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ABSTRACT: Synthetic polymer nanoparticles (NPs) that
display high affinity to protein targets have significant potential
for medical and biotechnological applications as protein
capture agents or functional replacements of antibodies
(“plastic antibodies”). In this study, we modified an
immunological assay (enzyme-linked immunosorbent assay:
ELISA) into a high-throughput screening method to select
nanoparticles with high affinity to target proteins. Histone and
fibrinogen were chosen as target proteins to demonstrate this
concept. The selection process utilized a biotinylated NP
library constructed with combinations of functional monomers. The screen identified NPs with distinctive functional group
compositions that exhibited high affinity to either histone or fibrinogen. The variation of protein affinity with changes in the
nature and amount of functional groups in the NP provided chemical insight into the principle determinants of protein-NP
binding. The NP affinity was semiquantified using the ELISA-mimic assay by varying the NP concentrations. The screening
results were found to correlate with solution-based assay results. This screening system utilizing a biotinylated NP is a general
approach to optimize functional monomer compositions and can be used to rapidly search for synthetic polymers with high (or
low) affinity for target biological macromolecules.

■ INTRODUCTION

Synthetic materials with high affinity for biomolecules have
significant potential for medical and biotechnological applica-
tions. Nanomaterials, including synthetic polymer nanoparticles
(NPs),1,2 gold NPs,3,4 and linear polymers,5 have been
developed with high affinity to peptides,1a−d proteins,2−5

polysaccharides,1e and nucleic acids.3b,c These studies utilized
NPs with combinations of charged, hydrophobic, and hydro-
philic functional groups that were tailored to target a specific
biomacromolecule to achieve affinity.
Our research has focused on generating synthetic polymer

NPs with an intrinsic affinity for target biomacromolecules
based on their chemical composition. This approach has led to
the development of NPs with high affinity (Kd ∼ 1 nM) for the
peptide melittin, the principle component of honeybee venom.
These NPs were found to neutralize the toxicity in vitro and in
vivo.1a−d These results establish the potential for creating
synthetic polymer capture agents with antibody-like affinity and
selectivity with the capability of functioning in a complex
biological milieu such as the bloodstream of a living mouse.
The protocol for producing NPs with high affinity and
selectivity is an iterative process. First a small library of NPs
containing functional groups complementary to the presenta-
tion of functional groups on the target peptide or protein is
synthesized. This is achieved by copolymerizing various ratios
of functional monomers (charged, hydrogen bond donor and
acceptors, hydrophobic, and hydrophilic) complementary to

the target biomacromolecule. The individual NPs in the library
are evaluated for their affinity to the target biomacromolecule.
NP “hits” are resynthesized to establish the optimum
composition for affinity. In some cases, the final NP synthesis
is carried out in the presence of small amounts of the peptide
target or epitope. This molecular imprinting (MIP) step is
implemented to enhance the capacity, affinity, and selectivity of
the monomer-optimized NPs,1d,f although more recent studies
have achieved comparable high affinity without this last step.1b

Antibodies achieve affinity with ionic, hydrogen bond, and
hydrophobic interactions with functional groups from the side
chains of amino acids. Our initial experiments were with
synthetic polymer NPs that contained a very limited range of
functional monomers. The NPs were screened against the
biomacromolecule one at a time. To increase the probability of
identifying synthetic polymer NPs with high affinity for a
broader range of target proteins, it will be necessary to expand
the pool of functional monomers used to generate the libraries
of NPs. This would rapidly increase the possible combinations
and, ultimately, the numbers of NPs that need to be screened.
To do this efficiently, it is necessary to establish a high-
throughput screening method to evaluate affinity of the diverse
NPs to target proteins. In this study, we describe an
immunological assay (enzyme-linked immunosorbent assay:

Received: June 28, 2012
Published: July 19, 2012

Article

pubs.acs.org/Biomac

© 2012 American Chemical Society 2952 dx.doi.org/10.1021/bm300986j | Biomacromolecules 2012, 13, 2952−2957

pubs.acs.org/Biomac
http://pubs.acs.org/action/showImage?doi=10.1021/bm300986j&iName=master.img-000.jpg&w=238&h=90
http://pubs.acs.org/action/showImage?doi=10.1021/bm300986j&iName=master.img-001.jpg&w=180&h=58


ELISA) that has been modified into a screening method to
identify high affinity synthetic polymer NPs. To demonstrate
this concept, the screen was used to identify NPs with affinity
to histone and fibrinogen proteins. The NP library was
constructed from monomers containing a range of charged
and hydrophobic functional groups.

