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Abstract

The creation of polymer nanoparticles with protein functionality is of great interest
to many applications such as targeted drug or gene delivery, diagnostic imaging,
cancer theranostics, delivery of protein therapeutics, sensing chemical and biomo-
lecular analytes in complex environments, and design of protective clothing
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resembling a second skin. Many approaches to achieving this goal are being
explored in the current literature. In this chapter, we describe a relatively simple
and flexible approach of conjugating the protein to an amphiphilic block copolymer
and creating polymer nanoparticles with protein functionality by taking advantage
of the intrinsic self-assembly behavior of the amphiphilic block copolymer. The com-
mercially available and biocompatible polyethylene oxide–polypropylene oxide–
polyethylene oxide triblock copolymer is used as the polymer building block. For
demonstrative purposes, bovine serum albumin was chosen as the protein. We
determine the molecular weight of the protein–polymer conjugate and thereby
the degree of conjugation using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry measurements. Retention of protein secondary structure in the conjugate
was determined by circular dichroism spectroscopy, and the biological activity of
the protein in the conjugated state has been evaluated by kinetic assay involving
hydrolysis of an organophosphate compound. Dynamic light scattering and zeta
potential measurements were used to characterize the size and charge of the
protein–polymer conjugate micelle. Precise control of the size of the micelle and sur-
face number density of the proteins on the micelle surface by coassembling with a
second block copolymer have been demonstrated. These studies document a rational
approach to armor the protein by conjugation with a block copolymer micelle, as a
general approach.

1. INTRODUCTION

Protein–polymer conjugates have been the focus of significant

research interest over the last two decades based on the premise that the con-

jugation would allow new properties to be created, enabling the application

of conjugates in important areas such as drug delivery, protein therapeutics,

and biological or chemical agent sensing (Briand, Kumar, & Kasi, 2011; De

et al., 2009; Elsabahy & Wooley, 2012; Kratz & Beyer, 1998; Muszanska,

Busscher, Herrmann, van der Mei, & Norde, 2011; Song et al., 2010; Yi,

Batrakova, Banks, Vinogradov, & Kabanov, 2008). Many approaches to

achieving this goal are being explored in the current literature (B€orner,
2009; Jung & Theato, 2013; Tolstyka &Maynard, 2012). Numerous chem-

ical methods have been established to create covalent conjugation of pro-

teins with polymers, and many approaches continue to be explored to

control and limit the degree of polymer conjugation.

An early reason for creating protein–polymer conjugates in the literature

was to impart new useful properties to a protein molecule, such as reduced

immunogenicity, protracted retention in circulation, and enhanced stability
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in the physiological environment (Abuchowski, van Es, Palczuk, & Davis,

1977). The most common polymer used to create these conjugates has been

polyethylene glycol, PEG (Pasut & Veronese, 2012). In typical conjugates,

multiple PEGmolecules are covalently attached to a single protein molecule

and cover much of the protein surface. This allows the protein to remain

water soluble and also protected from any other antagonistic component

it may encounter that is likely to remove the protein from the physiological

system. The surface coverage provided by the conjugation allows for long-

circulation times for the protein for drug delivery or therapeutic applica-

tions. However, such conjugation of multiple polymer molecules on the

protein surface inevitably comes at the cost of decreasing the biological

activity of the protein because the polymer attachments can significantly

cover the protein active site and thereby reduce its intrinsic catalytic activity

(Pasut & Veronese, 2012). In this sense, there is clear competition between

the increasing stability or protection to the protein and the decrease in its

catalytic activity, both being consequences of a high degree of polymer

conjugation.

An alternate approach to stabilizing the protein is through creation of

structures where the proteins are closely packed. The expectation is that

the high number density of proteins would provide steric barriers against

protein unfolding or denaturation. A possible way to realize this is by cova-

lently attaching multiple protein molecules to the surface of a polymer nano-

particle (Boyer, Huang, Whittaker, Bulmus, & Davis, 2011). However,

attaching multiple protein molecules on the surface of a preexisting polymer

nanoparticle has many chemical challenges, since the chemical steps required

for the process of attachment itself can affect the biological activity of the

protein.

An effective approach to overcome this challenge and create a protein–
polymer nanoparticle is through the mechanism of molecular self-assembly.

If the protein is attached to a homopolymer, then depending upon the

hydrophobicity/hydrophilicity of the polymer and of the protein, the

protein–polymer conjugate molecule can potentially self-assemble to create

a nanoparticle (Olsen, 2013; Thomas, Xu, &Olsen, 2012). In this approach,

the possibility of self-assembly critically depends on the hydrophilic/hydro-

phobic balance arising from the choice of the polymer and solution condi-

tions that determine the charged state of the protein. Hence, the self-

assembly process is not independently controllable.

A facile approach to ensure independent control over the self-assembly

process and to control the extent of protein functionality on the particle
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surface is through the selection of amphiphilic block copolymers to conju-

gate with the protein (Yi et al., 2008). In this case, independent control over

self-assembly can be exercised entirely through the amphiphilic block

copolymer without having to rely on the protein properties. Amphiphilic

block copolymers with one hydrophobic block and the other hydrophilic

block self-assemble in aqueous media and generate multimolecular

nanoparticles of differing sizes and shapes, determined by the relative sizes

of the two polymer blocks and their mutual interactions with water

(Nagarajan, 1999). A widely used amphiphilic block copolymer is the sym-

metric triblock copolymer of polyethylene oxide–polypropylene oxide–
polyethylene oxide (PEO–PPO–PEO), commercially marketed as

Pluronics or poloxamers (Fig. 1). The versatility of their hydroxyl ending

group enables easy chemical conjugation at that end, facilitating chemical

modifications of the block copolymer (Muszanska et al., 2011; Song

et al., 2010; Yi et al., 2008).

