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Abstract Amphiphilic globular protein—polymer hybrids, consisting of poly(methyl
methacrylate) (PMMA) as hydrophobic tail and globular protein as hydrophilic head, are
prepared by the end-functional PMMA covalently binding to the primary amino groups
of bovine serum albumin (BSA) in the phosphate buffer saline (PBS)/acetone mixture
solvents at pH 5. The self-assembly behaviors of amphiphilic BSA-PMMA hybrids are
explored in aqueous solution by the dynamic light scatter (DLS), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The self-assembled
morphologies of the amphiphilic BSA-PMMA hybrids are controlled by the length of
hydrophobic PMMA chains. The amphiphilic BSA-PMMA hybrids with the longer
hydrophobic PMMA chains self-assembled into spherical vesicles and elongated tubular
vesicles, and conversely, they self-assembled into micelles. A vesicle consists of BSA as
two outer hydrophilic layers and PMMA as hydrophobic wall.
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Graphical Abstract Amphiphilic globular protein—polymer hybrids consist of PMMA
as hydrophobic tail and globular protein BSA as hydrophilic head. Amphiphilic globular
protein—polymer hybrids self-assembled into micelles or vesicles in phosphate buffer
saline. The self-assembled morphology of amphiphilic protein—polymer hybrids was
controlled by adjusting the length of hydrophobic chains.

BSA et
oo .
Wi 2 Micelle

Amphiphilic globular
protein-polymer hybrids

Vesicle

Keywords Amphiphilic protein—polymer hybrids - Bovine serum albumin -
Self-assembly - Vesicles - Micelles

Introduction

Amphiphilic block copolymers have been largely explored during the last decades.
This is due to the unique properties that arise from the incompatibility of the blocks,
leading to a large number of different self-assembled structures in the bulk or in the
selective solvents [1-4]. These self-assembled structures are the basis for
applications including information storage, drug delivery and photonic materials
[5-8]. Subsequently, another kind of novel amphiphilic block copolymers based on
the large-sized “nanoatoms” such as fullerenes, polyhedral oligomeric silsesquiox-
ane (POSS) and proteins as building blocks have been designed and synthesized
[9, 10]. Because “nanoatoms” are well-defined molecular structure with different
sizes, symmetry, surface groups and functions, they can be used as versatile
nanobuilding blocks [11, 12]. In fact, these novel amphiphilic block polymer
consisting of nanoatoms self-assembled into a large number of different nanos-
tructures [13-17].

In globular proteins, the overall molecular shape and 3D conformation are held
by the multiple secondary interactions between various residues of the polypeptide
chain. The amino residues in the protein molecule can be modified to fabricate the
protein—polymer hybrids (PPHs). In additional, the unique self-assembly feature of
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protein induced PPHs to self-assemble into desired nanostructures [18-20]. PPHs
consisting of protein covalently linking to synthetic polymer have been previously
designed and have significant applications in the area of material science and
biomedicine because of the elegant functionalities and unique self-assembly
characteristic [21, 22]. PPHs possess the advantages of both the biofunctional
properties and the self-assembly characteristic of protein and the good stability,
diversity and some other fascinating properties of the synthetic polymer [23, 24].
Moreover, PPHs can self-assemble into a wide range of nanostructures such as
micelles, micellar rods, and vesicles [25, 26]. For instance, amphiphilic PPHs
consisting of an enzyme lipase B as hydrophilic head covalently connected to a
single hydrophobic polymeric tail polystyrene (PS) can be induced to self-assemble
in a fashion similar to that of small amphiphilic molecules [27]. mCherry—
pNIPAAm hybrids self-assembled into the highly disordered lamellae or hexago-
nally perforated lamellae depending upon the selectivity of the solvent during
evaporation [28-30]. Amphiphilic BSA-PCL hybrids displayed the excellent self-
assembly behaviors to form vesicles and micelles [31]. As a result, their self-
assembly is anticipated to exhibit features of both small molecules and traditional
macromolecules or lead a new self-assembly pattern, and is emerging as a
fascinating research field [32, 33]. Especially, the self-assembled materials have
protein-specific functions such as fluorescence or catalytic activity [34-36].

