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a b s t r a c t
Hypothesis: Insights into bone formation have suggested that the critical ﬁrst step in the biomineralization process is the integration of small (nanometer dimension) mineral clusters into collagen ﬁbers. Not
only is such behavior of interest for understanding biomineralization but also should be important to
nanotoxicology because collagen is a major component of structural tissues in the human body and
accounts for more than 25% of the whole body protein content. Here, utilizing the current insights from
biomineralization, we hypothesize that the binding afﬁnity of nanoparticles to self-assembled collagen
ﬁbers is size and surface charge dependent.
Experiments: We developed a self-assembled collagen substrate compatible with Quartz Crystal Microbalance with Dissipation monitoring (QCM-D), which is very sensitive to mechanical changes of the substrate as a consequence of nanoparticle binding. QCM-D experiments were conducted with both
positively and negatively charged gold nanoparticles between 2 and 10 nm in size. Complementary ex situ
imaging Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) were used to conﬁrm
the QCM-D results.
Findings: We ﬁnd that both positively and negatively charged nanoparticles of all sizes exhibited binding
afﬁnity for self-assembled collagen ﬁbers. Furthermore, the smallest particles (2 nm) mechanically integrated with collagen ﬁbers.
Published by Elsevier Inc.

1. Introduction
Collagen is the principal protein component of many tissues
including bone, connective tissue and skin and provides critical
support to their exceptional mechanical properties [1,2]. Collagen
self-assembles to form ﬁbers (hundreds of nanometers in diameter) with 67 nm repeating band structures consisting of less dense
gap and more dense overlap regions [3]. Recent results suggest that
during the biological mineralization process, the interior of collagen ﬁbers is inﬁltrated by nanometer sized amorphous calcium
phosphate clusters [4,5], which ultimately crystallize to form the
mineral apatite. These calcium phosphate clusters are characterized by (1) their small size, generally less than 10 nm, (2) their negative surface charge, [4] and (3) their ﬂuid like character commonly
referred to as the Polymer Induced Liquid Precursor (PILP) [6]. Due
Abbreviations: QCM-D, Quartz Crystal Microbalance with Dissipation monitoring; AFM, Atomic Force Microscopy; SEM, Scanning Electron Microscopy; AuNP,
gold nanoparticle; Df, frequency change; DD, dissipation change; SD, Standard
Deviation.
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to the abundance of collagen in the human body, the nature of
nanoparticle interactions with collagen ﬁbrils is of fundamental
interest in at least two perspectives: (1) biomimetic materials synthesis: how do CaP nanoparticles bind to and integrate with collagen ﬁbers? And (2) toxicology: how do nanoparticles interact with
matrix biomolecules?
Here, we hypothesize that in the ﬁrst step to biomineralization,
the interaction between nanoparticles (NP) with self-assembled
collagen ﬁbers is driven by the charge of the NP. We further test
NP size dependent association with collagen. We developed a model system with gold nanoparticles (AuNP), which are chemically
and colloidally stable to study the nature of collagen–AuNP interaction (amount, spatial distribution and reversibility) as a function
of particle size and surface charge polarity. Here, we use AuNP
ranging from 2 nm to 10 nm in size and possessing positive or
negative charges. To study the nanoparticle/collagen binding
process, we used Quartz Crystal Microbalance with Dissipation
monitoring (QCM-D) along with Scanning Electron Microscopy
(SEM) and Atomic Force Microscopy (AFM). QCM-D has been used
extensively to quantify binding and subsequent conformation
changes of proteins [7,8], other macromolecules [9], nanoparticles
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[10] binding to surfaces, as well as mineralization processes at surfaces [11].
The ﬁndings of this study have potential applications in nanoparticle toxicology, where understanding the fate of nanoparticles
in the body after exposure is important [12]. Because of the prevalence of collagen as a structural protein throughout the body,
understanding the role of nanoparticle size and charge governed
interaction with collagen is essential.
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the fundamental frequency (f = 5 mHz) and ﬁve overtones (3, 5, 7, 9
and 11 at 15 mHz, 25 mHz, 35 mHz, 45 mHz and 55 mHz). Each
condition was repeated at least three times. Analysis of QCM-D
data was performed with the QTools data analysis software. Data
was ﬁt using a one-layer Voigt model, with the following parameters: ﬁlm density (1.36 g/cm3 [14]), water density (1 g/cm3) and
ﬂuid viscosity (1 mPa s) and using four overtones (3, 5, 7, 9). The
following parameters were ﬁt: ﬁlm thickness, shear modulus and
viscosity.

