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Characterization of the interactions between natural colloidal/particulate- and protein-like matter is

important for understanding their contribution to different physiochemical phenomena like membrane

fouling, adsorption of bacteria onto surfaces and various applications of nanoparticles in nanomedicine

and nanotoxicology. Precise interpretation of the extent of such interactions is however hindered due to

the limitations of most characterization methods to allow rapid, sensitive and accurate measurements.

Here we report on a fluorescence-based excitation–emission matrix (EEM) approach in combination

with principal component analysis (PCA) to extract information related to the interaction between

natural colloidal/particulate- and protein-like matter. Surface plasmon resonance (SPR) analysis and

fiber-optic probe based surface fluorescence measurements were used to confirm that the proposed

approach can be used to characterize colloidal/particulate–protein interactions at the physical level.

This method has potential to be a fundamental measurement of these interactions with the advantage

that it can be performed rapidly and with high sensitivity.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Characterization of the interaction between protein- and
colloidal/particulate-like substances is an area of growing impor-
tance for environmental, nanomedical, biotechnological and
industrial purposes. These interactions are known to play a
pivotal role in a variety of areas such as the formation of protein
coronas on nanoparticles [1–4], intracellular uptake and biocata-
lytic processes that could have biocompatibility issues or adverse
biological outcomes [5]. They also play a role in fouling of
membranes in many treatment processes including milk produc-
tion [6] and drinking water treatment [7]. In water purification for
example, polysaccharide-like matter contained in the colloidal/
particulate fraction of water can interact with protein-like matter
and contribute synergistically towards increased membrane foul-
ing [8–10]. These protein–polysaccharide interactions are also of
interest due their practical significance in the food industry and
applications in biopharmaceuticals as protein carriers [11].

The detection or characterization of interactions at the molecular
level involving protein- and colloidal/particulate like species generally
require sophisticated techniques such as surface plasmon resonance
(SPR), total internal reflection fluorescence microscopy [12], iso-
thermal titration calorimetry (ITC) [1], colloid probe atomic force
ll rights reserved.
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microscopy (CP-AFM) [13], fluorescence correlation spectroscopy
(FCS) [4], scanning electron microscopy (SEM), confocal microscopy
and transmission electron microscopy (TEM) [5]. These methods are
time consuming, difficult to perform and sometimes have low
sensitivity at the very low concentration levels of protein- and
colloidal-like matter often found in natural systems. In addition, the
use of these techniques for detection and characterization of the
protein–colloidal/particle interactions has been limited to model
systems. This is due to the challenges in the isolation of protein-
and colloidal/particulate-like matter from natural systems. The ability
to characterize these interactions in natural systems is a fundamental
prerequisite for developing applications that are beneficial for the
advancement of nanobiology, nanomedicine, nanotoxicology and
membrane-based treatment processes.

This work describes the development of a novel fluorescence
excitation–emission matrix (EEM)-based technique that utilizes
principal component analysis (PCA) to extract information related
to the interactions between colloidal/particulate- and protein-like
matter present in natural systems. This approach is suitable for
rapid characterization of colloidal/particulate- and protein-like
matter with high sensitivity [7,14], eliminates the need for
isolation prior to examining their interactions and exploits the
intrinsic fluorescence properties of these materials. This has the
advantage of avoiding potential sources of measurement error
associated with fluorescent labeling and corresponding imaging
techniques such as label instability, altered physicochemical
properties and photo-bleaching from light/laser exposure [5].
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Mixtures of colloidal/particulate- and protein-like (CPP) mat-
ter were extracted using ultrafiltration (UF) from natural river
water. Fluorescence EEMs including the light scattering regions of
collected spectra for these samples were then analyzed using PCA
to extract principal components (PCs) related to colloidal/parti-
culate- and protein-like matter. These PCs were then used for
characterization of the protein–colloidal/particle interactions in
the extracted CPP samples. The physical interactions between the
colloidal/particulate- and protein-like material in CPP extracts
were also verified using SPR analyses. This was accomplished by
studying the association and disassociation behavior of colloidal/
particulate- and protein-like matter to self-assembled mono-
layers (SAM) prepared by coating 11-mercaptoundecanoic acid
(MUA) on gold plated surfaces. 11-MUA forms chemically stable
and well-ordered monolayers, generally referred to SAM layers
and typically used as a model interface to study the molecular
level interactions [15,16]. The presence of colloidal/particulate–
protein interactions on this SAM layer was also qualitatively
verified by surface fluorescence EEM measurements performed
using a fluorescence fiber optic probe, subsequent to the dissociation
step of the SPR analysis. The proposed approach should have value in
a variety of applications.
2. Material and methods

2.1. Extraction of natural CPP matter

CPP matter samples were extracted from Grand River water
(GRW) (Southwestern Ontario, Canada) using a previously
described procedure that involves microfiltration and UF
stages [7]. Fifteen and 16 different UF experiments were per-
formed using 20 kDa and 60 kDa membranes, respectively, using
feed water with seasonal differences of DOC and turbidity to
extract natural CPP matter during the period of March 2009–May
2010. A detailed description of this extraction procedure includ-
ing the quality parameters of GRW used is provided in the
Supporting material (SM) section.

