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ABSTRACT: Negatively charged Ludox silica nanoparticles (SiNPs) form a complex with
atelocollagen (AC) in acidic buffers (pH = 4 or 3). AC is a low-immunogenic derivative of
collagen obtained by the removal of N- and C-terminal telopeptide components. Mixed
solutions of negatively charged SiNPs and AC were turbid, while positively charged SiNPs
(Ludox CL) did not form a complex with AC in pH 4 buffer, indicating that electrostatic
attraction is the dominant force to form the complex. Small-angle X-ray scattering (SAXS) and
circular dichroism (CD) measurements were made for AC and Ludox LS (or CL) solutions in
acetate buffer (pH 4.0) and citrate buffer (pH 3.0). The CD data showed that the stability of the triple helical structure of AC in the
buffers is not affected by the complexation. The resulting complex consisting of triple helical AC and SiNPs did not influence the
SAXS profile except for the lowest q region investigated. On the contrary, different scattering profiles were observed for the single
chain AC and SiNP mixture indicating densely packed SiNPs in the complex. This scattering behavior was fairly explained in terms
of the sticky hard sphere model (SHSM). This AC conformation-dependent complexation may be because of the hydrogen bonding
interaction between the single chain AC and SiNPs. The temperature-induced change of the complex formation can be applied for
thermoresponsive hybrid materials.

■ INTRODUCTION
Complex formation behavior of nanoparticles and proteins has
attracted significant attention for potential application such as
in drug delivery systems1 and biosensors.2 Thus, intermolec-
ular interactions between silica nanoparticles (SiNP) and
proteins and their complex formation were widely investigated
in the past two decades.3 Through light, small-angle X-ray, and
small-angle neuron scattering techniques, the intermolecular
interactions and structure of aggregates consisting of SiNPs
and globular proteins have been studied4−12 to elucidate that
electrostatic attraction plays an important role. The structure
factor of the densely packed SiNPs was clearly observed in the
scattering vector range of the small-angle X-ray scattering
(SAXS).4,12

Much work has been done for silica-collagen hybrid
materials, owing to their use in biomedical applications.13−17

These hybrid materials can be evaluated from the sol−gel
reaction in the presence of collagen and/or gelatin in aqueous
media.18−21 The attractive interaction between silica and
collagen plays an important role for the method; however, little
work22 has been done on the interaction. Collagen is the most
abundant protein in mammals with a triple helical
structure,23,24 which unfolds in water at high temperatures.
Considerably, the interactions between collagen model
peptides and polyelectrolytes are influenced by the con-
formation of the peptides, that is, only triple helices can form a
complex with the polyelectrolytes;25−27 thus, the conforma-
tional change of proteins may cause a different complex
structure. Therefore, we focused on the complex formation
behavior of the SiNP and atelocollagen (AC) for which non-

triple-helical telopeptides were removed by enzymatic
reaction28 to clarify how the triple helical structure causes
the complex formation behavior with SiNPs. Thus, SAXS
measurement of mixed solutions of SiNPs and AC was made at
different temperatures below and above the melting temper-
ature of the triple helices to investigate the relationship
between collagen conformation and complexation. Circular
dichroism (CD) measurement was made to verify whether the
complex formation causes the stability of the triple helical
structure of collagen.

■ EXPERIMENTAL SECTION
Samples. An AC sample (Koken, Japan), which is a highly purified

type I collagen from the dermis of Australian bred calves, was used for
this study. The molar mass of the triple helical AC is about 300 kg
mol−1. The solid sample was dried in a vacuum for 12 h prior to use.
Suspensions of two SiNPs, Ludox LS and Ludox CL (Sigma-Aldrich),
with a mass fraction of ca 30 wt % were diluted by a large amount of
buffer. The obtained solutions were stable, and no precipitation was
found at least one month. The latter SiNP (Ludox CL) was alumina
coated. A certain amount of the suspension was weighed and
lyophilized to estimate the actual concentration cNP of the SiNP.
Acetate buffer (40 mM, pH 4.0) and citrate buffer (40 mM, pH 3.0)
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were used as solvents because AC is not soluble at neutral pH.
Solutions having mass concentrations, 2cAC of AC and 2cNP of SiNP,
were prepared independently. Thereafter, the two solutions were
mixed in equal volumes just before the measurement to obtain the
solution with the concentrations of cAC and cNP. The pH value of the
solution is substantially the same as that of the buffer because both cAC
and cNP were at most 1.0 mg mL−1.
Electrophoretic Light Scattering. Electrophoretic light scatter-