In our previous works, PPHs with hydrophilic polymer were successfully prepared
by the “grafting-to” method [37, 38]. These PPHs self-assembled into different
nanostructures in the aqueous solutions and the self-assembly behaviors were
controlled by pH and temperature. In the current work, amphiphilic globular protein—
polymer hybrids consisting of poly(methyl methacrylate) (PMMA) as hydrophobic
tail and globular protein bovine serum albumin (BSA) as hydrophilic head are
fabricated. The purpose is to explore their self-assembly behaviors in the aqueous
solution. It is focused on that the length of hydrophobic tail effected on the self-
assembly morphology of amphiphilic globular protein—polymer hybrids. PMMA with
an activated end group (NHS-PMMA) were prepared by the atom transfer radical
polymerization (ATRP). The coupling reaction was carried out using N-ethyl-N-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) as a couple reagent in
phosphate buffer saline (PBS)/acetone mixture solvents at pH 5 (Scheme 1).

Experimental section
Materials

Bovine serum albumin (BSA, FM67000) was obtained from Shanghai Bio Life
Science & Technology Co., Ltd. Methyl methacrylate (MMA) was purchased from
Tianjin Kaixin Chemical Technology Co., Ltd. Cuprous bromide (Cu'Br) was
purchased from Tianjin Guangfu Institute of Superfine Chemical Industry. MMA
and CuBr were further purified before use. 2-Bromoisobutyric acid (BIBA, 98%),
N,N,N,N' ,N'-pentamethyl diethylenetriamine(PMDETA)and  N,N-dimethylfor-
mamide (DMF, >99.5%)were obtained from Aladdin. N-ethyl-N-(3-
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Scheme 1 Fabrication and self-assembly of amphiphilic BSA-PMMA hybrids

dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), acrylamide, bisacrylamide, N',N'-tetramethylethylenediamine (TEMED),
glycin, glycerol, bromophenol blue, tristhydroxymethyl) aminomethane (Tris),
ammonium persulfate (APS), dithiothreitol (DTT), sodium dodecyl sulfate (SDS),
coomassie brilliant blue G-250, the molecular weight standard and regenerated
cellulose membranes were purchased from Shanghai Sangon Biological Engineer-
ing Technology & Services Co., Ltd. All other reagent grade chemicals were
obtained from local suppliers and used without further treatment. Phosphate buffer
saline (PBS) was prepared using the distilled water.

Synthesis of ATRP initiator (NHS ester)

ATRP initiator, 2-bromoisobutanoic acid N-hydroxysuccinimide ester, was synthe-
sized by EDC-mediated condensation of NHS and 2-bromoisobutyric acid (BIBA)
in dichloromethane (CH,Cl,). The preparation of ATRP initiator has been reported
in our previous paper [37]. '"HNMR (CDCl3, ppm): 2.856 (4H, t, -CH,—, succ.),
2.063 (6H, s, —CH3).

Preparation of the end-functional poly(methyl methacrylate) (NHS-PMMA)
by ATRP

ATRP initiator, 2-bromoisobutanoic acid N-hydroxysuccinimide ester, was
employed to initiate atom transfer radical polymerization of methyl methacrylate
(MMA). In detail, 0.052 g (0.36 mmol) of cuprous bromide (Cu'Br) and 75 pL
(0.36 mmol) of PMDETA were added into a 100 mL round-bottom flask with a
magnetic stir bar. The solution was purged with nitrogen gas for five times. Then
MMA and 8 mL of acetone were added. After stirring for 10 min, 0.102 g
(0.36 mmol) of ATRP initiator was added. Polymerization process was conducted
with constant stirring for 24 h at 45 °C under an atmosphere of nitrogen. The
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resulting liquid was purified through a column of neutral alumina and the solvent
was removed under reduced pressure. The polymer was precipitated by methanol
and then filtered. The polymer with an activated end group, NHS-PMMA, was
collected as a white powder. In the work, functional PMMA molecules with two
different molecular weights were prepared by ATRP. The molecular weights of
PMMA were controlled by adjudging the molar ratio of monomer to initiator. The
data was listed in the Table 1.

