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The ability tomonitor theflocculation, aggregation and settling ofmicro and nano-sized particles is important for
many environmental, chemical, biological and biomedical processes. However, standard approaches such as dy-
namic light scattering or absorption spectroscopy require sample dilution for characterization of highly concen-
trated samples. In this model study a newmethod using total internal reflection (TIR) is demonstrated to directly
detect aggregates in highly-concentrated, strongly-absorbing samples of aqueous gold nanoparticles without
sample dilution or pretreatment. Aggregation of the gold nanoparticles is induced by changing solution pH or
by increasing ionic strength. Results obtained using the new sensor with no dilution agree with the post-dilution
results obtainedby absorption spectroscopy, dynamic light scattering, and zeta potentialmeasurements. This val-
idation of the sensor by standardmethodologies is important because earlierworkwith sensitive detection of ag-
gregates in non-absorbing polystyrene nanoparticles precluded the use of standard methodologies.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
Keywords:
Nanoparticle
Refractometer
Aggregation
Total internal reflection
Optical sensor
Turbid media
Detecting the flocculation, aggregation and settling of micro and
nanoparticles is important for many environmental [1], biological and
biomedical processes [2,3]. Inmany applications, it is important tomon-
itor in-situ and in real-time the synthesis, settling or aggregation of
nanoparticles [4–6]. Scattering-based methods such as Dynamic Light
Scattering (DLS) and zeta potential measurement provide a measure
of particle size, particle dispersity, and surface charge. DLS relies on a
correlation measurement of scattered photons and is regarded as the
gold standard in such applications, compared to simple scattering inten-
sity measurements (turbidimetry) or transmission intensity measure-
ments (nephelometry). However, the single-scattering assumption
needs to be satisfied in all these approaches, requiring significant sam-
ple dilution in the case of concentrated or highly turbid samples in
order to avoid multiple scattering artifacts. Also, DLS and zeta potential
measurement are suited only for particles in a narrow size range at com-
monly used visible wavelengths and typically fail for particle sizes ex-
ceeding a micron.

The above scattering-based methods are whenever possible
complemented by transmission-based methods such as absorption
spectroscopy at UV–visible frequencies (UV–Vis) which is often used
to monitor particle aggregation, flocculation and settling for weakly ab-
sorbing colloids such as TiO2, ZnO, and biological cells. However, only a
narrow concentration range can be used in UV–Vis methods since the
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absorbance remains linear up to a value of approximately 2. Highly ab-
sorbing gold nanoparticles require significant dilution in order to satisfy
the single-scattering assumption.

Note that the above discussion pertains to optical detection
methods. Recently, non-optical acoustoelectric methods have been de-
veloped that are capable of particle-sizing in highly concentrated dis-
persions, provided a density difference exists between the suspended
particle and the medium [7]. On the other hand, optical methods rely
on a difference in refractive index, hence offering a viable alternative
in cases where the density difference is small. For example, in aqueous
suspensions of polystyrene microspheres the density difference is just
a few percent but the refractive index difference is nearly 20%. Thus, op-
tical and acoustoelectric particle-sizing methods are complementary
and are well worth developing side-by-side.

In colloids, the scattering particle size is comparable to the optical
wavelength. A useful optical parameter for quantifying the colloid con-
centration is the attenuation coefficient (α in cm−1) which is defined
through Beer's Law: the intensity I(z) of a light beam propagating in
the z-direction through the colloid attenuates owing to scattering and/
or absorption and is given by I(z) = I0e

