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Abstract: Surface roughness and energy significantly influence protein adsorption on to
biomaterials, which, in turn, controls select cellular adhesion to determine the success and
longevity of an implant. To understand these relationships at a fundamental level, a model
was originally proposed by Khang et al to correlate nanoscale surface properties (specifically,
nanoscale roughness and energy) to protein adsorption, which explained the greater cellular
responses on nanostructured surfaces commonly reported in the literature today. To test
this model for different surfaces from what was previously used to develop that model, in
this study we synthesized highly ordered poly(lactic-co-glycolic acid) surfaces of identical
chemistry but altered nanoscale surface roughness and energy using poly(dimethylsiloxane)
molds of polystyrene beads. Fibronectin and collagen type IV adsorption studies showed a
linear adsorption behavior as the surface nanoroughness increased. This supported the general
trends observed by Khang et al. However, when fitting such data to the mathematical model
established by Khang et al, a strong correlation did not result. Thus, this study demonstrated
that the equation proposed by Khang et al to predict protein adsorption should be modified to
accommodate for additional nanoscale surface property contributions (ie, surface charge) to
make the model more accurate. In summary, results from this study provided an important step in
developing future mathematical models that can correlate surface properties (such as nanoscale
roughness and surface energy) to initial protein adsorption events important to promote select
cellular adhesion. These criteria are critical for the fundamental understanding of the now well-
documented increased tissue growth on nanoscale materials.

Keywords: nanophase topography, surface energy, collagen type 1V, fibronectin, adsorption,
modeling, nanoscale roughness, proteins

Introduction
Upon the insertion of an implant inside the body, proteins adsorb on to the surface within
the first couple of seconds, and these adsorbed proteins mediate cellular adhesion on to
the implant surfaces.!? One of the most influential parameters controlling the adsorption
of proteins centers on surface properties (such as roughness and energy) of an implant. By
altering implant surface properties, it is possible to guide select protein adsorption, as well
as control the quantity and conformation of the adsorbed proteins, allowing researchers
to guide select cell adhesion on to the implant surfaces, potentially improving the success
of the implant.> Some of the important parameters that control protein adsorption on to
biomaterial surfaces are surface chemistry, roughness, wettability, and charge.*”

Along this line, one of the most promising approaches to altering surface properties
of biomaterials is decreasing the material surface feature size into the nanophase regime.
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When using a nanophase material, where at least one surface
feature size is less than 100 nm, implant surface properties will
change (ie, surface area, energy, topography, and charge).® In
fact, researchers have been proposing the use of nanophase
materials for a variety of tissue engineering applications,
including for bone, cartilage, vascular, neural applications,
and the bladder.” Cumulatively, there is plenty of evidence
showing enhanced cellular functions on nanophase materials
compared with their nanosmooth counterparts.” Specifically
in orthopedics, some of the chemistries that demonstrate
higher cellular adhesion and long-term cellular functions
upon the creation of a nanophase topography are TiO,,
AlLO

273
carbon nanotubes, and carbon nanofibers.!®!! Although the

hydroxyapatite, poly(lactic-co-glycolic acid) (PLGA),

list can be expanded with various other surface chemistries
and tissue types, the major reason for this enhancement in
cellular functions has been correlated with the interaction of
the adherent cells with the initially adsorbed proteins on to
the biomaterial surface.'>"

As it is crucial to understand the effect of surface prop-
erties on protein adsorption experimentally,'*!> a simplified
equation elucidating the influence of unique surface param-
eters (ie, chemistry, charge, micron/nanophase topography,
wettability, and crystallinity) on protein adsorption was
proposed by Khang et al.'® However, the Khang et al equation
has not been tested using other materials to date. Toward this
goal, in this research we utilized that simplified Khang et al
equation to model the influence of PLGA surface nanorough-
ness and energy on the protein adsorption events important for
controlling select cell adhesion.!® To investigate the efficacy
of the proposed protein adsorption model, we synthesized
PLGA surfaces with varying nanoscale topographies, while
keeping the surface chemistry the same, and assessed collagen
type IV and fibronectin adsorption on to these surfaces. The
results provided significant clues into how one can develop
improved mathematical models to correlate nanoscale surface
roughness to initial protein adsorption events.