A diblock copolymer (PEO–PPO) or the symmetric triblock copolymer

(PEO–PPO–PEO) undergoes self-assembly to generate multimolecular

aggregates, with the hydrophobic polypropylene oxide forming the core

of the micelle and the hydrophilic polyethylene oxide constituting the

corona or shell of the micelle (Fig. 2). Indeed, the size and shape character-

istics of self-assembled aggregates derived from Pluronics have been theoret-

ically predicted as functions of the molecular weight and composition of the

block copolymer in our earlier work (Nagarajan, 1999).

Hydrophilic Hydrophobic

PEO–PPO–PEO triblock copolymer

Hydrophilic

H
O

O
O

OH
x y x

Fig. 1 Schematic structure of the symmetric triblock copolymer of polyethylene oxide–
polypropylene oxide–polyethylene oxide. The polyethylene oxide end blocks usually
have hydroxyl terminal groups in the commercial Pluronics.
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The wide use of Pluronic copolymers has been facilitated by the com-

mercial availability of a large family of triblock copolymers with molecular

weights in the range 2–15 kDa and block composition in the range

20–80 wt% polyethylene oxide (Fig. 3). Further, because polypropylene

oxide is not too hydrophobic and the PPO block size in the Pluronics is

not too large, the Pluronics are able to spontaneously self-assemble in water.

This is in contrast to the behavior of most other amphiphilic block copol-

ymers for which the self-assembly process is not spontaneous and one has to

create so-called nonequilibrium aggregates through a process involving dis-

solution in mixed aqueous-organic solvents followed by the removal of the

organic solvent (Nagarajan, 2015). The spontaneous self-assembly behavior

of Pluronics has also been a critical factor favoring their use in research and

for potential applications.

In this paper, we have used the block copolymer F127 (PEO100PPO64

PEO100) for covalent conjugation to the protein bovine serum albumin

(BSA) and the block copolymer P123 (PEO20PPO70PEO20) for manip-

ulating the size of the protein–polymer conjugate micelle and thereby

AB diblock
copolymer

BAB triblock
copolymer

BAB triblock copolymer micelle

Fig. 2 Schematic of diblock and triblock copolymers and the resulting multimolecular
micelle. A denotes the hydrophobic PPO block, and B denoted the hydrophilic PEO
block, for Pluronic triblock copolymers. In the case of triblock copolymers, the PPO block
has to fold back to ensure that both PEO end blocks are exposed to water, forming the
corona region of the micelle.
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the surface number density of the protein molecules. Indeed, we have a

wide choice of Pluronic molecules available to work with, as shown on

Fig. 3, giving us the option to create significant variations in the protein-

functionalized nanoparticles.

Pluronics have been approved by the Food and Drug Administration

(FDA) to be used as food additives, pharmaceutical ingredients, drug carriers

in parenteral systems, tissue engineering, and agricultural products. Pluronic

molecules can also be used as carriers in several routes of administration,

including oral, cutaneous, intranasal, vaginal, rectal, ocular, and parenteral

(Batrakova & Kabanov, 2008). They have also been considered for dermal

and transdermal drug delivery systems.

One can now visualize conjugating a protein molecule to the Pluronic

and generate a multimolecular micelle, which is a nanoparticle displaying

a concentrated protein functionality at the particle surface (Fig. 4).
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Fig. 3 The grid showing commercially available Pluronic triblock copolymers. From top
to bottom on the grid, the weight percent of PEO block increases from 20% to 80%, and
from left to right on the grid, themolecular weight of the PPO block increases. Each entry
includes the commercial designation for the molecule, the number of monomeric units
in the PEO and PPO blocks (marked as E and P), and the overall molecular weight of the
triblock copolymer. The designations L, P, and F for the molecules designate the state of
their occurrence as liquid, paste, or flake.
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The relative proximity of the protein molecules on the micelle surface can

be expected to reduce any propensity for the unraveling of the protein struc-

ture (nanoarmoring) and such close packing can prevent denaturation of the

protein and ensure longer-term stability as well as bioactivity in the aqueous

phase. It is with this motivation, we have conducted this study to create and

characterize protein–Pluronic conjugate molecules and the resulting self-

assembled protein conjugated functional polymer nanoparticles.

