, NO. 8, 2007
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Figure 4. UV —vis spectra of (A) HRP wittimax= 401 nm, (B) PPIXZn-
b-PSg-b-PEG 13 With Amax= 420 nm, (C) Blanc, that is, HRPZn withhax
= 416 nm, and (D) HRPZi-PSgb-PEG 13 With Amax = 416 nm. All
spectra are recorded in a pH7.5 20 mM phosphate buffer. The UWis
spectra 0Bb and HRPZnb-PS44b-PEG 13 are identical to those in Figure
4B and D, respectively.

Table 2. Summary of the Gel-Electrophorese Studies

bioconjugate block

apo proteins copolymers
Mb HRP Mb HRP
SDS PAGE visible visible? visible? visible?
PAGE visiblet visible? not visible not visible®

aVisible bands penetrating the gel were obserfddo bands penetrating
the gel could be observed (see Supporting Information).

Figure 5. Transmission electron microscopy (TEM) pictures of vesicular
aggregates of HRPZh-PSg-b-PEG 13 (left) and aggregates of HRPZn-
PS44b-PEG;3 (right). Arrows: 1, junction between micelle and micellar

rod; 2, micelle; 3, toroid; and 4, junction between two micellar rods. Bars
represent 200 nm.

— e %!

and longer reconstitution time led to denaturation of the protein
because the protein is in contact longer with THFRLt this
moment, it is not clear how the different blocks of the triblock
copolymers are situated inside the vesicles. Likely the polysty-
rene is in the middle of the vesicle membrane, but whether the
PEG or HRP block is on the outside of the aggregate or whether
they are mixed, in which case the polystyrene block forms a
hairpin, is not known at the moment. In the latter case, both
hydrophilic segments reside at the aggregate surface, providing
a more curved interface potentially leading to a cylindrical
micelle. Comparable behavior for ABA triblock copolymers is
well known23 More experiments, however, have to be carried
out to get a detailed picture of the aggregate structure.
Increasing the polystyrene length with respect to the PEG
block was found to change the aggregation behavior significantly
(Figure 5, right). Instead of large polydisperse vesicular

tions), proteins can be separated on the basis of their three'structures, micellar aggregates were observed for HRRZn-

dimensional structures. The proteicofactor interaction remains

PSi4+b-PEG13 The increase in length of the PS segment will

intact, and a difference is therefore expected between the nativey ;s make it easier to form the hairpin formation, suggested
protein and the biohybrid macromolecule. Bands corresponding 5pove. There are multiple morphologies present presumably
to the different proteins migrate in the electrophoresis, whereas, pacause the aggregates are kinetically frozen after removal of
in line with earlier observations, the giant amphiphiles are t00 e cosolvent (i.e., THF). As a consequence of this process,
big to penetrate into the g&< The absence of protein in the 4154 5o-called intermediate assemblies can be observed by TEM.
latter cases furthermore indicates that all HRP and Mb is Multiple morphologies may also occur if the system is under

conjugated to the block copolymer, in combination with the - gquilibrium condition and in the boundary regime between single
spectroscopic data pointing to the successful formation of the morphology domains of the phase diagram.

iant triblock copolymers. . .
9 poly Among the more common micellar structures such as micellar

th:\dgi%fg?a?\?(l?)inoﬁtl;?iffr.il;(ljc)ilt(ugg tcl)wlen?ggregzgt? gnbr?]?g\ggod rods and spherical micelles, Y-shaped structures were observed.
y poly ' PY' The formation of these structures probably results from the

(EM) experiments were carried out. After 4 days of incubation, L .
. - ; . collapse of cylindrical micelles both through end-to-end con-
the giant amphiphiles were dialyzed against a phosphate buffer . : . . . .
. . . nection and by connection to the midsection of a neighboring
to remove apoprotein and THF (see above). After dialysis, the " . 6 A -
; : -~ . cylinder (or itself)®® Arrow 1 in Figure 5 indicates where a
water content is 100%, and the assemblies of the amphiphiles””. . - .
micellar sphere is connected to a micellar rod, which would

become kinetically trapped because of the glassy nature of thestrengthen this conclusion. The rod-to-sphere transition as

PS chains. Transmission electron micr TEM) investiga- . . ) .
S chains. Transmission electron microscopy ( ) investiga postulated by Burke and Eisenbg&tig an alternative mechanism

ions (Figur left) show: hat th I f HRBZn- . ) .
tions (Figure 5, lef) sho eql that the agg egatt_as 0 .B . that can explain these observations. Arrow 3 shows that besides
PSig-b-PEG 13 are vesicular in nature and polydisperse in size. . .

micellar structures also toroidal structures are formed.

