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ABSTRACT

Small-angle X-ray scattering and UV-vis absorption measurements were performed on mixed
solutions of gold nanoparticles (AuNPs) and atelocollagen (AC), triple-helical collagen
without telopeptide, in acetate buffer at pH 4 under different temperature conditions, i.e.,
preparation temperature Tprep and measurement temperature Tmeas. Due to the significantly
higher electron density of gold than that of AC, the structure factor S(g) of AuNPs is readily
estimated from the scattering intensities of AuNP-only and mixed solutions. The resulting S(q)
profile for the mixed solution indicated significant attractive interactions, especially for the
smaller AuNPs. Therefore, the sticky sphere model was applied to analyze S(g) to determine
the interaction parameters at different 7Tprep and Tmeas. The attractive interactions between
AuNPs were higher at higher Tprep, suggesting that single-chain AC tends to make the
interactions between AuNPs more attractive than those for triple-helical AC. Complex
formation was also detected by the aggregation-induced surface plasmon absorption shift.
More densely-packed AuNPs were detected from the absorption spectra for higher AuNP
content at which the { potential disappeared, while a split absorption band was also found,

indicating that not all AuNPs can form a complex with AC at { = 0.



INTRODCUCTION

Gold nanoparticles (AuNPs) have been widely used for biomedical applications, such
as drug delivery and biosensors, because AuNPs can be readily linked to various molecules,
including oligo-DNA (or DNA origami) and antibodies.!”> One of the significant
characteristics of AuNPs is the size-dependent surface plasmon resonance which can be readily
observed by visible light absorption spectra. Indeed, a number of applications as biosensors
have been investigated.> 7 In particular, specific optical properties can be programmed by the
DNA-AuNP assemblies.®!®  Intermolecular interactions between AuNPs and various
biomacromolecules are of interest for the development of novel functional nanomaterials.
Among them, intermolecular interactions between AuNPs and antibody peptides have been
investigated to reduce nonspecific aggregation in vivo.!! Interaction between AuNPs and
proteins is a significant issue used for biomedical applications. A number of characterizations

of the complex consisting of AuNPs and proteins in aqueous media have been investigated.'>
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Collagen is the most abundant protein in mammals and is mainly found in connective
tissues. The intermolecular interactions and complex formation between AuNPs and collagen
are of interest for a proper understanding of the above-mentioned biomedical applications of
AuNPs. However, they have been little investigated probably due to the lower solubility of
native collagen in neutral buffer solutions. On the other hand, the intermolecular interaction
between AuNPs and collagen is also of interest for the synthesis of collagen hybrid AuNPs!>
16 which have a nonspherical shape in aqueous media. Furthermore, this interaction is also
used as an optical probe to detect the fiber-like aggregation of collagen.!” The interactions are
also studied in terms of molecular dynamics simulation to find the unfolding nature of collagen

on the AuNPs.!8



Recently, association behaviors of silica nanoparticles (SiNPs) in the presence of

19:20 and a double helical polysaccharide, xanthan,?! have been studied by small angle

collagen
X-ray scattering (SAXS) in aqueous buffer solutions. While scattering measurements are
easily obstructed by small amounts of large aggregates, we successfully determined the
interaction parameters of SiNPs in the presence of collagen when we chose an acidic buffer of
pH 3 or 4 as solvent and atelocollagen (AC) instead of native collagen, i.e. AC is triple-helical
collagen without nontriple helical telopeptides. Interactions between SiNPs can be influenced
by the conformation of collagen. Specifically, densely packed SiNPs were observed for the
single-chain collagen and negatively charged SiNPs, while relatively loosely packed SiNPs

were found for the triple-helical collagen and SiNP mixture, suggesting that not only

electrostatic but also hydrogen bonding interactions play an important role in the complexion.