Materials and methods
PLGA film synthesis

The details of the process used to create PLGA nanoscale sur-
face topographies are explained in a previous publication.'*
Briefly, 18 mm borosilicate glass coverslips (Thermo Fisher
Scientific, Waltham, MA, USA) were cleaned by acetone
and 70% ethanol (soaked in each liquid for 10 minutes
and then sonicated for another 10 minutes) followed by
rinsing with diH,O. A total of 300 uL of a 10 wt% solu-
tion of polystyrene (PS) beads 190 nm, 300 nm, or 400 nm

in diameter (Bangs Laboratories, Fishers, IN, USA) were
separately dispersed on to the coverslips and allowed to
evaporate in ambient air. PS beads were secured to a 1 cm
(height) x 18 mm diameter glass rod. Poly(dimethylsiloxane)
(PDMS, Sylgard® 184 silicone elastomer, Dow Corning
Corporation, Midland, MI, USA) was mixed at 1:10 vol%
(curing agent:base) and poured on to the glass rod/PS con-
struct, before the bubbles were removed under vacuum (25 in
Hg, for 20 minutes), and was cured at room temperature for
48 hours. PDMS molds were peeled and rinsed with chlo-
roform to remove any residual PS beads from the PDMS
surfaces. PLGA (50:50 wt:wt %, molecular weight 12—16 x
10 g, Polysciences, Inc., Warrington, PA, USA) was dis-
solved by sonicating at a ratio of 0.5 g PLGA to 8 mL chlo-
roform and then poured on to the PDMS molds, allowing for
evaporation of the chloroform to occur for 48 hours at room
temperature. The PLGA films were then peeled and cut into
12 mm diameter disks. The control surfaces were created by
dissolving PLGA in chloroform, before 300 UL of the solu-
tion was cast on to 12 mm coverslips, allowing chloroform
to evaporate for 4 hours at room temperature.

Sample characterization

Atomic force microscopy (AFM) topographies of nano/
submicron featured PLGA films were obtained in ambi-
ent air using a Digital Instruments DI-310 AFM (Santa
Barbara, CA, USA). Tapping mode was used at 320 kHz
with a scan rate of 0.5 Hz and 256 lines/scan. A scan area
of 5 um X 5 um or 2 um X 2 um was investigated. The
AFM tip had a radius of curvature less than 10 nm, a cone
angle of 30°, and a cantilever force constant of roughly
40 N/m coated on the back with aluminum (DP15/Al BS,
MikroMasch®, NanoWorld AG, Neuchatel, Switzerland).
Images were analyzed using Nanoscope 4.42 software (Digi-
tal Instruments). As was done by Khang et al,' the obtained
root mean squared (RMS) roughness values were multiplied
S
=measured greater surface area due to increased

by an area factor S (S =S /S =2D surface area,

unit measured;
and S

measured

roughness) to compensate for the incremental changes in

unit

surface area. In addition, and similar to Khang et al,'® in
this research RMS ;. was used as a new roughness factor
(RMS; ..=RMS__ XS).

A drop-shaped analysis system (DSA-10, Kriiss GmbH,
Hamburg, Germany) was used to complete the contact angle
measurements. Static contact angles were obtained imme-
diately after the deposition of 3 uL diH,O on to the sample
under ambient conditions. Surface energy was calculated
using E =E, X cosB, where E_is the surface energy of PLGA,
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0 is the water contact angle, and E, (surface energy between
air and water) is 72.8 mJ/m? at 20°C for pure water.

