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ABSTRACT

Synthetic polymer hydrogel nanoparticles (NPs) were developed to function as abiotic affinity reagents
for fibrinogen. These NPs were made using both temperature-sensitive N-isopropyl acrylamide (NIPAm)
and t-amino acid monomers. Five kinds of 1-amino acids were acryloylated to obtain functional mono-
mers: .-phenylalanine (Phe) and t-leucine (Leu) with hydrophobic side chains, L-glutamic acid (Glu) with
negative charges, and r-lysine (Lys) and r-arginine (Arg) with positive charges. After incubating the NPs
with fibrinogen, y-globulin, and human serum albumin (HSA) respectively, the NPs that incorporated N-
acryloyl-Arg monomers (AArg@NPs) showed the strongest and most specific binding affinity to fibrin-
ogen, when compared with y-globulin and HSA. Additionally, the fibrinogen-AArg binding model had the
best docking scores, and this may be due to the interaction of positively charged AArg@NPs and the
negatively charged fibrinogen D domain and the hydrophobic interaction between them. The specific
adsorption of AArg@NPs to fibrinogen was also confirmed by the immunoprecipitation assay, as the
AArg@NPs selectively trapped the fibrinogen from a human plasma protein mixture. AArg@NPs had a
strong selectivity for, and specificity to, fibrinogen and may be developed as a potential human
fibrinogen-specific affinity reagent.

© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fibrinogen, a primary component of human plasma protein,
plays a vital role in the process of blood coagulation [1] and usually
circulates at a concentration of between 2 and 4 g/L in the human
body [2]. Fibrinogen treatments for patients with massive bleeding
are essential for survival [3], and the amount of fibrinogen
administered to trauma patients is positively correlated with re-
ductions in mortality [4]. The various sources of fibrinogen for
replenishment include fresh frozen plasma, cryoprecipitate, and
fibrinogen concentrate [5]. The former two are allogeneic blood
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products and have numerous safety concerns [5,6], while fibrin-
ogen concentrate has a better safety profile, making it a preferred
method for fibrinogen supplementation [6]. The advantages of
fibrinogen concentrate include rapid administration of a stan-
dardized dose of fibrinogen, the lack of a need for blood type
screening, and being virally inactive and storing the product at
room temperature (2—25 °C) [6]. Fibrinogen concentrate is
commercially available as a pasteurized, lyophilized powder, and is
mainly manufactured from human plasma by cryoprecipitation.
However, the precipitate obtained from the cryoprecipitation pro-
cess lacks selectivity and specificity, and the purification process
(currently in use) is complex, as it requires a series of viral inacti-
vation and removal process steps [6]. Therefore, the aim of this
study is to engineer a novel polymeric nanoparticle that can act as a
protein affinity reagent for human fibrinogen that can selectively
capture fibrinogen from human plasma, thus developing a new way
to manufacture fibrinogen concentrate.

Synthetic polymer nanoparticles (NPs) that can selectively
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capture target proteins in biological fluids are a novel class of ma-
terials that have gained much attention for their role in protein
recognition and separation [7]. Vijayan et al. [8] prepared polylactic
acid-glycolic acid nanoparticles (PLGA-NPs) that encapsulated
vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) which were conjugated to an antimicrobial
peptide (K4). The resulting NP-protein complex had a high encap-
sulation rate, demonstrated a sustained release behavior, and
enhanced angiogenesis. Shea's research group have also shown the
effect of NP composition on the affinity to target proteins. They
demonstrated the selective capture and programmed release of
lysozyme from complex protein mixtures (egg white) [9], speci-
ficity to the Fc domain of IgG [7], in vitro and in vivo inhibit binding
of vascular endothelial growth factor (VEGF165) to its receptor [10]
and the sequestration/neutralization of the peptide toxin melittin
[11] or the venomous protein phospholipase A2 [12].