If sufficient dispersibility is achieved for AuNP-AC systems in the same buffer, it can
be a good model system to investigate intermolecular interactions between collagen and AuNPs
considering the significant change in the absorption band of aggregated AuNPs in aqueous
media. Furthermore, elucidation of complexation can provide important insights for
controlling the 3D structure of the collagen-AuNP hybrid materials, since SAXS data give us
information about the spatial structure, while surface plasmon resonance reflects neighbor
interactions. As an example of combined spectroscopy and SAXS analysis, we have recently
found a novel intermediate state for the double helical polysaccharide xanthan by combining
SAXS and circular dichroism measurements.?? In this study, SAXS and UV-vis absorption
measurements were investigated for different sized AuNPs with AC, for which non-triple
helical telopeptides were removed by an enzymatic reaction®’ to reveal the complex formation

behavior of different sized AuNPs in the presence of triple helical or single chain AC.



EXPERIMENTAL SECTION

Samples. Reactant-free gold nanoparticles (AuNPs), AuNP-5, AuNP-10, AuNP-10’,
AuNP-20, AuNP-50, and AuNP-100, with diameters of 5, 10, 10, 20, 50, and 100 nm,
respectively, dispersed in 0.1 mM phosphate-buffered saline (PBS) were purchased from
Merck Co., Ltd, with AuNP-10 and AuNP-10" being the different lots. ~The mass
concentrations cnp of AuNP were 0.0694, 0.0607, 0.0531, 0.0445, and 0.0389 mg/mL for
AuNP-5, AuNP-10 (AuNP-10"), AuNP-20, AuNP-50, and AuNP-100, respectively, according
to the reagent data sheet. An AC sample (Koken, Japan), in which the triple-helical structure
is retained and the nontriple helical telopeptides are enzymatically removed, is used for this
study. AC was dissolved in 50 mM acetate buffer (pH 4), and the mass concentration cac of
AC was cac = 0.010 mg/mL. Equal volumes of AuNP and AC solutions were mixed to obtain
an isovolumetric mixed solution in which both cac and cnp were half of the corresponding
initial solution. The buffer concentration of the mixture can be considered as 25 mM and the
pH as 4, since the buffer concentration of PBS in the original AuNP solution is quite low (0.1
mM). We chose this pH because it is difficult to dissolve AC at higher pH and the dispersibility
of AuNP may decrease with decreasing pH. Mixed solutions with other mixing ratios were also
prepared to evaluate the cnp/cac dependence of some physical properties as described below.
The following measurement was made on the same day as the solution was prepared because
some color change and/or visible aggregation was observed after one week. For a similar
system, SiNP-AC, we checked that the SAXS intensity reached an asymptotic value after 20

min of mixing.?°

Electrophoretic Light Scattering (ELS). ELS measurements were conducted for

mixed solutions of AC and AuNP using an ELSZ-2 zeta potential analyzer (Otsuka, Japan) to



determine the electrophoretic mobility u at 15 °C. The  potential was calculated from u in

terms of the Smoluchowski equation.

Small-Angle X-ray Scattering (SAXS). SAXS measurements were made at the
BL40B2 beamline in SPring-8 (Hyogo, Japan) for mixed solutions of AC and AuNPs at
different preparation temperatures 7prep and measurement temperatures Tmeas. The wavelength
Ao of the incident light in a vacuum and the sample-to-detector distance were set to be 0.1 nm
and 4.2 m, respectively. The scattered light was detected by using a PILATUS3 2M detector
(Dectris). The magnitude g of the scattering vector at each pixel on the detector was determined
from the Debye Scherrer ring pattern of silver behenate. The incident light intensity was
detected at both the upper and lower sides of the cell to compensate for the scattered intensity
1(g), taking into account the transmittance of the X-ray. The excess scattered intensity Al(g)
of the solution was evaluated from the numerical /(g) difference between a solution and the
solvent with the same buffer concentration. The SAXS measurement was also evaluated for
AuNPs without AC in the same buffer of the mixed solution to evaluate the structure factor of

AuNPs as described below.

