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Conformation and activity control of proteins adsorbed on certain material surfaces enables the
development of numerous high-performance applications. Herein, we examined the relationship
between the diameter (surface shape) of polyurethane (PU) nanofibers and the conformation/activity of
proteins adsorbed thereon, showing that hard segments align linearly in the long-axis direction when the
PU structure is changed from random-segment to stretched nanofibers. Moreover, we revealed that the
clustering of hydrophobic hard PU segments and protein adsorption are caused by hydrophobic
interactions. Proteins adsorbed on thick nanofibers (diameter = 950 nm) showed decreased activity due
to large conformational changes, whereas those adsorbed on thin nanofibers (diameter = 480 nm)
retained a close-to-natural shape and thus showed relatively high activity, confirming that the shape of
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1. Introduction

Adsorption of biomolecules (e.g:, proteins) onto material surfaces
is important for biotechnology development, with immobilized
biomolecule-based devices finding numerous applications in
biomimetic materials,"* biosensors,>* biochips,>® and drug
delivery.”® Importantly, the performance of these devices
depends not only on the amount of adsorbed biomolecules but
also on their conformational stability and activity.

Protein adsorption behavior can be controlled by adsorbent
chemistry, particle size, and surface morphology, with previous
studies®™* demonstrating that hydrophilic materials induce less
pronounced structural changes of adsorbed proteins than
hydrophobic ones. Furthermore, investigations of the influence
of material surface shape, e.g., of the relationship between
nanoparticle size and protein conformation,***¢ illustrated that
the protein structure stabilizes with decreasing particle size,
with a close-to-natural structure observed when the particle size
matches that of the protein. Therefore, it is expected that
material performance can be adjusted by controlling the surface
chemistry and shape at the nanoscale.

Polyurethane (PU) forms a phase separation structure
comprising a random sequence of aromatic segments, hard
segments composed of urethane bonds, polyester, and soft
polyether segments.’'® The above structure prevents protein
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PU nanofiber surface affects the conformation and activity of proteins adsorbed thereon.

adsorption, making PU a useful biomaterial (e.g., for lining
artificial blood vessels).

Electrospinning is an efficient technique for preparing
polymer nanofibers, with high collector rotation speeds result-
ing in a large elongation force that controls not only fiber
orientation and diameter but also the orientation of constituent
molecules.'?® Herein, we imaged the surface of electrospun PU
nanofibers by atomic force microscopy (AFM), revealing that the
hard segments in PU nanofibers subjected to an elongation
force at the time of preparation (stretched PU nanofibers) were
linearly arranged in the long axis direction, in contrast to the
hard segments in PU nanofibers not subjected to this force
(non-stretched PU nanofibers)** (Fig. 1).

Therefore, the above change of fiber structure was thought to
influence surface physical properties, inspiring us to evaluate
protein adsorption onto PU nanofibers.

(A-1)

(A-2)

Hard segment

Fig. 1 SEM (A) and AFM (B) images of non-stretched (1) and stretched
(2) PU nanofibers.
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Two types of bovine serum albumin (BSA) (pK, 4.7, negatively
charged at pH 7.4) and lysozyme (Lyz) (pK, 11, positively charged
at pH 7.4) were used as model proteins. Both BSA and Lyz were not
adsorbed on non-stretched PU nanofibers, whereas the protein
adsorption capability of stretched PU nanofibers increased with
their decreasing diameter. The above behavior was ascribed to
a surface structural change caused by the linear arrangement of
randomly distributed hard segments experiencing an elongation
force at the time of fiber preparation. Moreover, BSA and Lyz
showed similar adsorption behaviors, which implied that protein
charge did not influence adsorption behavior and thus indicated
that adsorption was probably not caused by electrostatic interac-
tions. Importantly, protein desorption could be achieved by
washing with a nonionic surfactant (Tween 20). Moreover, the fact
that the protein-surfactant interaction was not affected by protein
charge implied that the above adsorption was most likely caused
by hydrophobic interactions.>

Thus, in contrast to poorly protein-adsorbing conventional
PU fibers, stretched PU nanofibers featured extended hydro-
phobic regions comprising linearly arranged hard segments. As
a result, the latter fibers engaged in enhanced hydrophobic
interactions with proteins and thus showed enhanced protein
adsorption capability.