We have used the conjugation approach described in this paper to

construct multifunctional nanoparticles, with BSA as a model protein, folic

acid as a cell-targeting moiety, and gadolinium as a contrast agent for imag-

ing, providing multiple functionalities (Suthiwangcharoen & Nagarajan,

2014a). We have also demonstrated the enhanced stability of the enzyme

Fig. 4 Schematic of a Pluronic micelle with protein attached to the PEO end groups.
The state of charge on theproteinwould influence the actual conformationof themicelle,
with the protein being entirely exposed to water as shown in the figure, or the protein
partially interactingwith the PEOdomain or even the PPOdomain. The pac-man symbols
on the protein schematically represent primary amines on the side chains of lysines
which conjugate with the N-hydroxysuccinimide (NHS) ends, represented by the pen-
tagon symbols, of the functionalized Pluronic molecules. The F127 micelles are about
60 nm in diameter, and the BSA molecule in the shell region adds about 17–28 nm to
the diameter, based on the shapes suggested for BSA, as discussed later in Section 4.
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organophosphate hydrolase (OPH) when it is conjugated with the Pluronic

F127, providing significantly improved performance for decontaminating

material surfaces exposed to organophosphate chemical agents

(Suthiwangcharoen & Nagarajan, 2014b).

2. SYNTHESIS OF BLOCK COPOLYMER–PROTEIN (BSA)
CONJUGATE

ThesynthesisofBSAconjugatedblockcopolymerconsistsof threemajor

steps shown schematically on Fig. 5. The Pluronic block copolymer is chem-

ically inert andnot ready tobeconjugated toproteins.Thehydroxyl endgroups

of the PEOblocks need to be transformed into reactive groups that could con-

jugate with the protein. Therefore, first, the block copolymer was activated

with succinic anhydride to form carboxyl-terminated block copolymer.

Second, N-hydroxysuccinimide (NHS) was introduced to the carboxyl-

terminated block copolymer to create a good leaving group (NHS) for enzyme

conjugation. Third, the amino group of lysine on the BSA reacted with the

Fig. 5 Schematic of the three sequential synthetic steps involved in the preparation of
bovine serum albumin conjugated with F127 block copolymer. Also shown are the
chemical structures of various molecules involved in the synthesis. The synthetic steps
are described in detail in the following text.
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NHS group on the block copolymer via addition/elimination to create sta-

ble amide bond between the block copolymer and the BSA, creating the

conjugated micelle.

2.1 Materials
A family of Pluronic PEO–PPO–PEO symmetric triblock copolymers

shown on Fig. 3 were obtained as a gift from the BASF Corporation.

Two molecules from this family, with commercial designations F127

(PEO100PPO64PEO100, MW 12,450 Da, 70 wt% PEO) and P123

(PEO20PPO70PEO20, MW 5750 Da, 30 wt% PEO), were used in our

experiments. These two molecules have roughly similar lengths of the

hydrophobic polypropylene oxide blocks. Other molecules from this family

can also be readily used, following identical synthetic methods described

here. Materials used include the following:

F127, MW 12,450 Da, 70 wt% PEO (BASF)

P123, MW 5750 Da, 30 wt% PEO (BASF)

Succinic anhydride (Sigma-Aldrich)

1,4-Dioxane (Sigma-Aldrich)

Dichloromethane, DCM (Sigma-Aldrich)

Triethylamine, TEA (Sigma-Aldrich)

Acetonitrile (Sigma-Aldrich)

Diethyl ether (Sigma-Aldrich)

BSA (Sigma-Aldrich)

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, EDC (ACROS

Chemical)

NHS (Alfa Aesar)

4-Dimethylaminopyridine, DMAP (Alfa Aesar)

Nanopure water

Phosphate saline buffer (PBS 1�, pH 7.4)

NuPAGE® Novex® 12% Bis-Tris Gel (Molecular Probes, Invitrogen)

MOPS (3(N-morpholino) propanesulfonic acid) buffer (Invitrogen)

Mark 12 standard protein (Invitrogen)

Coomassie Blue R-250

Paraoxon (Sigma-Aldrich)

Methanol (Sigma-Aldrich)

2.2 Equipment
50-mL Three-neck round-bottom flask

Addition funnel
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Buchner funnel

5-mL Eppendorf tube

0.45 μm Filters (Millipore)

Rotary evaporator

Water bath

Bruker ARX 500 MHz 1H-NMR spectrometer

Perkin-Elmer Spectrum One Fourier Transform Infrared (FTIR)

Spectrometer

Centrifuge

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Bruker Ultra-Flex II (Berman, Germany) MALDI-TOF mass

spectrometer

Circular dichroism (CD) spectrophotometer (Aviv Biomedical, Inc.,

Lakewood, NJ)

EON ultraviolet–visible (UV–vis) microplate spectrophotometer

(BioTek Instruments)

Zetasizer Nano ZS (Malvern Instruments) for light scattering and zeta

potential

2.3 Safety
Chemical-resistant gloves must be worn, and nitrile gloves are

recommended.

Safety glasses or chemical splash goggles are required.

Full length pants and close-toed shoes must be worn at all times.

All experiments should be performed in the hood, unless specified

otherwise.