■ CONCEPT
ELISA is a quantification method to detect the presence of a
target antigenic protein in a sample6 (Figure 1 left). In an

ELISA assay, a sample is immobilized on a surface of a
multiwell plate. A biotinylated antibody specific to the target
antigen is then added. After washing to remove unbound
antibody, avidin conjugated with an enzyme (horseradish
peroxydase; HRP) is added that immobilizes the enzyme on the
plate through the avidin−biotin interaction. In the final step, a
HRP substrate is added to produce a color change if the antigen
was present in the sample. We have developed an ELISA-mimic
system as a screen to identify NPs with high affinity for target
proteins (Figure 1). In the ELISA-mimic screening protocol, a
biotinylated NP is used instead of a biotinylated antibody to
evaluate the affinity of the NPs to a target protein. If a
biotinylated NP has affinity to a target protein, HRP is
immobilized through an avidin−biotin interaction and the
information can be read out by the color change of the
substrate. This modified ELISA screen is implemented using a
multiwell plate so a large number of NP samples can be assayed
in parallel. This high-throughput feature has significant
advantages compared to previous analytical methods including
biosensors and calorimetry.

■ EXPERIMENTAL SECTION
Materials. All reagents were obtained from commercial sources: N-

isopropylacrylamide (NIPAm), acryl ic acid (AAc), (3-
acrylamidopropyl)trimethylammonium chloride (QAm; 75 wt % in
H2O), hexadecyltrimethylammonium bromide (CTAB), azobisisobu-
tyronitrile (AIBN), ammonia persulfate (APS), triethylamine (TEA),
N,N-diisopropylethylamine (DIEA), hydroquinone, and SIGMAFAST
OPD tablet were from Sigma-Aldrich, Inc.; N,N′-methylenebisacryla-
mide (BIS) was from Fluka; D-(+)-biotin, N-t-butylacrylamide
(TBAm), and 1H-pyrazole-1-carboxamidine monohydrochloride
were from Acros Organics; N-(3-aminopropyl) methacrylamide
hydrochloride (APM) was from Polysciences, Inc.; sodium vinyl-
sulfonate (SAc; 25 wt % in H2O) was from Tokyo Chemical Industry
Co. Ltd.; sodium dodecyl sulfate (SDS) was from Fisher Scientific;
Tween 20 was J. T. Baker Chemicals Co.; horseradish peroxidase
(HRP)-conjugated avidin was from MP biomedicals; histone, from calf
thymus (type III−S), and fibrinogen from human plasma fraction II,
type III, were from Sigma; and Immuno MicroWell 96-well plate
(Maxisorp, flat-bottom, pinchibar, 400 μL) was from Nunc. A biotin
monomer (N-(3-methacrylamidopropyl)-D-biotinamide; Bio) and a

guanidinium monomer (N-(3-methacrylamidopropyl) guanidinium
chloride; Gua) were synthesized (see Supporting Information (SI)).
NIPAm was recrystallized from hexane before use. Other chemicals
were used as received. Water used in polymerization and character-
ization was distilled and then purified using a Barnstead Nanopure
Diamond system.

Preparation of Negatively Charged NPs (AAc and SAc NPs).
Negatively charged NPs (AAc and SAc NPs) were synthesized as
follows: NIPAm (98−X−Y−Z mol %), TBAm (X mol %), BIS (2 mol
%), Bio (Y mol %), negatively charged monomer (AAc or SAc; Z mol
%), and SDS (10 mg) were dissolved in water (50 mL). TBAm was
dissolved in 1 mL of ethanol before addition to the monomer solution,
resulting in a total monomer concentration of 65 mM. The resulting
solutions were filtered through a standard grade filter paper
(Whatman) and nitrogen was bubbled through the reaction mixtures
for 30 min. Following the addition of APS aqueous solution (30 mg/
500 μL), the polymerization reaction was carried out at 60−65 °C for
3 h under a nitrogen atmosphere. The polymerized solutions were
purified by dialysis against an excess amount of pure water (twice a day
changes) for 4 days.

