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Rajesh Vasita Background: Hydrophobic biopolymers such as polylactide-co-glycolide (PLGA, 85:15) have
Dhirendra S Katti been extensively explored as scaffolding materials for tissue engineering applications. More
Department of Biological Sciences recently, electrospun microfiber-based and nanofiber-based scaffolds of PLGA have received
and Bioengineering, Indian Institute increased attention because they act as physical mimics of the fibrillar extracellular matrix.
of Technology, Kanpur, However, the hydrophobicity of the PLGA microfiber surface can limit its use in biomedical
Uttar Pradesh, India applications. Therefore, in a previous study, we fabricated Pluronic® F-108 (PF-108)-blended
PLGA microfibrous scaffolds that alleviated the hydrophobicity associated with PLGA by
enriching the surface of microfibers with the ethylene oxide units present in PF-108.
Methods: In this study, we report the influence of the extent of surface enrichment of PLGA
microfibers on their interaction with two model proteins, ie, bovine serum albumin (BSA) and
lysozyme. BSA and lysozyme were adsorbed onto PLGA microfiber meshes (unmodified and
modified) and studied for the amount, secondary structure conformation, and bioactivity of
released protein.
Results: Irrespective of the type of protein, PF-108-blended PLGA microfibers showed signifi-
cantly greater protein adsorption and release than the unblended PLGA samples. However, in
comparison with BSA, lysozyme showed a 7-9-fold increase in release. The Fourier transform
infrared spectroscopy studies for secondary structure determination demonstrated that irrespec-
tive of type of microfiber surface (unblended or blended), adsorbed BSA and lysozyme did not
show any significant change in secondary structure (a-helical content) as compared with BSA
and/or lysozyme in the free powder state. Further, the bioactivity assay of lysozyme released
from blended PLGA microfiber meshes demonstrated 80%—-85% bioactivity, indicating that
the process of adsorption did not significantly affect biological activity. Therefore, this study
demonstrated that the decreased hydrophobicity of blended PLGA microfibrous meshes not
only improved the amount of protein adsorbed (lysozyme and BSA) but also maintained the
secondary structure and bioactivity of the adsorbed proteins.
Conclusion: Modulating the hydrophobicity of PLGA via blending with PF-108 could be a
viable strategy to improve its interaction with proteins and subsequent cell interaction in tissue
engineering applications.
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material in tissue engineering applications because of its biocompatibility, biodegrad-

their unique extracellular matrix mimicking microfibrous/nanofibrous structure, have

Email dsk@iitk.ac.in shown potential for development as scaffolding systems.> These fibrous meshes of
submit your manuscript International Journal of Nanomedicine 2012:7 6171 61
Dove © 2012 Vasita and Katti, publisher and licensee Dove Medical Press Ltd. This is an Open Access article

http: which permits unrestricted noncommercial use, provided the original work is properly cited.


www.dovepress.com
www.dovepress.com
www.dovepress.com
mailto:dsk@iitk.ac.in

Vasita and Katti

Dove

PLGA (diameter ranging from tens of nanometers to a few
microns) possess other desirable properties for scaffolding
systems, such as a high aspect ratio, a highly porous structure
(80%—-90% porosity), and good tensile strength.”® The variet-
ies of PLGA that have improved mechanical properties are the
ones with a higher content of lactic acid. However, the higher
lactic acid content leads to an increase in the hydrophobicity
of the PLGA system, which in turn can adversely influence
protein interaction and subsequent cellular behavior.” !>

Exposure of such an extracellular matrix mimicking
fibrous scaffold to the biological environment at the
site of implantation would normally result in rapid adsorp-
tion of proteins onto the surface of the scaffold. The amount,
orientation, and conformation of the adsorbed proteins is
largely regulated by the surface properties of the scaffold,
including surface chemistry, roughness, and charge.'1>4
These properties together determine the wettability of the
scaffold surface, hence understanding the effect of wettabil-
ity (hydrophobicity/hydrophilicity) on protein adsorption is
desirable for scaffold design. Various studies have reported
that adsorption of proteins on a highly hydrophobic surface
can denature the native conformation of the protein and
consequently compromise bioactivity.'>!® On the other hand,
highly hydrophilic surfaces can inhibit protein adsorption.!’
Therefore, it is now well accepted that both extremely
hydrophilic and hydrophobic surfaces may not be desir-
able for favorable protein interaction. Rather, surfaces with
moderate hydrophobicity/hydrophilicity are considered more
favorable for adsorbing proteins in their natural conforma-
tion, which can be an important factor in determining cell
interactions with the scaffold surface.!!2!16131° Therefore, it
would be desirable to design a PLGA microfibrous scaffold
that maintains the advantages of PLGA while providing a
reduced surface hydrophobicity in order to make them more
amenable as tissue engineering scaffolds.

In a previous study, we reported the blending of small
concentrations of the nonionic surfactant Pluronic® F-108
(PF-108) with PLGA (85:15), and demonstrated a significant
reduction in the surface hydrophobicity of electrospun PLGA
fibers while minimally compromising the thermal, mechani-
cal, and degradation properties of PLGA.?** These studies
also demonstrated that the reduction in hydrophobicity
was due to surface enrichment of ethylene oxide units of
PF-108 on microfibrous PLGA scaffolds. Further, it was
also observed that the alleviation of surface hydrophobicity
lead to an enhanced interaction with water throughout the
mesh (as demonstrated by water uptake and swelling studies).
Because proteins generally exist in aqueous solution under

physiological conditions, we hypothesized that increased
hydrophilicity of PF-108 blended PLGA microfibrous
meshes will increase the possibility of interaction between
water-solubilized protein molecules and microfiber surfaces.
This can, in turn, influence the adsorbed protein in terms
of its amount, secondary structure, and consequently its
function. Therefore, this study was conducted to understand
the influence of hydrophilization of PLGA microfibers on
the adsorption behavior, secondary structure, and function
of adsorbed proteins.