2.4 Block Copolymer Functionalization With COOH End Group
In the first step, the terminal hydroxyl groups of PEO end blocks were trans-

formed to carboxylic acid (COOH) functionalities. The synthesis was con-

ducted as follows:

a. In a 50-mL three-neck round-bottom flask, F127 (6.3 g; 1 mmol OH)

and DMAP (122.17 mg; 1 mmol) were dissolved in 1,4-dioxane

(15 mL) in the presence of TEA (139 μL) and stirred under nitrogen

for 30 min.

b. Succinic anhydride solution (125 mg in 5 mL 1,4-dioxane) was then

added dropwise using the addition funnel to the copolymer solution

while stirring. The rate of addition was one drop for every 20–30 s.
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c. The solution mixture was left stirring at room temperature for 24 h

under N2 purge.

d. The excess 1,4-dioxane was removed by rotary evaporation. Briefly, a

round-bottom flask containing the sample in 1,4-dioxane was placed

on the rotary evaporator. The bump trap was applied to prevent the sam-

ple from accidentally splashing into the condenser. The aspirator vac-

uum was turned on with the full vacuum. The flask was then

lowered into the water bath with the temperature of �70°C. Few bub-

bles may be evident as an indicative of the solvent being removed. Note

that the temperature of the water bath and the vacuum pressure are two

key parameters that control the rate of the solvent removal. The water

bath temperature should not exceed the boiling point of the solvent.

e. The remaining samples were precipitated three times in cold diethyl

ether while stirring.

f. The precipitate was vacuum filtered in a Buchner funnel using a coarse

filter paper and dried under vacuum overnight at room temperature to

give the white powder of F127-COOH.

2.5 Block Copolymer Functionalization With NHS End Group
In this step, the carboxyl-terminated F127 was converted to NHS-

terminated F127. Briefly, the synthesis followed the steps below:

a. F127-COOH (500 mg; 0.08 mmol) and EDC (77 mg; 0.4 mmol) were

dissolved in 5 mL DCM in a round-bottom flask.

b. After stirring the mixture for 30 min, NHS (46 mg; 0.4 mmol) was

added, and the solution mixture was left stirring at room temperature

for 24 h.

c. Next day, the solution mixture was precipitated three times in cold

diethyl ether.

d. The precipitate was vacuum filtered in a Buchner funnel using a coarse

filter paper and further dried under vacuum overnight at room temper-

ature to give the white powder of F127-NHS.

2.6 Confirming End Functionalization of F127
The successful preparation of F127-COOH and F127-NHS was confirmed

using 1H-NMR (Fig. 6). 1H-NMR was acquired on a Bruker ARX

500 MHz spectrometer. The NMR spectrum of F127-COOH shows a

characteristic peak at �2.6 ppm, corresponding to the protons on the

CH2–CH2 of the succinic anhydride. For the F127-NHS, the protons on
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the CH2–CH2 of the succinic anhydride were deshielded to �3.2 ppm,

while a prominent peak at �2.8 ppm corresponds to the CH2–CH2 of

the NHS ring.

The successful preparation of F127-COOH and F127-NHS was con-

firmed also using Fourier transform infrared spectroscopy (FTIR) as shown

on (Fig. 7). Infrared spectroscopy was recorded on a FTIR. FTIR spectrum

shows a prominent peak at�1730 cm�1, corresponding to the stretching of

the carbonyl group on COOH. The FTIR spectrum shows a characteristic

peak of the carbonyl and amide bonds at �1713 and 1570 cm�1,

respectively.

The yield of F127-COOH and F127-NHS were both greater than 80%.

The yield was calculated based on the difference betweenweights before and

after conjugation based on the well-established method described in detail

(Zhang et al., 2010).

2.7 Block Copolymer Conjugation With BSA
The F127 functionalized with the NHS end group is conjugated to BSA

with the following protocol. This method can be applied to other

10 8 6 4 2 0

CH2–CH2 of
NHS ring

CH2–CH2 of
succinic

anhydride

CH2–CH2 of
succinic

anhydride

ppm

F127-NHS
F127-COOH
F127

Fig. 6 1H-NMR spectra of F127, F127-NHS, and F127-COOH, respectively. The presence
of COOH and NHS is confirmed by 1H-NMR as explained in the text.
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protein/enzyme conjugation. However, the optimal pH and ionic strength

of the buffer are to be varied, depending upon the nature of the protein (i.e.,

isoelectric point).

a. In a 5-mL Eppendorf tube, BSA in PBS solution (30 mg mL�1) was

added dropwise into the F127-NHS solution (15 mg mL�1) while

stirring.

b. Then, the reaction mixture was allowed to stir at 4°C for 48 h.

c. The samples were centrifuged at relative centrifugal force of 8000� g to

16,000� g for 20 min at 4°C to remove excess BSA. The supernatant

was carefully removed using a micropipette without disturbing the small

pellet on the side of the tube. The pellet was then resuspended in 4°C
water. To minimize the protein denaturation, the water must be pre-

incubated at 4°C. Depending upon the final application, water can be

replaced with an appropriate buffer. Since the sample was intended to

be lyophilized immediately, water was used herein to avoid the salt con-

tent from the buffer.

3500
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F127-NHS

CKO
stretching

CKO NJCKO
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Fig. 7 FTIR spectra of F127, F127-NHS, and F127-COOH, respectively. The presence of
COOH and NHS is confirmed by FTIR as explained in the text.
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d. The removal of free BSA was monitored by SDS-PAGE measurements

(described in Section 3.1).

e. The purified sample was lyophilized and stored at �20°C until use.