Protein adsorption

Samples were rinsed with phosphate-buffered saline and
incubated for 1 hour with 1% bovine fibronectin (Sigma-
Aldrich, St Louis, MO, USA) or 1% collagen type IV (Abcam
ple, Cambridge, UK). Following this, sample surfaces
were blocked by incubating in 1% bovine serum albumin
(Sigma-Aldrich) for 1 hour, and then incubated with a
3:1,000 solution of rabbit antibovine fibronectin polyclonal
antibody (Chemicon, EMD Millipore Corporation, Billerica,
MA, USA) or rabbit antibovine collagen type IV polyclonal
antibody (Abcam plc) in 1% bovine serum albumin. After
washing with 0.05% Tween 20 (Sigma-Aldrich) in phosphate-
buffered saline, a horseradish peroxidase conjugated sec-
ondary goat antirabbit IgG (H + L) (Bio-Rad Laboratories,
Hercules, CA, USA) was added. Samples were tested for the
horseradish peroxidase activity using an ABST kit (Vector
Laboratories, Inc, Burlingame, CA, USA), according to the
manufacturer’s instructions. Light absorbance measurements
at 405 nm were completed using a spectrophotometer and
associated software (SoftMax Pro 5, Molecular Devices LLC,
Sunnyvale, CA, USA). The absorbance readings were nor-
malized with the surface area of the samples obtained from
AFM measurements and with the control sample without any
imprinted topography.

Statistics

All experiments were run in triplicate and repeated at least
three separate times. Results were analyzed for statistical
significance using a Student’s z-test, where P < 0.05 was
defined to assess the statistical significance. Linear regres-
sion analysis and 10% confidence intervals (shown with the
pink shaded area on the graphs [Figure 3]) were determined
using JMP® software (SAS Institute Inc, Cary, NC, USA)
for statistical analysis.

A

2.0 um

1.0

Results

Experimental data

AFM images (Figure 1) showed that the spherical surface
topography was effectively transferred to the PLGA surfaces.
Interestingly, the line scan analysis (not shown) indicated
that the lateral and vertical feature sizes were not similar.
Although the lateral feature sizes were approximately (£5%)
similar to the original PS bead size, the vertical feature sizes
(shown in Table 1) did not follow a similar pattern. PLGA
surfaces created using 300 nm beads had higher vertical
dimension than the ones with 400 nm dimension. In fact, the
surfaces created using 350 nm PS beads had vertical feature
sizes ~17x larger than the ones created using 190 nm beads.
Furthermore, the surface free energy studies (Figure 2)
showed that as the surface feature size increased, so did
the hydrophobicity of the samples, with the exception of
samples with the 18.9 nm feature size. Hydrophilicity was
significantly different (P < 0.05) when comparing any two
substrates of interest in this study. In this study, surface
chemistry analysis was not conducted, because it was shown
in a previous publication that PLGA casting using PDMS
molds had identical chemistries."

The results in this study showed that fibronectin and
collagen type IV exhibited similar adsorption affinities
on PLGA surfaces (Figure 2). In fact, protein adsorption
followed a vy distribution with regard to the surface feature
size, with a maximum at 18.9 nm feature size. Surfaces with
4.9 nm and 18.9 nm features showed enhanced fibronectin
and collagen type IV adsorption (P < 0.05) compared with
the control surfaces.

Mathematical model
As mentioned, in this study a previously derived protein
adsorption model was used to understand the adsorption of
collagen type IV and fibronectin on to PLGA surfaces with
varying topographies and surface energy.'® Firstly, RMS

effective

Cc

5.0 um

1.0

Figure | Atomic force microscopy images of the poly(lactic-co-glycolic acid) surfaces synthesized using a template covered with polystyrene nanobeads. The dimensions of
the polystyrene nanobeads were: (A) 190 nm, (B) 300 nm, and (C) 400 nm. Spherical surface features were effectively transferred to the poly(lactic-co-glycolic acid) surfaces,

and ordered surface features were observed.
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Table | Summary of polystyrene bead size and corresponding
vertical surface feature dimension (obtained by atomic force
microscopy height profiles) and effective root mean squared
roughness (RMS ) values