−αz, where I0 is the intensity at
z = 0. In the context of highly dense colloids (α N 200 cm−1), it has
been pointed out that total internal reflection (TIR) based imaging
methods offer important unique advantages [8,9]. In TIR, the sample pen-
etration lengths are only on the order of an optical wavelength, meaning
the single-scattering assumption is satisfied despite the high particle densi-
ty in undiluted samples - for visible wavelengths this assumption breaks
ense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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downonly at extremely high attenuations on the order of 104/cm [9,10].
Among TIR-imaging methods some of the most widely used state-of-
the-art techniques are based on surface plasmon resonance (SPR) in a
metal film, usually gold, deposited on a glass surface. In this approach,
the sample to be analyzed is placed on top of the gold-coated glass sur-
face and the angle or wavelength of the incident light is varied. Howev-
er, the chemical inertness that makes gold a practical choice in SPR
sensors also makes gold a difficult substrate to adsorb to [11]. Some bi-
ologicalmolecules do adsorb, only to denature in contactwith themetal
[12]. On the other hand, it has been pointed out that gold-thiol-dextran
functionalization chemistry, which is the cornerstone for SPR, does not
apply to surface science investigation in the vast microelectronics in-
dustry where organic functionalization on silica is required [13] - si-
lane-based chemistries are preferred to gold-thiol-based in this case
[14]. It is therefore desirable to consider TIR-based methods that do
not suffer from this important limitation of SPR.

In this short communication we show that, by tracking the attenua-
tion coefficient α, it is possible to directly monitor aggregation of highly
dense aqueous colloidal gold nanoparticles (AuNPs) without sample di-
lution or pretreatment using a novel TIR-based sensor which does not
require a gold film - the sample is placed directly on an uncoated glass
surface – hence the sensor is free from the limitations of SPR discussed
above. The densities used are comparable to the densest aqueous gold
colloids reported in the literature [15]. Aggregation is induced either
by changing the solution pH or the ionic strength and it is shown that
the α-measurement can be used as a direct and sensitive marker for
distinguishing between aggregated and non-aggregated AuNP suspen-
sions. Furthermore, particle aggregation is monitored by UV–Vis spec-
troscopy, zeta potential measurement, and DLS, and close agreement
is obtained with TIR measurements. The ability to corroborate results
from the sensor with standard methods is a significant advantage over
recent similar work performed in highly scattering suspensions of
non-absorbing polystyrene nanospheres [8]. In Ref. [8], the absence of
plasmonic absorption and scattering precluded the use of UV–Vis, and
DLS was shown to be ineffective. Furthermore, since zeta potential is
just derived from a DLS measurement under an applied electric field,
no systematic experimental corroboration of our TIR-based sensor
existed until this communication. The results presented here and in
Ref. [8] demonstrate that the TIR-based sensor can detect
nanoaggregation in optically dense plasmonic and non-plasmonic par-
ticulate suspensions.

Gold nanoparticles (AuNPs) were prepared by the Lee-Meisel citrate
reduction procedure [16], and carboxylic acid functionality was provid-
ed by addingmercaptopropionic acid (MPA) – see Supplementary infor-
mation Sec. S-I. The negative charges from the propionic acid stabilize
particles against van der Waal's attraction and prevent aggregation.
Fig. 1. (a) Prism-sample interface with glass cover slip and index-matching fluid of refractive in
reflectance profile Ir / Ii (θi) for non-aggregated (gray curve, top) and aggregated (blue curve, bo
the references to color in this figure legend, the reader is referred to the web version of this ar
The Au concentration in the MPA-functionalized AuNP solutions was
determined to be 27 parts per thousand (mg/mL) by ICP-MS. DLS mea-
surements indicated a hydrodynamic diameter of 95 nm after
functionalization with MPA, giving a particle concentration of
~3.0 × 1010 AuNPs/mL.

Aggregation was induced by adding 2.2 mL of either HCl to change
the pH or NaCl to increase the ionic strength, to 800 μL of the function-
alized AuNP solution. The final samples contained ∼8.0 × 109 AuNPs/mL
with varying concentrations (0.1 mM to 50 mM) of HCl or NaCl.

The sensor geometry is based on a glass prism in the standard
Kretschmann configuration often used in SPR, and has been described
in detail earlier [8–10,17–19]. The only difference with previous setups
is that in the present work a glass coverslip is inserted above the BK7
glass prism, and the dense colloidal sample is placed on top of the cov-
erslip, as shown in Fig. 1 (a). This is necessarywhenworkingwithAuNP
colloidal samples since it was found to be especially difficult to
completely clean off the glass prism surface within a practical
timeframe [20]. Refractive index matching fluid is used between the
coverslip and the prism, and the coverslip is allowed to settle for
15 min before sample placement.

