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Abstract In this study, bovine serum albumin (BSA) and
collagen (COLL) were adsorbed independent of one
another, onto the surface of silica nanoparticles (SNPs) at
pH’s where the (-potential of the proteins were equal in
magnitude, but opposite to the SNP surface to ascertain the
differences in surface coverage and conformation in the
adsorbed layer. In both systems, increasing the concentra-
tion of free protein resulted in an increase in protein surface
coverage and { values, with { values approaching that of
native protein at high surface coverage. However, a lower
critical charge reversal concentration range was measured
for COLL relative to BSA (COLL: 0-25 pg/mL, BSA: 25—
90 pg/mL). Additionally, a considerable difference in { for
adsorbed protein versus free protein was observed. These
results when interpreted in terms of the theory of Ottewill
and Watanabe indicate a higher Gibbs energy of associa-
tion for COLL versus BSA on SNP surfaces, accompanied
by perturbation in protein structure.

Introduction

In order to harness the potential of stem- and progenitor-
cell-based therapies in regenerative medicine, strategies for
controlling the cellular microenvironment, especially with
regard to presentation of molecular and structural cues
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need to be developed. Key to this strategy is the ability to
present information at length scales that are compatible
with chemical and mechanical signal transduction path-
ways. To date, the focus has been in composing a cellular
microenvironment with spatial and temporal fidelity in
soluble (and tethered) biomolecular signals (peptides,
proteins, and growth factors). Among the many tools in
natures’ “tool box,” the physical attributes of the cellular
microenvironment represent a very key element in con-
trolling cell fate and function and has been minimally
explored. We recently demonstrated in two seminal studies
that nano-scale physical cues are powerful mediators of
mammalian cell function [1, 2]. Using an assembly of silica
nanoparticles (SNPs) as the source of the nano-scale
physical cues, we have shown that cell shape, cytoskeletal
organization [2] and gene expression at the mRNA level
can be influenced in terminally differentiated cells and
progenitor cells [1]. Based on these findings, we believe
that SNPs represent a unique paradigm for influencing cell
function. SNP are also advantageous from the stand point
of controlling the length-scale and local density of infor-
mation, as they can be synthesized in various sizes with
narrow distribution [3] and be readily functionalized [4]. In
order to further explore this paradigm of using SNP
assemblies to influence cell function, a strategy to modify
and present information on SNP needs to be developed.
Borrowing from nature, we envision the assembly of
information on collagen (COLL) frameworks using protein
and polysaccharide mediators. The first step is to gain an
understanding of how the dynamics of protein adsorption
are influenced when adsorption occurs on surfaces whose
dimensions are comparable to that of the protein.
Towards this end, we studied the adsorption of serum
albumin and COLL, the two most abundant proteins in
plasma and extra-cellular matrix (ECM), respectively, on
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Table 1 Representative properties of BSA and type-I collagen

Collagen [5, 6] BSA [25]

Dimensions (nm>) 300 x 1.5 x 1.5 11.6 x 2.7 x 2.7
Molar mass (g mol’l) 300,000 67,000
Conformation Triple-helical o-helical

600 nm SNP, a size that is comparable to the length of
COLL (300 nm) [5, 6]. Specifically, the adsorption of
bovine serum albumin (BSA) and type-I collagen inde-
pendently of one another, onto the surface of mono-
dispersed SNPs was studied.

The proteins chosen for this study differ not only in their
size, but also in their physicochemical properties and ter-
tiary structure (Table 1) and physiological roles. Serum
albumin is produced in the liver and is the most abundant
protein in mammalian plasma, constituting approximately
60% of plasma protein. In contrast, collagen is generally
secreted by a number of cell types and forms the ECM of
numerous biological tissues (e.g., skin, bone, and tendon).
Collagen is the most abundant protein in the extracellular
matrix (ECM) space of the mammalian body, constituting
approximately 25-30% of total body protein. Unlike serum
albumin which has an a-helical structure and is considered a
“soft-protein,” type I collagen molecule in contrast contains
three helical polypeptide chains arranged to form a triple
helical conformation that imparts rigidity [6]. The ability of
collagen to form the ECM is partly attributed to collagen
being non-soluble under physiological conditions. This is
manifested in an end-to-end aggregation of the rigid-rod
collagen molecules to form collagen fibrils. While albumin
and collagen differ in origin and structure, similarities exist.
For example, both are composed of hydrophobic and
hydrophilic amino acids, making them amphipathic mole-
cules. Furthermore, like serum albumin, aqueous solutions
of individual type I collagen molecules are stable under
acidic conditions and can be used for in vitro adsorption
studies. Besides these considerations, the choice of these
two proteins was also dictated by the vast body of literature
on the adsorption behavior of these proteins on negatively
charged surfaces such as modified silicon [7] and poly(sty-
rene sulfonate) [8, 9]. These studies have shown that the
adsorption of proteins at a solid—liquid interface can occur in
a differential manner and be accompanied by conforma-
tional changes in the adsorbed proteins [8, 10]. Specifically,
it has been observed that collagen is preferentially adsorbed
onto negatively charged surfaces from a binary solution of
collagen and serum albumin. This preferential adsorption of
collagen has been attributed to a lower degree of electro-
static repulsion at the substrate surface for collagen relative
to serum albumin. This highlights the critical role of mate-
rial surface characteristics in the interrogation of the