Natural amino acids are the basic units of proteins, and the
various recognitions, i.e., protein-protein, ligand-receptor, and
antigen-antibody, depend on the amino acid side chains present. In
recent years, natural amino acids have been shown to be the
preferential building units for synthetic polymer nanoparticles [13],
and the amino acid-based polymers have been widely evaluated in
a variety of fields. These include chiral recognition [13], artificial
abiotic inhibitors [14], and delivery systems for small molecule
drugs [15,16], or proteins [17]. This is because of their chiral
chemical structure [13], polyelectrolyte character [18], facile
chemical modification [19], potential nontoxicity, and biocompat-
ibility [14,16]. On account of a variety of functional pendant groups
of amino acid monomers, a synthetic polymer hydrogel could be
easily formulated with amino acid functional groups complemen-
tary to protein domains or peptide targets. Like natural protein,
amino acid side chains of polymers could interact with target
protein via strong non-covalent interactions, such as hydrogen
bonds, ionic bonds, electrostatic interactions, hydrophobic effects,
and van der Waals force [20].

Based on the structures and properties of polymers composed of
amino acids, we introduced acryloyl groups into L-amino acids with
different side chains to gain five different amino acid monomers.
Then we engineered five N-isopropylacrylamide (NIPAm) based
polymer NPs using these amino acids as co-monomers in aqueous
solution by free radical polymerization. The affinity of these NPs to
human plasma protein (human serum albumin (HSA), fibrinogen,
and y-globulin) was evaluated to find the optimal composition of
NPs that could selectively capture fibrinogen from the human
plasma protein complex, and aid in the development of an affinity
reagent for fibrinogen.

2. Materials and methods
2.1. Materials

L-phenylalanine, r-leucine, L-glutamic acid, L-lysine, r-arginine,
acryloyl chloride, N-isopropylacrylamide (NIPAm), hexadecyl-
trimethylammonium bromide (CTAB), ammonium persulfate (APS),
sodium dodecyl sulfate (SDS), N,N’-methylenebisacrylamide (BIS),
and N-t-butylacrylamide (TBAm) were purchased from TCI Devel-
opment Co., Ltd. (Shanghai, China). Azobisisobutyronitrile (AIBN)
was obtained from Fuchen Chemical Reagent Factory (Tianjin,
China) and recrystallized with methanol. Tetramethylethylenedi-
amine (TEMED), fibrinogen, y-globulin, and human serum albumin
(HSA) were purchased from Sigma-Aldrich Co., LLC. (Shanghai,
China). Protein ladder was purchased from Thermo Fisher Scientific
Co., Ltd. (Shanghai, China).
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2.2. Synthesis of amino acid monomers

The monomers N-acryloyl-i.-phenylalanine (APhe) [21], N-
acryloyl-i-leucine (ALeu) [22], N-acryloyl-i-glutamic acid (AGlu)
[23], N-acryloyl-i-lysine (ALys) [17] and N-acryloyl-L-arginine
(AArg) [24] were synthesized according to the referenced methods,
and the yields were 45.7%, 74.30%, 37.75%, 62.20%, and 66.24%,
respectively. '"H NMR spectroscopy (400 MHz; Varian, Palo Alto, CA,
USA) was used to evaluate the structures of products (Figs. S1—-S5).

APhe: 'H NMR (400 MHz, MeOD) 6 (ppm) 7.16—7.27 (m, 5H,
Ar—H), 6.18—6.28 (m, 2H, CHH=CHCO-), 5.62 (d, 1H, CHH=CHCO-),
4.71—4.75 (m, 1H, —HN—CH(CH,-)COOH), 3.22 (d, 1H, Ar-CHH-(HN)
CHCOOH), 2.98 (d, 1H, Ar-CHH-(HN)CHCOOH).

ALeu: '"H NMR (400 MHz, CDCl3) 6 (ppm) 7.26 (brs, 1H, NH), 6.72
(d, 1H, CHH=CH-), 5.93-5.86 (dd, 1H, CHH=CH-), 5.37 (d, 1H,
CHH=CH-), 4.38—4.33 (m, 1H, NHCH(CH,-)COOH), 1.43—1.37 (m,
2H, CH,CH(CH3);), 1.37—1.30 (m, 1H, CH,CH(CH3),), 0.63 (dd, 6H,
CH,CH(CH3)y).