Preparation of Positively Charged NPs (QAm and Gua NPs).
Positively charged NPs (QAm and Gua NPs) were synthesized as
follows. NIPAm (98−X−Y−Z mol %), TBAm (X mol %), BIS (2 mol
%), Bio (Y mol %), positively charged monomer (QAm or Gua; Z mol
%), and CTAB (20 mg) were dissolved in water (50 mL). TBAm was
dissolved in 1 mL of ethanol before addition to the monomer solution,
resulting in a total monomer concentration of 65 mM. The resulting
solutions were filtered through a standard grade filter paper
(Whatman), and nitrogen was bubbled through the reaction mixtures
for 30 min. Following the addition of AIBN acetone solution (30 mg/
500 μL), the polymerization reaction was carried out at 60−65 °C for
3 h under a nitrogen atmosphere. The polymerized solutions were
purified by dialysis against excess amount of pure water (twice a day
changes) for 4 days.

ELISA-Mimic Screen of NPs. Proteins (histone or fibrinogen)
were dissolved in phosphate-buffered saline (PBS; 35 mM phoshate
and 150 mM NaCl, pH 7.3) to give protein solutions (500 μg/mL,
respectively). The solutions (100 μL each) were loaded in the wells of
an Immuno MicroWell 96-well plate (Maxisorp, flat-bottom, pinchibar,
400 μL) to immobilize the proteins on the plate through physical
adsorption. After the immobilization for 1 h at room temperature, each
well was washed twice with 250 μL of PBS buffer. NP-PBS solutions
(AAc, SAc, QAm, and Gua NPs) were prepared mixing 125 μL of the
NP solution with an equal amount of concentrated (2×) PBS buffer
and loaded in the wells of the protein-immobilized plate. After the
incubation for 1 h at room temperature, each well was washed three
times with 250 μL of PBS buffer, including 0.05% of Tween 20. HRP-
conjugated avidin stock solution (3 μL; 1.79 mg/mL in 0.014 M
sodium phosphate, 0.1 M sodium chloride, pH 7.3, with 0.7% bovine
albumin, 36% glycerol, and 0.01% thimerosal) was diluted with 21 mL
of PBS buffer and the solution (200 μL each) was loaded in the wells
of the plate. After the incubation for 1 h at room temperature, each
well was washed three times with 250 μL of PBS buffer. The substrate
solution was prepared using SIGMAFAST OPD tablet kit (Sigma-
Aldrich) in the instructed manner (0.4 mg/mL o-phenylendiamine, 0.4
mg/mL urea hydrogen peroxide, 0.05 M phosphate-citrate, pH 5.0)
and 200 μL of the solution was loaded in the each well of the plate.
After the incubation for 4 min at room temperature, 50 μL of 3 N HCl
solution was added into the each well to stop the enzyme reaction.
The absorbance at 492 nm of each well was measured by μQuant
microplate spectrophotometer (Bio-Tek Instrument, Inc.).

UV−Visible Spectrometry. Interactions of the NPs (AAc, SAc,
QAm, and Gua NPs without a biotin group) with histone and
fibrinogen were evaluated by filtration and UV−visible spectrometry
(NanoDrop 2000c, 10 mm cuvette, Thermo Scientific).

Interactions of Histone and NPs. Histone was dissolved in
phosphate-buffered saline (PBS; 35 mM phoshate and 150 mM NaCl,
pH 7.3) and mixed with NP solutions to give a final volume of 600 μL
(the final concentrations of histone and NPs were 500 and 1000 μg/
mL, respectively). The NP-histone solution was incubated at 37 °C for