biological environment. Towards the development of bio-
mimetic nanoparticles the two objectives of this study were
(1) to investigate how solution concentration affects pro-
teins surface coverage and (2) to map the deviations of { of
the protein-coated substrate as a function of pH from native
protein, in order to discern any potential perturbations in
protein structure upon adsorption.

Materials and methods
Chemicals

Ethanol, ammonium hydroxide, and HPLC grade water
was purchased from Fisher Scientific. Type-I collagen was
obtained from BD Sciences as a solution and was diluted as
per the manufacturers instructions to the appropriate con-
centration prior to use. BSA was obtained as a crystalline
solid from Sigma Chemicals (St. Louis, MO, USA) and
used without any further purification. Tetraethylorthosili-
cate (TEOS), fluorescein isothiocyanate (FITC) labeled
BSA, and type-I collagen were purchased from Sigma-
Aldrich as crystalline solids and dissolve in water imme-
diately prior to use.

Synthesis of SNP

Monodispersed SNP was synthesized using the Stober
process [3]. A TEOS/ethanol solution was prepared by
taking 5.83 g of TEOS then adjusting the final volume to
50 mL using ethanol. Next, an NH4;OH/H,O/ethanol solu-
tion was prepared by mixing 14.4 g of water with 11.7 g of
ammonium hydroxide then adjusting the final volume to
50 mL using ethanol. The TEOS/ethanol and NH,OH/
H,O/ethanol solutions were then mixed and stirred for 20 h
to yield colloidal SNP. The colloidal SNP was washed
three times with deionized water to remove any excess
reactant using centrifugation. In the last centrifugation step,
the final volume of the colloidal SNP was adjusted to
100 mL using deionized water. To determine the particle
concentration of the colloid, 1 mL was dried on a glass
slide and weighed using a mass balance.

Characterization of SNP
Size and surface charge ({) characterization

The SNP was characterized using a Malvern Instruments
Ltd, Zeta-sizer 3000, equipped with a laser light scattering
setup. Samples were prepared by placing a drop of col-
loidal SNP into a cuvette containing 2 mL. of deionized
water at pH 4.5 and the data were collected in the size and
zeta mode using software provide by the manufacturer.

@ Springer



1376

J Mater Sci (2009) 44:1374-1380

Scanning electron microscopy

The size and surface morphology of the SNP was verified
using scanning electron microscopy. Samples were pre-
pared by placing a drop of colloidal SNP onto an aluminum
stub covered with conductive carbon tape. After solvent
evaporation in a drying oven at 70 °C, the stub was sputter
coated with Au/Pd prior to imaging using a JEOL 6300F
FEG HRSEM operated at an accelerating voltage of 5 kV.
The images were captured using the software provided by
the instrument manufacturer.

Protein adsorption on SNP

For both collagen and BSA, a sample set was prepared by
adding 600 pg/mL of protein stock solution (pH 5.5) to
15 mL conical tubes. The volume of stock solution added
to each sample in the set was such that following dilution to
4 mL, the protein concentrations were 0, 100, 280, 360,
and 600 pg/mL. For each sample in the set, half of the
volume (2 mL) was then transferred to a separate 15 mL
conical tube containing 6 mL of colloidal SNP (concen-
tration of particles = 14 mg/mL, pH 5.5) resulting in a set
of protein—colloid mixtures with concentrations of protein
at 0, 25, 70, 90, and 150 pg/mL. The protein—colloid
mixtures were then adjusted to pH 4.5, as at this pH { of
free BSA and free collagen is positive and equivalent in
magnitude, while { of the native SNP was negative. The
mixture was then stirred for 20 h. Following mixing, the
protein-coated colloidal SNP was separated from the pro-
tein solution using centrifugation, washed three times with
deionized water to remove excess protein in the solutions.
In the last centrifugation step, each sample was concen-
trated to a final volume of 3 mL.