Preparation of globular amphiphilic protein—polymer hybrids

BSA solution at a concentration of 6 x 107® mol/L was prepared in phosphate
buffer saline (PBS) at pH 5.0. EDC (6.0 mg; 3 x 1073 mol) was added to 5 mL of
BSA solution. The given NHS-PMMA was completely dissolved in acetone and
then added into BSA solution. The reaction mixtures were gently stirred for 10 h
under an atmosphere of nitrogen in darkness. The resulting solution was dialyzed for
three times in dialysis bag (cutoff, MWCO 25 kDa) against PBS to remove the
unreacted residues and acetone for 3 days in total at room temperature in darkness.
The aqueous solutions of amphiphilic BSA-PMMA hybrids were stored at 4 °C for
further use.

Characterization

'"HNMR spectra of samples were obtained using a Bruker DMX 400 NMR
spectrometer with CDCl; as solvents. GPC analysis was carried out with GPC 2000
(Waters, USA) using THF as eluents at a flow rate of 1.0 mL min~" at 35 °C. PS
calibration kit was used as the calibration standard. The particle size and distribution
of samples were measured using a dynamic light scattering (DLS) equipment (Nano
ZS, Malvern, UK) at 25 °C with a 633 nm He—Ne laser at a scattering angle of 90°.
Transmission electron microscopy (TEM) was performed on a JEM-1200EX
microscope [Japan Electron Optics Lab. Co. LTD. (JEOL), Tokyo, Japan]. The
sample solutions, on a copper grid with suspended carbon films, were dried at room
temperature and stained with 0.25% phosphotungstic acid. Scanning electron
microscopy (SEM) studies were conducted using a JSM-6701F scanning electron

Table 1 The molecular weights and polydispersities of the end-functional poly(methyl methacrylate)
(PMMA) synthesized by ATRP

PMMA?®  Initiator (mmol) Monomer (mmol) M, M, /M, (GPC%) Conversion (%)

Theory® GPC®

PMMA;; 0.36 36 3784 3568 1.4 352
PMMAg, 0.36 72 7224 8306 1.4 34.8

? All reactions carried out with [CuBr]:[initiator]:[PMDETA] = 1:1:1, under an atmosphere of nitrogen
for 24 h at 45 °C
> M, (theory) = % x conversion (%) + M [initiator]

© GPC analysis was carried out with GPC using THF as eluents at a flow rate of 1.0 mL min~"' at 35 °C
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microscope [Japan Electron Optics Lab. Co. LTD. (JEOL), Tokyo, Japan]. A droplet
of sample solution was directly dropped on a silicon wafer, followed by air drying
under the ambient condition.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Five percent condensation gel and 8% separation gel were prepared at room
temperature using the standard concentration of acrylamide, bisacrylamide, SDS,
APS and TEMED. All samples were diluted using a buffer solution (2 x) consisting
of Tris—HCIl at pH 6.8, bromophenol blue, SDS, DTT and glycerol, and then
incubated at 100 °C. After the gel was completely gelled, the reference BSA and the
samples were loaded into the wells. Electrophoresis was carried out using a vertical
electrophoresis apparatus (DYY, Beijing, China). The electrode buffer contained
25 mmol/L tricine and 250 mmol/L glycine at pH 8.3. The condensation gel was
run at 100 V and the current was limited to 15 mA using DYY-12C-type
electrophoresis power supply (DYY, Beijing, China). When samples were within
the separation gel, the voltage was increased to 500 V and the current was limited to
15 mA. Electrophoresis duration was typically around 4 h at 5 °C. The gel was
stained by 0.1% (w/v) coomassie brilliant blue R-250 solution at 40 °C for 4 h.
Stained gels were destained with shaking constantly until the band of stained sample
was clearly visible. The final gel was scanned by the scanner.

Results and discussion
Preparation of the end-group PMMA (NHS-PMMA)

As shown in Scheme 1, the end-functional PMMA (NHS-PMMA) was synthesized
using 2-bromoisobutanoic acid N-hydroxysuccinimide ester as a ATRP initiator and
CuBr/N,N,N',N",N"-pentamethyl diethylenetriamine (PMDETA) as the catalyst/
ligand systems by ATRP in acetone solution. In the present paper, the end group of
NHS-PMMA would covalently bind to the primary amino groups of BSA. It was
confirmed by "HNMR that the activity end group was introduced in the resulting
polymer PMMA (Fig. 1). "HNMR(400 MHz, CDCls), § (ppm): 0.75-1.31 (m, 9H,
—CH3;), 1.76-2.11 (m, 2H, -CH,-), 2.82 (s, 4H,~CH,—, succ), 3.60 (m, 3H, -O-CH3).