AGlu: 'H NMR (600 MHz, CD30D) ¢ (ppm) 6.30 (d, 1H, CHH=
CHCO-), 6.20 (d, 1H, CHH=CHCO-), 5.70 (m, 1H, CHH=CHCO-), 4.51
(dd, 1H, NHCH(CH,-)COOH), 2.2 (m, 2H, NH—CH,—CHa-), 2.0 (m,
2H, NH—CH,—CH,—CH5-)

ALys: '"H NMR (400 MHz, CD30D) 6 (ppm) 6.33—6.27 (m, 1H,
CHH=CHCO-), 6.20 (dd, 1H, CHH=CHCO-), 5.66—5.62 (m, 1H,
CHH=CHCO-), 4.40 (dt, 1H, —HN—CH(CH;-)COOH), 2.98 (dt, 2H,
NH,—CH,—CH,—CH,—CH5-), 1.89-1.66 (m, 2H, NH;—CHy—
CH,—CH,—CH>-), 1.50—1.43 (m, 2H, NH,—CH,—CH,—CH,—CH3-),
1.26—1.13 (m, 2H, NH,—CH,—CH—CH—CH3-).

AArg: 'H NMR (400 MHz, CD30D) é(ppm) 6.23—6.17 (dd, 1H,
CH=CH,), 6.04 (d, 1H, ] = 16 Hz, CH=CH> trans), 549 (m, 1H,
J 12 Hz, CH=CH; s), 4.22 (s, 1H, —HN—CH(CH,-) COOH),
3.05—3.00 (m, 2H, CH,—CH,—CH,—CH—HN), 1.77—1.56 (m, 2H,
CH,—CH,—CH,—CH—HN), 148-159 (m, 2H, CH,—CH,
—CH,—CH—HN).

2.3. Preparation and characteristics of NPs

2.3.1. Preparation of NPs with hydrophobic amino acid monomers

NPs with hydrophobic amino acid side chains (APhe@NPs and
ALeu@NPs) were synthesized using previously reported procedures
[12] with a few modifications. NIPAm (93% (mol/mol)) and hydro-
phobic amino acid monomers (APhe, ALeu; 5% (mol/mol) ) were
dissolved in water (50 mL) with BIS (2% (mol/mol)) and SDS (30 mg,
1 umol); the final monomer concentration was 65 mM. Ammonium
persulfate (30 mg dissolved in 1 mL H,0) was added, and the
resulting solution was degassed with nitrogen for 30 min while
stirring. The reaction was performed at 60 °C under a nitrogen at-
mosphere for 3 h to allow for polymerization, after which the
mixture was quenched by exposure to air. The reaction mixture was
then transferred to dialysis bag (molecular weight cutoff
12,000—14,000; Fisher Scientific, Pittsburgh, PA, USA) and dialyzed
against double deionized water (changed twice a day) for 4 days.
After dialysis, 5 mL of the NP solution was lyophilized to determine
the weight-based concentration and yield.

2.3.2. Preparation of NPs with positive and negative charges
Positively charged NPs (ALys@NPs and AArg@NPs) were syn-
thesized according to the reported procedures [25] with some
modifications. NIPAm (53% (mol/mol)), positively charged mono-
mer (ALys or AArg; 5% (mol/mol)), TBAm (40% (mol/mol)), BIS (2%
(mol/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 degassed with nitrogen for
30 min. Following the addition of AIBN acetone solution (30 mg/
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Table 1
The composition of NPs .
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NPs Feed ratio of functional monomers (%) Yield (%) Incorporation ratio of NIPAm to amino acid monomers
NIPAm TBAmM APhe Aleu AGlu ALys AArg

APhe@NPs 93 0 5 0 0 0 0 85.72 93:4.6

ALeu@NPs 93 0 0 5 0 0 0 87.63 91.9:5

AGIu@NPs 53 40 0 0 5 0 0 89.90 53:4.8

ALys@NPs 53 40 0 0 0 5 0 84.12 53:4.5

AArg@NPs 53 40 0 0 0 0 5 78.40 49:5

@ All NPs contain 2% (mol/mol) BIS with the indicated amounts of functional monomer.

500 pL), the polymerization reaction was carried out at 60—65 °C
for 3 h under a nitrogen atmosphere. The polymerized solution was
purified by dialysis against double distilled water (changed twice a
day) for 4 days, after which 5 mL of the NP solution was lyophilized
to determine the weight-based concentration and yield.

A similar procedure was used to prepare the negatively charged
NPs (AGIu@NPs). Specifically, a negatively charged monomer was
used, combined with APS substituted for AIBN (initiator) and SDS
substituted for CTAB (surfactant).