The colloidal sample is illuminated by a spatially divergent p-polar-
ized beam of intensity Ii (typically 6 μW) from a laser diode of center
wavelength 653 nm with a bandwidth of ±4.5 nm. The diode is pig-
tailed to a single mode fiber to produce a pure Gaussian spatial profile.
The light reflected from the cover slip-sample interface, denoted by Ir,
is allowed to fall on a one-dimensional uncooled pixel array (Perkin-
Elmer, Model no. LD3522PGK-022, 1024 pixels, each of width 14 μm),
and the intensity in each pixel is read out in near real-time using a
LabVIEW program. The sample volume is ∼0.3 mL, sufficient to cover
the laser spot size (∼3–4 mm) at the prism-sample interface. The
range of angles θi incident on the prism-sample interface that are de-
tected by the pixel array spans both TIR and non-TIR regions, yielding
reflectance profiles as shown by the two solid curves in Fig. 1(b) - the
top (gray) curve is for an aqueous gold nanoparticle suspension in
which no aggregates exist, clearly distinct from the lower (blue) curve
which is for the same suspension in which aggregation has been in-
duced by adding HCl to reduce the solution pH. See Supplementary
information Sec. S-III for details on how the reflectance profiles in
Fig. 1(b) are generated. Details of sensor calibration, and an analysis
of the sources of error in our sensor, are provided in Ref. [19].

The dashed lines (red) in Fig. 1 (b) are theoretical fits derived from
Fresnel theory, but the theory is modified to correctly account for the
loss in TIR intensity owing to scattering/absorption of the evanescent
wave as it penetrates into the colloidal medium. Details of themodified
Fresnel model are presented in Refs. [8–10,17–19]. In short, the fit con-
sists of the usual Fresnel reflectance formula for Ir / Ii (θi), which is a
dex 1.5167 ± 0.0005. Gravity points in the−z direction. (b) Typical plot of experimental
ttom) dense AuNP suspensions. The dashed lines are theoretical fits. (For interpretation of
ticle.)
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function of not just θi but also the real and imaginary parts of the colloi-
dal refractive index nr and ni [21]. In standard Fresnel theory ni is a con-
stant for all angles of incidence, but in the modified theory ni is taken to
be angle-dependent for those incident angles where TIR exists. We
write ni (θi) = a κ(θi) where κ(θi) is the ratio of the evanescent wave's
penetration depth to the optical wavelength, and a is the value of the
imaginary refractive index for perpendicular incidence, which is related
to the attenuation coefficient α through the relation α= 2aω/c (where
ω/2π is the laser frequency and c is the speed of light). As explained in
detail in Refs. [8–10,17–19], a theoretical best-fit to each reflectance
data-profile is constructed by varying the two fitting parameters nr
and ni so as to minimize the mean-square deviation between the data
and the modified Fresnel reflectance formula.

It is important to note that upon the addition of an aggregation-in-
ducing agent, the aggregation kinetics in highly concentrated Au or Ag
colloids are, just as in the case of non-plasmonic polystyrene nano-
spheres [8], too fast to be detected directly by the sensor. However,
when the aggregated sample is placed on top of the TIR sensor, the ag-
gregates slowly settle and are sensed as they approach within a wave-
length of the glass-sample interface, causing an increase in the
attenuation coefficient measured by the sensor. Fig. 2 shows measure-
ments of the attenuation coefficient α as a function of time. Starting
from 30 s after the aggregated sample was deposited on the cover slip,
α- measurements were made at one-minute intervals for a total of
30 min, indicating that settling of the AuNP aggregates occurs on the
time-scale of few tens of minutes.