UV-Vis Absorption. Absorption measurements in the 4o range of 300 nm to 900 nm
were performed using a V-750 UV/vis spectrometer with a thermostatic cell holder. A
rectangular cell with a path length of 1 mm was used. Both Tprep and Timeas were varied as in

the case of the SAXS measurement.



Total Holographic Characterization.?* A two-dimensional visible-light scattering
profile was obtained using Spheryx’s xSight to determine the particle size and refractive index
of each particle in terms of the Lorenz-Mie theory. The measurement was conducted for the
mixture of AC in acetate buffer (50 mM, pH = 4) and AuNP in 0.1 mM phosphate-buffered

saline at 25 °C. The mixture was prepared at both Tprep = 0 °C and 50 °C.

RESULTS AND DISCUSSION

C-potential. Figure 1 shows the cac/exe dependence of { for the mixed solutions of
AuNPs and AC. All AuNPs have negative { potential while AC has positive {. Isovolumetric
mixtures of the two solutions of AuNPs and AC have positive { for AuNP-10, AuNP-20,
AuNP-50, and AuNP-100 while the mixture with AuNP-5 has a negative value. Taking into
consideration that the cxp of the original solution is in the same order, it has a positive
correlation with the surface area per weight of gold. The { value is mostly independent of
cac/enp at high cac/enp. It decreases abruptly and becomes negative with decreasing cac/cne.
The cac/enp values for the isoelectric mixture are estimated to be 0.4, 0.07, 0.03, 0.009, and
0.0045 for AuNP-5, AuNP-10, AuNP-20, AuNP-50, and AuNP-100, respectively. Assuming
that both the density and the surface charge density are independent of AuNP size, the surface
area of AulNP at a given constant concentration is expected to be proportional to the diameter.
This relationship is mostly comparable to the current data except for the smallest AuNP, thus

reasonable.
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Figure 1. Composition cac/cne dependence of the {-potential for the mixed solutions of AC
(cac = 1.0 x 1072 mg/mL) in the acetate buffer (50 mM, pH = 4) and AuNPs in 0.1 mM
phosphate-buffered saline at 15 °C. (a) AuNP-5, (b) AuNP-10, (c) AuNP-20, (d) AuNP-50,

and (¢) AuNP-100. Dashed lines indicate the isovolumetric mixture.



Size of the Complex Estimated from Holographic Characterization. It is known
that the polyion complexes tend to form large droplets.?>2° Indeed, aggregates of visible size
have been observed for the SINP-AC complex.!” We therefore observed the resulting droplets
in the AuNP-AC mixed solution using a light scattering method (xSight). This allows us to
evaluate the size and refractive index of each droplet or particle in the solution. Figure 2 is an
example of the data for an isovolumetric mixed solution (positive {) of AuNP-10 and AC
prepared at 50 °C. A number of micrometer-sized droplets were observed, suggesting that each
droplet contains a large number of AC molecules and AuNPs. The results for the other systems
are summarized in Figures S1 and S2 for isovolumetric (positive {) and { = 0 mixtures,
respectively, at two different Tpep. However, no significant trend and/or difference was found
in the data. Since the concentration of both AuNPs and AC are significantly low, optical
microscopy is not suitable for this system. It should be noted that conventional light scattering
methods are difficult to apply to this system due to the significant absorption of visible light,

and the emission may affect the detected data.
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Figure 2. One example of the result from the total holographic characterization for
isovolumetric mixture solution of AuNP-10 and AC prepared at 50 °C. Relationship of

refractive index and diameter estimated from the scattering pattern from the particle (Inset).