3. CHARACTERIZATION OF BLOCK COPOLYMER–
PROTEIN CONJUGATE

3.1 SDS-PAGE for Confirming Protein Conjugation
The conjugation of BSA to F127 and the purification of the conjugate from

free BSA were monitored using SDS-PAGE.

a. The SDS-PAGE employed NuPAGE® Novex® 12% Bis-Tris Gel

(Molecular Probes, Invitrogen) with MOPS (3(N-Morpholino) prop-

anesulfonic acid) running buffer (Invitrogen). The NuPAGE® Novex®

12% Bis-Tris Gels are precast polyacrylamide gels designed to give opti-

mal separation of small- to medium-sized proteins. The gels have a neu-

tral pH environment that minimizes protein modifications.

b. All samples were heated at 70°C for 10 min to denature the proteins

prior to electrophoresis.

c. Mark 12 protein was run in two channels, free BSA in one channel, and

F127-BSA conjugate at different concentrations in three channels.

Approximately 10 μg of protein is needed for each channel.

d. Constant voltage of 200 V was applied, and the gel was run for about

42 min.

e. Following electrophoresis, the gel was stained with Coomassie Blue to

facilitate visualization of protein bands. The gel was stained at room tem-

perature for 3–4 h with gentle agitation. The container must be covered

to avoid contamination and to prevent evaporation of the staining solu-

tion. Appropriate nitrile gloves must be worn to prevent protein con-

tamination from hands. After the staining was complete, the gel was

destained for overnight at room temperature with the destain solution

with gentle agitation. Make sure that the entire gel is covered with

the destain solution. A piece of Kimwipe tied in a knot may be placed

in the destain solution around the gel to facilitate the destaining process.

Try to avoid laying the Kimwipe on the gel as that may cause uneven

destaining. Note that the staining/destaining process can be accelerated

with the use of microwave oven (optional). Detain solution: 50% (v/v)

methanol in water with 10% (v/v) acetic acid.

Fig. 8 shows SDS-PAGE profiles of the following samples: Mark 12 standard

protein, standard BSA, and F127-BSA at various concentrations. The major
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band at 66.5 kDa is associated with the free BSA, while the bands at a higher

molecular weight are associated with F127-BSA conjugates (F127 is approx-

imately 12.5 kDa).

For the purification process, SDS-PAGEwas run at various stages of cen-

trifugation.When nomore free BSA was detected in SDS-PAGE, the prod-

uct was lyophilized and stored at �20°C. The complete removal of excess

BSA by centrifugation was not always consistently achieved, and it would be

useful to consider alternate methods such as dialysis or liquid chromatogra-

phy for this purpose.

3.2 MALDI-TOF for Molecular Weight Determination of Protein
Conjugate

Molecular weight of F127-BSA after the purification step was determined

using MALDI-TOF mass spectrometry (MS) analysis, conducted using a

Bruker Ultra-Flex II (Berman, Germany), and equipped with solid-state

smart beam.

a. The MALDI was conducted in 70% acetonitrile where the micelles will

undergo disassembly to singly dispersed F127-BSA.

b. MS experiments were conducted by plate spotting of the samples, which

were premixed with a sinapinic acid matrix.

Fig. 8 SDS-PAGE analysis of Pluronic–BSA conjugates, Lanes 1 and 5—standard protein
Mark 12, Lane 6—native BSA (�66 kDa), and Lanes 2, 3, and 4—F127-BSA conjugate at
various concentrations during the purification process.
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c. The free BSA and F127 were used as reference samples.

d. The BSA reference and the purified F127-BSA were spotted by the

dried droplet method using a 0.75 μL of a saturated sinapinic acid matrix

in 70% acetonitrile/0.1% TFA and 0.75 μL of the protein samples.

e. The samples were run in linear mode with an accelerating voltage of

25 kV (Fig. 9).

In MALDI-TOF, the primary species correspond to singly ionized state of

the protein, while a small amount of doubly ionized species is also generally

obtained. The peaks at 66.4 and 33.3 kDa obtained for BSA represent the

unmodified BSA in the singly and doubly ionized states, respectively.

The peak at 79.6 kDa obtained for F127-BSA suggests that F127 was con-

jugated to BSA with approximately 1:1 ratio, since that will correspond to

the 1:1 conjugate in its singly ionized state. The peak at 39.9 kDa obtained

for F127-BSA again corresponds to the 1:1 conjugate, but in the doubly ion-

ized state. No peak for BSA was seen in the MALDI-TOF of F127-BSA,

indicating the efficiency of purification.

Because BSA has numerous lysine sites on the surface for conjugation

and a number of conjugates with end-functionalized F127 are potentially

Fig. 9 MALDI-TOF mass spectrum of native unmodified BSA (top) and purified
F127-BSA (bottom). The results reveal the presence of a 1:1 F127:BSA conjugate.
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possible (Fig. 10). The type of conjugates formed depends upon the prox-

imity of the lysine residues on BSA, the size of the block copolymer as well as

the concentrations of the protein, and the block copolymer in solution.

Some conjugates and their anticipated approximate molecular weights

for singly and doubly ionized states are as follows: (i) only one end of

F127 is conjugated to a molecule of BSA (1:1 conjugate, 79 and

39.5 kDa), (ii) each end of F127 is conjugated to a different BSA molecule

(1:2 conjugate, 145 and 72.5 kDa), (iii) both ends of F127 are conjugated to

the same BSA molecule (1:1 conjugate, 79 and 39.5 kDa), (iv) two F127

molecules are conjugated to the same BSA molecule (2:1 conjugate,

92 and 46 kDa), and (v) more complex conjugates involving multiple

BSA and multiple F127 molecules. Following the purification steps, the

MALDI-TOF indicates only a 1:1 conjugate in the final purified product.