Fig. 2 confirms that the sensor detects settling due to aggregation
and not due to any other cause, and also establishes the time-scale for
settling. First, α(t) was measured for a suspension of carboxylated
AuNPs in deionizedwaterwhenmixedwith 350mMHCl (blue solid tri-
angles). Next, the sample was cleaned off the sensor, and an identical
aqueous sample of AuNPs mixed with HCl was prepared but this time
15 min was waited, a time much longer than that required for any ag-
gregation processes to possibly occur, before placing the sample on
the sensor and initiating measurement of α(t) (white squares). Both
samples yield nearly identical α(t) - curves, with α rising from
10 cm−1 to ∼1000 cm−1 over a period of 15 min. This clearly indicates
that the sensor detects settling onto the prism- coverslip interface
which initiates as soon as the sample is placed on the sensor. Finally,
to confirm that it is indeed only aggregates that are settling, αwasmea-
sured as a function of time for an identical aqueous sample of AuNPs, but
this time without adding any HCl (Orange squares). No significant set-
tling occurs in the absence of aggregate formation [22].

Based on Fig. 2 in which we see the α-value beginning to level off at
the 15 min mark, we empirically pick 30 min as the time at which we
deem that the settling process is, for themost part, over - thus achieving
themaximumsensitivity achievable by the sensorwhich is based on de-
tecting aggregation via settling. At this time the difference in α-value
between the aggregated and unaggregated samples is about 100:1.
Fig. 2.Measurement of settling time for aggregated (blue triangles andwhite squares) and
non-aggregated (orange squares) AuNPs. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
Each reflectance profile in Fig. 1(b) was recorded after the sample was
allowed to sit on the prism for 30 min. If, on the other hand, one
deems a signal of 40:1 as sufficient to detect the presence of aggrega-
tion, Fig. 2 shows that one may plot reflectance data after letting the
sample sit on the prism for only about 4 min.

In Fig. 3 the data for detection of aggregation in dense AuNP colloidal
solutions is plotted using three different methods, our TIR sensor, UV–
Vis absorption spectroscopy, and DLS, and show that these methods
yield results that are consistent with each other. Each of the three
plots on the left in Fig. 3(a) indicates that pH-induced aggregation oc-
curs at an HCl concentration N 0.2 mM (pH b 3.7). On the right, each
of the three plots on the right in Fig. 3(b) indicates that aggregation in-
duced by change in ionic strength occurs at an NaCl concentration be-
tween 30 and 40 mM. Zeta potential measurements are provided in
the Supplementary information Sec. S-IV and indicate that aggregation
begins to occur as zeta potential of the particles approaches zero. In
order to perform the zeta potential and DLS measurements, significant
sample dilution was required.

For these HCl and NaCl concentrations the top plots in Fig. 3(a) and
(b) show a sharp increase in attenuation coefficient α caused by signif-
icant aggregate-settling as the sample is allowed to sit on our TIR sensor
for 30 min. For an HCl (NaCl) concentration of 0.2 mM (20 mM) or
below, minimal settling is observed, yielding an α-value that remains
steady, between 10 and 60 cm−1. The original gold nanoparticles
were thoroughly tip sonicated before any aggregation measurements
were made. Error bars for three data points are shown in the top plots
in Figs. 3(a) and (b). The error bars for these three data-points are rep-
resentative for other data-points in their vicinity.

No sample dilution was required for the UV–Vis analysis shown in
Fig. 3. However, the α-values on the spectrophotometry plots in Fig. 3
are 2 orders of magnitude less than corresponding α-values obtained
by the TIR sensor. This is because the same settling over time that causes
aggregates to settle onto the sensor prism (thereby yielding α's of a few
hundred cm−1, see Fig. 2), also causes the aggregates to sink to the bot-
tom of the cuvette employed in the spectrophotometer, meaning most
of the aggregates have now fallen away from the center of the cuvette
where the UV–Vis absorbance is measured (thereby yielding α's of
only a few cm−1). See Supplementary information Sec. S-V for a test
of this assertion. Note that this effective dilution of the sample due to
particles leaving the central sensing region of the cuvette is essential
for recording UV–Vis absorption spectra since the spectrophotometer
cannot measure absorbances exceeding 1.2 (i.e., α of 2.8) [22,23].