ATRP is a facile way to incorporate an initiator site into a molecule leading to a
wide range of functionalized polymers. ATRPs were commonly used to introduce
the reactive group in the resulting polymer [39-42]. It facilities the covalent binding
of protein to the end group of polymer.

The molecular weights of the end-functional poly(methyl methacrylate) (PMMA)
were controlled by adjudging the molar ratio of monomer to initiator (Table 1). The
amount of initiator was kept at 0.36 mmol, and the molar ratio of monomer to
initiator was changed by the amount of monomer. All reactions carried out with
[CuBr]:[initiator]:[PMDETA] = 1:1:1, under an atmosphere of nitrogen for 24 h at
45 °C. The molecular weight of PMMA was determined by GPC (Fig. 2). It was
found from GPC plot that the PMMA with different molecular weight, i.e.,
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Fig. 2 GPC plot of PMMA

PMMA;; (M, = 3.6 kDa, PDI = 1.4), and PMMAg, (M,, = 8.3 kDa, PDI = 1.4)
were prepared. All PMMA samples have a narrow molecular weight distribution,
but with lower monomer conversion (~35%). Separation of polymers is based on
size exclusion by GPC. As shown in Fig. 2, PMMA with the higher molecular
weight has a shorter retention time, and conversely, it has a longer retention time.
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Preparation of globular amphiphilic protein—polymer hybrids by “grafting-
to” method

The amino group of protein was always used as an available site covalently binding
to the carboxylic group to form new amide bonds [43-45]. BSA was completely
dissolved in phosphate buffer saline (PBS) in advance. Because PMMA could not
dissolve in PBS, PMMA was completely dissolved in acetone. Consequently, as
Scheme 1 shows, the end-functional PMMA (NHS-PMMA) covalently bind to the
primary amino of BSA using EDC as a coupling reagent in PBS/acetone mixture
(PBS:acetone = 25:1) at pH 5 at room temperature. The molar ratio of BSA to
PMMA was fixed at 1:10. The resulting solutions were purified and isolated by
dialysis.

The BSA-PMMA hybrids were characterized by SDS-PAGE (Fig. 3). The
molecular weight standard protein (Lane Marker) and the native BSA (Lane BSA)
were used as references. The electrophoretic band of BSA was observed in Lane
BSA in accordance with the position at 66.2 kDa in Lane Marker. Lane 1 and Lane
3 in Fig. 3 present the SDS-PAGE of BSA-PMMA;; hybrids and BSA-PMMAg,
hybrids. Compared with native BSA, some native BSA appeared at 66 kDa which
are the unmodified native BSA, which indicated that the native proteins were not
completely modified and retained in the protein hybrids. And some moved slower
than the native BSA, which suggested the higher molecular weight BSA hybrids
were prepared. The results revealed that some proteins were grafted by PMMA. In
the experimental, the resulting solution was dialyzed for three times in dialysis bag

Fig. 3 SDS-PAGE of native BSA and BSA-PMMA hybrids
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(cutoff, MWCO 25 kDa) against PBS to remove the unreacted polymer. In addition,
the reaction of polymer linking to protein is a low efficiency, which is a common
and unavoidable challenge in similar literature [31, 46, 47].

Meanwhile, the protein content of BSA-PMMAg, hybrid electrophoretic band
was higher than that of BSA-PMMA3; hybrids. In addition, it can be found that
some BSA-PMMAg, hybrid electrophoretic band protein hybrids did not migrate
and retained in the well. It is due to BSA linking to PMMA with the higher
molecular weight, leading to lower solubility of BSA-PMMAg, hybrids. In the
SDS-PAGE experiment, it is well known that charge density, the molecular weight
and solubility of protein affected the electrophoretic migration of protein. As a
result, the molecular weight of PMMA affected the electrophoretic migration.