However, MALDI-TOF cannot resolve whether only one end of F127

Fig. 10 Schematic of various protein–polymer conjugation states. The pac-man sym-
bols on the protein schematically represent primary amines on the side chains of lysines
which conjugate with the N-hydroxysuccinimide (NHS) ends, represented by the pen-
tagon symbols, of the functionalized Pluronic molecules. Left figure shows the possibil-
ities either only one end of F127 is conjugated to amolecule of BSA or both ends of F127
are conjugated to the same BSA molecule. The right figure shows the possibility that
each end of F127 is conjugated to a different BSA molecule. Not shown are numerous
other possibilities such as two or more F127 molecules conjugated to the same BSA
molecule and complex conjugate networks involving multiple BSA and multiple F127
molecules.
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or both ends of F127 are covalently bound to one BSA molecule since both

options give rise to the same mass peaks.

3.3 CD and UV–Vis Spectra for Assessing Secondary
Structure Changes in Conjugated Protein

The CD measurements were made using the CD spectrophotometer (Aviv

Biomedical, Inc., Lakewood, NJ) with a path length of 1 mm. Measure-

ments were carried out on BSA and F127-BSA in diluted HEPES (4-(2-

hydroxyethyl)-1-piperazine ethanesulfonic acid) buffer solutions (pH 8),

keeping the enzyme concentration at 100 μg mL�1. Far-ultraviolet CD

spectra were measured from 190 to 240 nm at 1 nm intervals. Three scans

were accumulated and averaged for each spectrum after the background of

diluted blank buffer was subtracted (Fig. 11).

BSA is a protein with mainly α-helix secondary structure (59% in 10 mM

phosphate buffer, pH 7.4). Changes in its secondary structure can be easily

detected by CD, which is sensitive to variations in the percentage of α-helix
structure present. The CD spectrum for BSA in aqueous solution is charac-

teristic of macromolecules with high α-helical content, monitored by the

two well-defined ellipticities at 208 and 222 nm. The CD spectrum of

F127-BSA essentially retains the same features as the CD spectrum of
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Fig. 11 Circular dichroism spectra of BSA and F127-BSA. Both spectra exhibit two min-
ima at 208 and 222 nm, indicating that the conjugation did not significantly affect the
secondary structure of the BSA. The polymer at the concentration present in the solu-
tion of the conjugate has no absorbance in the region of measurements.
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BSA indicating no perceptible changes in the secondary structure of the pro-

tein because of the covalent conjugation to the F127.

The UV–vis spectra of both BSA and F127-BSA are shown on Fig. 12.

A blue-shift of about 3 nm was observed after the conjugation indicating a

slight change of themicroenvironment polarity around the tryptophan (Trp)

and/or tyrosine (Tyr) residues of BSA. The interaction between the block

copolymer and BSA apparently changes the polarity of microenvironment

around Trp and Tyr residues of BSA but does not cause a conformational

change of BSA.

3.4 Kinetic Assay to Assess Change in Biological Activity of
Conjugated Protein

BSA shows hydrolytic reactivity against the organophosphate compound,

paraoxon (Fig. 13) converting it to diethyl phosphate and p-nitrophenol.

The hydrolysis product p-nitrophenol, under basic conditions, has a yellow

color that is easily detectable by use of UV–vis spectroscopy.
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Fig. 12 UV–vis spectrum of BSA and F127-BSA. A slight blue-shift of about 3 nm was
observed after the conjugation indicating a slight change of the microenvironment
polarity around the tryptophan and/or tyrosine residues of BSA. Note that the spectra
were normalized at the characteristic peak whose relative absorbance is set as unity,
and therefore, the base lines of the two samples are different.
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Measurements of the catalytic activity of BSA and F127-BSA were per-

formed with an EON UV–vis microplate spectrophotometer (BioTek

Instruments). The hydrolysis of paraoxon in the presence of BSA was

assessed by optical density (OD) measurements at 405 nm. The appropriate

blanks were subtracted from the raw measurements of OD, so that the

reported OD measurements only represented the formation of the hydroly-

sis product, p-nitrophenol. The activity of BSA an F127-BSA conjugate for

the hydrolysis of paraoxon was evaluated with the following protocol:

a. An aqueous solution of paraoxon containing 10% (v/v) methanol was

added to BSA or F127-BSA with the same enzyme concentrations to

give the final concentrations of 0.075 μg mL�1 of BSA and 0.1 mM

paraoxon.

b. The activity levels were measured by monitoring the release of

p-nitrophenol product spectrophotometrically at 405 nm for 10 min

using EON BioTek Microplate Spectrophotometer.

c. The concentration of p-nitrophenol was determined based on the stan-

dard calibration curve of OD vs concentration.

d. The kinetic parameters for BSA and F127-BSA were obtained by mea-

suring initial hydrolysis rate at different paraoxon concentrations, keep-

ing a constant enzyme concentration (Fig. 14).

Initial rate kinetics of enzyme-catalyzed reactions follow a substrate-

saturation mechanism, well known as the Michaelis–Menten kinetics

(Scheme 1).