These types of structures have been reported for synthetic ) ) )
amphiphilic ABA triblock copolymers by Zhu et &, who The formation of micellar structures by ABC triblock
suggested that, by varying the time of aggregation, that is, the cOPelymers has been predlcted-by Wang et al. using the self-
reconstitution time in our case, and the concentration of the consistent field theory (SCFT); however, in this case, the
triblock copolymers, control over the vesicle size can be hydrophilic part was relatively short and the other two blocks
obtained. However, in our case, a shorter reconstitution time
resulted in a lower yield of the biohybrid triblock copolymer,
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material. At this moment, it is not clear how these aggregates
are formed, and more research has to be carried out to obtain
insight into the formation mechanism of these assemblies.

Conclusion

We have prepared new macromolecular architectures, which
are the first examples of biohybrid ABC triblock copolymers
consisting of a protein and a synthetic diblock copolymer. With
respect to the synthesis of these amphiphilic biohybrid macro-
molecules, a strategy combining controlled radical polymeri-
zation, “click” chemistry, and cofactor reconstitution has been
used. This allowed the preparation of a variety of (tri)block
copolymers, which were found to form complex and unusual
nanometer-sized architectures by processes of self-organization.
The HRP- and Mb-containing copolymers self-assembled into
vesicles, micellar structures, or lamellae-containing spheres.
From earlier experiments, it was known that amphiphilic diblock
copolymers having a hydrophobic polystyrene segment and a
 — _ myoglobin or HRP headgroup can generate spherical aggregates,
Figure 6. Different aggregates of Mb-containing giant triblock copolymers. Presumably vesicle®:d Addition of a third (hydrophilic) seg-

TEM images of aggregates of MbZnP S 4+b-PEG 13 With (A,B) toroids, ment to this biohybrid diblock copolymer apparently signifi-
(C)di‘;gen’?iggﬁ;ri%merg ;ég“ai;‘rs(cg)n;ﬁtolg“(%%g%f&g@:stséf?d r(g'zgés cantly changes the self-organization behavior of the macromo-
3? MbZn-b—PSlg-b-%gE(glg that form sphgerical aggregatfs Consgﬂngg of lecular building blocks. The micellar aggregates formed by
lamellae. Bars represent 100 nm for Figure{4) and 500 nm for Figure MbZn-b-PS44b-PEG13and HRPZnb-PS44+b-PEG 13 are not
I. unexpected and have been observed before for synthetic ABC
triblock copolymer$2 The Y-junctions and toroids are quite
were hydrophobié® Detailed studies are currently being carried rare and are probably the result of a fusion process involving
out to see whether the number of formed aggregates can bewo micellar rods. The large number of different aggregates
decreased. observed in one sample is unusual and may be explained by

Micellar structures were also formed by MbBAPS 44b- the fact that the aggregates become kinetically trapped after
PEGs but in this case a larger number of other types of dialysis because of the glassy nature of polystyrene at ambient
aggregates was observed as well (Figure 6), for example, figuretemperature. Another explanation is that the system is under
eight structures, octopus structures, dumbbells, toroids, etc.equilibrium but situated in the coexisting region between two
Pochan et al. also observed a large variety of structures, but bysingle morphology regimes. The precise orientation of the
varying the conditions they could tune the aggregation behavior different blocks in the formed aggregates is currently under
in such a way that, for example, only ringlike aggregates were investigation. The present new macromolecular architectures
obtained®? Again, it is postulated that the formation of these open many possibilities for applications, for instance, as catalysts
aggregates proceeds via the mechanisms described above amallowing cascade reactions to be performed if different types
that the aggregates are kinetically trapped or under equilibrium of enzymes are attached to the block copolymer structures. Work
conditions in the boundary regime between single morphology along this line is in progress.
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