2.3.3. Characteristics of the engineered NPs

The structures of these polymers were evaluated by 'H NMR
using a Fourier transform superconducting magnetic resonance
spectrometer (AVANCE III™ HD 600 MHz; Bruker Biospin, Rhein-
stetten, Germany). The average hydrodynamic diameter and poly-
dispersity index (PDI) of the polymers were determined by
dynamic light scattering (DLS; Nano S90, Malvern, UK).

2.4. Binding of NPs to proteins

NP interactions with three human plasma proteins, including
fibrinogen, y-globulin, and HSA, were evaluated by UV—visible
spectrometry (HP8453; Agilent, Carpinteria, CA, USA). Protein was
dissolved in phosphate-buffered saline (PBS; pH 7.4, 10 mmol/L)
and mixed with an NP (APhe@NPs, ALeu@NPs, AGIu@NPs,
ALys@NPs, or AArg@NPs) solution to give a total volume of 1 mL
(final concentrations of proteins and NPs were 2 mg/mL and 1 mg/
mL, respectively). The NP-protein solution was incubated at 37 °C
for 30 min. Samples were centrifuged at 14,500 rpm for 15 min, and
the supernatant was filtered through a 0.22 pm syringe filter to
remove the NPs and protein-bound NPs. Interactions between the
protein and NPs were indirectly evaluated by measuring the
absorbance of the supernatant and the initial protein solution at
280 nm. The binding amount (%) of the protein to NPs was calcu-
lated using Equation (1) [25].

Binding rate (%) = [1 — (Asupernatant /Aprotein)] x 100% (1)

2.5. Molecular docking study to assess the interaction forces
between fibrinogen and amino acid monomers

Five amino acid monomers, including APhe, ALeu, AGlu, ALys,
and AArg, were tested in the molecular docking study with human
fibrinogen fragment D using DOCK 6 [26]. Firstly, constructions of
five amino acid monomers served as the ligands were drawn and
optimized via chimera 1.6.1 with three-dimensional orientation
(connection errors were checked). Hydrogen atoms were added
(pH 7.2), and charges were also added using the Merck Molecular
Force Field 94 (MMFF94) method, and then energy was minimized
using the MMFF94s force field with the maximum step of 1000. The
crystal structure of human fibrinogen fragment D (PDB ID: 1FZA)
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was retrieved from the Protein Data Bank (http://www.rcsb.org/)
and used as a receptor of the experimental object. For the prepa-
ration of the molecular docking, all water molecules of the protein's
crystal structure were removed, and hydrogen atoms were added.
The co-crystalline ligand was N-acetyl-p-glucosamine, of which the
binding position would be the docking pocket. Then molecular
docking was performed using a flexible docking model. Other pa-
rameters were set to default.

2.6. Selective binding of AArg@NPs to fibrinogen

Selective binding of AArg@NPs with fibrinogen was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Solution of protein mixtures (fibrinogen, y-globulin, and
HSA) was prepared in PBS buffer (10 mmol/L, pH 7.4) and mixed
with solution containing AArg@NPs to give a final volume of 1 mL
(final concentrations of proteins and AArg@NPs were 500 pug/mL
and 1 mg/mL, respectively). The NP-protein solution was incubated
at 37 °C for 30 min. Samples were centrifuged at 14,500 rpm for
15 min, and the supernatant was filtered through a 0.22 um syringe
filter and collected for SDS-PAGE analysis. Subsequently, the cen-
trifugal precipitate was re-suspended in 200 pL of PBS at room
temperature, and then washed and centrifuged twice. The pellet
was mixed with 200 pL of PBS and oscillated at 4 °C for 30 min to
elute the protein that bound to the AArg@NPs. The solution was
centrifuged at 14,500 rpm for 15 min, and the supernatant was
filtered through a 0.22 um syringe filter for SDS-PAGE analysis. The
resulting protein samples for SDS-PAGE analysis were treated with
lysis solution and then heated at 100 °C for 3 min. After running the
samples, the SDS-PAGE gel (12% precast gel) was stained with
Coomassie Brilliant Blue G250.