Self-assembly of amphiphilic BSA-PMMA hybrids in aqueous solution

Their self-assembly behaviors of amphiphilic BSA-PMMA hybrids with different
length of hydrophobic PMMA chain, consisting of BSA as hydrophilic block and
PMMA as hydrophobic block, were investigated by DLS and TEM in PBS at pH
7.4. The DLS results (Fig. 4) showed that the average diameter of BSA-PMMA33
hybrids and BSA-PMMAS8O hybrids was 100 and 350 nm, respectively. The
diameter of nanoparticles increased with the increase of the PMMA molecular
weight, which may be due to the length of the hydrophobic PMMA chains. As
shown in SEM images (Fig.5), BSA-PMMAj;; hybrids self-assembled into
separated nanoparticles with uniform size. Meanwhile, BSA-PMMAg, hybrids
self-assembled into nanoparticles with irregular size, and nanoparticles were
gathered together.

The TEM images revealed that micelles and vesicles were obtained (Fig. 6).
BSA-PMMA;; hybrids self-assembled into spherical micelles with a diameter of
50-100 nm (Fig. 6a). In contrast, BSA-PMMAg, hybrids self-assembled into
spherical vesicles with a diameter of 100-400 nm (Fig. 6b) and elongated tubular
vesicles (Fig. 6¢). It may be due to the longer length of hydrophobic PMMA chains.
It has been proposed that amphiphilic polymers with the longer hydrophobic chains
tend to form vesicles, and conversely, they favor micelle formation [48-51]. These

10 100
Diameter (nm) Diameter (nm)

Fig. 4 The DLS results of amphiphilic globular protein—polymer hybrids with different length of
hydrophobic PMMA chains a BSA-PMMA;; hybrids and b BSA-PMMAg hybrids
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Fig. 5 Scanning electron microscopy (SEM) images of a nanoparticles self-assembled by BSA-
PMMA;; hybrids and b nanoparticles self-assembled by BSA-PMMAg, hybrids in aqueous solution

Fig. 6 Transmission electron microscopy (TEM) images of a micelles self-assembled by BSA-PMMA 33
hybrids and b, ¢ vesicles self-assembled by BSA-PMMAg,, hybrids in aqueous solution

results suggested that the self-assembled morphology of amphiphilic BSA-PMMA
hybrids may be controlled by adjusting the length of PMMA.

BSA, a globular protein, is a typical polyampholyte and has hydrophilic surface
in aqueous solution. PMMA is hydrophobic linear in aqueous solution. Amphiphilic
BSA-PMMA hybrids consist of PMMA as hydrophobic tail and globular protein
BSA as hydrophilic head. The structure of amphiphilic BSA-PMMA hybrids was
similar to that of traditional amphiphilic block copolymers and small molecule
surfactants [48-51]. It was proposed that vesicle consists of BSA as two outer
hydrophilic layers and PMMA as a hydrophobic wall.

In our previous works, double hydrophilic protein—polymer hybrids self-
assembled into a few vesicles in aqueous solution at the lower pH. Temperature-
responsive protein—polymer hybrids self-assembled into separate spherical nanopar-
ticles below the LCST of PPHs, in contrast, bundles and clusters were observed
above the LCST of PPHs [37, 38]. In the current paper, hydrophobic PMMA was
employed to form amphiphilic protein—polymer hybrids. Compared with double
hydrophilic protein—polymer hybrids, the self-assembly morphology of amphiphilic
protein—polymer hybrids distinguished from that of double hydrophilic protein—
polymer hybrids. Because of BSA-PMMA hybrids consisting of PMMA as
hydrophobic tail and globular protein BSA as hydrophilic head, the self-assembly
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behavior of amphiphilic protein—polymer hybrids represented the unique properties
of amphiphilic block copolymers.

Conclusions

In summary, we have fabricated a series of amphiphilic globular protein—polymer
hybrids consisting of PMMA as hydrophobic tail and globular protein BSA as
hydrophilic head by the “grafting-to” method. Amphiphilic globular protein—
polymer hybrids with different length of hydrophobic PMMA chains self-assembled
into micelles or vesicles. BSA-PMMA hybrids with the longer hydrophobic PMMA
chains self-assembled into spherical vesicles and elongated tubular vesicles. The
various nanostructures will be expected to be used as a controlled drug delivery and
other biomaterials.
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