ing (ELS) measurement was made for Ludox LS, Ludox CL, and AC
in the two buffers with an Otsuka zeta-potential analyzer at 25 °C.
The solution mass concentrations (cAC or cNP) were set to be 1.0 mg
mL−1. The measurement was also made for the mixed solutions of
Ludox CL and AC in the two buffers.
Circular Dichroism. CD measurement was made on a Jasco

J720WO spectropolarimeter for AC with or without SiNPs in the
buffers. Mass concentrations cAC and cNP were set to be 0.50 mg mL−1

and 0 or 0.50 mg mL−1, respectively. CD spectra at 15 and 50 °C were
recorded at the wavelength λ0 in a vacuum ranging between 220 and
260 nm. It should be noted that substantially the same spectra were
observed at least 30 min after the initial measurement. The ellipticity
θ was recorded at λ0 = 223 nm with raising the temperature from 15
to 50 °C at a rate of 0.5 °C min−1.
Small-Angle X-Ray Scattering. SAXS measurement was made at

the SPring-8 BL40B2 (Hyogo, Japan) for the SiNPs and the mixture
of SiNP and AC in pH 3 and 4 buffers. Concentrations cAC and cNP
were the same as that for the CD measurement (0.50 mg mL−1). The
camera length (the sample-to-detector distance) and λ0 were set to be
4.2 m and 0.10 nm, respectively. A quartz capillary cell of 2.0 mmϕ
was installed to the thermostatic cell holder controlled by a Peltier
element. The intensity of the scattered light was integrated for 180 s
with a Dectris Pilatus 3 2 M photon counting detector. The diffraction
pattern of silver behenate was utilized to determine the magnitude q
of the scattering vector at each pixel on the detector. A circular
average procedure was employed by using SAngler software29 to
evaluate the scattering intensity I(q) as a function of q. The scattering
intensity was normalized by the intensity I0 of the incident light
detected at the lower end of the cell to compensate for both the
intensity fluctuation of light source and solution transmittance. The
excess scattering intensity ΔI(q) was evaluated as the difference of the
normalized scattering intensity I(q)/I0 between the solution and the
solvent at each q. Because no concentration dependence of ΔI(q)/cNP
was observed for SiNP without AC, the structure factor S(q) of the
SiNP solution can be regarded as unity in the investigated q range. It
is noted that no time dependence was observed for the current system
at least 15 min. Some preliminary SAXS measurements were also
made at the BL-6A beamline in KEK-PF (Ibaraki, Japan) to find the
current experimental condition.

■ RESULTS AND DISCUSSION

ζ-potential. The obtained ζ-potential was positive for
Ludox CL in the pH 4 buffer (+28 mV), while Ludox CL in
the pH 3 buffer and Ludox LS at pH 3 and 4 have negative
values, that is, −5, −5, and −8 mV, respectively. The negative
ζ-potential of Ludox CL in the pH 3 buffer may be because of
the desorption of aluminum ions.30 The value for AC
corresponds to +15 and +11 mV at pH 3 and 4, respectively,
when assuming the equation for the spherical particle. Thus,
AC and SiNPs except for Ludox CL at pH 4 are
electrostatically attractive. Mixed solutions of Ludox CL and
AC in the two buffers gave both positive values, +12 and +9
mV, respectively.
Turbidity of the Mixture. Photographs of the four mixed

solutions with cAC = cNP = 0.50 mg mL−1 are shown in Figure 1.
The solutions were mixed in a glass vial placed on an
aluminum block (∼10 °C) after being cooled in an ice bath (0
°C). As shown in Figure 1 (panel a), the left three solutions for
which the ζ potentials of the SiNPs are negative are slightly