Materials and methods

Bovine serum albumin (99% purity), and chicken egg white
lysozyme (99% purity) were obtained from Bangalore Genei,
India, and used as received. PLGA (85:15) with a molecu-
lar weight of 45,000-70,000, and PF-108 (82.2% ethylene
oxide and 17.8% propylene oxide) with a molecular weight
of 14,600 were obtained from Sigma Aldrich, St Louis, MO.
Tetrahydrofuran and dimethylformamide (solvents of high-
pressure liquid chromatography grade) used for electrospin-
ning were purchased from Merck India Ltd (Mumbai, India).
Protein estimation was conducted colorimetrically using a
bicinchoninic acid assay kit procured from Thermo Scientific
(Rockford, IL) and lysozyme activity was quantified using
the lysozyme assay kit procured from Sigma-Aldrich.

Fabrication of PLGA microfibrous meshes

The PLGA microfibrous meshes were fabricated by elec-
trospinning as reported previously.?’ The electrospinning
apparatus that was used for fabricating PLGA microfibers
consisted of a high voltage power supply unit (Glassman
High Voltage Inc, High Bridge, NJ), an adjustable rotatory
mandrel (length 12 cm and diameter 7.5 cm) that served as a
substrate for collection of fibers, and a syringe pump (Harvard
Apparatus, Holliston, MA) that enabled pumping of the
polymer solution. Briefly, a 22% w/v polymer solution (pure
PLGA or PLGA blended with 0.5%-2.0% w/v of PF-108)
prepared in tetrahydrofuran and dimethylformamide ina 3:1
ratio was used for electrospinning. The parameters used for
electrospinning were as follows: flow rate of 0.5 mL/hour,
electrospinning distance of 29 cm (distance between the tip
of the needle [internal diameter = 0.394 mm] and the col-
lector mandrel), and the voltage applied was 1.2 kV/cm. The
PLGA solution when electrospun using the aforementioned
parameters lead to the fabrication of microfibers that were
deposited/collected on the rotating mandrel (300 rpm). The
fabricated nonwoven microfibrous mesh was lyophilized for
48 hours and used for further experiments. For convenience,
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the following acronyms were used to represent the microfiber
samples studied: PF-0.0 for pure PLGA microfibers, PF-0.5
for 0.5% PF-108 blended PLGA microfibers, PF-1.0 for 1.0%
PF-108 blended PLGA microfibers, PF-1.5 for 1.5% PF-108
blended PLGA microfibers, and PF-2.0 for 2.0% PF-108
blended PLGA microfibers.

Scanning electron microscopy

An FEI Quanta 200 scanning electron microscope (SEM) was
used to characterize the surface morphology and diameter
of the electrospun microfibers. Microfibrous meshes were
lyophilized for 24 hours and sputter-coated with gold prior
to SEM analysis. SEM analysis was performed at a working
distance of 10 mm and an accelerating voltage of 20 kV.
The fiber diameters were measured using an indigenously
developed algorithm (software) that estimated diameters
using gray-scale images generated from the SEM. For each
sample, three zones of view were imaged and analyzed using
the software. For each zone, more than 50 measurements were
recorded and measurements from all the three zones were
averaged to arrive at average diameter values of blended and
unblended microfiber meshes.

Protein adsorption

Freshly prepared solutions of bovine serum albumin (BSA,
5% w/v) and lysozyme (5% w/v) in phosphate-buffered
saline (pH 7.4) were used for adsorption. Prewetted PLGA
microfiber meshes (30 minutes in double distilled water) were
immersed in protein solution for 30 minutes. After 30 minutes,
the protein-adsorbed PLGA microfiber meshes were gently
washed with deionized water three times. All microfibrous
meshes (freshly prepared and protein adsorbed) were frozen
at —20°C for 24 hours prior to lyophilization. Frozen samples
were then lyophilized at —50°C and 110 mb (1.59 psi) pressure
for a duration of 72 hours using a lyophilizer (Freeze Dryer
ALPHA 1-4 LD plus; Martin Christ Gefriertrocknungsanla-
gen GmbH, Osterode am Harz, Germany). The lyophilized
samples were used for protein release and Fourier transform
infrared (FTIR) spectroscopy studies.

Protein release and quantification study

For these studies, 1 X 1 cm samples of protein-adsorbed
PLGA microfiber meshes (PF-0.0, PF-0.5, PF-1.5,
and PF-2.0) were suspended in 1 mL of phosphate-buffered
saline at pH 7.4. Culture tubes containing the suspended
microfiber samples were incubated at 37°C in an orbital
shaker at 50 rpm. At predetermined time points (2, 8, and
24 hours) 1| mL of phosphate-buffered saline containing

released protein was aspirated and the culture tubes were
replenished with a similar amount of fresh phosphate-
buffered saline. The concentration of the released protein
in the aspirated phosphate-buffered saline was quantified
using the bicinchoninic acid assay.?? For this, the protein-
containing samples were incubated with bicinchoninic acid
reagents for 60 minutes and the samples were prepared as
per the Pierce (Thermo) protocol for ultraviolet analysis. The
absorption values for the prepared samples were recorded at
a wavelength of 595 nm using an ultraviolet-visible spec-
trophotometer (Thermo Electron Corp, Waltham, MA). The
concentration of the protein at the respective time points was
then calculated from reference plots of known concentrations
of BSA and lysozyme (10-1000 pg/mL). All experiments
were performed in triplicate.