In view of the above, we herein focused on the secondary
structure and activity of proteins adsorbed on PU nanofibers.
Notably, the extensive investigation of nanoparticles performed
in recent years has enabled their numerous in vivo applications
in nanomedicine,>** drug delivery, and cell imaging.**
However, the structural changes of proteins adsorbed on
nanoparticles cause protective responses of host organisms and
can thus have dangerous consequences, requiring the rela-
tionship between material surface shape and protein confor-
mation to be investigated in detail. Herein, we aimed to shed
light on this topic, evaluating changes of adsorbed protein
conformation and activity by utilizing stretched PU nanofibers
with different diameter and controlled surface shape.

2. Experimental

2.1 Materials and sample preparation

PU pellets (BASF; Elastollan 1180A; M,, = 60 000 Da) were dis-
solved in a 95 : 5 (v/v) mixture of tetrahydrofuran (THF; Wako)
and N,N-dimethylformamide (DMF; Wako) by stirring at room
temperature overnight to obtain 8.0, 10.0, and 16.0% (w/v)
solutions. Ethanol (Wako) was diluted to 70% prior to use.
Phosphate buffer solution (PBS) (pH 7.4) was prepared using
Na,HPO, (50 mM) and NaH,PO, (50 mM). Fluorescein iso-
thiocyanate (FITC-I; Dojindo) was coupled with horseradish
peroxidase (HRP; Sigma) to prepare FITC-labeled HRP (FITC-
HRP). FITC-HRP and HRP solutions (0.1 mg mL~') were
prepared in 50 mM PBS. Ultrapure water was used for dilution.

2.2 Preparation of stretched PU nanofibers by
electrospinning

Stretched PU nanofibers were electrospun (MECC, Inc.) from 8,
10, and 16% PU solutions. A 1 mm-thick acrylic plate was
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machined to a length/width of 6/10 mm using a laser processing
instrument (Universal Laser Systems Inc., Universal Laser
Systems). To prevent background fluorescence, a 1 mm-long
and 6 mm-wide hole was made in the middle of the above
plate, and PU nanofibers were spun into a bridged state.

The PU solution was placed into a 10 mL syringe (Henke Sass
Wolf Inc.), and a metallic 27 G needle (Terumo Needle Inc.) was
attached. The syringe was connected to a syringe pump (ULVAC
Inc.; DA-30D), with the injection rate of PU solution and applied
voltage set at 1.0 mL h™" and 25 kV (8%, 10% PU) or 30 kV (16%
PU), respectively. The acrylic substrate was cleaned by sequen-
tial 10 min ultrasonication (Honda Inc.) in 70% ethanol and
ultrapure water, and subsequently attached to a collector
(MECC Inc.; SD-02). A glass substrate (1 mm-thick, 2 cm-long, 1
cm-wide) was cleaned by sequential 10 min sonication in THF
and ultrapure water, and then attached to the collector.
Stretched PU nanofibers were prepared by spinning at
a collector rotation speed of 2000 rpm for 10 s or 15-60 min and
dried under reduced pressure in a desiccator (AS ONE Inc.)
overnight.

2.3 Quantitation of adsorbed protein

FITC-HRP (excitation at 488 nm, emission at 530 nm; pK, 7.2)
was used as a model protein for adsorption.

Stretched PU nanofibers prepared on the acrylic substrate
were immersed into a solution of FITC-HRP (0.1 mg mL~") held
in a polystyrene dish (diameter = 35 mm, height = 10 mm) and
incubated overnight at 37 °C. Subsequently, the incubated
nanofibers were immersed into 50 mM PBS and washed with
deionized water. The thus conditioned stretched PU nanofibers
with adsorbed proteins were imaged by fluorescence micros-
copy (Olympus Inc.). Fluorescence images were analyzed by
Image] software, and the amount of adsorbed protein was
calculated by quantifying fluorescence intensity. Thereafter,
scanning electron microscopy (SEM; JEOL) was used to image
fibers and measure their diameters.