The aggregation of AuNPs leads to a color change from reddish-pur-
ple to bluish-purple (when viewed in transmission) due to the appear-
ance of the surface plasmon bandswhich leads to a visible change in the
optical properties of the colloid. The change in optical properties of the
NP suspensions was monitored by measuring the UV–visible absor-
bance spectra (whichwas converted to α [23]) with increasing concen-
tration of HCl or NaCl (Fig. 3). The unaggregated MPA-functionalized
NPs have a surface plasmon band at 573 nm (this absorption in the
green causes the solution to appear reddish-purple when viewed in
transmission). Aggregation causes the surface plasmon band to red-
shift and reduce in intensity due to the heterogeneous population of
particle aggregates of different sizes. It is clear from the UV–Vis plots
in Fig. 3 that the peak of the surface plasmon band shifts to ∼710 nm
for the aggregated AuNP solutions (this absorption in the red causes
the solution to appear bluish-purple when viewed in transmission).

The concentrations of HCl and NaCl that result in a red-shift in the
surface plasmon band match very well with the concentrations mea-
sured by the TIR sensor at which the sharp increase in attenuation α is
recorded. These concentrations of HCl and NaCl at which the onset of
aggregation occurs according to the TIR sensor and UV–Vis spectropho-
tometer are in agreement with zeta potential measurements (Fig. S1)
that show a progressive reduction of zeta potential magnitude. Attrac-
tive Van der Waal's forces dominate over repulsive electrostatic forces
at low zeta potential magnitude, enabling rapid aggregation – see



Fig. 3. Aggregation in AuNP suspensions due to change in a) pH, by adding HCl, or (b) ionic strength, by adding NaCl, asmeasured by three different methods. From top to bottom, we see
that the onset of aggregation leads to a sharp increase in the attenuation coefficient α in our TIR sensor, a shift in peak absorbance in UV–Vis absorption spectroscopy (we convert
absorbance to α [22] for convenient comparison with our sensor) and an increase in particle diameter measured by DLS. The TIR sensor (top) indicates that the onset of aggregation
occurs at an HCl concentration N 0.2 mM (pH b 3.7) and an NaCl concentration between 30 and 40 mM, which is corroborated by the other methods.
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Supplementary information Sec. S-IV for further explanation. Fig. 3 also
shows that DLS measurements record a significant increase in NP-size
from the original ∼95 nm at 0.4 mM HCl and 40 mM NaCl, thus
supporting the measurements from the TIR sensor, UV–Vis, and zeta
potential.

In conclusion, we have demonstrated an optical method for rapid
detection, without the need for any dilution or sample pretreatment,
of the presence of aggregates in highly concentrated strongly-absorbing
AuNP suspensions with densities comparable to the densest gold col-
loids reported in the literature. Note that the nearly isosbestic point in
Fig. 3 at the operating wavelength of our sensor (653 nm) implies
that, as desired, the sensor is sensitive only to the settling caused by ag-
gregation, not somuch to changes in absorbance caused by aggregation.
Recently we demonstrated the success of this sensing method in highly
scattering non-plasmonic suspensions [8] with polystyrenemass densi-
ties that were two orders of magnitude higher than previously reported
– however, in thatwork, we had no existing standardmethods to check the
validity of our results, because the use of non-plasmonic particles pre-
cluded UV–Vis, and DLS (hence also zeta potential) was shown to be in-
sensitive to the presence of small amounts of aggregates [8,24]. Here,
working with plasmonic nanoparticles, we have obtained confirmation
of the sensor'sfindings on aggregationwith UV–Vis spectrophotometry,
DLS and zeta potential measurement. This means that we now have ex-
perimental confirmation that the sensor may be used to accurately
detect the presence of nanoaggregates in both plasmonic and non-plas-
monic colloidal suspensions. As a potential future application, we note
that the measurement of the attenuation coefficient α by our sensor
may enable particle sizing [9], which is a topic of current interest specif-
ically with regard to aggregate formation for chemical and biological
sensing [25]. A current limitation of the TIR sensor is that the concentra-
tion must be confined to a regime where α stays a single-valued func-
tion of the particle size [8], and even when this condition is satisfied
we can only extract an effective mean particle size, not a size distribu-
tion as is allowed by DLS [9].
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