Fourier transform infrared spectroscopy
For the secondary structure analysis of the adsorbed proteins,
FTIR spectroscopy was used.”® FTIR spectroscopy can
process a variety of protein samples, such as solubilized
proteins,?*? proteins adsorbed on surfaces,’*% and encap-
sulated proteins,*® and hence can be a useful tool for the
characterization of proteins associated with scaffolds in tis-
sue engineering applications. Further, mathematical methods
such as second derivative (qualitative)’' and deconvolution
(quantitative)*>¥ can be applied to estimate the secondary
structure of proteins adsorbed on biomaterial surfaces using
its FTIR spectra. Hence, FTIR-based structural analysis was
used in this study to understand the interactions between
proteins and hydrophilized PLGA microfiber surfaces.
Attenuated total reflectance FTIR spectroscopy was
conducted using a Bruker (Tensor 27) FTIR spectrometer.
Control of the instrument as well as collection and primary
analysis of data was accomplished using inbuilt Opus
software. Prior to data acquisition, the optical bench was
purged using dry N, to minimize external interference. For
each run, a total of 500 scans were collected at a resolution
of 4 cm™. In order to minimize the possibility of error, the
FTIR spectra of all PLGA microfiber mesh samples (with
and without adsorbed protein) were recorded at least three
times from both sides. Each recorded spectrum was corrected
for background (atmospheric components), and the spectrum
for PLGA microfiber meshes without adsorbed protein (pure
PLGA meshes) was used as a control for protein-adsorbed
microfiber meshes. In order to obtain the amide absorbance,
the spectra of protein-adsorbed microfiber meshes were sub-
tracted from the spectra of pure PLGA meshes. For powder
samples (pure BSA and lysozyme) spectra were recorded
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with 2 mg samples in 200 mg KBr as a compressed pellet.
All samples used were lyophilized prior to FTIR analysis and
used immediately after lyophilization to reduce the possibility
of surface contamination/moisture adsorption.

Secondary structure determination

of surface-bound proteins

The FTIR spectra of BSA and lysozyme consist of multiple
signature peaks for secondary protein structure includ-
ing amide I (1500-1600 cm™), II (1480-1575 cm™), and
III (1229-1301 cm™). However, in this study we used only
the amide I adsorption region because it is majorly gov-
erned by C=0 (70%—-85%) and C-N groups on the protein
backbone. To determine the secondary structure of adsorbed
proteins, the sum of Gaussian curve to amide I region (ie,
1500-1600 cm™) were fitted. The curve fitting was performed
using a previously reported method in which the authors
have presumed 5-6 Gaussian peaks.?*2**° Therefore, in
this study there was a presumption of 5—6 Gaussian peaks,
with each peak being ascribed to a segment assuming a
distinct secondary structure: 1689-1682 cm™' — -structure;
1682-1661 cm™' — turns; 1661-1647 cm™ — o-helix;
1644-1637.5 cm™ — random coils; 1637.5-1627 cm™
— B-structure 2; and 1627.5-1615 cm™ — B-structure 3. All
possible Gaussian peaks were computed using a nonlinear
least square iterative curve fitting method (origin 6.0). In all
cases, a linear base line was fitted.

The secondary structures of BSA and lysozyme were
quantified at three different stages: first, when they were in the
nonadsorbed state (ie, free protein powder); second, adsorbed
on PF-108 blended and unblended PLGA microfibrous
meshes; and third, when they were released from the PLGA
microfiber meshes. In all cases, samples were lyophilized for
72 hours prior to FTIR analysis.

Lysozyme bioactivity assay

Lysozyme causes hydrolysis of 1,4-beta-linkages between
N-acetylmuramic acid and N-acetyl-D-glucosamine residues
present in the peptidoglycan layer of bacterial cell walls.
Hence, a bacteria (Micrococcus lysodeikticus) with an intact
cell wall was used as the substrate for the lysozyme bioac-
tivity assay. The assay was performed using a previously
reported protocol.>*35 Briefly, a 0.01% (w/v) suspension of
M. lysodeikticus was prepared in potassium phosphate buffer
(0.1 M, pH 6.24). A 100 pL aliquot of released lysozyme
solution was added to 2.5 mL of the cell suspension. The
turbidity of the cell suspension (cell lysis causes a change in
turbidity of the cell suspension and this change in turbidity

was measured) was estimated from absorption values of
nonlysed cells recorded at 450 nm using an ultraviolet-visible
spectrophotometer. Absorbance values were recorded for
a total duration of 5 minutes (at intervals of one minute).
Lysozyme activity was calculated from the slope of the
linear region of the absorbance at 450 nm versus time
curve. Specific lysozyme activity was determined in terms
of units/mL of released phosphate-buffered saline based on
the fact that, for the conditions employed, one unit of enzyme
activity reduced the absorbance value by 0.001/minute.