3. Results and discussion
3.1. Preparation and characteristics of NPs with amino acid residues

Amino acid-based polymers with chiral structures and a variety
of side groups are the preferred candidates for affinity purification
of homochiral biological polymers such as proteins, RNA, and DNA.
Hence, five natural amino acids with different side chains,
including two hydrophobic, one negatively charged and two posi-
tively charged, were acryloylated to produce the corresponding
amino acid monomers, namely, APhe, ALeu, AGlu, ALys and AArg. A
small library of hydrogel NPs were synthesized by precipitation
polymerization NIPAm as the core monomer combined with
various kinds of amino acid monomers (Table 1). The hydrophobic
monomer, TBAm (40% (mol/mol)) was incorporated into the
negatively charged polymers (AGIu@NPs) and positively charged
polymers (ALys@NPs and AArg@NPs) to synthesize homologous
NPs [27], and to enhance their hydrophobicity to stabilize the NP
binding to proteins [25]. BIS (2% (mol/mol) of total monomer
composition) was incorporated as a cross-linker. The slightly cross-
linked polymers allowed the side chains of polymers to more
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Fig. 1. Interaction of NPs carrying amino acid pendants with various proteins evalu-
ated by UV—visible spectrometry. The binding amount ratio of the protein to the NPs
was calculated by the absorbance at 280 nm. (Values are expressed as mean + SD, n=3.
**P < 0.05 compared with fibrinogen groups.)

flexibly and firmly “map” onto a protein surface with comple-
mentary functional groups [7].

DLS experiments were carried out to assess the PDI, physical
stability, and average hydrodynamic diameter of NPs. All NPs were
monomodal and behaved as stable colloidal suspensions in water at
a nano-scale size (average diameter less than 200 nm). The incor-
poration ratio of amino acid monomers to NIPAm were analyzed by
'H NMR (Table 1). The signal at 4.0—4.7 ppm corresponded to the
methine proton that linked with carboxyl and amine groups of
amino acid monomers in NPs. The peak at 3.5—4.0 ppm was
ascribed to the methine proton connected with the isopropyl group
of NIPAm [28] (Figs. S6—S10). The results confirmed that the amino
acid residues were incorporated into the NIPAm based nano-
hydrogels.

Since NIPAm has minimal innate biomacromolecule affinity, we
used the NIPAm as the base monomer for the synthesis of these five
NPs. From this, we showed direct correlations between the addition
of functional monomers and the affinity of NPs to the target pro-
teins [29]. Furthermore, the NPs, combined with NIPAm, were
temperature-responsive. Below their lowest critical solution tem-
perature (LCST), NPs were swollen, highly hydrated, and hydro-
philic, while above their LCST, they were collapsed and more
hydrophobic as a result of an entropically driven dissociation of
water molecules [9].

When a balanced amount of amino acid monomers was incor-
porated, the NPs (APhe@NPs, ALeu@NPs, and AGIu@NPs) all un-
derwent a volume-phase transition from a solvent swollen
“hydrophilic” state to the collapsed “hydrophobic” state with the
increase of temperature. The LCST of the APhe@NPs, ALeu@NPs, and
AGIu@NPs was 32, 29, and 14 °C, respectively, in water (Figs.
S11—-S13). However, two NPs carrying the positively charged side
chains showed the opposite temperature-responsive behavior. As
the temperature increased, the size of ALys@NPs and AArg@NPs
both started to increase quickly at their corresponding critical
phase transition temperature, 12 °C and 16 °C, respectively, which
suggested that AArg@NPs would become aggregated above 16 °C
but dispersed below 16 °C (Fig. S14 and Fig. S15).

3.2. The effect of NP composition on the affinity of NPs to proteins

The binding ability of NPs to human plasma proteins was eval-
uated by co-incubating NPs (2 mg/mL) and three proteins (HSA, y-
globulin, or fibrinogen at 1 mg/mL) in PBS. After centrifugation, the
concentration of free protein in the supernatant was estimated by
UV—visible spectrometry. The results of binding experiments are
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summarized in Fig. 1.

The binding rates of NPs to HSA, y-globulin, and fibrinogen were
not more than 50% when incorporated into hydrophobic (APhe and
ALeu) and negatively charged (AGlu) amino acid monomers (Fig. 1).
However, there were significant differences in the binding rates of
these two kinds of NPs to the three test proteins. Interestingly,
AArg@NPs and ALys@NPs, composed of amino acids with positively
charged side chains, were observed to have strong binding to
fibrinogen, and the binding rates were 89.14% + 5.31% and
70.61% + 3.02%, respectively. In contrast, the AArg@NPs and
ALys@NPs exhibited low binding rates to HSA and vy-globulin.
Therefore, this indicated that the NPs with positively charged
amino acids demonstrated a significant affinity to fibrinogen.