Characterization of protein-coating on SNP

To verify that the presence of a protein layer on the SNP,
fluorescence of SNP solutions was measured using a fluo-
rescence spectrophotometer and the SNP were imaged
using a laser scanning confocal microscope. The fluores-
cence intensity of 1.5 pL of the colloidal SNP coated at a
concentration of 150 pg/mL protein was measured for
FITC fluorescence using a Nanodrop ND-3300 spectro-
photometer equipped with a blue LED with peak emission
at 470 £ 10 nm (Nanodrop, Inc.). Nanoparticle emission
was measured at the 520 nm which is the emission maxima
for FITC. Confocal images of the protein-coated particles
were obtained using a Carl Zeiss LSM 510 Meta confocal
microscope equipped with a 30-mW Argon laser emitting
at 488 nm, with a 63 x oil immersion objective. An aliquot
of 1.5 pL of the SNP sample was mounted on a slide with
50% glycerol and the images of the SNP on the plane of the
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glass surface in the standard FITC emission channel (Carl
Zeiss, Inc.) were captured and processed using the Zeiss
software.

Estimations of protein surface coverage

For each sample, estimates of protein surface coverage
were calculated by dividing estimates of adsorbed protein
by estimates of particle surface area. Quantitative colori-
metric determination using the micro-BCA Assay was used
for estimations of adsorbed protein [11, 12]. The micro-
BCA assay is a very sensitive assay for quantification of
protein in the nanogram range and is widely used in bio-
logical research. The assay was validated prior to analysis
using BSA standards of know concentration. First, 50 puL
of each sample was transferred to a separate 1.5 mL con-
ical tube and then diluted to 1 mL using deionized water.
The samples were then incubated in micro-BCA assay
reagent following the standard test-tube protocol outlined
in the micro-BCA instruction manual. For each sample,
following the incubation period, the particles were centri-
fuged and the supernatant was removed, added to a cuvette,
and the optical density measured using a UV-VIS spec-
trophotometer. In the presence of protein, the reagent forms
a water soluble complex resulting in strong absorbance at
562 nm that is directly related to the amount of protein. To
quantify the mass of protein in each sample, the optical
absorbance for each sample was compared with a plot of
optical absorbance for a set of protein standards prepared
using the protocol outlined in the Pierce instruction man-
ual. The standard plot was linear in the concentration range
of 0.5-20 pg/mL. The particle surface area was estimated
using the mass of particles in each sample (measured using
a micro-balance), the particle size (estimated from light
scattering), and a density of 2.2 g/cm (as for macroscopic
silica substrates) [4].

{-Measurements

{-measurements as a function of pH for free BSA, free
collagen, native SNP, BSA-coated SNP, and collagen-
coated SNP were made using a Malvern Instruments Ltd,
Zetasizer 3000. For each sample, pH was varied between
measurements using ammonium hydroxide and acetic acid.

Results
Light scattering and SEM of SNP
Light scattering revealed that the nominal size of the SNP

was 600 nm (£30 nm) with a polydispersity index of
approximately 0.1 (data not shown). SEM micrograph of a
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Fig. 1 SEM of native silica nanoparticles

typical SNP preparation (Fig. 1) confirms that the SNP are
indeed monodispersed and their size is consistent with that
obtained from light scattering measurements. Furthermore,
the surfaces of the SNP appear smooth at the resolution of
imaging.

Fluorescence spectrophotometry and laser confocal
microscopy of protein-coated SNP

Fluorescence spectrophotometry and laser scanning confo-
cal microscopy of colloidal SNP coated with 150 pg/mL

RFU
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X () —--— BSA/SNP
8.0x10° 1 Collagen/SNP
6.0x10* 7

4.0x10* 1

2.0x10°

0.0

—
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solution of COLL and BSA is shown in Fig. 2. For both
BSA/SNP and collagen/SNP, fluorescent spectrophotometry
shows fluorescent emission at a wavelength characteristic of
the FITC-conjugated protein (Fig. 2a). The corresponding
laser scanning confocal microscopy images reveal that the
fluorescent protein molecules are concentrated at discrete
points that have a diameter approximately that of the SNP
(600 nm) (Fig. 2b and c).

