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ABSTRACT

Time-resolved small-angle X-ray scattering measurements were made for a mixed solution of
negatively charged silica nanoparticles (SiNPs) and positively charged atelocollagen (AC) in
buffers at pH = 3 and 4 at 25 °C, in which the scattering intensity from the AC molecules was very
weak in the investigated g (magnitude of the scattering vector) range. The scattering intensity from
the SiNPs at the low g end and middle g range gradually increased and decreased, respectively,
and reached asymptotic values approximately 5-20 min after rapid mixing of the two solutions of
SiNPs and AC. This clearly shows that the structural formation of the SINP-AC complex is on the
timescale of minutes. Furthermore, the structure factor at 30 min after mixing is consistent with
the previously investigated data for SiNPs and triple helical AC at 15 °C. The obtained time scale
to form the complex can be important information to control the aggregating structure of SiNPs
with the aid of collagen molecules.
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Introduction

Silica-collagen hybrid materials have attracted significant attention as biomaterials because
of their unique 3D structure [1-5]. Since such hybrid materials are synthesized in the presence of
collagen, interactions between silica nanoparticles and collagen may play an important role in the
structure of the resulting materials. While interactions between silica nanoparticles and globular
proteins have been studied by scattering methods [6-8], we recently found that negatively charged
silica nanoparticles (SiNPs) form complexes with atelocollagen (AC, collagen without
telopeptides) by means of the structure factor from small-angle X-ray scattering (SAXS) [9]. Not



only electrostatic interactions but also other attractive interactions, including hydrogen bonding,
play important roles in complexation, as in the case of a mixture of collagen model peptide and
anionic polysaccharide [10]. Taking into consideration that the obtained structure can be different
from the equilibrium state, the kinetics of the complex formation can be indispensable to
understand the obtained structure properly because the solution just after mixing of the two
components is generally inhomogeneous. Conventional light scattering analysis is not suitable for
the evaluation of the time constant of the current mixture because the scattering intensity from a
small amount of large aggregates was significant in the scattering vector range. We thus attempted
time-resolved SAXS measurements for SiNPs and AC to clarify the kinetics of complex formation.

Experimental Procedure

Suspensions of two SiNPs, Ludox LS and Ludox CL (Sigma-Aldrich), for which the mass
concentrations (cnp) were determined in our previous research [9], were diluted with a large
amount of buffer to obtain a solution with exp = 1 mg/mL. An AC sample (Koken, Japan) was
used for this study. It was made of highly purified type I collagen from the dermis of Australian
bred calves, and the nontriple-helical telopeptides were removed by an enzymatic reaction [11].
These samples were substantially the same as those in our recent study [9]. Acetate buffer (50 mM,
pH 4) and citrate buffer (50 mM, pH 3) were chosen for the Ludox LS and Ludox CL systems,
respectively. In the solvent, both SiNPs have a negative { potential [9, 12], and hence, SiNPs and
AC are electrostatically attractive. Solutions of AC in the two buffers with a mass concentration
(cac) of 1 mg/mL were also prepared.

Time-resolved SAXS measurements after mixing AC and SiNP solutions in the same
buffer were conducted at the BL45XU beamline in SPring-8 (Hyogo, Japan). The sample-to-
detector length, wavelength Ao of the incident X-ray, and measurement temperature were chosen
as 3.5 m, 0.1 nm, and 25 °C, respectively, at which AC forms a triple helical structure. Unisoku
USP-SFM-D20 double mixing equipment was utilized to mix equal volume solutions of AC and
SiNPs in the same buffer. Thus, the resulting mass concentrations of AC and SiNP, enp and cac,
were both 0.5 mg/mL. The scattered light was detected by a Dectris PILATUS 3X 2M X-ray
detector to determine the scattering intensity I(g, t) as a function of the magnitude ¢ of the
scattering vector and time 7. The excess scattering intensity Al(q, t) was estimated as the difference
of I(g, t) between each solution and the solvent. Each exposure time was set to be 0.1 sec. The
maximum number of images for each mixed solution was 30 to reduce the radiation damage.

Results and Discussion

The scattering profile, Al(qg, t) vs. q, for pure Ludox CL and Ludox LS is typical for
spherical particles, as shown in Figure S1 in the Supplementary Information, while Al(qg, t)
increases with decreasing q even at the lowest g region; the slopes at the lowest q investigated are
—2.4 and —1.7 for Ludox CL and Ludox LS, respectively. Taking into consideration that our recent
data for Ludox LS in pH 4 buffer were mostly flat in the region [9], the high scattering intensity
in the low q region is most likely due to the small amount of aggregates of SiNPs or stray light
from the incident X-ray. Indeed, the calculated form factor P(q) for polydisperse spheres is
expressed as
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which can explain the experimental data without the low g region, where Rm and or are the
parameters of the radius dispersion. The obtained parameters, R = 7.8 nm and or = 0.14 for Ludox
CL and R = 8.2 nm and or = 0.13 for Ludox LS, are substantially similar to those in our previous
research [9]. Since the data acquired 20 times in 2 sec show no time dependence, dilution of the
SiNP solution was completed within 0.1 sec, and the aggregation number did not change in the
time range.