Figure 1. Concept of an ELISA-mimic screen (middle and right): A
standard ELISA using a biotinylated antibody is also illustrated (left).
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30 min. Aggregation was observed in some cases. Samples were
centrifuged at 15700 g for 10 min and the supernatant was filtrated
through 0.02 μm syringe filter (Anotop 10, Whatman) to remove the
NP and the histone that bound to the NP. The histone concentration
in the filtered supernatants was measured by a modified Lowry assay7

using a DC protein assay kit (Bio-Rad Laboratories, Inc.) because of a
lack of the absorbance at 280 nm of histone. The standard curve of a
histone concentration was prepared following the kit instruction
ranging from 25 to 500 μg/mL of histone solution (the absorbances of
25, 50, 125, 200, 350, and 500 μg/mL were plotted, respectively). The
bound amount of histone to the NP (%) was calculated using the eq 1,
where Chistone is the histone concentration in the filtered supernatant
and Cinitial is the initial concentration of the hisotone (500 μg/mL),
respectively.

= − C C[bound protein ratio](%) 100[1 ( / )]histone initial (1)

Interactions of Fibrinogen and NPs. Fibrinogen was dissolved in
phosphate-buffered saline (PBS; 35 mM phoshate and 150 mM NaCl,
pH 7.3) and mixed with NP solutions to give a final volume of 600 μL
(the final concentrations of fibrinogen and NPs were 500 and 1000
μg/mL, respectively). The NP-fibrinogen solution was incubated at 37
°C for 30 min. Aggregation was observed in some cases. Samples were
centrifuged at 15700 g for 10 min and the supernatant was filtrated
through a 0.1 μm syringe filter (Millex-VV hydrophilic PVDF,
Millipore) to remove the NP and the fibrinogen that bound to the NP.
The absorbance at 280 nm of the filtered supernatant was measured.
The bound amount of fibrinogen to the NP (%) was calculated using
the eq 2, where ANP‑fibrinogen and Afibrinogen are the absorbance at 280 nm
with or without NPs, respectively.

= − ‐A A[bound protein ratio](%) 100[1 ( / )]NP fibrinogen fibrinogen

(2)

■ RESULTS AND DISCUSSION
Target Proteins and the Biotinylated NP Library. For

these studies, two distinct proteins, histone (hydrophobic, pI =
11)8−11 and fibrinogen (hydrophobic, pI = 5.5),12−14 were
chosen as targets. N-Isopropylacrylamide (NIPAm)-based
hydrogel NPs were prepared containing 1 mol % of a biotin
monomer (N-(3-methacrylamidopropyl)-D-biotinamide; Bio)
and 2 mol % of a crosslinker (N,N′-methylenebisacrylamide;
BIS) to construct a NP library (Figure 2). Hydrophobic groups

were incorporated in the NPs by inclusion of 40 mol % of N-t-
butylacrylamide (TBAm). NPs without TBAm were also
prepared to compare the contribution of hydrophobic groups.
Four types of charged functional monomers were used (5 or 20
mol %, each) to examine the electrostatic contributions to
affinity: a carboxylate monomer (acrylic acid; AAc) and a
sulfonate monomer (sodium vinylsulfonate; SAc) were selected
as negatively charged monomers, and a quaternary ammonium
monomer ((3-acrylamidopropyl)trimethylammonium chloride;
QAm) and a guanidinium monomer (N-(3-methacrylamido-
propyl) guanidinium chloride; Gua) were selected as positively
charged monomers (see Supporting Information (SI) for
synthesis of Bio and Gua). NPs were prepared by a
precipitation polymerization from aqueous solutions containing
small amounts of surfactant. Following extensive dialysis of the
resultant NP solutions to remove the surfactant and oligomers,
the hydrodynamic diameter of the NPs were measured by
dynamic light scattering (DLS). All NPs were monomodal
(Tables S1 and S2 in SI).