Estimations of protein surface coverage

The adsorption conditions (i.e., protein concentration), the
resulting measurements of protein surface coverage for
BSA-coated SNP (BSA/SNP) and collagen-coated SNP
(Collagen/SNP) are shown in Table 2. For both BSA/SNP
and collagen/SNP, surface coverage increased with an
increase in protein concentration and varied from
approximately 0-0.4 pg/cm® when the protein concen-
tration was in the range of 0-150 pg/mL. Values of
surface coverage for collagen ranged from 0.08 to
0.44 pg/cm?® and that for BSA ranged from 0.12 to
0.4 pg/cm?” and falls within the range of those previously
reported for adsorption of protein in this concentration
range [13].

Fig. 2 a Fluorescence emission spectra of SNP coated with FITC—collagen and FITC-BSA, laser scanning confocal microscopy of b FITC—
collagen-coated silica nanoparticles (collagen/SNP) and ¢ FITC-BSA-coated silica nanoparticles (BSA/SNP)

Table 2 Characterization of collagen and BSA-coated silica nanoparticles at the pH of adsorption (pH 4.5): ‘c’—concentration of protein added,

¥

‘I"—resulting surface coverage, and ‘{’—zeta potential

¢ (ug/mL) Collagen/SNP BSA/SNP
I’ (pglem?) ¢ at pH 4.5 (mV) I (pg/em?) ¢ at pH 4.5 (mV)
0 0 —29 +3 0 —29 +3
25 0.08 £ 0.02 10+3 0.12 £ 0.03 —22+3
70 0.12 £ 0.03 18 +2 - -
90 0.14 + 0.02 19+2 0.16 = 0.02 3+4
150 0.44 + 0.02 1942 0.4 £ 0.03 15+ 4

The values reported are an average of at least three different samples
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Fig. 3 Zeta potential ({) - )
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{-Measurements of BSA/SNP and COLL/SNP

The {-measurements at the pH of adsorption (pH 4.5) for
BSA/SNP and Collagen/SNP are shown in Table 2. Con-
sistent with the theory of Ottewill and Watanabe [14], { of
the SNP surface increased with increase in concentration of
free collagen and free BSA and approached ( of the free
protein. Adsorption of both proteins resulted in a charge
reversal of the SNP surface. However, adsorption of col-
lagen resulted in a lower charge reversal concentration
(CRC) relative to BSA (between 0 and 25 pg/mL for col-
lagen and between 25 and 90 pg/mL for BSA).

The {-measurements as a function of pH for native SNP,
free collagen, and collagen/SNP (coated at 150 pg/mL); and
free BSA and BSA/SNP (coated at 150 pg/mL) are shown in
Fig. 3aandb, respectively. These data points were arbitrarily
fitted to a fourth-order polynomial by regression analysis (as
is typically done in the literature) [14]. Based on this curve
fitting, an IEP of ~ 3.5 for native SNP, ~ 5 for free BSA, and
around 5.5 for free collagen was estimated and was found to
be consistent with reported values [4, 15, 16]. Interestingly,
for both BSA/SNP and collagen/SNP, the IEP of the coated
particles (around 5 and 5.5 for BSA/SNP and collagen/SNP,
respectively), was found to be approximately that of the free
protein an observation previously reported for BSA/SNP
[16]. Furthermore, for both BSA/SNP and collagen/SNP
below the IEP, { for the coated particles is more positive than
{ of the free protein; and above the IEP { of the coated
particles is more negative than { of the free protein (the
deviations are labeled as ‘9’). Therefore, the charge on the
adsorbed protein is apparently higher than the free protein
when plotted in reference to the IEP. A similar observation
has been reported in the literature for the adsorption of BSA
on to negative charged polystyrene particles [16].

Discussion

It is well established that the surface of a biomaterial is
forever altered upon exposure to biological medium due
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to the dynamic adsorption of proteins at the solid-liquid
interface [13]. Not surprisingly, the composition and the
structure of the protein layer affect cellular events at that
interface [17, 18]. Furthermore, in the case of proteins
such as collagen that possess super-structure, multiple
layers of adsorbed proteins with reversible adsorption
kinetics have been observed [5]. In all these studies, the
adsorption conditions have been shown to be an important
variable [19]. For albumin, in vitro studies have shown
that adsorption can occur even when the protein and
substrate surface have the same charge [8, 9, 20].
Adsorption despite electrostatic repulsion is attributed to
increase in entropy resulting from perturbations in the
relatively “soft” o-helical structure of serum albumin
[20]. Since collagen has a triple helical structure that is
considered relatively “rigid,” the increase in entropy
resulting from structural perturbations are expected to be
minimal. As a result, studies involving competitive
adsorption of collagen and serum albumin to silica sur-
faces attribute preferential adsorption to a lower degree of
electrostatic repulsion at the substrate surface for collagen
relative to serum albumin [7, 21]. To eliminate the con-
tribution of electrostatic repulsion adsorption studies were
carried at pH’s where the {-potential of the proteins were
the same to ensure that the electrostatic repulsion at the
substrate surface was similar for each protein. The pres-
ence of a robust layer of BSA and COLL on the SNP was
verified using fluorescence spectroscopy (Fig. 2a), con-
focal microscopy (Fig. 2b and c), and quantitative protein
analysis (Table 2). In view of this, the implications of the
trends observed in the { as a function of pH may be
explained in part by the theory of Ottewill and Watanabe
[14].