turbid, whereas the other solution is almost transparent.
Consequently, electrostatic attractive interactions are necessary
to form a complex of SiNP and AC. The three left solutions
became turbid more significantly (panel b) after heated to 60
°C in a water bath. The turbidity of the solution did not
change even after cooling to 10 °C (panel c), indicating that
the complexation behavior is not temperature-reversible.
Precipitates were observed for the mixtures except for the
right end solution. Moreover, fiber-like precipitates were found
by visual observation for the left end solution (Ludox LS + AC
at pH 3). This indicates that it is difficult to make light
scattering measurement to obtain reproducible scattering data
for the current systems.

Melting Behavior of the Triple Helical Structure of
the AC. Figure 2 illustrates the wavelength dependence of the
specific ellipticity [θ′] for the AC with or without SiNP. A
positive peak at about λ0 = 223 nm is typical for the triple
helical structure of the AC.31 Panels (a) and (b) show the CD
spectra of the mixed solutions prepared at 0 °C and measured
at 15 °C, respectively. Substantially the same spectra for all the
samples indicate that the local helical structure of the AC is
free from the presence of SiNP, whereas a slightly smaller peak
height for the mixed solution is most likely because of the large
aggregates or the partially unfolded AC. In contrast, the [θ′]
values at 50 °C and those cooled to 15 °C are small and
negative in the range of λ0 < 240 nm, as illustrated in panels
(c−f), indicating that AC behaves as single random coils in the
solvents: The slight temperature dependence may not be
owing to the formation of the triple helical structure taking
into consideration that CD spectra of single chain collagen
model peptides have slight temperature dependence.32

Interestingly, all the CD spectra for the mixed solutions are
substantially the same as those for AC without SiNPs. These
results indicate that local conformation of the AC detected by

Figure 1. Photographs of mixed solutions of the AC and Ludox (LS
or CL) in the indicated buffer at cAC = cNP = 0.50 mg mL−1. (a) 10 °C
just after mixing, (b) 60 °C heated from 10 °C, and (c) 10 °C cooled
from 60 °C.
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the CD measurement is not significantly affected by the SiNPs
even though they form a complex in the buffers.
The CD intensity of AC with and without the SiNP was

measured at λ0 = 223 nm to estimate the melting temperatures
of the triple helical structure with raising the temperature at
the rate of 0.5 °C min−1. The values of [θ′] are mostly
independent of T below 30 °C and decrease rapidly between
35 and 40 °C, as illustrated in Figure 3. The melting

temperature of the AC is free from the existence of the SiNP.
This indicates that the SiNPs do not significantly affect the
stability of the triple helical structure of the AC. Smaller [θ′]
values for the mixed solutions at low temperatures are most
likely due to the large aggregates or partially unfolded
conformation as in the case of the CD spectra in Figure 2.
Scattering Behavior of Silica Particles with and

without AC. Figure 4 illustrates SAXS data for Ludox LS
and CL in the two buffers. As shown in panel (a), the data for

the Ludox LS solution (black circles) at pH 4 without AC are
typical for the sphere with a certain size distribution.
Moreover, if it is modeled by the sphere for which the size
distribution is assumed by a log−normal distribution, the z-
average particle scattering function Pz(q) (or the form factor)
can be expressed as
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∫
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where Vm and σV are the parameters of volume dispersion. The
median volume Vm is related to the median radius Rm, where
Vm = 4πRm

3/3. The calculated red curve quantitatively
describes the experimental data for Ludox LS in the pH 4
buffer when we choose Rm = 8.6 nm and σV = 0.40. The σV
value corresponds to the dispersity index D̵ of 1.17, which is
defined as the ratio of weight- to number-average molar
masses. The slight upward deviation behavior at the high q
region is most likely because of the roughness of the sphere
surface and/or the internal structure of SiNPs. On the
contrary, a higher scattering intensity was found in the lowest
q region investigated at pH 3, as illustrated in Figure 4b,
suggesting slight aggregation. The data for Ludox LS at pH 3
can be reproduced using the same parameters except for the
lowest q region. Likewise, the scattering profiles for the Ludox
CL in the two buffers [Figure 4 c,d] are explained by the