Structure Factor of AuNPs. The excess scattering intensity Al(g) of AuNPs in 25
mM acetate buffer at 15 °C was illustrated in Figure S3. The shapes are typical for the spherical
particles with a certain size dispersion. Assuming the log-normal distribution for the size

dispersion, the form factor P(g) proportional to Al(g) can be expressed as

_ I @2(@RwW(RR3AR
P(q) = Jy> w(R)R3dR (1)
3(sinx—x cosx)
CD(X) = - 3 (2)
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_ 1 _ [In(R/Rm)]?
W(R) - N/EO'RR eXp{ 20'R2 } (3)

where Rm and oy are the mean radius and the radius dispersion parameter, respectively. A
curve fitting procedure was employed to estimate Rm and og. The resulting parameters are
summarized in Table 1, and the calculated theoretical values are illustrated in Figure S3 and as
green curves in Figure 3. While the mean diameter (2 Ri) is consistent with the data sheet and
the dispersity parameter o is in a reasonable range of 0.10 to 0.14, the Al(g) in the low g range
for AuNP-10 and AuNP-10’ are appreciably higher than the theoretical values, suggesting that
the small amount of AuNPs form aggregates in the buffer solution. It should also be noted that
the significantly scattered data in Figures 3 and S3 are observed when Al(g) is approximately

smaller than 1072, suggesting that the experimental error on Al(g) is on the order of 1072,

Table 1. Mean Diameter 2Rm and Dispersion Parameter oy of the AuNPs in the Acetate
Buffer

Sample 2Ry / nm OR
AuNP-5 51£0.2 0.13
AuNP-10 7.8+0.2 0.10
AuNP-10’ 8.6+0.3 0.14
AuNP-20 19.4£0.5 0.13
AuNP-50 53+2 0.13

AuNP-100 100+ 5 0.13

11
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Figure 3. Double logarithmic plots of excess scattering intensity Al(g) vs. g for the
isovolumetric mixture of AC (cac = 1.0 x 1072 mg/mL) in acetate buffer (50 mM, pH = 4) and
AuNP in 0.1 mM phosphate-buffered saline. (a) AuNP-10 at cac/ene = 0.165, (b) AuNP-20 at
cac/ene = 0.188, (c) AuNP-50 at cac/ene = 0.225, (d) AuNP-100 at cac/ene = 0.257 at the
indicated temperature conditions. The gold-only solution was prepared by isovolumetric
mixing with 50 mM acetate buffer.  Solid green curves indicate calculated values for

polydisperse spheres (see text).

12



Figure 3 also illustrates the ¢ dependence of Al(g) for isovolumetric mixtures of AuNP
and AC solutions mixed and prepared at the indicated temperatures. It should also be noted
that we showed the data for AuNP-5 in Figure S4 because the sign of { is different from the
other mixtures and consequently the electrophoretic properties of the complex may be different
from those with the other AuNPs. The temperature conditions were referred to as the
preparation temperature 7prep, at which AC and AuNP solutions were mixed, and the
measurement temperature 7meas of the SAXS. Four temperature conditions were attempted for
each AuNP, i.e. Tprep = 0 and 50 °C and Tineas = 15 and 50 °C. It should be noted that AC forms
a triple helical structure in acetate buffer at both 0 and 15 °C, while it unwinds at 50 °C but
does not rewind even at 15 °C, at least for several hours.!® We also confirmed that the scattering
intensity from AC in the buffer at higher cac is comparable to the theoretical values for the
molecularly dispersed AC.!° The evaluated scattering profiles of the mixed solutions, except
for AuNP-100, are different from those of AuNPs, suggesting significant aggregation of small
AuNPs by collagen molecules. Another important point is that substantially the same Al(q)
data for AuNP-100 with and without AC indicate that AC does not directly affect the scattering
profile under the current experimental conditions. This is reasonable because the scattering
intensity from AC was negligible in the investigated cnp/cac range as shown in the Supporting
Information with Figure S5, where the calculation was verified using X-ray scattering theory*”