ELISA-Mimic Screen. An ELISA-mimic screen of NPs was
implemented using the NP library (Figure 3). Target proteins
(histone or fibrinogen) were immobilized on the surfaces of a
96-well ELISA plate (Maxisorp, Nunc) by physical adsorption.
After washing the wells with phosphate-buffered saline (PBS;
35 mM phoshate and 150 mM NaCl, pH 7.3), biotinylated NP
solutions in PBS (AAc, SAc, QAm and Gua NPs; 500 μg/mL,
each) were added to the protein-immobilized wells and
incubated for 1 h at room temperature. After washing with
PBS, including 0.05% of Tween 20, HRP-conjugated avidin
solution was loaded into the wells and incubated for 1 h at
room temperature. The substrate solution for HRP (o-
phenylendiamine; OPD) was prepared (0.4 mg/mL OPD, 0.4
mg/mL urea hydrogen peroxide, 0.05 M phosphate-citrate, pH
5.0) and added into the washed wells at room temperature. A
color change was observed in some wells, indicating the
generation of product (Figure 3a). A control experiment using
NPs without a biotin group gave no significant signal (Figure
S1 in SI), indicating HRP was immobilized through specific
avidin−biotin interaction. The enzyme reaction was quenched
by addition of an HCl solution after 4 min and the absorbance

Figure 2. Preparation of a biotinylated NP library. Monomers incorporating hydrophobic (TBAm 40%) and charge (AAc, SAc, QAm, and Gua)
were individually incorporated at loadings of 5 or 20%.
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particular to the product (at 492 nm) was measured with a
microplate spectrophotometer (Figure 3b). In the case of

histone-immobilized wells, AAc containing NPs (both 5 and
20%) incorporating TBAm groups showed the strongest
signals. Histone is a basic protein containing a number of
surface exposed arginine and lysine residues.9,10 We attribute
the tight binding in part to electrostatic interactions between
negatively charged NPs and the positively charged histone. In
addition, a guanidinium group of an arginine residue in histone
can form a strong salt bridge with a carboxylate group of the
AAc containing NPs through two parallel hydrogen bonds.15

This robust binding can assist the strong association.
Interestingly, the signal arising from AAc NPs without TBAm
groups is significantly diminished. This result is significant
because it suggests that strong NP binding to histone does not
arise solely from charged interactions but also requires
hydrophobic groups in the NP. These groups can bind to the
hydrophobic domain of the histone core of the H2A, H2B, H3,
and H4 families.9−11 Compared to AAc containing NPs, SAc
NPs showed weaker signals, especially in the case of NPs
incorporating SAc 5% with TBAm. This result may be
attributed to the diminished hydrogen-bonding ability of a
sulfonate group compared to a carboxylate group16 with a
guanidinium group on the histone. In the case of positively
charged NPs (QAm and Gua), no significant signals were
observed presumably due to charge repulsion between these
NPs and the positively charged histone. In the case of
fibrinogen, which is a hydrophobic and negatively charged
protein,12,13 the signal pattern of the wells was significantly
different from that of histone. NPs incorporating Gua,
especially 20% with TBAm most tightly bound to fibrinogen
presumably forming two parallel hydrogen bonds in addition to
electrostatic interactions between guanidinium groups of the
NP and carboxylate groups on fibrinogen. Meanwhile, QAm
NPs showed very slight affinity to fibrinogen. This may be
explained by the fact that a quaternary ammonium group of
QAm NPs can interact with fibrinogen only by an electrostatic
interaction without forming hydrogen bonding. Negatively
charged NPs (AAc and SAc) showed little interaction with
fibrinogen due to charge repulsion.

Quantification of NP Affinities. The ELISA-mimic screen
was used to quantify protein binding against selected NPs by
systematically reducing the NP concentrations. Biotinylated
NPs including 5 or 20% of charged groups and TBAm were

Figure 3. Results of ELISA-mimic screen for high affinity NPs against
target proteins. (a) The images are of histone (left) and fibrinogen
(right) immobilized plates. The molar ratios of charged and TBAm
monomers in the NPs are indicated on the top. The specific charged
groups of NPs are indicated at the left. (b) Quantification of the
substrate color change by UV−vis spectroscopy (purple: histone,
orange: fibrinogen). A microplate reader was used to measure the
absorbance (at 492 nm) of the product. The absorbance was the mean
value of two wells (n = 2) under identical conditions on the same
plate. The charged groups of NPs are indicated on the top. The molar
ratios of charged and TBAm monomers are indicated at the bottom.