2.4 Evaluation of adsorbed protein conformation

HRP (pK, 7.2) was used as a model protein to be adsorbed.
According to the abovementioned procedure, stretched PU
nanofibers prepared on the glass substrate were immersed in
0.1 mg mL~" HRP solution, and the conformation of adsorbed
HRP was analyzed using Fourier transform infrared (FTIR)
spectroscopy (Thermo Fisher Scientific), with the spectrum of
adsorbed HRP obtained as the difference between the spectrum
of pristine PU nanofibers and that of PU nanofibers + HRP.

2.5 Evaluation of adsorbed enzyme activity

According to the abovementioned procedure, stretched PU
nanofibers produced on the acrylic substrate were immersed
into 0.1 mg mL~"' HRP solution, and the adsorbed HRP was
allowed to react with a luminescent substrate (luminol), with
reaction progress monitored using a luminometer (Matou Inc.).
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3. Results and discussion
3.1 Quantitation of adsorbed HRP

Three types of PU fibers were prepared at a constant collector
rotation speed (2000 rpm) by controlling the PU solution
concentration, with the average nanofiber diameters obtained
using 8, 10, and 16% solutions equaling 482 + 145, 756 + 152,
and 947 + 163 nm, respectively. The commonly observed
viscoelasticity increase with increasing polymer concentration
also applies to stretched fibers.>” Thus, 16% PU nanofibers with
the highest viscoelasticity probably featured the hardest surface
among the three types of PU nanofibers.

Single fibers were observed to assess the amounts of HRP
adsorbed thereon. The observation of fluorescence for all types
of stretched PU nanofibers (Fig. 2B) confirmed that HRP was
adsorbed on the nanofiber surface. Therefore, even when
stretched nanofibers were prepared using solutions with
different PU concentrations, their surfaces exhibited a similar
segment structure (hard segments linearly arranged in the
major axis direction). In addition, the amount of adsorbed HRP
per unit area, calculated by quantifying the fluorescence
intensity, was almost independent of nanofiber diameter

(Fig. 3).

3.2 Structural changes of adsorbed HRP

Adsorption of biomolecules such as proteins results in
pronounced conformational changes due to biomolecule-
adsorbent interactions, with the largest structural changes
observed for planar-surface materials, whereas these changes
are reported to decrease with decreasing particle size for curved-
surface materials such as nanoparticles.

The secondary structure of adsorbed HRP was analyzed by
FTIR spectroscopy to calculate a-helix and B-sheet percentages.
In the acquired spectra, the peak centered at 1700-1600 cm ™"
was denoted as the amide I band, being ascribed to the C=0
stretching vibration of the peptide bond (Fig. 4). Since the
position and shape of this peak depend on the secondary
structure of the protein, this band is often used in conforma-
tional analysis.****

8% PU

Fig. 2 SEM (A) and fluorescence microscopy (B) images of stretched
PU nanofibers with different diameters.

10% PU

16% PU
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Fig. 3 Relationship between nanofiber diameter and fluorescence
intensity.
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Fig. 4 (A) Representative FTIR spectrum of native HRP. (B) Decon-
volution of the HRP amide | band into structural components, with
dotted lines showing fitted component peaks.

Compared to those of the natural state, the a-helix and B-
sheet percentages in HRP adsorbed on thick 16% PU nanofibers
significantly decreased, implying the occurrence of large
conformational changes. On the other hand, the above
percentages were almost unchanged in HRP adsorbed on thin
8% PU nanofibers, indicating that almost no structural change
occurred and suggesting that the adsorbed protein retained
a close-to-natural shape in this case (Fig. 5). Since thick 16% PU
nanofibers exhibited a flatter surface than thin 8% PU nano-
fibers, it was believed that the conformation change was largely
caused by the increased protein—fiber junction area.

Prior to adsorption experiments, the surface roughness of
10% PU nanofibers determined by AFM was small (Fig. 6).
However, the above technique does not allow one to observe
molecular-level surface roughness (1-5 nm) of PU nanofibers,
which, if present, can affect the retention of protein structure,
with the magnitude of this influence increasing with decreasing
concentration.