1

30 and the experimental values for collagen model peptides.>! Thus, the apparent structure

factor S(g)app for the larger AuNPs is evaluated from the following equation as

_ Al (@) mix
S(q)app "~ AI(@)aunp )
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where Al(g)mix and Al(g)auwnr indicate the excess scattering intensity for the mixed solution and
AuNP solution, respectively, in which cenp’s are identical. This equation also assumes that the
form factor of AuNP in the mixed solution is the same as that in the AuNP-only solution. The
resulting S(q)app data are plotted against ¢ in Figure 4. If the interparticle interactions are
negligible, then S(q)app should be unity and independent of g. Consequently, the wavelike plots
for AuNP-10 and AuNP-20 clearly indicate significant attractive interparticle interactions
through AC molecules, taking into account the very low cnp. Some S(g)app data in the high ¢
range are quite different from unity, while the structure factor S(q)app should converge to 1 at
high ¢g. This is most likely because the mass concentrations of AuNP in the scattering volume
are different from those of cnp due to the formation of the large aggregate. This is reasonable
because micrometer sized droplets were observed as described above with Figures 2, S1, and
S2. It should be noted that the S(g)app data for AuNP-10 may not be reliable in a g range below
0.2 nm ! because Al(g)aunp for the AuNP in the ¢ range are appreciably larger than the

theoretical values for polydisperse spheres as shown in Figures S3 and 3(a).
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Figure 4. Plots of S(¢) vs g estimated for the positive { mixtures. (a) AuNP-10 at cac/ene =
0.165, (b) AuNP-20 at cac/ene = 0.188, (c) AuNP-50 at cac/ene = 0.225, (d) AuNP-100 at
cac/ene = 0.257 at the indicated temperature conditions. Solid curves denote theoretical values

with the parameters listed in Table 2. Dashed lines, S(g) = 1.

Similar data treatment was also used for = 0 mixtures. The scattering intensity from
AC is also negligible to estimate S(q)app because the cac/cnpe values are lower than those for the
corresponding isovolumetric mixture as shown in Figure 4. It is also noted that the scattering
intensity from AC may not be negligible for the = 0 mixtures for AuNP-5 because of the high
env/cac (= 0.4) as shown in Figure 1. The resulting S(g)app data are shown in Figure 5. At least
apparently, this plot is similar to those in Figure 4, indicating significantly attractive

interactions between AuNPs.
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Figure 5. Plots of S(g) vs ¢ for the { = 0 mixtures. (a) AuNP-10" at cac/ene = 0.071, (b)

AuNP-20 at cac/ene = 0.027, (c) AuNP-50 at cac/enp = 0.011, (d) AuNP-100 at cac/enp =

0.0043 at the indicated temperature conditions. Solid curves denote theoretical values with the

parameters listed in Table 2. Dashed lines, S(g) = 1.

The structure factor S(q) with short-range attractive interactions between two spheres

can be analyzed by the sticky hard sphere (SHS) model,*>* in which the well-like potential is

used instead of the Lennard-Jones 6-12 potential to solve S(g) analytically. In this scheme, the

pair potential u(R), where R is the intersphere distance, is u(R) = oo for R < a5, u(R) = uo for o

<R<os+A,and u(R) =0 for R> o5+ A. The resulting S(g) is expressed as

S(q) = f(qr ¢NP! O-SrAr uO/kBT)

)
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where ¢np, kg, and T are the volume fraction of nanoparticles, the Boltzmann constant, and the
absolute temperature, respectively. The explicit expression is shown in the Supporting
information as eqs S3 — S11. Assuming that the SHS is applicable to the current AuNPs with
a finite size distribution and os = 2 Rm, the theoretical S(g) can be calculated with the three

fitting parameters of uo, A, and ¢np.