2. Experimental
2.5. Preparation of N2 dried samples
2.1. Preparation of QCM-D sensors
To clean the gold-coated QCM-D sensors (QSX-301, Biolin Scientiﬁc) they were exposed to Ultraviolet Ozone (UVO, Jelight) for
10 min; soaked in a solution composed of Deionized Water (DI)
water (Milli-Q), hydrogen peroxide (30%, Fisher Scientiﬁc) and
ammonium hydroxide (Sigma–Aldrich), at a proportion of 5:1:1,
respectively, at 70 °C for 5 min, N2 dried and ﬁnally exposed to
UVO for 10 min. Afterward, the QSX-301 sensors were made
hydrophobic by exposure to 1 mmol/L dodecane thiol (Sigma–Aldrich) dissolved in anhydrous alcohol (Warner-Grantham), rinsed
with DI water then anhydrous ethanol and stored in anhydrous
ethanol.

QCM-D sensors after exposure to AuNP were dried under a
nitrogen stream for 1 min and then stored in a dry environment
until imaging.
2.6. Preparation of critical point dried samples
QCM-D sensors after exposure to AuNP were removed from the
ﬂow module in a hydrated state, placed in DI water, incubated in
ethanol/DI water mixtures of 10%, 25%, 50%, 75% then 100% ethanol
for 10 min each and then placed into a critical point dryer (Tousimis Autosamdri – 814). Samples were stored in a dry environment
until imaging.

2.2. Preparation of collagen ﬁlms

2.7. Atomic Force Microscopy (AFM)

Dilute neutralized collagen solutions were prepared by ﬁrst,
mixing acidiﬁed type I collagen solution (pureCol, Advanced Biomedicals, 3 mg/mL) with 10X phosphate buffered saline (PBS)
(Gibco) and 0.1 mol/L NaOH, at proportions of 8:1:1, respectively,
with the ﬁnal pH of approximately 7.4. Then the solution was diluted to a ratio of 1:7, neutralized collagen solution to 1X PBS
[13]. Hydrophobically-modiﬁed QSX-301 sensors were immersed
in diluted neutralized collagen solutions for 12–16 h at 37 °C. The
collagen functionalized QSX-301 sensors were rinsed in 1X PBS
and DI water and stored in 1X PBS at 4 °C until used.

AFM images were collected on a Bruker Dimension Icon in
Quantitative Nanomechanical Mapping (QNM) mode. All images
were collected with a Tap150 probe (Bruker Inc.) (k = 4 N/m,
8 nm nominal tip radius). At least 10 images were collected per
condition and images presented are characteristic of each sample.

2.3. Nanoparticle solutions
All nanoparticles solutions were diluted, if necessary, with DI
water to 0.001% by mass AuCl4 and then adjusted to pH 7.4 with
0.01 mol/L NaOH. Where Au concentration of the as received nanoparticle solutions are reported by the manufactures as mass% of the
AuCl4 reactant prior to reduction. Citrate stabilized gold nanoparticles (2 nm, 0.001% by mass AuCl4; 5 nm, 0.01% by mass AuCl4; and
10 nm, 0.01% by mass AuCl4; all from British Biosciences) and an
amine terminated polyethylene glycol stabilized gold nanoparticle
(3 nm, 0.05% by mass AuCl4, nanoOCS) were used.
2.4. QCM-D
Measurements were performed using a single ﬂow module on
the Q-Sense E4 experimental platform, operating at 25 °C with a
peristaltic pump at 20 lL/min under continuous ﬂow. Prior to
nanoparticle introduction, collagen ﬁlms were equilibrated in
ﬂowing DI water for 2 h. To assure the collagen ﬁlm successfully
formed on the surface the stitched QCM-D data from the baseline
before collagen attachment (sensor plus DDT) and after collagen
attachment showed a signiﬁcant change (900 Hz in frequency
(Df) and 200 in Dissipation factor (DD)). A baseline in ﬂowing
DI water was collected for 10 min prior to introduction of nanoparticle solutions (0.001% by mass AuCl4). Collagen matrices were
exposed to AuNP for 200 min and rinsed with DI water for 60 min.
Changes in frequency (Df) and Dissipation (DD) were recorded for