Figure 4. NP concentration dependencies of the signal intensity of ELISA-mimic screen. The biotinylated NPs including 5% (triangle) or 20%
(circle) of charged groups and TBAm group were evaluated: (a) AAc and SAc NPs for histone, (b) Gua and QAm NPs for fibrinogen. The data
represent the average of four measurements and the error bars are standard deviations.
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selected for the affinity evaluation (AAc and SAc NPs for
histone, QAm and Gua NPs for fibrinogen). The diluted NP
solutions (ranging from 1 to 500 μg/mL) were incubated with
the protein-immobilized wells and the absorbance of the
catalyzed product was measured in the same manner as above.
For AAc NPs against histone (Figure 4a), AAc 20% NP still
showed the maximum signal intensity (absorbance: 0.55) up to
10 μg/mL of the NP concentration. In contrast, the absorbance
of AAc 5% NP started to decrease at 100 μg/mL. We used the
NP concentration at which the absorbance was at half-
maximum as the criteria for the NP affinity (50% effective
concentration: EC50). Based on this criteria, the EC50 of AAc
5% and 20% were ∼50 and ∼3 μg/mL respectively. AAc 20%
NP has approximately 20× higher affinity than AAc 5% NP.
This result can be attributed in part to a cooperative effect of
polyvalent ionic and hydrogen bonding interactions between
the AAc NP and histone as the mol % of AAc increases in the
NP. With regard to Gua 20% NP against fibrinogen (Figure
4b), the EC50 was ∼30 μg/mL and the affinity is comparable to
that of AAc 5% NP against histone. The results of the NP
affinity estimation demonstrate that the ELISA-mimic screen
enables not only selection of high affinity NPs to a target
protein but also quantitative comparison of the NP affinities.
Comparison of the ELISA-Mimic Screen with a

Solution-Based Assay. The ELISA-mimic screen is a plate-
based analytical diagnostic. The high local concentration and

limited rates of immobilized protein diffusion can contribute to
the observed affinities. Solution-based assay results can differ
substantially from plate-based analytical techniques. To
compare the ELISA-mimic protein-NP affinities with those in
solution phase, we investigated the interactions of NPs with
histone and fibrinogen in solution by UV−visible spectrometry
(Figure 5a). Histone and fibrinogen were dissolved in PBS and
mixed with NP solutions (AAc, SAc, QAm, and Gua, including
TBAm), respectively (the final concentrations of proteins and
NPs were 500 and 1000 μg/mL, respectively). After incubation,
samples were filtrated through a syringe filter (the pore size:
0.02 μm for histone, 0.1 μm for fibrinogen, respectively) to
remove the NP and bound protein from solution. The amount
of bound protein (%) was calculated by measuring the decrease
of protein concentration in the filtrate. The fibrinogen
concentration was calculated using the UV absorbance at 280
nm. The histone concentration was measured by a modified
Lowry assay8 because of a lack of the absorbance at 280 nm of
histone. In the case of the NP−histone interaction (Figure 5b),
AAc 20% NP tightly bound and captured almost all histone in
solution. AAc 5% NPs showed relatively low affinity capturing
40 wt % of histone. These results are qualitatively consistent
with the estimated affinity of AAc NPs using the ELISA-mimic
screen (Figure 4a). On the other hand, SAc 20% NP did not
show an interaction with histone even though it showed a
considerable signal intensity in the ELISA-mimic screen. This

Figure 5. Interactions between NPs and target proteins (histone or fibrinogen) in solution phase. (a) Schematic diagram of the procedure. (b, c)
Interactions between NPs and histone (b) or fibrinogen (c) assayed by UV−visible spectrometry. The charged groups of NPs are indicated on the
top. The molar ratios of charged monomers are indicated at the bottom. Each NP includes TBAm 40%. Binding amount (%) of the protein to the
NP was calculated using the protein concentrations in the filtrate that were quantified by a modified Lowry assay (b) or by the absorbance at 280 nm
(c). The data represent the average of four measurements and the error bars are standard deviations.
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may be attributed to multipoint bindings of the NP to
immobilized histones on the plate surface because the NP has
many interaction sites and its size is substantially larger than
histone (the diameter of the NP and histone are ∼100 and ∼10
nm,9 respectively). The cooperative effect of individually weak
interactions can elevate the apparent affinity in the ELISA-
mimic screen. Gua 20% NP and 5% NPs showed the highest
and the second-highest affinity to fibrinogen, respectively
(Figure 5c), a result in agreement with the ELISA-mimic
screen. These results demonstrate that the affinities of the NPs
evaluated by the ELISA-mimic screen are for the most part in
qualitative agreement with the results of solution-based assay
although the high local concentration of target proteins on the
ELISA plate can, in some cases, be overemphasized in the
ELISA-mimic assay.