Fibrinogen, whose isoelectric point (pl) is 5.5, is relatively hy-
drophobic and negatively charged at physiological pH. The fibrin-
ogen consists of six chains (two Ac, two B, and two y chains)
arranged in an elongated manner (45 nm). The N-termini are
located in a central nodule called the E domain, while the C-termini
of BB and two y chains form the two outer globular folds called the
D domains, forming a “dumbbell-shaped” structure (Fig. 2A). The E
domain is capped with two sets of negatively charged fibrinopep-
tides, A and B, which can be cleaved by thrombin to expose the
positively charged E4 and Eg, respectively (Fig. 2B). This then ini-
tiates the end-to-middle intermolecular associations between the
positively charged E4 and Ep surfaces and the negatively charged D
domain, resulting in homocomplex fibril assembly [25,28—32].
Therefore, we sought to synthesize one abiotic NP to mimic the
positively charged E4 and Eg, which would be complementary to
the hydrophobic and negatively charged D domain.

Since AArg and TBAm were prepared as co-monomers, we
inferred that AArg@NPs carried a positive charge and had a hy-
drophobic domain. Because of affinity to the E4 and Ep surfaces,
AArg@NPs presented a protein-like interface to the negatively
charged and hydrophobic D domain of fibrinogen via the coordi-
nation forces regulated by electrostatic and hydrophobic in-
teractions. As for ALys@NPs, the ionization ability of the primary
amine on ALys@NPs was weaker than that of guanidine groups on
AArg@NPs. Thus, it displayed weaker electrostatic interactions with
fibrinogen, which may be one of the main reasons for the lower
binding capacity observed when compared with AArg@NPs. Addi-
tionally, the weaker hydrogen bond of ALys@NPs to fibrinogen may
contribute to the lower binding capacity compared with AArg@NPs.
Here, the guanidine groups on AArg@NPs could form two hydrogen
bonds with fibrinogen, but only one hydrogen bond between the
primary amine group of ALys@NPs and fibrinogen [25]. Therefore, it
was reasonable to observe minimal binding of APhe@NPs,
ALeu@NPs, and AGIu@NPs to fibrinogen as a result of weaker hy-
drophobic interactions and charge repulsion.

HSA also possesses negatively charged outer surfaces (pl=4.6)
and hydrophobic pockets, similar to fibrinogen. However, the
binding amount of AArg@NPs (9.92% + 2.63%) and ALys@NPs
(30.69% + 1.37%) to HSA was decreased compared with fibrinogen
(AArg@NPs: 89.14% + 5.31%; ALys@NPs: 70.61% + 3.02%) (P<0.01).
This may be attributed to the different hydrophobic pockets of HSA
compared with fibrinogen, which is buried inside the protein and
just available to small-molecule ligands [25]. This means that hy-
drophobic pockets of HSA were inaccessible to NPs, and this
resulted in weaker interactions between NPs and HSA. With respect
to the neutral y-globulin (pI=6.9), the binding rates of the posi-
tively charged AArg@NPs and ALys@NPs were 38.70% + 1.02% and
41.71% + 1.64%, much lower than that between AArg@NPs and
fibrinogen (P<0.01) or between ALys@NPs and fibrinogen (P<0.01),
respectively, and this was probably because of the lack of electro-
static interactions with y-globulin. The results above indicate that
the positively charged AArg@NPs and ALys@NPs displayed specific
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D domain

E domain

D domain

(@) ADSGEGDFLAEGGGVR / GPRV
| |

Fibrinopeptide A E,

(b) QGVNDNEEGFFSAR / GHRP

Fibrinopeptide B E,

Fig. 2. (A) The X-ray crystal structure of fibrinogen (PDB ID: 3GHG), and (B) sequences
of fibrinopeptide and N-terminals of fibrin polymerization sites in the E domain re-
ported by the Shea research group [25]. (a) Fibrinopeptide A and N-terminal of E4 site
on fibrinogen Aa-chain (UniProt: P02671), and (b) fibrinopeptide B and N-terminal of
Ej site on fibrinogen Bf-chain (UniProt: P02675). Red, blue and green fonts indicate
negatively charged, positively charged and hydrophobic amino acid residues, respec-
tively. The slash mark represents the cleavage site for thrombin.

recognition for fibrinogen. Additionally, the side chains of the
amino acid monomers were necessary for the affinity of NPs to
proteins.