Bead size (nm) Vertical dimension (nm) RMS_, (nm)
Control Control 0

190 49+04 2.69+0.0
300 863129 28.02+ 1.0
400 18.9£35 13.32 £ 1.1

Notes: Although the lateral surface feature size was similar to the bead size (data
not shown), the vertical feature dimensions were not directly proportional to the
bead size. The 300 nm beads showed a larger vertical dimension and RMS_ on
poly(lactic-co-glycolic acid) replicas compared with the 400 nm beads. Values are
mean + standard error of the mean.

and surface energy of the PLGA samples were correlated
using a linear equation, as shown in Figure 3A. The relation-
ship between RMS .
be formatted as shown in Equation 1:'¢

(RMS, ) and surface energy (E ) can

E(RMS_)=p xRMS_ + E (1)

In this formula, E__ (ground surface energy) is a material
property determined purely by chemical interactions between
the surface and the interacting liquid for negligible surface
roughness (not a function of nanoscale topography), and p
is a coupling constant, which determines the extent of the
influence of nanoscale topography on the surface energy of
material. Line fitting the present experimental results gave
E,=-0.47xRMS  +8.92 (R*=0.46), where p =—0.47 and
E =892

As previously stated, surface nanophase topography
and surface energy both affect protein adsorption on to
biomaterial surfaces. If we ignore the other parameters and
consider only these two parameters, the simplified formula
for adsorption of a protein is:'®
(RMS_,E)=axRMS_+BXE_ (2)

adsorption

where F

adsorption

surface area), E_is surface energy of the material, and o and

is protein adsorption (normalized with AFM

B are coupling constants correlating protein adsorption with
surface nanophase roughness (o) and surface energy (B).
When Equations 1 and 2 are coupled, it is possible to define
protein adsorption as a function of only RMS __, as shown
in Equation 3:'¢

(RMS_) =AXRMS_+BxE__ 3)

Fadsorption

Here, A and P are coupling constants for nanophase
roughness and ground surface energy, respectively, where
A =0+ xp. Coupling constant A indicates the contribution of

>
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Figure 2 The effect of the change in the poly(lactic-co-glycolic acid) surface
feature size on (A) surface energy (red) and water contact angles (blue), and (B)
relative collagen type IV (blue or left) and fibronectin (red or right) adsorption.
Surface energy and water contact angle results are significantly (P < 0.05) different
between all data points. Values are mean + standard error of the mean. *P < 0.05
compared with control surfaces.

nanophase surface roughness, and 3 indicates the contribution
of ground surface energy on the protein adsorption on to a
biomaterial surface. When the protein adsorption results in this
study are fit linearly with RMS __ (Figure 3B and C), the derived
equation for collagen type IV adsorption is Coll, gsorp = 0-02 X
RMS  + 1.52 (R* = 0.22), and for fibronectin adsorption is
FN, o = 0.01 X RMS  + 1.47 (R?=0.13).

On the other hand, when Equations 1 and 3 are combined,
it is possible to write the protein adsorption as a function of
only surface energy, as shown in Equation 4:'¢
=(k+PB)XE«XE_ @)

adsorption

where K = a/p is a coupling constant to correlate surface
energy with protein adsorption. When the protein adsorption
data are correlated with surface energy (Figure 3D and E), the
obtained linear regression for the collagen type IV adsorption
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Figure 3 Graphs showing the linear correlation between (A) RMS_ and surface energy, (B) RMS  and collagen type IV adsorption, (C) RMS . and fibronectin adsorption,
(D) surface energy and collagen type IV adsorption, and (E) surface energy and fibronectin adsorption. Poly(lactic-co-glycolic acid) sample synthesized using a polystyrene
template bead size of 190 nm is blue, 300 nm is black, 400 nm is green, and red is the control sample. Equation | (E[[RMS_]=p x RMS_+E_) was used to model RMS
and surface energy interactions in Figure 3A, Equation 3 (Fadwmn[RMSEﬁ] =AXRMS_+ B xE_ ) was used to model surface nanoroughness and protein adsorption in
Figure 3B and C, and Equation 4 (Fadsorpcion [E]=[x+P]x E~k X E_) was used to model surface energy and protein adsorption in Figure 3D and E. In these equations p, 0,
B, A, and K are coupling constants, where A = ot + 3 X p and K = a/p.