■ CONCLUSIONS
In conclusion, we have established a high-throughput screen to
identify synthetic polymer NPs with high affinity for target
proteins using an ELISA mimicking system. The screen resulted
in the selection of NPs with affinity for histone and fibrinogen.
Observation of the variation of protein affinity with changes in
the nature and amount of functional groups in the NP provides
chemical insight into the principle determinants of protein−NP
binding. Quantitative comparison of NP affinities is achieved by
systematically reducing the NP concentrations to obtain a 50%
effective concentration (EC50). The good agreement between
the ELISA-mimic screen and a solution-based assay validated
the utility of the screening protocol. This screening system
utilizing a biotinylated NP is the general approach to optimize
functional monomer compositions and can be used to rapidly
search for synthetic polymers with high (or low) affinity for
target biological macromolecules.
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Synthesis of N-(3-methacrylamidopropyl)-D-biotinamide (Bio) 
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D-biotin (900 mg, 3.68 mmol) was dissoleved in thionyl chloride (15 mL) and the solution was 

stirred at room temperature for 1 h. The solvent was removed at reduced pressure. The residue 

was dried and dissolved in dried CH2Cl2 (25 mL), and the solution was poured into a mixture of 

N-(3-aminopropyl) methacrylamide hydrochloride (APM) (855 mg, 4.78 mmol) and 

triethylamine (TEA) (1.49 g, 14.7 mmol) in dried CH2Cl2 (60 mL) at room temperature. The 

solution was stirred for 2 h and the solvent was removed at reduced pressure. The residue was 

purified by column chromatography over silica gel eluting with CH2Cl2/MeOH (9:1, v/v) to give 

the desired product as a slightly yellow solid (1.05 g, 77% yield). The product was dissolved in 

DMSO (25 mg/mL) and stored in a freezer. 1H NMR (500 MHz, DMSO-d6) δ 7.89 (s, 1H), 7.80 

(s, 1H), 6.39 (s, 1H), 6.33 (s, 1H), 5.62 (s, 1H), 5.28 (s, 1H), 4.27 (m, 1H), 4.10 (m, 1H), 

3.14-3.02 (m, 5H), 2.80 (m, 1H), 2.54 (m, 1H), 2.03 (t, J = 7.1 Hz, 2H), 1.82 (s, 3H), 1.58-1.44 

(m, 4H), 1.29-1.15 (m, 4H); 13C-NMR (125 MHz, DMSO-d6) δ 172.48, 167.77, 163.11, 140.42, 

119.24, 61.44, 59.61, 55.79,45.81, 36.93, 36.55, 35.66, 29.64, 28.60, 28.42, 25.70, 19.03, 8.86; 

HRMS (ES/MeOH) m/z calcd for C17H28N4O3 S1 (M+Na)+ 391.1774, found 391.1780. 
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Synthesis of N-(3-methacrylamidopropyl) guanidinium chloride (Gua). 
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GUA was synthesized according to the reported procedure1 with slight modification. APM (1.00 

g, 5.60 mmol), 1H-pyrazole-1-carboxamidine monohydrochloride (0.82 g, 5.60 mmol) and 

N,N-diisopropylethylamine (1.59g, 12.3 mmol) were dissolved in DMF (16 mL). Hydroquinone 

(10mg) was added as a polymerization inhibitor. The mixture was stirred at room temperature for 

24 h under nitrogen atmosphere, and poured into diethyl ether (100 mL). The resulting oil was 

precipitated and the supernatant was removed. The precipitation was washed with the solution of 

acetonitrile (20 mL) and triethylamine (1 mL) two times. After washing the resultant solid with 

dichloromethane (30 mL), the pale yellow sticky solid of GUA was dried in vacuo to yield 480 

mg (39%). The product was dissolved in DMSO (50 mg/mL) and stored in a freezer. 1H NMR 