Proteins are polymers of amino acids, thus containing both
polar and nonpolar side groups. In solution, most polar groups
are found on the external surface of proteins and engage in
strong interactions with water molecules. However, if HRP is
attached to the nonpolar surface of PU nanofibers, its hydro-
phobic amino acid groups interact with the hydrophobic areas
(hard segments) of these nanofibers, inducing a conformational

This journal is © The Royal Society of Chemistry 2017
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Secondary structure (%)

8% PU 10% PU 16% PU
nanofiber nanofiber nanofiber
(d=480 nm) (d=750 nm) (d=950 nm)

Native

o-helix @ p-sheet

Fig. 5 a-Helix and B-sheet percentages in native HRP and HRP
adsorbed on stretched PU nanofibers of different diameters.

[wu] yBioH

Fig. 6 AFM height profile of a stretched PU nanofiber.

change. The above interaction is thought to be more detri-
mental to B-sheets than to the more weakly hydrogen-bonded a-
helices, explaining the higher decrease observed for the
percentage of the former structure. The active site of HRP (i.e.,
heme) features a random coil formed from secondary structures
such as a-helices and B-sheets, and thus, structural changes
affecting o-helices are also thought to affect heme structure
(Fig. 7). Thus, the abovementioned results imply that HRP was
adsorbed onto PU nanofibers via hydrophobic interactions.

3.3 Activity change of adsorbed HRP as a function of PU
nanofiber diameter

Since PU nanofiber diameter influenced the conformation of
adsorbed HRP, we evaluated the relationship between the above
diameter and the activity of adsorbed proteins, revealing that
HRP adsorbed on thin 8% PU nanofibers was more active than
that adsorbed on thick 16% PU nanofibers (Fig. 8). Since the
amount of adsorbed HRP was almost independent of nanofiber
diameter (Section 3.1), it could not account for such an activity
difference. Therefore, the above behavior implied that HRP
adsorbed on thick PU nanofibers underwent a significant
structural change and thus lost much of its activity. Conversely,
HRP adsorbed on thin nanofibers was believed to retain a close-
to-natural structure and thus show relatively high activity.

The abovementioned variation of HRP structure with nano-
fiber diameter was explained by the corresponding change of

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Secondary structure of a single HRP subunit: red = hydro-
phobic amino acid group, center = heme active site.
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Fig. 8 Luminescence intensity of HRP adsorbed on stretched PU
nanofibers of different diameters.

the PU nanofiber-HRP junction area and thus, of the hydro-
phobic interaction during adsorption. As mentioned above,
since the amounts of adsorbed HRP were almost independent
of fiber diameter, the observed activity differences implied that
the surface shape of PU nanofibers influenced the conformation
and activity of adsorbed HRP. However, since all PU nanofibers
were very large compared to HRP, they could not be viewed as
curved surfaces from the viewpoint of HRP. Nevertheless, unlike
in previous studies dealing with nanoparticles, we herein
observed that the conformation of HRP was stabilized upon
adsorption onto 480 nm-diameter nanofibers. Therefore, the
surface of stretched PU nanofibers was though to feature
a certain asperity at a level from several nanometers to several
tens of nanometers.

RSC Adv., 2017, 7, 56484-56488 | 56487
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Fig. 9 Relationship between the diameter of stretched PU nanofibers
and the conformation and activity of adsorbed HRP.

4. Conclusions

Herein, we evaluated the conformational and activity changes of
HRP adsorbed on the surface of stretched PU nanofibers with
different diameters (Fig. 9), demonstrating that the nanofiber-
HRP junction area can be adjusted by controlling nanofiber
diameter and the strength of the hydrophobic interaction at
adsorption. However, in contrast to previous results, wherein the
conformation of adsorbed proteins was retained when the size of
nanoparticles approximately equaled that of the protein, the
conformation of HRP was herein stabilized upon adsorption on
480 nm-diameter nanofibers, suggesting the formation of
a certain asperity at a level from several nanometers to several tens
of nanometers on the surface of these stretched PU nanofibers. In
the future, we plan to investigate this asperity at a several-
nanometer level, evaluate interactions between PU nanofibers
and proteins, and discuss the relationship between nanofiber
surface shape and protein conformation/activity in detail. Finally,
we have shown that the use of nanofibers instead of nanoparticles
allows proteins to be arranged in the major axis direction,
opening up the way to the creation of higher functional materials.
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