Abbreviations: Coll ” amount of adsorbed collagen; EM, initial ground surface energy determined by chemical interactions but not nanoroughness; ES' surface energy;

adsory

FN ..., amount of adsorbed fibronectin; RMS , effective root mean squared roughness.

adsorp’

is Coll , =-0.03 xE +1.87 (R?=0.26), and for fibronec-  data from the present experiment, although the general trend of
tin adsorption it is FN, dsop = —0.03 x E + 1.71 (R* = 0.36).  greater protein adsorption with surface roughness held true.
Table 2 summarizes the coupling constants obtained by linear

fitting the experimental results to the proposed protein adsorp- Discussion

tion model. As can be seen, the aforementioned equations that  In this study we synthesized a model PLGA surface with

were developed by Khang et al'® did not correlate well with the ~ varied nanofeature surface topographies, while keeping the
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Table 2 Parameters obtained by line fitting the experimental
values with the proposed protein adsorption model

Line fitting parameters Value
Eos 8.92

P -0.47
Acoliagen 0.02
Beoisgen 017

X olagen 0.1
Apronecein 0.0l
Breroneccn 0.165
tbronectin 0.088
Keolzgen -0.213
X -0.186

fibronectin

chemistry of the surfaces the same. Our results are in accord
with many previously published results that as the surface
nanoroughness of PLGA is increased, fibronectin and col-
lagen adsorption increases.'!* A linear regression model
developed by Khang et al'® was tested to correlate protein
adsorption with surface nanoroughness (RMS ) and surface
energy. Importantly, the proposed model could predict the
adsorption of collagen type IV and fibronectin in terms of
only surface nanoroughness.

Having said that, the R’ values for the linear regression
developed by Khang et al'® did not indicate a strong corre-
lation. We did attempt other curve fit parameters (such as a
quadratic polynomial fit); however, it was not mathematically
possible to calculate the individual contribution of surface
roughness (o) and surface energy (B) on protein adsorption.
One of the possible reasons for this behavior could be the lack
of enough data points to fit a curve. Alternative reasons for
this behavior could be the fact that the proposed model does
not take into account some of the important surface properties
for the characterized PLGA materials (ie, surface charge and
combined micron and nanosized surface topography). In the
future, the proposed model will be revised, perhaps using a
more generalized curve fitting approach, to take into account
the effect of nanorough (but micron smooth) surfaces, as well
as micron rough (but nanosmooth) surfaces on the adsorption
of proteins. Alternatively, it is possible to add another param-
eter to model the surface charge on protein adsorption, where
the control experiments can be completed using proteins with
anet positive (lysozyme) and negative (albumin) charge (ata
pH of 7.4).'7'8 Most importantly, to increase applicability to
medical devices, the model should be modified for the expo-
sure of the arginine—glycine—aspartic acid peptide sequence
containing proteins (ie, fibronectin, vitronectin, laminin, and
collagen type 1) to better assess the accuracy of the proposed
equations to model cell attachment.

Conclusion

In this research, the effect of a nanophase topography and
corresponding surface energy on fibronectin and collagen
type IV adsorption was investigated using a model PLGA
surface. A linear regression model developed by Khang et al'®
was used to correlate surface topography and wettability
with protein adsorption. Although general trends of greater
protein adsorption correlated to greater nanoscale roughness,
correlation coefficients when fitting the Khang et al'
equation were not strong. It is imperative to better understand
the influence of each biomaterial surface property on select
protein adsorption, where protein adsorption controls
cellular adhesion and long-term cellular functions. The
proposed linear regression-based protein adsorption model
is one of the first steps to deriving a universal equation to
fulfill this aim.
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