Figure 2. CD spectra for the AC (black), mixed solution of the AC
and Ludox LS (blue), or Ludox CL (red) at cAC = 0.50 mg mL−1. (a)
pH = 4 at 15 °C, (b) pH = 3 at 15 °C, (c) pH = 4 at 50 °C, and (d)
pH = 3 at 50 °C. Solid and dashed curves in panels (c,d) are for the
solutions prepared at 50 °C and 0 °C, respectively. (e,f) show the data
measured at 15 °C cooled from 50 °C at pH = 4 and 3, respectively.

Figure 3. Temperature dependence of [θ′] for the indicated AC and
the mixed solutions at pH = 4 (a) and pH = 3 (b). The signal was
acquired at λ0 = 223 nm. The temperature raising rate was 0.5 °C
min−1.

Figure 4. Double logarithmic plots for the excess scattering intensity
ΔI vs q for Ludox LS in the pH 4 buffer (a), Ludox LS in the pH 3
buffer (b), Ludox CL in the pH 4 buffer (c), and Ludox CL in the pH
3 buffer (d) with or without the AC at cNP = 0.50 mg mL−1 at
indicated temperatures. Solid red curves indicate the calculated values
for polydisperse spheres (see text).
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polydisperse sphere with Rm = 8.6 nm and σV = 0.45 (D̵ =
1.22) except for the low q end. This result also suggests slight
aggregation in the solvents.
Figure 4c shows the data for the transparent mixture in

which the ζ potentials of both the two components are
positive. It is evident that the AC does not cause any significant
difference in the SAXS profile, indicating that no interactions
between the two species and the scattering intensity from the
AC is small enough to be ignored except for the high q region
(q > 1 nm−1). This is reasonable because the calculated
scattering intensities of AC taking the SAXS contrast factor33

into account are much smaller than SiNP in the range of q <
0.8 nm−1, as shown in Figure S1 in Supporting Information.
Indeed, the actual scattering intensity from AC in the buffers
was less than 1/100 at q = 0.1 nm−1 and 1/10 at 1 nm−1

compared with SiNPs.
In contrast, the scattering profiles for the other mixed

solution systems are appreciably different from the SiNP
without the AC, suggesting an aggregation consisting of the
SiNP and AC. This result is consistent with the visual
observation in Figure 1. The ΔI data for the mixed solution of
the SiNP and AC at 15 °C except for that in Figure 4c are
higher compared to that without the AC only below q = 0.2
nm−1. Contrarily, much lower ΔI(q) at approximately q = 0.3
nm−1 for the mixed solution at 50 °C indicates interparticle
interference effects for the densely aggregated SiNP particles.
This significant difference at the two temperatures suggests
that most SiNPs form a complex with the AC at 50 °C. The
data for the solution heated from 15 to 50 °C is almost the
same as that at 50 °C mixed at the same temperature. They can
thus be regarded as the equilibrium states. Furthermore, the
scattering data cooled from 50 to 15 °C is almost the same as
that at 50 °C (Figure S2). This shows that the aggregating
structure is determined by the conformation of AC. In
summary, complex formation is mainly caused by the
electrostatic attractive force, but the resulting aggregation
structure strongly depends on the conformation of the AC,
that is, a triple helix or single random coil. Schematically, the
difference in the aggregation structures is illustrated in Figure
5.

