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Abstract We have developed a rapid colorimetric method to
determine the concentration of denatured collagen in solution,
which is based on the collagen-silver nanoparticle corona for-
mation. Using the proposed method, the lowest detectable
concentration of denatured collagen protein in a solution of
pure collagen was 14.7, 8.5, and 8.6 μg mL–1 for porcine
(PCOL), rat tail (RCOL), and type I human recombinant
(HCOL) collagen, respectively.
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Surface plasmon band

The interactions between proteins and metallic nanoparticles,
including silver, play a pivotal role in the biological activity of
nanosized materials, although the majority of mechanisms
governing these interactions remain unknown [1–5].
Protein–nanoparticle interactions can be detected in solution
because changes in the noble metal nanoparticle surface com-
position are macroscopically perceivable as shifts in the sur-
face plasmon band (SPB) which, for example, can result in a
change of solution color [6]. For the specific case of silver
nanoparticles (AgNPs), without low molecular weight
protecting agents, it has been described that proteins like hu-
man and bovine serum albumins, lysozyme, and collagen can
act as protecting agents for the nanoparticle surface [7–13].
Further, recent research by our team has found that type
I porcine collagen (PCOL) is an efficient capping agent
for nascent Ag0, which nucleate to form spherical
AgNPs [14].

In the present work, we observed that the addition of
34 μg mL–1 of native, non-denatured, (nPCOL) or denatured
(dPCOL) PCOL (≈ 0.1 μM) to a colloidal solution of citrate
capped AgNPs, 6.3±0.4 nm, resulted in a fast (<30 s)≈12 nm
red shift of the SPBmaximum position from 394 to 405 nm or
407 nm, respectively, see Fig. 1 left top inset (p < 0.05
ANOVA test, see SI). This change occurs with an increase
in the full width at a half medium (FWHM) value (Fig. 1, left
bottom inset, p<0.05 ANOVA test), and remains practically
unchanged for up to 2 h, see Fig. 1 left. Interestingly, when we
monitored the intensity of absorption at the SPB, see Fig. 1
right, we observed that the samples containing nCOL gradu-
ally formed a precipitate with a corresponding decrease in the
SPB absorption of up to 50 % (p<0.05 ANOVA test). In
contrast, samples containing thermally dCOL, by pre-
incubating collagen at 95 °C for 5 min, did not show
a statistically significant change in the SPB for the 2-h
duration of the assay (p>0.05 ANOVA test). Similar results
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were observed at 4 and 37 °C [see Electronic Supplementary
Material (ESM), Fig. S1], which suggests that the formation
of the nanoparticle–protein composite, and not the solution
temperature, dictates the resulting stability of the AgNPs–col-
lagen complex.

The observed differences in protein–AgNP interaction be-
tween the nCOL and dCOL cannot be attributed to protein
crosslinking (see ESM, Fig. S2) and must be directly linked
to the loss of protein conformation post-thermal treat-
ment of the sample (see ESM, Fig. S3). Therefore, we
have harnessed the difference in collagen–AgNP inter-
action stability between native and denatured protein
and developed an efficient method to determine the
amount of thermally dCOL in solution. The presented
method is fast, reproducible, highly sensitive, and inex-
pensive compared with other approaches, such as the use of
angular displacement techniques and measurement of dielec-
tric properties [15–17]. The main steps of our method are
summarized in Scheme 1.

Figure 2A contains representative AgNPs-SPB spectra for
the supernatant after the addition of PCOL (total concentration
nPCOL+dPCOL: 34 μg mL–1), in which the intensity of SPB
absorption increases with the amount of thermally dPCOL in
solution. When the concentration of dCOL is zero, the super-
natant will show no absorption at the AgNPs-SPB wave-
length. Figure 2B includes the plots of SPB absorbance versus
protein concentration for different species of type I collagen

including porcine, rat tail (RCOL), and recombinant human
collagen (HCOL). The amount of denatured protein in solu-
tion ranged from 4.25 to 34 μg mL–1, using a total protein
content (nCOL+dCOL) of 34 μg mL–1. Note that for PCOL
and RCOL collagen the maximum wavelength of absorption
for the AgNPs-collagen systemwas found at 407 nm, whereas
for HCOL the wavelength of maximal absorption was 403 nm
(see ESM, Fig. S4).

Another interesting observation was that the profile of ab-
sorption versus collagen concentration, shown in Fig. 2B, has
a nonlinear relationship that could indicate the formation of a
corona arrangement around the AgNPs. Protein–AgNP inter-
actions with a corona arrangement occur, in principle, through
a multi-step regime [18] such that after the initial protein ad-
sorption onto the nanoparticle layer, subsequent layers will
form around this first one, rendering an onion-like protein
adsorption on the nanoparticle surface [19]. Although the
number of proteins per nanoparticle within the layers will
exclusively depend of the chosen protein, our cumulative data
shows good reproducibility within AgNPs batches and exper-
iments (see ESM). Thus, our next step was to plot the absorp-
tion data shown in Fig. 2B versus the square of the denatured
protein concentration.