(500 MHz, DMSO-d6) δ 8.09 (s, 1H), 7.91 (s, 1H), 7.70-6.90 (br. 4H), 5.70 (s, 1H), 5.33 (s, 1H), 

3.16 (m, 4H), 1.87 (s, 3H), 1.65 (quin, J = 6.8 Hz, 3H); 13C-NMR (125 MHz, DMSO-d6) δ 

168.62, 158.04, 140.80, 120.03, 39.34, 37.15, 29.53, 19.64; HRMS (ES/MeOH) m/z calcd for 

C8H17N4O1 (M–Cl)+ 185.1397, found 185.1402. 
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ELISA-mimic screen using NPs without biotin groups. 

 

Figure S1. Results of ELISA-mimic screen using NPs without biotin groups (purple: histone, 

orange: fibrinogen). The absorbance of the product (at 492 nm) was quantified by UV-Vis 

spectroscopy. The charged groups of NPs are indicated on the top. The absorbance was a mean 

value of two wells (n = 2) under the same condition on the same plate. The molar ratios of 

charged and TBAm monomers are indicated at the bottom, respectively. 

 

Characterization of NPs by dynamic light scattering. 

The hydrodynamic diameter of the NPs was determined in aqueous solution by dynamic light 

scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments Ltd.). The temperature of the NP 

sample was controlled via Peltier device at 25 ± 0.1 °C. The refractive index of polystyrene latex 

beads was used as standard. All DLS data meets quality criteria set by Malvern. The diameter 

sizes of negatively and positively charged NPs are listed in Table S1 and Table S2, respectively. 

The concentration of NPs was determined by measuring the volume of obtained NP solutions 

and weighing an aliquot of the solution of NPs after lyophilization. 



S5 

Table S1. Monomer composition ratio and diameter of negatively charged NPs. 

Monomer feed ratio (mol %)  
Entry 

AAc SAc TBAm Bio NIPAm BIS  

 
Diameter 

(nm) 
AAc 5/40 5 – 40 1 52 2  109 

AAc 5/0 5 – – 1 92 2  629a 

AAc 20/40 20 – 40 1 37 2  102 

SAc 5/40 – 5 40 1 52 2  112 

SAc 5/0 – 5 – 1 92 2  303a 

SAc 20/40 – 20 40 1 37 2  125 

AAc 5/40 w/o 5 – 40 – 53 2  110 

AAc 20/40 w/o 20 – 40 – 38 2  95 

SAc 5/40 w/o – 5 40 – 53 2  85 

SAc 20/40 w/o – 20 40 – 38 2  88 
a The lower critical solution temperature (LCST) of the NP was above 25 °C because of a lack of hydrophobicity 
and the NP was swollen1,2. 
 

Table S2. Monomer composition ratio and diameter of positively charged NPs. 

Monomer feed ratio (mol %)  
Entry 

QAm Gua TBAm Bio NIPAm BIS  

 
Diameter 

(nm) 
QAm 5/40 5 – 40 1 52 2  52 

QAm 5/0 5 – – 1 92 2  140a 

QAm 20/40 20 – 40 1 37 2  43 

Gua 5/40 – 5 40 1 52 2  58 

Gua 5/0 – 5 – 1 92 2  126a 

Gua 20/40 – 20 40 1 37 2  18 

QAm 5/40 w/o 5 – 40 – 53 2  47 

QAm 20/40 w/o 20 – 40 – 38 2  41 

Gua 5/40 w/o – 5 40 – 53 2  26 

Gua 20/40 w/o – 20 40 – 38 2  27 
a The lower critical solution temperature (LCST) of the NP was above 25 °C because of a lack of hydrophobicity 
and the NP was swollen1,2. 



S6 

References: 

1) Debord, J. D.; Lyon L. A. Langmuir 2003, 19, 7662-7664. 

2) Ito, S.; Ogawa, K.; Suzuki, H.; Wang, B.; Yoshida, R.; Kokufuta, E. Langmuir 1999, 15, 

4289-4294. 


	2012-13-2952-7.pdf
	bm300986j_si_001.pdf