Since the attractive interaction between AuNPs mainly affects the S(q) of the first
minimum at about 0.4 and 0.2 nm ™! and the next peak at about 0.8 and 0.4 nm™! for AuNP-10
and AuNP-20, respectively, in Figure 4, a curve fitting procedure was employed to reproduce
them quantitatively. The analysis was not applied to AuNP-50 and AuNP-100 due to the
insignificant ¢ dependence of S(q)app. Although the resulting theoretical values in Figure 4
satisfactorily explain the experimental data at the above-mentioned minimum and peak, the
discrepancy between the experimental and theoretical values becomes noticeable at the low ¢
end. This is most likely because the SHS only considers the short-range interaction whereas
AC has a longer chain length (~ 300 nm) compared with AuNPs as is depicted in our previous
report for the SINP-AC complex.!” On the other hand, some discrepancy was also seen for the
higher ¢ range as shown in Figure 4b (and 5a and 5b). A similar discrepancy was also found
in the S(g) data for aggregation of SiNP and lysozyme.®®> It was suggested that this is likely
due to the polydispersity of SiNP. If the size of AuNPs causes the difference in the interaction
via AC, the discrepancy in this study may also be due to the polydispersity of AuNPs. It should
be noted that we attempted to choose similar parameters from A and ¢np for the same AuNPs
to readily compare the values of ug. The values of —uo/ksT at Tprep = 50 °C are significantly
larger than those at Tprep = 0 °C, indicating that the temperature or the conformation of AC,

triple helix or single coil, when the two components are mixed, plays an important role for the

17



aggregating AuNPs. Another interesting point is that 7Tmeas does not appreciably influence
—uo/ksT. Although we cannot conclude the reason, it is suggested that the conformation of AC
partial chains absorbed on AuNPs might not change with increasing temperature because of
significant attractive interactions between AuNPs and AC, or the kinetically yielded
aggregation structure of AuNPs is not affected by the conformational change of AC after

complexation.

Curve fitting analysis was also examined for the isovolumetric mixture of AuNP-5 and
AC solutions as shown in Figure S6, for which the negative { potential suggests that excess
AuNPs may not form a complex with AC. The resulting parameters are listed in Table S1.
The temperature dependence of the parameters is similar to that for AuNP-10 and AuNP-20
mentioned above, suggesting the same temperature-dependent complex formation, although it

should be noted that the parameters are affected by the dispersed AuNPs.

A similar analysis was also examined for { = 0 mixtures shown in Figure 5. The
theoretical values calculated with the SHS parameters in Table 2 successfully explain the
experimental data. The number of AuNPs in each droplet with a diameter of 1 pum can be
roughly calculated to be on the order of 10° to 10°, assuming that ¢np reflects the volume
fraction of AuNPs in the droplet. The resulting SHS parameters also show a similar tendency,
while the Tprep dependence is less significant than that for the isovolumetric mixture. The reason

will be discussed below with the data for UV-vis absorption.
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Table 2. SHS Model Parameters for AuNPs with AC

Sample cac/ene | {/mV | Tprep/ °C | Tmeas/ °C | —uo/ k8T | A/nm Pnp
AuNP-10 0.165 11 50 15 1.4 1.8 0.12
50 50 1.3 1.8 0.12

0 50 0.2 2.1 0.11

0 15 0.4 2.2 0.08

AuNP-20 0.188 13 50 15 1.6 1.0 0.20
50 50 1.5 1.0 0.20

0 50 0.8 1.0 0.17

0 15 0.6 1.0 0.17

AuNP-10’ 0.067 ~0 50 15 1.0 1.3 0.14
50 50 0.7 1.3 0.14

0 50 0.6 1.3 0.14

0 15 0.5 1.0 0.14

AuNP-20 0.030 ~0 50 15 1.9 1.3 0.18
50 50 1.9 1.3 0.18

0 50 1.5 2 0.18

0 15 1.3 2 0.18

AuNP-50 0.0092 ~0 50 15 1.7 0.8 0.30
50 50 1.7 0.8 0.30

0 50 1.4 0.8 0.30

0 15 1.0 1.0 0.30

UV-Vis Absorption. Since AuNPs have a surface plasmon resonance (SPR) band
depending on AuNP size and aggregation, UV-vis spectra for AuNP-AC mixed solution reflect
the complex formation, especially for the spatial arrangement of AuNPs. Therefore, Figure 6

shows the UV-vis spectra for AuNPs with or without AC. It should be noted that the extinction