2.8. Scanning Electron Microscopy (SEM)
FEI Helios 650 Focused Ion Beam (FIB) SEM was used to collect
SEM images. All images were collected at 1 kV, 50 pA electron
beam condition with 1 mm working distance using a throughthe-lens detector in backscatter mode. The images presented are
characteristic of each sample, at least 10 images were collected
per condition.
3. Results and discussion
AFM was used to characterize self-assembled collagen ﬁbers on
functionalized gold QCM-D sensors, which exhibited a bimodal distribution of ﬁber diameters of approximately 15 nm and approximately 100 nm (Fig. S1). The smaller ﬁbers formed a dense mat
on the surface of the QCM-D sensor, with larger ﬁbers overlying
these structures at a lower areal density, consistent with previous
ﬁndings [13,15]. The larger ﬁbers are more characteristic of hierarchically assembled type I collagen ﬁbrils in vitro [4,5,16,17] and of
collagen ﬁbers found in tissue [18–21].
QCM-D was used to monitor changes of mechanical properties
for self-assembled collagen as a result of interaction with AuNP.
Generally, changes in frequency (Df) are qualitatively related to
mass change in the system, either adsorption (negative shift) or
desorption (positive shift) [7]. Conversely, changes in Dissipation
factor (DD) are qualitatively related to mechanical properties of
the system becoming more stiff (decrease) or more viscous
(increase). Three replicate experiments were conducted for each
condition. Between the replicate experiments the trends in
changes of Df and DD were reproducible, although some variation
in the maximum values Df and DD was observed (Table 1). Negatively charged (2 nm, 5 nm and 10 nm) and positively charged

Author's personal copy

246

D. Wang et al. / Journal of Colloid and Interface Science 417 (2014) 244–249

Table 1
Comparison of the maximum values for change in frequency and dissipation during nanoparticle interaction for three replicates per condition. The reported errors represent 1 SD.
Particle size (nm)
10
5
3
2

Charge polarity

+

Df3 (Hz)
122 ± 13.2
138 ± 23.9
103 ± 12.9
21 ± 22.0

(3 nm) AuNP were used. Before experiments were conducted on
self-assembled collagen, control experiments were carried out on
dodecane coated sensor with each particle to ensure minimal
interaction between NPs and sensor surface (Fig. S2). When collagen was exposed to AuNP with a diameter of 3 nm and larger, a
negative frequency change (Df) was observed, irrespective of
charge polarity indicating particle binding to the collagen ﬁlm
(Fig. 1A–C). The corresponding increase in dissipation change
(DD) suggested that the nanoparticle binding caused the
collagen/nanoparticle system to behave more viscous. The ability
of collagen to interact with either positively or negatively charged
species is not surprising because collagen possesses many charged
moieties that are expected to interact with particles with either
polarity [3,4,22]. The 2 nm particles caused the collagen/nanoparticle matrix to respond differently as compared to the larger
particles. Interactions between 2 nm particles and collagen caused
an initial negative shift in Df, which was quickly followed by a positive shift in the 3rd overtone. A negative Df shift in the higher
overtones (5th and 7th) was observed but at a lower magnitude
as compared to the larger particles. Contrary to the adsorption of
larger AuNP, the addition of 2 nm AuNP caused a decrease in DD
indicating that the nanoparticle binding caused the collagen/nanoparticle matrix to become more rigid.

DD 3
6.4 ± 2.8
13.8 ± 1.9
11.3 ± 2.7
90.4 ± 27.2

Df5 (Hz)
90.6 ± 9.2
111 ± 25.7
86.4 ± 10.4
69.7 ± 54.6

DD 5
23.5 ± 6.3
26.1 ± 4.5
19.2 ± 5.0
60.2 ± 22.2

The difference in AuNP/collagen interaction between the 2 nm
particles and larger particles was further substantiated from DD
vs. Df plots of the 5th overtone. The amount of dissipation per unit
frequency change (DD/Df ratio) provided a visualization of viscoelastic change as a function of mass change without time as an explicit parameter [9,23]. Fig. 2 indicates that the adsorption of larger
AuNP to collagen resulted in a similar viscoelastic response, in
which a decrease in Df (more mass) is correlated with an increase
in DD (more viscous). The 2 nm adsorption was characterized by
two discrete regimes. At low Df (lower nanoparticle density in
the system) the behavior of the collagen matrix was indistinguishable from those of the larger nanoparticles. At higher Df (higher
nanoparticle density in the system), a decrease in dissipation occurs. This drop caused a negative slope in the DD vs. Df plot, suggesting a change in the mechanical behavior of the collagen/
nanoparticle matrix. The inﬂection in the DD/Df curve suggested
a particle density dependent phenomenon. At low particle densities, the system behaved similarly to the larger nanoparticle
systems. However, at larger Df (higher particle densities), the
ensemble matrix (collagen plus nanoparticles) experienced a decrease in DD, indicating an increase in rigidity. The sudden onset
of rigidity in the collagen/nanoparticle system may represent a
percolation threshold: the particle density dependent formation