Statistical analysis

Results were presented as mean * standard deviation. Sta-
tistical analysis was performed using analysis of variance
to test for significant differences between the means of data
sets, whereas multiple comparisons of sample means were
performed using the Tukey-Kramer multiple comparison
test. All analyses were performed using Graph Pad Instat
software. Values of P < 0.05 were considered to be statisti-
cally significant.

Results and discussion
Microfiber fabrication and surface
characterization
PLGA microfibrous meshes fabricated using the electrospin-
ning technique were analyzed for their morphology using
SEM. The SEM micrographs (Figure 1) of PF-108 blended
and unblended PLGA microfiber mesh samples show that the
fibers in both samples had a random orientation, nonwoven
arrangement, porous structure, and smooth morphology. The
fiber diameter ranged from 200 nm to 1000 nm (Figure 1)
with an average diameter of 800 nm.

In a previous study, 0.5%-2.0% PF-108 blended PLGA
microfiber meshes were thoroughly characterized for

Figure | Scanning electron micrographs of Pluronic® F-108 blended and unblended
PLGA microfibrous mesh. (A) Pure PLGA, (B) PLGA blended with 2.0% PF-108
(this is a representative micrograph of blended samples [PF-0.5 to PF-1.5] that are
morphologically similar to those reported previously®).

Abbreviations: PF, Pluronic® F; PLGA, polylactide-co-glycolide.
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surface properties.?*?! The results of that study demonstrated
that, for PF-108 (0.5%—2.0%) blended PLGA samples, the
contact angle of the microfiber meshes decreased significantly
from 120° to 10°. The drop in contact angle demonstrated
the improved hydrophilicity of PLGA microfibrous meshes
as a consequence of blending with PF-108. The surface
hydrophilicity of the PF-108 blended PLGA microfiber
meshes was further corroborated using x-ray photoelectron
spectroscopy analysis wherein significant enrichment of
PF-108 (25%-33%) on PLGA microfiber surfaces was dem-
onstrated. These results confirmed the presence of PF-108 on
the surface of the blended PLGA microfiber meshes as well
as the extent to which it was present on the surface. However,
the surface coverage of PF-108 on PLGA microfibers was
partial, indicating that the PF-108 blended PLGA microfibers
probably had a distribution of hydrophilic environments (PF-
108) and hydrophobic environments (PLGA) on their surface
(Figure 4). This distribution of hydrophilic and hydrophobic
environments on the surface of PLGA microfibers makes its
surface moderately hydrophobic (as against highly hydro-
phobic for pure PLGA microfibers), which was hypothesized
to be the reason for rendering the surface relatively more
favorable for protein interaction.

Protein adsorption and release study

To understand the influence of improved surface hydrophilic-
ity (moderate hydrophobicity) of blended PLGA microfibers
on protein interaction, protein adsorption and release studies
were performed as the first set of studies.

The release of adsorbed BSA and lysozyme from PF-108
blended and unblended PLGA meshes were quantified for
three different time points, ie, at 2, 8, and 24 hours. Figures 2
and 3 are plots of the amount of protein released (Lg/mL) as
a function of time for all the sample types (PF-0.0, PF-0.5,
PF-1.0, PF-1.5, and PF-2.0). Figure 2 demonstrates that the
amount of BSA released at 2 hours from all PF-108 (0.5%—
2.0%) blended PLGA meshes was more than two times that of
the BSA released from unblended PLGA meshes. However, no
significant difference in amount of released BSA (55-65 Lg)
was observed amongst the blended samples at the 2-hour time
point. In all samples (blended and unblended), approximately
95% of adsorbed BSA was released during the first 2 hours,
and no significant release was observed at the 8-hour and
24-hour time points. Similar results were obtained when
lysozyme was used as a model protein for adsorption studies
(Figure 3). Except for the PF-0.5 blended meshes, all other
PF-108 blended PLGA meshes (PF-1.0, PF-1.5, and PF-2.0)
showed close to two times the amount of lysozyme released

100
BSA released after 2 hours

90 | ZZZZ1 BSA released after 8 hours
[ BSA released after 24 hours
80 1

70

SN
| % %
20_ % |

Bovine serum albumin (ug/mL)

PF-1.0
Sample types

PF-0.5 PF-1.5

Figure 2 Plot of bovine serum albumin released from PF-0.5 to PF-2.0 blended
PLGA microfibrous meshes and pure PLGA microfibrous mesh (control) as a
function of time (2, 8, and 24 hours).

Note: *P < 0.001 between unblended PLGA and PF-108 blended PLGA samples at
the 2-hour time point.

Abbreviations: PF, Pluronic® F; PLGA, polylactide-co-glycolide; BSA, bovine serum
albumin.

(90% increase) as compared with the unblended PLGA
microfiber meshes. Like BSA, lysozyme also showed a burst
release (about 95% of total adsorbed lysozyme) during the
first two hours followed by marginal release of lysozyme at
the 8-hour and 24-hour time points. Interestingly, the amount
of lysozyme adsorbed (as quantified by the release study)
was significantly higher than the amount of BSA released for
both unblended and blended PLGA microfiber meshes. For
the unblended samples, the amount of protein released at the
2-hour time point was 26 pLg/mL for BSA and 250 pg/mL for

6004 77777 Lysozyme released after 2 hours
1 m Lysozyme released after 8 hours %

Lysozyme released after 24 hours
500 *

400
3004

200

Lysozyme released (ug/mL)

100

PF-0.5

PF-1.0
Sample types

Figure 3 Plot of lysozyme released from PF-0.5 to PF-2.0 blended PLGA
microfibrous meshes and pure PLGA microfibrous mesh (control) as a function of
time (2, 8, and 24 hours).