19



coefficients on the vertical axis were calculated by using the mass concentration of AuNPs.
The peak position for the AuNPs without AC tends to increase with the diameter; it should be
noted that the data are essentially independent of the temperature between 15 and 50 °C. This
is reasonable because the AuNPs are most perfectly dispersed in the buffer solution without
AC. The peak position was red-shifted for the isovolumetric mixtures of AC and AuNPs at
both low and high Tieas and Tprep (blue and red curves), indicating complex formation with
AuNPs by AC molecules. The peak position at higher Tprep 1s appreciably higher than that at
lower Tprep for AuNP-20, probably indicating more densely packed AuNPs in the AuNP-AC
complex, while Tprep 1s insignificant for the other AuNPs. It is uncertain at this time whether
the UV-vis absorption behavior is simply size-dependent. Considering that the formed AuNP-
AC complex becomes larger in size and the dispersibility is not very stable as shown above in
the SAXS section, some more experimental techniques can be developed to evaluate accurate
spectra to reflect the aggregation structure properly. On the other hand, the peak wavelength
for the mixtures of lower cac/ene, = 0 mixtures, is further red-shifted except for AuNP-100,
suggesting a denser packing of AuNPs. Another interesting point is that the double peak was
evaluated for AuNP-20 and AuNP-50, and the high absorption was maintained even at high Ao
for AuNP-100, indicating that both dispersed AuNPs and densely packed AuNPs are present

in the mixed solution because not all AuNPs can form a complex with AC.
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Figure 6. UV-VIS spectra for the mixed solutions of AC (cac = 1.0 x 1072 mg/mL) in acetate
buffer (50 mM, pH =4) and AuNPs in 0.1 mM phosphate-buffered saline at 25 °C. (a) AuNP-

10, (b) AuNP-20, (c) AuNP-50, (d) AuNP-100 with or without AC at the indicated cac/cnp and

temperatures.

Aggregation Structure. The evaluated structural features of the AuNP and AC

complexes at different 7prep and mixing ratios are shown in Figure 7. As shown by xSight
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measurements, micrometer-sized droplets were observed for all AuNP and AC mixtures
investigated. Not a small number of the AuNPs are contained in the large droplet. This is
supported by the fact that the S(g)app values did not converge to unity even at the high ¢ end as
described above. While no significant differences were observed in the micrometer droplet
measurements, significant differences were observed in the SAXS profiles and absorption
spectra. This means that at least at the nanoscale, the aggregation structure is influenced by
the size of the AuNP, the mixing ratio, and the Tyrep. Thus, the nanoscale aggregation structure
is shown in the left part of the figure. For the isovolumetric mixture with positive { potential,
the UV spectra are similar or slightly red-shifted compared to those for pure AuNP solutions.
The red shift is more pronounced at higher 7prp. This indicates that slightly denser aggregates
were yielded for the higher Tyrep mixture as shown in Figure 7(a). This is supported by the SHS
parameters in Table 2 estimated from the SAXS results. A possible reason is that the higher
flexibility and thinner main chain of the single-chain AC tend to form complexes with AuNP

more easily than the thick and stiff triple-helical AC.

The red shift of the absorption spectra is more significant for the { = 0 mixtures,
especially at high Tyrep, while some spectra are bimodal, indicating that part of the AuNPs are
not strongly complexed with AC as shown in Figure 7(b). This may affect the S(q)app data in
Figure 5 and the resulting interaction parameters listed in Table 2. In other words, the evaluated
SHS parameters for { = 0 mixtures reflect the average interactions of densely packed and
dispersed AuNPs. Another important point is that the disappeared  potential for AuNP-AC at
a certain cac/cnp indicates electrophilic neutralization at the mixing ratio. The bimodal UV-
vis absorption indicates the existence of strongly associated and loosely associated AuNPs,
which probably surround the vicinity of the aggregate by the electrostatic attractive interactions.
The present result applies only to the interaction between AuNPs and enzymatically modified

collagen. However, the resulting properties of the complex may play an important role in
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elucidating intermolecular interactions between biopolymers and AuNPs, since AuNPs are

widely used for biochemical applications as mentioned in the Introduction.