3.3. Molecular docking study to determine the interaction between
amino acid monomers and fibrinogen

Molecular docking was employed to virtually predict the bind-
ing forces of NPs to fibrinogen based on various scoring functions.
We chose the amino acid monomers of NPs as ligands and the
fibrinogen D domain as the receptor in the molecular docking study
(Table 2 and Fig. 3), because the negatively charged D domain is the
binding site for the positively charged E4 and Ep.

From Table 2, we observed that the docking Grid score of the five
monomers and fibrinogen was the sum of the individual van der
Waals force (Grid_vdw) and the electrostatic force (Grid_es).
The docking Grid score of AArg was the highest (—54.16 kcal/mol),
in which the contribution from the van der Waals force
(Grid_vdw=-26.72 kcal/mol) was similar to that from electrostatic
force (Grid_es=—27.43 kcal/mol). Furthermore, the docking Grid
score of ALys took the second place (Grid score=—50.84 kcal/mol),
and its Grid_vdw score and Grid_es score were —20.75 kcal/mol
and —30.08 kcal/mol, respectively, similar to that of AArg. The Grid
score of the other three monomers, APhe, Aleu, and AGluy,
was —30.98, —32.80, and —35.38 kcal/mol, respectively. This was
much lower than that of AArg and ALys because these
three monomers all had much weaker electrostatic forces to
fibrinogen D domain, and their Grid_es scores were —9.30 kcal/mol
(APhe), —10.65 kcal/mol (ALeu), and —17.69 kcal/mol (AGlu),

Table 2
Affinity binding results for the fibrinogen D domain interacting with the five amino
acid monomers using a molecular docking study.

Monomers Grid score? (kcal/mol) Grid_vdw® (kcal/mol) Grid_es (kcal/mol)
APhe —30.98 -21.68 -9.30
AlLeu —-32.80 -22.15 —10.65
AGlu —35.38 —-17.69 -17.69
ALys -50.84 -20.75 —30.08
AArg -54.16 -26.72 —27.43

2 The sum of the van der Waals force (Grid_vdw) and the electrostatic force
(Grid_es).

5 The docking Grid score due to van der Waals force.

¢ The docking Grid score due to electrostatic force.
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respectively. These results suggested that the two positively
charged monomers (AArg and ALys) could strongly interact with
fibrinogen not only via van der Waals force but also using elec-
trostatic interactions. In contrast, the amino acid monomers with
hydrophobic side chains (APhe and ALeu) or negative charge (AGlu)
could not form strong electrostatic interaction with fibrinogen.
These results were consistent with the binding assay. Based on the
results of the binding assay and the Grid score from the molecular
docking study, we speculated that the negatively charged D domain
might be the predominant binding site for the positively charged
AArg@NPs and ALys@NPs to fibrinogen.

The binding models of fibrinogen and the various amino acid
monomers via hydrogen bonds and hydrophobic interactions are
shown in Fig. 3. Here, the amide carbonyl (>~0=C—NH-) of AArg,
ALeu, APhe and AGlu (acting as the acceptor) formed hydrogen
bonds with the guanidine group (NH,*=C(NH,)-NH-) in the
Arg275 residue of fibrinogen (acting as the donor). In the case of the
ALys monomer, the hydrogen bond was formed between the amide
carbonyl (>0=C—NH-) of ALys (acting as the acceptor) and the
primary amine group (NH3*-) in the Lys321 residue (acting as the
donor). Furthermore, the carbonyl group on the amino acids, ALys
and AGlu, might form intramolecular hydrogen bonds with their
own hydroxyl, which may lead to the weakening of the interaction
of both ALys@NPs and AGIu@NPs and fibrinogen compared with
AArg@NPs. Additionally, with regard to the hydrophobic in-
teractions, the Lys321 residue of fibrinogen acted as the main an-
chor residue to form hydrophobic interactions with the carbon-
carbon skeletal chain of the five amino acid monomers. From
these results, we inferred that the amino acid side chains with
different polarity, amphiphilicity, chain length, and conformational
rigidity had a major influence on the affinity to fibrinogen. These
resulted in the different Grid scores and different main anchor
residues of fibrinogen for these five amino acid monomers (Fig. 3).