Here, E, S, ES, and P denote the enzyme, the substrate, the enzyme/

substrate complex, and the product, respectively, while the various phe-

nomenological rate constants are denoted by k+, k�, and kcat. Under quasi

steady-state approximation, the initial rate kinetics is represented by the

relation

V ¼ dS

dt
¼ VmS

KM + S
, Vm¼ kcatEo, KM¼ k� + kcat

k+

,
1

V
¼ 1

Vm

+
KM

VmS
(1)

P

O

O

O N+ HO N+

O

O− O−

O

O

P

O

O

OH

O
+

Paraoxon Diethyl phosphate

p-Nitrophenol

Fig. 13 Hydrolysis of paraoxon to produce diethyl phosphate and p-nitrophenol.
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where V is the reaction velocity, Vm¼kcat Eo is the maximum velocity

attained at saturating substrate concentration, Eo is the total concentration

of the enzyme (sum of the free-enzyme, E and that bound to the substrate,

ES), andKM is known as theMichaelis constant. The last part of Eq. (1) is the

same Michaelis–Menten equation written in the double-reciprocal form

commonly used to construct the Lineweaver–Burk plot to extract the con-

stants appearing in the rate equation. The kinetic constants were determined

by fitting the initial reaction velocityV obtained at various substrate concen-

trations [S] to the classical Michaelis–Menten equation (Eq. 1), and the

results are summarized in Table 1.
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Fig. 14 Initial reaction velocity of hydrolysis of paraoxon by BSA and F127-BSA as a func-
tion of the substrate paraoxon concentration. The enzymatic hydrolysis of paraoxonwas
conducted in water at 37°C. The rate of the reaction was monitored at 405 nm every
30 min for 5 h. The experimental data are shown in two different forms: one plotting
the velocity against the substrate concentration and the other plotting the reciprocals
of those variables, known as the Lineweaver–Burk plot. The results show a small
increase in enzymatic activity when BSA is conjugated to F127.

E + S ES → E + P
k+ kcat

k−

Scheme 1 Michaelis–Menten enzyme kinetics involving the reversible formation of
enzyme-substrate complex followed by the irreversible dissociation of new product
synthesized.

Table 1 Kinetic Parameters for Biocatalytic Activity of BSA and F127-BSAa

Parameter BSA F127-BSA

KM (mM) 1.653�0.305 1.884�0.383

Vm�106 (mM s�1) 1.677�0.225 2.249�0.365

kcat�106 (s�1) 8.871�0.595 11.9�0.386

kcat/KM�106 (mM�1 s�1) 5.371�0.166 6.317�0.083

aValues represent means of quintuplicate experimental data (mean� st. dev.).
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4. CHARACTERIZATION OF PROTEIN–POLYMER
CONJUGATE MICELLE

Protein–polymer conjugate micelles were prepared using conven-

tional stirring. The lyophilized or solid samples of the F127, P123, and

F127-BSA were dissolved in nanopure water at approximately 1% (w/v)

concentration, and the micelles were spontaneously generated. The solution

mixture was allowed to stir at room temperature for about 1–2 h under dark.
The sample was filtered through 0.45 μm filters (Millipore) prior to the

dynamic light scattering (DLS) and zeta potential measurements.

4.1 Micelle Size Determination by DLS
The hydrodynamic diameter and size distributions were measured with DLS

using the Zetasizer Nano ZS (Malvern Instruments). The scattering intensity

was measured at a scattering angle of 173 degree relative to the source. The

deconvolution was accomplished using a nonnegatively constrained least-

squares fitting algorithm.

The DLS results (Fig. 15) for F127 show one peak at about 4 nm for the

nonmicellar, singly dispersed molecule of F127, and a second peak at about

60 nm for F127 micelles. The DLS data show that P123 micelles have a
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Fig. 15 Size distribution from DLS for P123, F127, and F127-BSA micelles.
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diameter of about 20 nm. The F127-BSA micelles have a size of about

90 nm, and the micelle size is larger than that of the unmodified F127

micelles by about 30 nm. The shape of BSA in solution has been discussed

in the literature in the context of interpreting scattering data for BSA, taking

into consideration the X-ray crystallographic data available for human serum

albumin (Leggio, Galantini, & Pavel, 2008; Zhang et al., 2012, 2007). The

shape has been suggested to be a prolate ellipsoid with dimensions of

14�4 nm for the major axes, with three domains aligned along the long

axis. The X-ray crystallographic data have indicated a heart-shaped struc-

ture. Recently, an equilateral, triangular prismatic shell shape with a side

length of 8.4 nm and a thickness of 3.2 nm has been proposed. If either

the prismatic shell or the prolate ellipsoidal shapes are considered, then

the presence of the BSA at the micelle surface would account for a size

increase of about 17–28 nm over the unmodified F127 micelles, accounting

for most of the 30 nm size difference seen on conjugation. The remaining

small size expansion could be reasonably attributed to a change in the micelle

aggregation number and/or some stretching of the coronal PEO blockwhen

BSA is conjugated to the block copolymer.

The size distribution of F127 micelle shows some tailing in the large size

regime (>1000 nm) and also shows increasing intensity in the μm size range

(not shown on the plot). To understand this, we note that the direct result

from a DLS experiment is an intensity distribution of particle sizes. The

intensity distribution is weighted according to the scattering intensity of

each particle fraction. For example, if we have a mixture of equal numbers

of 10 and 100 nm size particles, then both will have the same peak areas in

the number distribution; the 100 nm particle will have 103 times larger peak

area in the volume distribution; and the 100 nm particle will have a 106 time

larger peak area in the intensity distribution. Thus, the presence of even one

dust particle or agglomerate can appear as a significant peak of large area in

the intensity distribution, typically if the particle size appears to be 1 μm or

above. No quantitative information is usually extracted from light scattering

data for sizes of about 1 μm or larger, other than recognizing the presence of

some dust or agglomerates. The mass of polymer in such large agglomerate

would still be negligible.