Theory

The theory of Ottewill and Watanabe predicts changes in {
of a substrate surface due to adsorption of free molecules at
concentration ‘c’ to be given by a Langmuir expression
[22, 23].
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ke

Algyy =A (0t k)

N(ze),
where A is a constant dependent on substrate and solvent
properties, k is the association constant, N is the number of
adsorption sites on the substrate, z is the charge on the
absorbing molecules, and e is the electronic charge.

Since N can be considered proportional to the hydro-
dynamic radius (b) of the adsorbing molecules (N ~ b) the
expression can be written as

ke (ze)
A =A
Csub (14+ke) b
and assuming the potential of the free molecule (ze)/b is
equal to { of the free molecule ({free)

ke

A =A ——
CSub (1 + kC) Cfree

Therefore, it can be shown that the change in { of the
substrate with concentration ‘c’ is given by
dsu _ A k
dc 1+ 2kc + k*c?

Cfree ’

therefore, the following expression can be used to compare
adsorption of free molecule A and free molecule B at
equivalent concentration

dé’Sub/dCA _ kA[l + 2ch + klz?acz] Cgee
dlsu/dc®  kg[l + 2knc + k3] (B

A B
and when Cfree = é,free

d{/dc®  ka[l + 2kgc + kpc?]
d(/dc®  kp[l + 2kac + kac?]

So that as ¢ goes to zero, i.e., at low concentrations
dl/dc* _ka

dl/dcB kg

Since the Gibbs energy of association per mole at
temperature 7 (AG®) is given by

AG® = —RT Ink

For molecule A relative to molecule B, this theory
predicts that comparisons in AG° can be made by
comparing d{g,,/dc at low concentrations.

However, while this theory assumes no change in { for
adsorbed protein relative to free protein, i.e., {3gs — Crree =
0, several studies have reported that considerable changes
occur and attribute this effect to structural perturbations
that change the size, i.e., byqs — bee > 0, and/or charge,
i.e., Z€ads — Z€free > 0 of the protein molecules [8—10, 16,
20, 24, 25].

In this study, two proteins BSA and collagen with com-
pletely different size and physicochemical characteristics

were studied (Table 1). To eliminate the effect of charge—
charge interaction induced changes in protein-surface
affinity and synergistic and cooperative effects of binary
protein systems, BSA and collagen were adsorbed sepa-
rately to the surface of mono-dispersed SNPs and the
electrostatic repulsion between the substrate surface and the
protein molecules was set to be similar by adjusting the pH
at the initial adsorption conditions such that { of free BSA
and free collagen was initially cationic and comparable in
magnitude while { of the SNP surface was initially anionic.
An increase in concentration of the free protein resulted in
an increase in surface coverage of the SNP surface that in
turn caused { of the SNP surface to increase, reverse charge,
and approach { of the free protein. Comparisons of critical
charge reversal concentrations (CRC) revealed a lower CRC
for collagen relative to BSA (between 0 and 25 pg/mL for
collagen and between 25 and 90 pg/mL for BSA) and
therefore a larger initial d{/dc. When interpreted in terms
of the theory of Ottewill and Watanabe, the higher d{/dc
for collagen indicates a higher Gibbs energy of association
[14, 23]. However, as stated earlier this theory assumes no
change in { for adsorbed protein relative to free protein.
However, in this study, for both BSA and collagen, changes
in pH yielded changes in { for adsorbed protein relative to
free protein. Such a discrepancy between { of the adsorbed
and free protein as a function of pH has been reported for
BSA when adsorbed on flat macroscopic substrates and has
been attributed structural perturbations that change the
size and/or charge of the protein molecules [18, 26]. The
additional finding that such discrepancies occur even in
collagen—a relatively “rigid” molecule with a robust triple
helical structure, suggests that changes to the tertiary
structure of proteins upon adsorption to nano-scale
interfaces is highly likely and should be taken into consid-
eration in the engineering of nano-scale biomimetic
systems.
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