(a) Isovolumetric mixture (positive {)

prep = 0°C Tprep =50°C

(b) = 0 mixture

=0°C T =50°C Micrometer sized droplets

Figure 7. Schematic representation of AuNP and AC complex formation for (a) isovolumetric
mixtures with positive { potential and (b) { = 0 mixtures in the pH = 4 buffer at different Tprep.

Circles, AuNPs; blue lines, triple helical AC; red curves, single chain AC.

CONCLUSIONS

Significant complex formation was found for negatively charged gold nanoparticles (AuNPs)
with AC in acetate buffer (pH 4) for both positive { and { = 0 mixtures. The structure factor
S(q) of AuNPs with diameters between 10 and 100 nm showed that the complexation of AuNPs
is more pronounced for smaller AuNPs, suggesting that the size-dependent surface area plays
an important role in the complexation. The aggregation behavior can also be detected by the

difference in surface plasmon absorption difference of AuNPs with or without AC. Another
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important point is that the preparation temperature of the mixed solution of AuNPs and AC
significantly affects the resulting aggregation structure, suggesting that the conformation of
collagen in the mixing process determines the aggregation structure of AuNPs. A split
absorption band was observed for { = 0 mixtures, indicating that not all AuNPs form a tightly

condensed complex with AC.
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Figure S1. Results of the xSight measurements for isovolumetric mixed solutions at 25 °C.
Relationship between refractive index and diameter of the indicated AuNP and at the indicated
Torep- Inset is an example of the scattering pattern of a particle.
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Estimation of the scattering intensity of goldnoparticles (AuNPs) and atelocollagen
(AC). The excess scattering intensity A/(0) of the dilute solution is proportional to the square
of the contrast factor Az as'
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AI(0) « Az2Mc (S1)

Az =27z — Upgs (S2)

Here, M is the molar mass of the solute, ¢ is the mass concentration, z is the number of moles
of electrons per unit mass of the solute, v is the partial specific volume of the solute, and pes is
the electron density of the solvent. Assuming the bulk gold density (19.32 g mL™!) for the gold
particles, Az for the AuNPs is estimated to be 0.372 mol/g, and M for AuNP-10 and AuNP-100
are calculated to be 2.9 x 10° kg mol™! and 6.1 x 10° kg mol™!, respectively, from the mean
diameter. The calculated Az2MP(q)/c for AuNP-5 and AuNP-100 are shown in Figure S1. The
value for the triple helical AC can be calculated using Az for a collagen model peptide,> M =
300 kg mol !, and the completely rodlike conformation for which P(g) can be calculated® by
the length L = 300 nm and the diameter of 1.6 nm.? The Az?MP(g)/c value for single chain AC
can be calculated with M = 100 kg mol ! and P(g) for the wormlike cylinder model* ® with the
contour length L = 300 nm, the Kuhn segment length A~! = 3 nm (the chain stiffness),? and the
chain diameter d = 0.5 nm.?> The calculated values for AC are also shown in Figure S1.
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Figure S5. Absolute SAXS scattering intensity Az>MP(q)c for AuNP-10, AuNP-100, single
chain AC, and triple helical AC.

Explicit expression of eq 5. According to the theory,®® equation 5 in the main text is
expressed as follows.

32



S(CI) = f(CIJ ¢NP' Os, A, uO/kBT) = [Az(q) + BZ(CI)]_l (83)
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Figure S6. Plots of S(¢g) vs ¢ estimated from the data in Figure S5 at the indicated temperature

conditions. Solid curves denote theoretical values with the parameters listed in Table S1.
Dashed lines, S(g) = 1.
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Table S1. SHS Model Parameters for AuNP-5 with AC

Sample eac/ene | C/mV | Torep/ °C | Trmeas —uo / A/nm onp
/°C ksT
AuNP-5 0.144 -9 50 15 0.7 1.2 0.12
50 50 0.7 1.2 0.12
0 50 0.45+ 1.2 0.12
0.05
0 15 0.2 1.2 0.08
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