Note: *P < 0.00| between unblended PLGA and PF-108 blended PLGA samples at
the 2-hour time point.

Abbreviations: PF, Pluronic® F; PLGA, polylactide-co-glycolide.

International Journal of Nanomedicine 2012:7

submit your manuscript 65

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Vasita and Katti

Dove

lysozyme, indicating a near 10-fold increase in the amount
of released protein for lysozyme, whereas for the blended
samples the released protein ranged from 55 to 65 ug/mL for
BSA and from 350 to 450 ug/mL for lysozyme, indicating a
7-9-fold increase in the amount of released lysozyme. This
indicates that the increase in amount of released lysozyme
was irrespective of the presence or absence of PF-108.
The possible reason for a higher amount of released lysozyme
could be its relatively smaller size (14.5 kDa for lysozyme
and 66 kDa for BSA), which probably enabled adsorption of
more protein per unit area of the microfibrous surface.
Irrespective of the protein used, the PF-108 blended
samples showed a significantly higher protein release as
compared with the unblended PLGA samples. This could
be attributed to the change in chemical composition and
consequent surface hydrophilicity of the blended microfibers.
PF-108 is a block copolymer of two different monomers, ie,
ethylene glycol (EO) and propylene glycol (PO) and was
chosen because it contains 82.2% of EO units and 17.8%
of PO units, which makes it hydrophilic in nature. Previous
literature has shown that when PF-108 was blended with
a hydrophobic polymer (such as PLGA), conformation of
PF-108 at the surface was such that the hydrophobic PO
units associate with hydrophobic PLGA and the hydrophilic
EO units protrude outward (Figure 4).33% It has also been
shown that when PF-108 is present on the surface in low
concentrations, the EO units arrange in a mushroom shape
that enables primary and secondary adsorption of proteins
(Figure 5) whereas at higher PF-108 concentrations, the
EO units arrange in a densely packed brush-shaped structure,
which leads to reduced protein adsorption on its surface (ie,
anonfouling surface).* In a previous study, we have demon-
strated that the percentage accumulation of PF-108 on PLGA
microfiber surfaces did not exceed 33% (2.0% PF-108).2°
Therefore, because the PF-108 coverage on the microfiber
surfaces was partial, it was speculated that the EO units
would take on the mushroom conformation that allowed

#EOy

EC PRy ST
Pluronic® Pluronic® EO morphology
F-108 F-108 blended on water exposure

PLGA surface
A B Cc

more proteins (primary on material surface and secondary
on protein mushroom conformation) to be adsorbed on
the blended microfiber surfaces. Further, both the proteins
(BSA and lysozyme) possess a predominantly hydrophilic
external surface that can facilitate the secondary adsorption
of proteins on the mushroom conformation.

Taken together, the release studies (Figures 2 and 3) demon-
strated that a change in surface composition (hydrophilicity)
allowed for enhanced accessibility of water molecules, which
eventually enabled more protein molecules to interact and
adsorb on blended microfiber surfaces.

Secondary structure analysis of proteins
Protein adsorption on biomaterial surfaces is a complex
process and can involve multiple noncovalent interactions,
such as van der Waals, hydrophobic, and electrostatic inter-
actions, as well as hydrogen bonding. These noncovalent
interactions are primarily governed by the protein type and
surface properties of the biomaterial. Depending on the sur-
face chemistry of the biomaterial (hydrophilic/hydrophobic,
charged/uncharged surfaces), proteins when adsorbed onto
the biomaterial surfaces can undergo changes in conformation
and/or orientation which in turn can influence its bioactivity.*
Therefore, estimating the conformational change of adsorbed
proteins would be desirable for designing a new biomaterial
surface because the protein conformation has direct implica-
tions for biomaterial-cell interactions. Although PLGA-based
biomaterial surfaces have been studied for their interactions
with a variety of proteins,’***> the PF-108 blended PLGA
microfiber meshes have not be studied for their interactions
with proteins. Therefore, in this set of experiments, proteins
were studied for change in their secondary structure as a
result of their interaction with blended and unblended PLGA
microfibrous meshes.

Two model proteins, BSA and lysozyme, that differed in
properties, such as size, function, and secondary structure,
were chosen in order to enable a better understanding of pro-
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Figure 4 Schematic of PF-108 conformation in/on PLGA microfiber surface. (A) Structure of PF-108 depicting ethylene oxide and propylene oxide domains. (B) Conformation
of PF-108 before exposure of water to PF-108 blended PLGA microfiber surface. (C) Conformation of PF-108 after exposure of water to PF-108 blended PLGA microfiber
surface. The ethylene oxide component of PF-108 takes on a mushroom-shaped conformation, whereas the propylene oxide component of PF-108 remains embedded in the
PLGA microfiber. (D) Noninteracting mushroom-shaped conformations of ethylene oxide on PLGA microfiber surface at lower concentrations of PF-108. (E) Brush-shaped
conformations of ethylene oxide on PLGA microfiber surface at higher concentrations of PF-108.