Theoretical Analysis of the Structure Factor. Assuming
size distribution of SiNPs are negligible, ΔI can be written as
ΔI(q) ∝ S(q)P(q) with S(q) being the structure factor.
Therefore, if we consider the scattering intensity from AC is
negligible, S(q) of SiNPs can be experimentally estimated by
S(q) = ΔImix(q)/ΔISiNP(q) where ΔImix(q) and ΔISiNP(q)
denote the excess scattering intensities of mixed solution and
SiNP solution, respectively. Figure 6 illustrates the obtained
S(q) for Ludox LS with AC at pH 4. While S(q) for SiNP with

the triple-helical AC (panel b) is almost unity except for the
low q region, significant q dependence is found for the mixture
with single-chain AC (panel a). If it is expressed by the sticky
hard sphere model (SHSM),34 for which stickiness is
introduced by the square-well potential with the well width
Δ and depth u0, S(q) is expressed as35,36

ϕ σ= ΔS q f q u k T( ) ( , , , , / )NP s 0 B (4)

where ϕNP, σs, kB, and T are the volume fraction of
nanoparticles, the diameter of the particles (= 2Rm), the
Boltzmann constant, and the absolute temperature, respec-
tively. In the model, the pair potential is defined as the
function of the distance r between two SiNPs to be +∞, u0,
and 0 for 0 < r < σs, σs < r < σs + Δ, and σs + Δ < r,
respectively.
A curve fitting procedure was examined for the data in

Figure 6a. Very small Δ value was estimated to be 0.15 nm ±
0.05 nm to reproduce the peak at q = 0.45 nm−1 because the
peak position tends to decrease with increasing Δ, and indeed,
the peak position is substantially free from the error range of
Δ. When we choose Δ = 0.15 nm, ϕNP = 0.32, and −u0/kBT =
3.6 (case 1), the obtained theoretical solid curve represents the
experimental data in the range of q > 0.2 nm−1. Much larger
ϕNP than that in the actual solution (∼0.00044, estimated from
the SiNP density of 2.25 g mL−1)5 indicates the densely
packed SiNPs in the complex. The stickiness parameter τ−1

which is a measure of the stickiness and defined by τ−1 ≡ 12Δ/
(σs + Δ) exp(−u0/kBT) was calculated to be 3.8, which is the
same order as the previously investigated value for SiNP and
lysozyme.5 The obtained values are, however, smaller than the
critical value of 8.8,5,37 indicating one phase region (no phase
separation). Furthermore, the abruptly increasing behavior at a
low q region with decreasing q cannot be explained with the
parameters. Taking into consideration that the contour length
(300 nm) of the AC chain is much longer than the diameter of
SiNP (17 nm), the densely packed silica particles may be
stabilized not only by the short-range attractive interactions
characterized by u0 and Δ but also by the middle range
interaction through long AC chains. On the other hand, if we
attempted to reproduce the whole range of the data (case 2),
Δ = 0.15 nm, ϕNP = 0.12, and −u0/kBT = 4.4 can be estimated.

Figure 5. Schematic representation of complex formation of (a) triple
helical AC (blue lines) with SiNP (spheres) at 15 °C and (b) single
coil AC (red curves) with SiNP (spheres) at 50 °C or at 15 °C cooled
from 50 °C.

Figure 6. Plots of S(q) vs q for (a) Ludox LS with single chain AC at
50 °C mixed at the same temperature and (b) Ludox LS with triple
helical AC at 15 °C prepared at 0 °C both at pH = 4. Solid and
broken curves are theoretical values for cases 1 and 2, respectively,
with the parameters listed in Table 1. Dot-dashed lines, S(q) = 1.
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The obtained dashed curve cannot however reproduce the very
low S(q) value between q = 0.2 and 0.3 nm−1. Because the
SHSM only considers the short-range interaction, the case 1 is
more favorable to reflect the characteristics of the local
aggregation structure of the current system. The parameters
are summarized in Table 1. The error range indicates that
substantially the same theoretical curve can be obtained. The
well width Δ is significantly smaller than that for the previously
investigated silica-lysozyme system (1.2−1.7 nm).5 This is
consistent with that the single chain AC is much thinner than
the diameter of lysozyme. It is however noticed that only the
relative magnitude of each parameter may be meaningful
because the absorbed AC chain on the SiNPs plays an
important role for the attractive interaction between SiNPs,
that is, the actual potential of each SiNP might be distorted
from the spherical symmetry.
On the contrary, the parameters cannot be determined for