Figure 3 shows the best linear fit for the plot of absorption
(Abs407) versus the square of the dCOL concentration
(R2>0.97, and χ2 <0.02), which rendered limits of detections
(LOD, defined as 3.3sB/mwhere sB is estimated as the residual
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Fig. 1 (Left) Effect of adding PCOL, 34 μg mL–1 to a solution of
colloidal citrate capped AgNPs. Spectra show the SPB before (squares),
and after the addition of nPCOL (open circles ) or dPCOL (filled
triangles) collagen. Inset: Top, shows the changes on the SPB
maximum position before and after adding collagen. Bottom, changes
in the FWHM of the AgNPs measured before and after adding
collagen. Note that the first point after the addition of collagen was
measured within 30 s. (Right) Change in the SPB absorption maxima
for AgNPs measured before and after adding 34 μg mL–1 of type I

collagen either nCOL (open circles) or dCOL (filled triangles). The
plasmon intensity for AgNPs before adding collagen has also been
included in the plot, denoted with an arrow, but the absorbance was
measured at 397 nm. The blue highlighted region corresponds to the
first point measured after adding collagen (within 30 s). Error bars
correspond to the standard deviation of the experimental data, which
was calculated by performing experiments with three different batches
of AgNPs in duplicate (N = 6). All measurements were carried out at
room temperature
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standard deviation and m is the slope of the linear fit,
Supplementary Table S1) of 14.7, 8.5, and 8.6 μg mL–1

for dPCOL, dRCOL, and dHCOL, respectively. Note
that the upper concentration limit was determined as
34, 21, and 25 μg mL–1, respectively, for each collagen
type as mentioned above. Finally, we assessed the ca-
pability of our method to determine the denatured col-
lagen concentration in two ‘unknown’ samples spiked
with 30 ± 1 μg mL–1 of dRCOL or dHCOL. For these
two samples, we detected 28±2 of dRCOL and 26±1μgmL–1

of dHCOL, which represented acceptable recoveries of 93 %
and 87 %, respectively.

In addition to the advantages described above, this ap-
proach is attractive because it avoids the use of an extra re-
agent and relies only on the specific interaction between

AgNPs and COL to determine dCOL. However, the
versatility and sensibility of our assay could be further
improved by coupling our methodology to, for exam-
ple, surface enhanced Raman spectroscopy (SERS)
[20] and/or by using fluorescence mediated enhance-
ment from AgNPs plasmon similar to that recently
described by Stobiecka and Chalupa for gold nanoparticles
[21, 22].
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Fig. 2 (A) Representative absorption spectra for AgNPs measured in the
supernatant post centrifugation, see main text and Scheme 1, detected at
different dPCOL concentrations as indicated in the plot. (B) Absorbance
at the maximum wavelength for the AgNPs-collagen measured in the
supernatant as a function of the dCOL concentration in solution. Note
that forall the experiments shown in this figure, total collagen concentra-
tion (dCOL+nCOL), was kept as 34 μg mL-1. Measurements were per-
formed with three different collagen species: dPCOL (○), dRCOL (▲)
and dHCOL (●). Error bars correspond to the standard deviation of the
experimental data, whic was calculated by performing experiments with
three different batches of AgNPs in duplicate (N = 6). All measurements
were carried out at room temperature
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Fig. 3 Changes on the SPB-absorption plotted against the square of
dCOL concentration for PCOL (○), RCOL (▲) and HCOL (●). The lines
shown in the plots correspond to the best linear fit obtained in each
corresponding case. Data outside the linear range are also shown to visu-
alize the upper limit of the method. All measurements were carried out at
room temperature

Scheme 1 Simplified experimental procedure for determining the
content of dCOL using citrate capped AgNPs. Main steps are as
follows from top to bottom: (i) colloidal solution of AgNPs is mixed with
the collagen sample (nCOL+ dCOL) in a ratio of 1:1 v/v (AgNPs:COL),
incubated for 15 min and protected from light; (ii) this solution is centri-
fuged for 15 min at 10,000 rpm; (iii) the supernatant (which contains
dCOL+AgNPs) is removed and measured using a spectrophotometer
(≈407 nm). The amount of dCOL in the sample is determined by inter-
polating the absorbance reading using a calibration curve of absorbance
versus dCOL content
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Conclusions

In summary, we have developed a new assay to determine the
amount of denatured collagen present in a collagen sample
solution by using the difference in stability of AgNPs-
collagen composites observed upon thermal denaturation of
the protein. This assay can be completed in only 30 min with-
out the need of expensive equipment. The proposed assay
requires minimal analytical instrumentation, simply a spectro-
photometer and a centrifuge, which are available in most lab-
oratories, and allows the detection of quantities on the order of
micrograms of denatured collagen for porcine, rat-tail, and
human recombinant collagen, respectively.
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