Abbreviations: PF, Pluronic® F; PLGA, polylactide-co-glycolide; EO, ethylene oxide; PO, propylene oxide.
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A Cross sectional view of PF-108 blended PLGA microfiber
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Figure 5 Schematic depicting the cross-sectional view of PF-108 conformation
in/on PLGA microfiber surface. (A) Change in conformation of ethylene oxide units of
PF-108 from mushroom-shaped to brush-shaped conformation with increase in surface
density of PF-108 on PLGA microfiber surface. (B) Primary and secondary protein
adsorption behavior on mushroom-shaped and brush-shaped ethylene oxide units.
Abbreviations: PF, Pluronic® F; PLGA, polylactide-co-glycolide; EO, ethylene
oxide; PO, propylene oxide.

tein-fiber surface interactions. BSA is a 66 kDa abundantly
available transporter protein, the crystal structure of which
has not yet been determined by x-ray diffraction techniques.
However, previous studies using circular dichroism spectros-
copy and FTIR spectroscopy have reported the secondary
structure of BSA in its powdered form.3*33 These studies
showed that the o-helical content in the secondary struc-
ture of BSA ranged from 52% to 68%. Another strategy to
arrive at the secondary structure of BSA would be to draw a
parallel with the secondary structure of a sequentially (80%
homology) and functionally similar protein, such as human
serum albumin. Therefore, one can use the known secondary
structure details of human serum albumin to extrapolate it for
the estimation of the secondary structure of BSA.** In this
study, we used the secondary structure information for BSA
obtained using spectroscopic techniques (o-helical content
52%—68%) due to its significant overlap with the secondary
structure information obtained from the human serum albu-
min extrapolation method (o-helical content 60%—73%).

The second model protein used was hen egg white
lysozyme, a small globular protein having a molecular weight
of 14.5 kDa. The secondary structure of lysozyme as obtained
from the Protein Data Bank* had an o-helical content of
34%—42% and a B-sheet content of 7%—12%.

In this study, deconvolution of FTIR spectra was used
for the determination of secondary structures of free powder,
adsorbed, and released proteins.®*** To affirm the use of a
deconvolution procedure of FTIR spectra for secondary
structure estimation, the secondary structure of lyophilized

lysozyme powder as determined using the deconvolution
technique was compared with the secondary structure of
lysozyme obtained from the Protein Data Bank (the DSSP pro-
gram was used to predict the secondary structure). More than
20 Protein Data Bank structures of lysozyme resolved by
various techniques, including x-ray diffraction, and liquid
and solid nuclear magnetic resonance spectroscopy, were
selected to quantify the content of the secondary structure.
The secondary structure content obtained from both methods,
ie, Protein Data Bank and deconvolution, is listed in Table 1.
Secondary structure was classified into three major categories,
ie, o-helices, B-sheets, and random chains (which include loops
and random chains). A comparison between the secondary
structure content obtained from the Protein Data Bank and
deconvolution demonstrated that the percentage of o-helices
decreased from 34%-42% for experimentally determined
secondary structures to about 31% for secondary structures
determined by deconvolution (Figure 6). Conversely, the
[B-sheet content increased from 7%—12% for experimentally
determined secondary structures to approximately 20% for
secondary structures determined by deconvolution (Figure 6).
A probable explanation for the observed differences may be the
usage of lyophilized lysozyme powder for deconvolution. It has
previously been reported that the lyophilization procedure can
cause reversible changes in protein conformation and is asso-
ciated with reduction in the a-helical content and increase in
the B-sheet/random chain content.*® Therefore, in the current
study, reduction in o-helical content and increase in 3-sheet
content was speculated to be due to lyophilization of lysozyme
powder. Since the secondary structure predictions made using
the deconvolution procedure were found to be approximately
accurate, use of the deconvolution technique for secondary
structure determination was considered to be validated.
Conformation of protein structure can be of biological
significance both in the adsorbed state and when released
from a biomaterial surface. In the adsorbed state, proper
orientation of proteins influences cell interactions (especially
scaffolds in tissue engineering), whereas in the free/released
state, proper conformation would enable the bioactive form

Table | Secondary structure of lysozyme content as determined
by experimental and deconvolution techniques

Secondary structure Experimental Deconvoluted

(from PDB)
o-helices 38.87% £ 2.9% 31.08% + 3%
-sheets 10% + 1.4% 20.17% + 4.9%

Random chains 51.12% + 3.27%

Abbreviation: PDB, Protein Data Bank.

48.75% = 4.61%
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Figure 6 Deconvolution spectra of lysozyme amid | peak (1600—1700 cm™'). (A) Complete Fourier transform infrared spectrum of lyophilized lysozyme powder. (B) Zoomed
view of amid | peak (solid line in spectrum depicts the amid | region and the dotted lines depict deconvoluted Gaussian peaks of various secondary structures of lysozyme).

of proteins. Therefore, in this study, BSA and lysozyme
were characterized for their secondary structure in both
the adsorbed and released states. Because both the proteins
were o-helical proteins, a change in ¢t-helical content would
be a strong indicator of change in structural conformation,
and protein function as a consequence. The estimated values
for o-helical content for BSA and lysozyme both in adsorbed
and released states are shown in Table 2. The secondary struc-
ture information of powdered (free state) BSA and lysozyme

Table 2 Percentage o-helical content of adsorbed and released
bovine serum albumin and lysozyme from PF-108 blended and
unblended PLGA microfibers (percentage o-helical content of
powdered bovine serum albumin and lysozyme were taken as

controls)