Fig. 1. Representative QCM-D data of gold nanoparticle (AuNP) interactions with collagen: Df (solid lines) and DD (dashed lines) for (A) 10 nm citrate stabilized AuNP,
(B) 5 nm citrate stabilized AuNP, (C) 3 nm amine/PEG stabilized AuNP, and (D) 2 nm citrate stabilized AuNP. Introduction of nanoparticles is at 25 min, and DI rinse solution
is introduced at 250 min.
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SEM and AFM images of collagen matrices after QCM-D experiments were collected to evaluate the spatial distribution of AuNP.
Note that the samples were prepared differently to maximize
contrast in different imaging modalities. Critical point dried
(CPD) samples revealed signiﬁcantly better contrast by SEM for
nanoparticles and collagen (compare Fig. S5 with Fig. 3A) and N2
dried samples produced signiﬁcantly better contrast for collagen
by AFM adhesion mode (compare Fig. 3G with Fig. S5). Additionally, different sample preparation techniques preserved different
aspects of collagen ﬁlm morphology. Speciﬁcally, CPD samples
better preserved (as compared to N2 dried samples) hydrated

Fig. 2. Representative DD vs. Df behavior of the 5th overtone. The behavior of the
larger nanoparticles is typical of a viscoelastic response. At low Df, the 2 nm system
follows the same behavior, however at higher Df the response changes.

of an extended and interconnected network of nanoparticles [24].
Similar particle density dependent phenomenon has been reported
for Ag precipitation in skin collagen ﬁbers [25], where a critical
particle density is associated with a sudden and signiﬁcant
increase in conductivity.
To further substantiate the interpretations, QCM-D data were ﬁt
using a single layer Voigt model (Fig. S3, data along with ﬁt Fig. S4).
Qualitatively, the Voigt model indicates deposition of larger
particles causes an increase in ﬁlm thickness (or mass) and slight
increases in viscosity and shear modulus. This behavior is consistent with classical biomolecule/surface adsorption behavior [9].
However, the case for the deposition of the 2 nm particles is significantly different. Especially, the positive shift in Df for the 3rd overtone is somewhat surprising; generally, in simple systems, when
such behavior is observed it is due to the loss of mass that is
mechanically coupled to the sensor, which is likely not the case.
All the higher overtones show a negative shift in Df, indicating
mass increase, which is consistent with nanoparticle deposition.
In this case, the changes in Df are captured by the Voigt model
(Fig. S4D), which indicates a decrease in ﬁlm thickness and a slight
increase in viscosity along with a signiﬁcant increase in shear
modulus upon the deposition of the 2 nm AuNP. These modeling
results, while qualitative, did indicate that 2 nm particles mechanically integrate with collagen ﬁbers, differing from the larger nanoparticles, which likely only adsorb to the surface.
The strength of the AuNP–collagen interaction was assessed by
a rinsing process in the QCM-D [9] (Fig. 1, after 250 min). Loosely
bound AuNP are expected to completely or partially dissociate
from the surface whereas tightly bound AuNP are expected to remain attached to the collagen. Upon rinsing, Df increased and DD
decreased for larger AuNP, although not fully recovering to the original values. These results indicated a fraction of AuNP was removed from the collagen, but some particles remained attached.
This type of behavior with collagen has been observed with CdSe
nanoparticles as well as BSA conjugated Au nanoparticle [26,27]
and is also in contrast to previous reports of CdSe nanoparticles
on self-assembled monolayers of functionalized alkane thiols
where on a simple model charged organic surface the nanoparticle
adsorption process is completely reversible [10]. The 2 nm nanoparticles exhibited different frequency and dissipation behaviors.
Df remained unchanged or increased, indicating few, if any,
nanoparticles dissociated from the collagen/nanoparticle matrix.
Additionally, DD decreased similar to the other particles; however,
a decrease indicated a larger deviation from the original collagen
only matrix in DI water. Such response corresponded to a lack of
AuNP removal and further stiffening of the collagen/nanoparticle
ﬁlm.