3.4. Specific binding of AArg@NPs to fibrinogen

The specificity of AArg@NPs to fibrinogen was investigated by
incubating AArg@NPs with a mixture containing a solution of three
human plasma proteins, fibrinogen, y-globulin, and HSA. After
centrifugation, the supernatant and the precipitate were separated,
and then the proteins bound to AArg@NPs were eluted from the
pellet at 4 °C. This is because AArg@NPs would be highly hydrated
and dispersed to release the proteins below 16 °C, while they would
be aggregated together to encapsulate and capture proteins above
16 °C. The supernatant of the centrifuged solution and the elution
from precipitation were both analyzed (Fig. 4) by SDS-PAGE.

In the supernatant of the centrifuged solution (Lane 6; Fig. 4),
the bands of y-globulin and HSA could be seen clearly, while no
fibrinogen band was observed. This suggested that the y-globulin
and HSA were not bound firmly to the AArg@NPs, and that they
could be easily separated from the AArg@NPs-protein complex or
free AArg@NPs by centrifugation. However, we found a distinct
band corresponding to fibrinogen in Lane 7 (the elution from
precipitation), which indicated that the AArg@NPs could specif-
ically bind fibrinogen with a strong affinity from the mixture of
three proteins. These findings demonstrated that a single syn-
thetically optimized NP formulation (AArg@NPs) could be used to
capture fibrinogen specifically and selectively from human
plasma proteins and may be used as an affinity reagent for
fibrinogen.

4. Conclusions

In this study, the acryloylated derivatives of natural amino acids
were prepared and used as functional monomers to synthesize five
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AGlu: -30.99 kcal/mol

APhe: -30.98 kcal/mol

ALeu: -32.80 kcal/mol

Fig. 3. Binding models of (A) positively charged AArg and ALys, (B) negatively charged AGlu, and (C) hydrophobic APhe and ALeu. Hydrogen bonds were depicted by solid green
lines and hydrophobic interaction by solid gray lines. (D) The structure of the C chain of fibrinogen D domain.

amino acid polymer nanoparticles, including APhe@NPs,
ALeu@NPs, AGlu@NPs, ALys@NPs, and AArg@NPs. These NPs were
all stably dispersed in water at a nano-size scale. The incorporation
of the temperature-sensitive monomer, NIPAm, allowed for the five
NPs to show excellent temperature responsiveness, in which
APhe@NPs, ALeu@NPs, and AGIu@NPs had specific LCSTs. In
contrast, the other two NPs with positively charged side chains,
ALys@NPs and AArg@NPs, would become aggregated above critical
phase transition temperature (12 and 16 °C, respectively) but
dispersed when lowering the temperature. After incubation with
three human plasma proteins, the two positively charged NPs,
ALys@NP and AArg@NPs, had a much more selective affinity for
human fibrinogen compared with NPs with hydrophobic
(APhe@NPs and ALeu@NPs) or negatively charged side chains
(ALeu@NPs). This enhanced affinity is probably because ALys@NPs
and AArg@NPs with hydrophobic and positively charged domains
could strongly bind to the negatively charged and hydrophobic
fragment D domain of human fibrinogen, which is consistent with
the molecular docking results. Furthermore, AArg@NPs displayed
excellent specificity for fibrinogen, since its binding amount to
human fibrinogen was 2.3 times that of y-globulin and 9 times that
of HSA in the binding specificity assay. This allowed for the accurate
identification and capture of human fibrinogen from a mixture of
three human plasma proteins in the selective binding study. These
results indicated that AArg@NPs was a strong candidate for use in
the development of an affinity reagent for human fibrinogen.
Additionally, AArg@NPs could easily switch between expansion
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Fig. 4. Immunoprecipitation of fibrinogen with AArg@NPs by SDS-PAGE analysis.
Lanes 1 and 8: molecular weight marker. Lane 2: fibrinogen. Lane 3: y-globulin. Lane 4:
HSA. Lane 5: protein mixture. Lane 6: supernatant of the centrifuged solution. Lane 7:
the elution from precipitation. The SDS-PAGE gel was stained with Coomassie Brilliant
Blue G-250.

and contraction in water using temperature changes. This probably
allows AArg@NPs to possess the ability to catch and release the
target protein fibrinogen from a complex biological sample in a
reversible and temperature-responsive manner.
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