4.2 Micelle Zeta Potential Measurement
The surface charge densities (zeta potential values) were measured using a

Zetasizer Nano ZS (Malvern) at 25°C. The zeta potential was measured
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using a dip cell. All samples were diluted 100 times in water prior to the zeta

potential measurements to avoid any interference from counter ions.

At pH 7.4, the block copolymers P123 and F127 were slightly negatively

charged with zeta potentials of �6.8 and �8.7 mV, respectively, which is

common for neutral polymeric NPs (Zhang et al., 2012). Free BSA

showed a zeta potential of �11.2 mV. The carboxyl-functionalized block

copolymer, F127-COOH, had a negative zeta potential of �11.4 mV,

slightly larger in magnitude compared to that of nonfunctionalized

F127. The protein–polymer conjugate F127-BSA had a negative zeta

potential of �9.0 mV indicating that the zeta potential of the conjugate

was somewhat smaller in magnitude compared to that of free BSA, and

this reduction can be attributed to the presence of the block copolymer

at the protein surface.

4.3 Size and Composition Control of Micelles
Block copolymers within the Pluronic family can all be mixed well with one

another to create mixed aggregates. Since the polymer blocks are identical

chemically, the mixing is possible in all proportions. By mixing F127-BSA

with any other block copolymer, we can change the size of the mixed

micelle and also the number of BSA molecules per unit surface area of

the mixed micelle. In this work, we have chosen P123 (which has a PPO

block comparable in length to that of F127), as the block copolymer to

mix with F127-BSA.

a. Mixed micelles were prepared using conventional stirring just as the

single-component micelles, but using two approaches that were found

to be equivalent.

b. In one approach, the lyophilized or solid samples of the P123 and F127-

BSAwere mixed and then dissolved in nanopure water at approximately

1% (w/v) concentration, and the micelles were spontaneously

generated.

c. The solution mixture was allowed to stir at room temperature for about

1–2 h under dark.

d. In the second approach, the lyophilized samples of the F127-BSA and

the solid sample of P123 were each separately dissolved in the nanopure

water and allowed to self-assemble into micelles.

e. The mixed micelle was then prepared by mixing these two solutions

containing pure component micelles.
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f. Again, the formation of mixed micelle was a result of spontaneous self-

assembly. Since the mixed micelles are equilibrium structures, they

undergo size changes as a function of the composition of the mixture.

g. In all cases, the samples were filtered through 0.45 μm filters (Millipore)

prior to the DLS and zeta potential measurements.

Fig.16 shows the sizedistributions for themixedmicelles consistingofdifferent

mass ratios of P123 and F127-BSA. The P123 micelles have the smallest par-

ticle sizes (about20 nm),whereas theF127-BSAmicelles have larger andmore

broadlydispersed sizes at about90 nm.TheDLSdata showthat the average size

of themixedmicelles decreases as the content of P123 increases, and also there

is a corresponding decrease in the polydispersity of the micelles.

While this mixed micelle size control through addition of copolymer

P123 is shown for illustrative purposes, we note that other copolymers from

the same family are available with ability to form aggregates of different sizes,

thereby providing a convenient handle to tune the mixed micelle size.

We have also conjugated F127 also with another enzyme, OPH, since

that is more catalytically active against organophosphates, not discussed here.

F127-OPH conjugates showed significantly enhanced stability and higher

Fig. 16 Size distribution of P123+F127-BSA mixed micelles at different mass ratios
starting from pure P123 micelles (1:0) to pure F127-BSA micelles (0:1). Both the average
size and the polydispersity index (PDI representing the width of the size distribution)
decreased as the P123 content increased.
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activity as compared to the unconjugated OPH, when tested in aqueous

solutions at room temperature, in aqueous solutions at higher temperatures,

after multiple freeze/thaw treatments, after lyophilization, and in the pres-

ence of organic solvents.

5. CONCLUSIONS

In this study, we describe a relatively simple and flexible approach for

conjugating the protein to an amphiphilic block copolymer and creating

polymer nanoparticles with protein functionality by taking advantage of

the intrinsic self-assembly behavior of the amphiphilic block copolymer.

For demonstrative purposes, we have chosen the Pluronic block copolymers

(PEO–PPO–PEO) to conjugate with BSA selected as the model protein.

The molecular weight of the protein–polymer conjugate, degree of conju-

gation, degree retention of protein secondary structure, and biological activ-

ity of the protein in the conjugated state were delineated, as well as the size

and charge of the conjugate micelles, using multiple techniques. One con-

trols the size of the micelle and number density of the proteins on the surface

by coassembling with a second block copolymer as a mixed micelle.

The synthesis approach described here offers the unique possibilities of

controlling the size, composition, and shape (though not demonstrated in

this study) of the protein–polymer conjugate micelles, all independent of

one another through rational molecular choices. Protein–block copolymer

conjugates may offer an improved system compared to free proteins for

many practical applications.
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