Ludox LS with the triple helical AC (Figure 6b) because of the
almost flat S(q). If we assume Δ = 0.15 nm and ϕNP = 0.33, the
theoretical solid curve calculated with −u0/kBT = 1.3 can
explain the experimental data. Similar theoretical values
(dashed curve) can be evaluated with Δ = 0.15 nm, ϕNP =
0.12, and −u0/kBT = 3.9; the −u0/kBT values are much smaller
than those for SiNP and single chain AC with the
corresponding ϕNP. This result indicates that attractive
interactions between SiNPs through the triple helical AC
molecules are much weaker than that through the single chain
AC.
Similar analysis was also examined for the mixed solution of

the SiNPs and single chain AC at pH 3. Ignoring slight
aggregation of SiNP in the buffer, S(q) can be evaluated by the
same method as that at pH 4. It should be noted that we
omitted the S(q) data for q < 0.13 nm−1 because appreciably
larger ΔI(q) was observed than that for the theoretical value
for the polydisperse sphere as shown in Figure 4. The resulting
plot of S(q) versus q is shown in Figure 7a. Ludox LS at pH =
3 has a weaker depression at q = 0.2−0.3 nm−1 than those at
pH = 4, suggesting looser aggregates. Indeed, a theoretical
analysis as the same method of the case 1 gives smaller −u0/
kBT with slightly smaller ϕNP. The stickiness τ−1 at pH 3 is
therefore calculated to be a smaller value of 2.1 than 3.8 at pH
4. This pH dependence is most likely because of the smaller
magnitude of the ζ potential at pH 3, in other words, weaker
electrostatic attraction. On the other hand, S(q) for the Ludox
CL with the single chain AC at pH 3 shown in Figure 7b is
close to that for the Ludox LS system at pH 4, suggesting
different surface condition between Ludox LS and CL. The
current analysis in terms of the SHSM supports the densely
packed SiNPs in the complex consisting of SiNPs and single
chain AC.
Origin of the Densely Packed SiNPs in the Complex.

The above-mentioned analysis for the SAXS data clearly

showed that only the single chain AC form a densely packed
complex with negatively charged SiNPs even though the
stability of a triple helical structure of AC is almost
independent of the presence of SiNPs. The triple helical
structure of collagen is stabilized by the hydrogen bonding, and
hence, single chain collagen molecules have many free
hydrogen-bonding sites. Therefore, the current result is most
likely because the hydrogen-bonding interactions between the
single chain AC and SiNPs are much more significant
compared to that between triple helical AC and SiNP, even
while the electrostatic attractive interactions are mandatory for
the complexation. This finding may be applicable for the novel
thermo-responsible nanoparticle-collagen hybrid materials.

■ CONCLUSIONS
Positively charged AC and negatively charged SiNPs form a
complex in the pH 3 and 4 buffers. Electrostatic attractive force
is dominant to form the complex. The melting temperature of
the triple helical structure is independent of the complex
formation. The density of the SiNPs in the complex is not high
when the AC retains the triple helical structure. In contrast,
significantly dense SiNPs are obtained from the complex
consisting of SiNP and the single chain AC, suggesting that not
only electrostatic interactions but also hydrogen bonding
interactions play important roles in the formation of the
complex consisting of SiNPs and collagen.
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Table 1. Model Parameters for SiNPs with AC

SiNP AC pH case −u0/kBT Δ/nm ϕNP

Ludox LS single chain 4 1 3.6 ± 0.4 0.15 ± 0.05 0.32
2 4.4 ± 0.6 0.15 ± 0.05 0.12 ± 0.03

Ludox LS triple helix 4 1 1.3 0.15a 0.32a

2 3.9 0.15a 0.12a

Ludox LS single chain 3 1 3.0 ± 0.4 0.15 ± 0.05 0.31
Ludox CL single chain 3 1 3.6 ± 0.4 0.15 ± 0.05 0.32

aAssumed.

Figure 7. Plots of S(q) vs q for (a) Ludox LS with single chain AC at
50 °C and (b) Ludox CL with single chain AC at 50 °C both at pH =
3. Solid curves are the theoretical curves for the SHSM theory with
the parameters listed in Table 1. Dot-dashed lines, S(q) = 1.
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