Fig. 1 shows the time-dependent scattering profile after the mixing of SiNP and AC
solutions. The Al(q, t) values for Ludox CL + AC increase in the lowest g region and decrease at
approximately g = 0.3 nm™2. This clearly indicates that the aggregation process of SiNPs and AC
developed on the time scale of minutes, taking into consideration that the scattered light from the
AC molecule does not affect Al(q, t) [9] in the current g range.
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Fig. 1. Double logarithmic plots of the excess scattering intensity A/ vs. the magnitude g of the
scattering vector for (a) Ludox CL + AC in citrate buffer (pH 3) and (b) Ludox LS + AC in acetate
buffer (pH 4) at different times after mixing from 0 to 29 min. The data for panel (b) were
compensated to fit the A/ data in the high ¢ range.

On the other hand, appreciable time fluctuation of the scattering intensity was observed for
the Ludox LS and AC system even in the high q region (Figure S2). This is because the obtained
aggregates are very large and the concentration of the SiNPs in the scattering volume changed with
time t. To compensate for this time fluctuation, the scattering data were multiplied by a constant
at each time to fit Al(qg) in the high g region to those at t = 0, as illustrated in Fig. 1(b). The resulting
time dependence is quite similar to that in Fig. 1 ().

If we assume the scattering profile at t = 0 to be the same as the form factor of the SiNPs
considering the slow change of the scattering intensity and that the slight aggregates described



above do not affect the time evolution of the complex formation, the apparent structure factor
Sapp(q, t) can be estimated as the ratio of Al(qg, t) to Al(q, 0). The evaluated Sapp(q, t) at the largest
t (= 29 min) is plotted against q in Fig. 2. The structure factor S(q) for the SiNPs having attractive
interactions between SiNPs through AC molecules can be explained in terms of the sticky hard
sphere model [13] with the particle diameter os. In this theory, S(q) can be expressed with the
attractive square-well potential with a well width A and depth ug as follows:

S(Q) = f(CI! ¢NP! Os, A, uO/kBT) (4)

where ¢np, ks, and T are the volume fraction of nanoparticles, the Boltzmann constant, and the
absolute temperature, respectively. All the parameters cannot be determined by the curve fitting
procedure because Sapp(q, t) values are not very different from unity in the g range. The calculated
theoretical values for the previous SiNPs and triple helical AC with s =17 nm, —uo/keT = 1.3, A
=0.15 nm, and ¢np = 0.32 [9] mostly reproduce the experimental data in Fig. 2 for both systems.
It should be noted that the slight deviation is most likely due to the above-described concentration
fluctuation of SiNPs in the scattering volume. This suggests that the aggregation structure of the
current mixtures at t = 29 min is substantially the same as that for our previous data [9]. We can
therefore conclude that the SiNPs were loosely packed with AC molecules, as illustrated in Fig. 3.
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Fig. 2. Plots of Sapp(q, t =29 min) vs. g for (a) Ludox CL +AC and (b) Ludox LS + AC. Solid and
broken curves are theoretical values with s = 17 nm, —Uo/ksT = 1.3, A=0.15 nm, and ¢np = 0.32.
Dot-dashed lines: S(g) = 1.

Fig. 3. Schematic representation of the complex formation of triple helical AC (blue lines) with
SiNPs (spheres) at 25 °C.



The time dependence of Sapp(q) at the two representative g values 0.065 nm™* and 0.27
nmL, where the Sapp(q) values are away from unity, are plotted against t in Fig. 4. The data points
approach the corresponding asymptotic value in the range between 5 and 20 min, showing that it
takes a long time to form stable aggregates consisting of AC and SiNPs. This slow complex
formation suggests that the quick mixing procedure does not affect the aggregation structure of
SiNPs with triple helical AC, at least near room temperature. A somewhat faster rate of the data in
Fig. 4a than that in Fig. 4b is probably because of the difference in the attractive interaction: The
¢ potentials for Ludox CL at pH 3 and Ludox LS at pH 4 were —5 mV and —8 mV, respectively.
Furthermore, taking into account that the complex formation of nanoparticles and other proteins
has also been investigated [14] because of their potential applications for drug delivery systems
[15] and biosensors [16], time-resolved measurements for other protein-nanoparticle systems can
be important to develop new functional materials.
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Fig. 4. Time course of Sapp(q, ¢) for (a) Ludox CL + AC in citrate buffer (pH 3) and (b) Ludox LS
+ AC in acetate buffer (pH 4) at the indicated g.
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Fig. S1. Double logarithmic plots of the excess scattering intensity Al(q,f) vs the magnitude g of the
scattering vector for (a) Ludox CL + solvent in citrate buffer (pH 3) and (b) Ludox LS + solvent in acetate
buffer (pH 4) at different time after mixing from 0.1 sec to 2 sec. The dashed curves are the calculated
values for the polydisperse sphere with R, = 7.8 nm and or = 0.14 for Ludox CL and R = 8.2 nm and or

=0.13 for Ludox LS.

108 ——ry .

Ludox LS + AC

. 10° .
=
<
~ 10* n
Z10° | —0 min —
2 9 min
102 ——19 min
—29 min
l 1 1 | I 1 1
10 0.1 0.5 1
q/ nm "

Fig. S2. Double logarithmic plots of the raw excess scattering intensity A/ vs the magnitude ¢ of the
scattering vector for Ludox LS + AC at different time after mixing from 1 min to 30 min in 50 mM citrate
buffer (pH 3).