Sample Adsorbed Released Adsorbed Released
ID BSA BSA lysozyme lysozyme
PF-0.0 4198 £ 2.1 39.92+24 33.03+£22 3273+ 1.1
PF-0.5 3737+ 1.6  3683+17  *3769+34 3344+ 16°
PF-1.0 347 £ 1.2 3577 £22% 3025+ 1.5 3185+ 1.8
PF-1.5 42.85+3.0 3679 £2.4% 3117 2.1 3207 2.1
PF-2.0 409 +2.3 3636+ 1.9 2758+2.6% 3286+ 1.9%
Powder 326* 1.6 31.08+25

BSA/Lys

Notes: PF-1.0, all adsorbed BSA samples showed improvement in o-helical content
(PF-0.0 and PF-2.0, P < 0.001; PF-0.5 and PF-1.5, P < 0.01) as compared with
powdered BSA; except for PF-1.0 and PF-2.0, all BSA samples released showed
marginal improvement in o-helical content (PF-0.0, P < 0.001; PF-0.5; and PF-1.5,
P < 0.05) as compared with powdered BSA; significance with respect to PF-0.0 in
each column (excluding powder BSA/Lys), *P < 0.05, *P < 0.01, **P < 0.001;
except for PF-0.5 (P < 0.001), all adsorbed and released lysozyme samples did
not show any significant difference in a-helical content as compared with powder
lysozyme; comparison between adsorbed and released BSA. #P < 0.05, #P < 0.001;
comparison between adsorbed and released lysozyme. *P < 0.05, **P < 0.01.
Abbreviations: BSA, bovine serum albumin; Lys, lysosome; PF, Pluronic® F; PLGA,
polylactide-co-glycolide.

was used as a control. As is evident from Table 2, adsorbed
BSA (on blended and unblended PLGA samples) showed
an increase (2%—10%) in o-helical content when compared
with powdered BSA. This indicated that the adsorbed state
of BSA had a slightly higher o-helical content as compared
with the free protein, irrespective of the material surface.
Since the native structure of BSA has an o-helical content of
52%—68%, the observed o-helical content in adsorbed BSA
has a relatively lesser deviation from the native structure
as compared with the free (powder) protein. This improve-
ment in o-helical content as compared with free protein was
speculated to be due to surface-mediated structural stability.
However, marginal differences in the o-helical content of
adsorbed BSA were observed between the PF-108 blended
and unblended surfaces, except for the PF-1.5 blended sam-
ple. This indicated, that irrespective of the material surface,
the change in secondary structure of adsorbed BSA was not
significantly different.

Similar to the adsorbed state, the BSA released also showed
an increase (3%—7%) in o-helical content as compared with
free BSA. However, there was a small drop in the o-helical
content for most of the samples from the adsorbed state to the
released state. It is speculated that this reduction in a-helical
content was probably due to the absence of the polymeric
surface. Although there was a small reduction in a-helical
content from the adsorbed state to the released state, the
o-helical content in the released state remained higher than
that of nonadsorbed (powder) BSA. This indicated that the
released state had a relatively smaller deviation from the
native state as compared with free BSA. Overall, a decreasing
trend of a-helical content was observed for BSA from the native
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state (52%—68%)>adsorbed state (34%—42%)>released state
(35%—39%)>powdered state (32%). It was also observed that
there was a difference in a-helical content for the powdered
state and the released state that in principle should have a simi-
lar a-helical content. This probably indicated that the changes
in conformation that occurred during the process of adsorp-
tion were not fully reversed upon release (ie, some changes
at the secondary structure were probably maintained).
Similar to BSA, the o-helical content of lysozyme was
also estimated in the adsorbed and released state. There
were no significant differences observed in the o-helical
content of adsorbed lysozyme for PF-108 blended and
nonblended meshes. Similarly, in comparison with free
lysozyme, lysozyme adsorbed on PF-108 blended and
unblended PLGA microfibrous meshes showed mar-
ginal differences in a-helical content. The results for the
released lysozyme were similar to those observed for the
adsorbed lysozyme. However, in both situations (adsorbed
and released) the deviation in o-helical content as compared
with the native structure obtained from the Protein Data
Bank (34%—42% o-helix) was very small. In contrast,
BSA showed =10% reduction in o-helical content. The
possible reason for the relatively better structural stability
of lysozyme could be its smaller size. It has been reported
that an increase in protein concentration leads to a decrease
in protein spreading and promoted reorganization of previ-
ously adsorbed protein molecules.*’ Similarly, in this study,
it was observed that a higher concentration of lysozyme
enabled higher densities of adsorbed lysozyme (Figure 3),
that probably leads to a smaller contact area per protein
molecule and hence discourages spreading on the microfiber
surface, whereas for BSA the large size of the protein prob-
ably enabled a higher contact area with the microfiber surface
and as a consequence encouraged spreading. It has been
reported previously that spreading of BSA on biomaterial
surfaces discourages further adsorption of BSA molecules,
limiting the possibility of reorganization/compaction of
adsorbed BSA molecules in a time-dependent manner.*’
These previously reported studies support our observations
of a marginal change in o-helical content of adsorbed BSA
(Table 2), which was probably due to spreading of BSA
and a relatively lesser amount of adsorbed BSA (Figure 3),
which was probably due to the spreading that discouraged
further adsorption of BSA. Overall, the previous two stud-
ies (Figures 2 and 3, Table 2) demonstrated that although
there was no significant change in the secondary structure
of proteins when adsorbed on the blended and unblended
PLGA microfibrous surfaces, the amount of adsorbed

protein on the blended surfaces was approximately twice
that of the unblended surfaces. This indicates that surface
hydrophilization of PLGA microfibers via blending with
PF-108 enhanced protein adsorption while maintaining the
secondary structure of the adsorbed protein.