Fig. 3. (A–D) SEM images of critical point dried, mineralized collagen. (E–H) AFM
adhesion mode images of N2 dried, mineralized collagen samples. In SEM images,
light regions correspond to gold nanoparticles. In AFM adhesion mode images, dark
regions correspond to gold nanoparticles. (A and E) are images of 10 nm citrate
stabilized gold nanoparticles. (B and F) are images of 5 nm citrate stabilized gold
nanoparticles. (C and G) are images of 3 nm amine/PEG stabilized gold nanoparticles. (D and H) are images of 2 nm citrate stabilized gold nanoparticles. Scale
bars = 200 nm.
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morphologies of the collagen and in the SEM images AuNP appear
bright from high Z contrast (Fig. 3A–D). N2 dried samples produced
collapsed collagen structures (height  10 nm), and AuNP appear
as dark features in AFM adhesion mode, indicating regions of low
tip/surface adhesion (Fig. 3E–G) [28]. Both SEM and AFM images
clearly showed the presence of particles on the surface of collagen
for the 3 nm, 5 nm and 10 nm nanoparticles (Fig. 3A–C, E–G). Additionally, SEM images showed that the particles are located on the
periphery the collagen ﬁbers for larger particles. AFM images
(Fig. 3E–G) showed uniform nanoparticle distribution across the
surface and no nanoparticle preference for small or large collagen
ﬁbers. These results indicate collagen–AuNP is nonspeciﬁc, e.g.
no preferential interaction between AuNP and the gap regions
(lower density regions) of the collagen ﬁbrils with 67 nm repeats.
This is in contrast with CaP clusters in biomimetic mineralization,
which are generally believed to enter the ﬁbrils in the gap regions
of the collagen ﬁbril [4].
AFM images revealed that the 2 nm particles on collagen were
clearly visible when prepared by N2 drying (Fig. 3H) as particles
homogeneously distributed throughout the surface of the collagen
ﬁlm. In similar CPD samples nanoparticles, were only faintly detected by SEM (Fig. 3D) and not detectable by AFM adhesion mode
images (Fig. S6B). The clear ability to detect nanoparticles in collapsed collagen structures and inability to detect nanoparticles in
uncollapsed collagen structures, may suggest that the particles
are slightly buried within the collagen ﬁbers, consistent with
QCM-D data showing that the 2 nm particles mechanically integrate with the collagen ﬁbrils.
In biomineralization, the critical ﬁrst step to collagen mineralization is the binding of CaP particles to collagen. Our QCM-D and
microscopy data indicate for nanoparticles to bind with collagen,
the overall charge can be positive or negative. The second step is
for CaP clusters to inﬁltrate into the interior of collagen ﬁbers.
Our results indicate that penetration into collagen ﬁbers is not
likely for rigid particles larger than 3 nm. We note that larger
CaP clusters (>10 nm) have to been shown to inﬁltrate into collagen ﬁbers [4]. The difference in the size limit between AuNP and
CaP clusters may be explained by the liquid-like properties attributed to CaP clusters [6], allowing them to access the interior of
collagen ﬁbrils. As noted earlier, AuNP did not form speciﬁc interaction with collagen structures, whereas CaP clusters likely inﬁltrate collagen ﬁbrils preferentially through the gap regions.
These results suggest that in low ionic strength conditions
where citrate stabilized gold nanoparticles are colloidally stable,
charged nanoparticles are highly attracted to collagen. These results inspired by the biomineralization may have important implications for understanding the toxicity of nanoparticles, where
afﬁnity of nanoparticles and proteins are of critical importance
[12]. We acknowledge this study explores a narrow range of low
ionic strengths of simple electrostatically stabilized nanoparticles
to understand their size and charge dependent afﬁnity to collagen.
However, this type of approach may be broadly applicable in more
physiologically relevant solutions as long as the nanoparticles of
interest remain well dispersed. The advantage of such a QCM-D
based approach is that screening different conditions can be
relatively high throughput and in this type of relatively wellconstrained system, nanoparticles that have high afﬁnity to
collagen can be quickly and easily detected.

4. Conclusions
We have developed a QCM-D based approach for investigating
nanoparticle binding to self-assembled collagen ﬁbers, a model
for structural proteins. It was demonstrated that nanoparticles
of both negative and positive charge polarities have afﬁnity for

collagen ﬁbers. The smallest tested 2 nm particles produced a stiffening response in the system that is sudden and particle density
dependent, suggesting a percolation threshold. Additionally, imaging data demonstrates that nanoparticle binding to collagen ﬁbers
is not spatially speciﬁc, unlike biomimetic mineralization where
calcium phosphate nanoparticles interact with gap regions in
collagen ﬁbers.
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