Lysozyme bioactivity assay

After confirming the ability of PF-108-modified PLGA
microfiber surfaces to adsorb higher amounts of protein with
minimal change in their secondary structure after adsorption,
a bioactivity assay was performed in order to determine
if the protein adsorbed on the modified surfaces was bio-
logically active. For these studies, lysozyme adsorbed on
PF-108-blended and unblended PLGA microfiber meshes
was subjected to a release assay. The lysozyme released
at variable time points (2, 8, and 24 hours) was used for
a bacterial cell lysis-based bioactivity assay. Lysozyme
released from unblended PLGA microfiber meshes was used
as a control (to understand the effect of pure PLGA surface
alone and for comparison with the PF-108 blended surface)
in these experiments. Figure 7 is a plot of the bioactivity of
lysozyme (units/mL) released from 0.5%-2.0% PF-108-
blended and unblended PLGA microfiber meshes as a func-
tion of time. After the first two hours of release, the blended
samples released 226286 units of lysozyme, whereas the
unblended PLGA samples released 183 units of lysozyme.
This observation corroborates the results of the lysozyme
release study (Figure 3) wherein a similar trend was observed.
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Figure 7 Enzymatic activity of lysozyme (units/mL) released from 0.5%—2.0% PF-108
blended and unblended PLGA microfiber meshes.

Notes: *P < 0.001 (except PF-0.5, P < 0.01) between unblended PLGA and PF-108
blended PLGA samples at the 2-hour time point. *P < 0.001 (except PF-1.0 and PF-
2.0, P < 0.01) between unblended PLGA and PF-108 blended PLGA samples at the
8-hour time point. $P < 0.0 between unblended PLGA and PF-108 blended PLGA
samples at the 24-hour time point.

Abbreviations: PF, Pluronic® F; PLGA, polylactide-co-glycolide.
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However, the extent of the differences observed between
blended and unblended samples was greater for the release
study than for the bioactivity study. Similar trends were
observed at subsequent time points of 8 and 24 hours. How-
ever, the extent of the differences observed between blended
and unblended samples decreased at subsequent time points,
with the 2-hour time point showing the most prominent dif-
ference and the 24-hour time point showing a marginal dif-
ference. Further, when the units of lysozyme released at the
2-hour time point were converted to percentage bioactivity,
it was observed that all samples (blended and unblended)
showed more than 80%—85% bioactivity. It is speculated that
the minimal changes in secondary structure (Table 2) did not
cause a significant change in percentage bioactivity of both
adsorbed and released lysozyme. Therefore, this study demon-
strates that the process of adsorption and release of lysozyme
on PF-108 blended and unblended PLGA microfiber samples
does not significantly compromise bioactivity.

Conclusion

In our previous studies, we demonstrated that fabrication
of electrospun PLGA microfibrous meshes by blending
with small quantities of PF-108 (0.5%-2.0%) enabled a
significant change in surface hydrophilicity while maintain-
ing or improving the physical properties of native PLGA.
Further, it was demonstrated that these hydrophilized PLGA
microfibers preferentially interacted with water, leading to
increased water absorption. Based on these findings, it was
hypothesized that increased wettability should result in
increased adsorption of protein from aqueous solution. The
current study focused on trying to understand the influence of
the presence/absence as well as the extent of surface hydro-
philization (via blending with PF-108) of electrospun PLGA
microfibrous meshes on protein (BSA and lysozyme) adsorp-
tion/release, secondary structure, and function. The BSA and
lysozyme adsorption study demonstrated that, irrespective
of type of protein, the PF-108 blended microfiber samples
showed a significantly higher protein release as compared
with the unblended PLGA microfiber samples. However, in
comparison with BSA, lysozyme showed a 7-9-fold increase
in release that was speculated to be due to its smaller size and
hence greater adsorption. In order to understand the influ-
ence of change in surface properties of PLGA microfibers
on secondary structure (conformation) of adsorbed protein,
FTIR spectroscopy was used. Deconvolution analysis of
amid I spectra demonstrated that irrespective of surface,
fibrous meshes showed a small improvement in secondary
structure (o-helical content) of adsorbed BSA as compared

with BSA in the free powder state, whereas lysozyme did not
show any significant changes in its secondary structure in the
adsorbed or powder state. Further, the bioactivity assay of
lysozyme released from adsorbed microfiber surfaces showed
a bioactivity of 80%—85%. This demonstrated that the process
of adsorption and release of lysozyme from blended PLGA
microfiber meshes did not significantly affect the bioactivity
of lysozyme. Overall, these studies demonstrated that PF-108
blended PLGA microfibrous meshes not only increased the
amount of adsorbed protein but also maintained the structural
and functional integrity of the adsorbed protein. Hence, the
strategy of blending triblock copolymers such as PF-108
with PLGA for surface modification of electrospun PLGA
microfiber meshes could be a viable strategy for improving
protein interaction, adsorption, and downstream cell interac-
tion in tissue engineering applications.
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