2.2. Fluorescence analysis

The fluorescence EEMs of the extracted CPP solutions were
recorded using a Varian Cary Eclipse Fluorescence Spectrofluorom-
eter (Palo Alto, CA) by scanning 301 individual emission spectra
(300–600 nm) at sequential 10 nm increments of excitation wave-
lengths between 250 and 380 nm. The procedures used for the
fluorescence signal correction and the selection of the spectro-
fluorometer parameter settings to obtain reproducible fluorescence
signals were as previously described [14]. Surface fluorescence
measurements were conducted using the same spectrofluorometer
and a Varian Cary Remote Read Fiber Optic Probe coupled to the
spectrofluorometer with an Eclipse Fiber Optic Coupler. The
measurements were conducted on the regions of the MUA coated
gold sensor disks where the association/dissociation of the protein
and colloidal matter had taken place in the SPR analyzer. This
procedure was carried out under controlled humidity conditions.
To eliminate background noise, fluorescence spectra of control
(MUA coated disks) collected under the same conditions, were
subtracted from all spectra. A detailed description of this procedure
is provided in the SM section.

2.3. SPR analysis

SPR analyses were performed in triplicate at 25 1C using a
cuvette-based AutoLab SPRINGLE (Echo Chemie BV, The Nether-
lands) analyzer. The SAM layers required for SPR analysis were
generated on gold plated disks following the procedure described
in the SM section. To understand the interaction behavior of
protein-like matter with the SAM layer and to assess the exis-
tence of colloidal/particulate–protein interactions in the extracted
CPP samples, a-lactalbumin (AL) (average size�10 nm) was used
as a surrogate protein. AL was donated by Davisco Foods Inter-
national, Inc., (LeSueur, MN; Lot #: JE 007–3–921). The associa-
tion and disassociation behavior of colloidal/particulate- and
protein-like matter were then examined by injecting separate
solutions (50 ml) of (i) AL (0.5 mg/ml), (ii) CPP (�0.11 mg/ml;
calculated based on a dry weight basis) and (iii) a mixture of AL
and CPP, containing the same individual AL and CPP concentra-
tions as in (i) and (ii), on to the SAM layer. To ensure the
homogeneity of the CPP solution during the SPR analysis, only
the suspended part of CPP was used. These solutions were
prepared by dissolving appropriate amounts of AL and/or CPP in
20 mM phosphate buffer (pH 7.4). The pH of these solutions was
around 7.5. After each association step, the SAM layer was
washed with 500 ml of running buffer (20 mM phosphate buffer,
pH 7.4) to facilitate the dissociation of the accumulated material
(i.e. to remove any loosely bound material). The resulting SPR
kinetic curves were zeroed one second after injection to eliminate
bulk solution effects. The absence of SPR responses on an inert
surface produced using triethylene glycol monoamine [17] con-
firmed that the binding curves are related to associations and not
due to bulk solution effects.

2.4. Principal component analysis

Fluorescence EEM analyses of the solutions of CPP matter
extracted for 20 and 60 kDa UF experiments resulted in 15 and 16
fluorescence EEMs, respectively, with each containing 4214 exci-
tation and emission coordinate points. The fluorescence intensity
values corresponding to these excitation–emission coordinate
points (spectral variables) of a given EEM were organized in a
matrix following the previously described fluorescence EEM data
rearrangement procedure [14]. This resulted in a 15�4214
fluorescence data matrix for 20 kDa membranes (X20), and a
16�4214 fluorescence data matrix for 60 kDa membranes (X60)
with each row containing fluorescence EEM data points of a given
sample. PCA was then performed on X20 and X60 data matrices
separately to generate the PCs. PCA extracted statistically con-
siderable new variables referred to as PCs that were uncorrelated,
orthogonal and mathematically represented by linear combina-
tions of the original variables in X20 and X60 data matrices.
Statistically considerable number of PCs in capturing the under-
lying features in X60 and X20 data sets was determined by using
the leave-one-out cross validation method [18]. All computations
were performed using the PLS Toolbox 5.2 (Eigenvector Research,
Inc., Manson, WA) within the MATLAB 7.8.0 computational
environment (MathWorks, Natick, MA).

2.5. Statistical analysis

Analysis of variance (ANOVA) tests were used for statistical
analysis. Normality of the data was confirmed using normal
probability plots.
3. Results

3.1. Characterization of the colloidal/particulate and protein-like

matter extract

The fluorescence EEM of GRW contained peak-a and shoulder-b
at an excitation wavelength (Ex)�320 nm and emission wavelength
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(Em)�415 nm and at Ex/Em�270 nm/460 nm, respectively, typical
of humic substances (HS)-like matter present in water and consis-
tent with the range reported for HS-like components (Fig. 1a)
[19,20]. The presence of HS-like matter in GRW was confirmed by
independent liquid chromatography-organic carbon detection (LC-
OCD) analysis of GRW in the current and previous studies [21,22].
The obvious deviation of the fluorescence EEM contours in the
region d around Ex/Em�280 nm/330 nm results from the presence
of a smaller peak that corresponds to protein-like substances in
natural water [23,24]. Rayleigh light scattering regions (RS),
observed in the fluorescence EEM, contain information related to
colloidal/particulate matter present in water [7,14].

Fig. 1b indicates the presence of a predominant amount of
colloidal/particulate matter and a comparatively small amount
of protein-like matter in the extracted CPP fractions from GRW.
HS-like matter in the extracted fractions however appears to be
absent (i.e. no fluorescence EEM peaks around regions a and b)
indicating the absence or very low levels of HS-like matter. This is
consistent with previously reported characteristics of similar
extracted fractions from GRW [7]. LC-OCD analysis of the
extracted fractions also verified the occurrence of small amounts
of protein-like matter (through nitrogen measurements), negligi-
ble levels of HS-like matter and predominant levels of organic
colloidal matter (through organic carbon measurements). More
information about the results of this LC-OCD analysis is provided
in SM Fig. S2. Although LC-OCD analysis did not provide informa-
tion related to the presence of inorganic colloidal and particulate
matter, their presence in natural water and hence in the extracted
fraction, is expected. Due to these reasons and also the high
turbidity levels (28–40 NTU) recorded for CPP extracts during the
experimental period, it is reasonable to conclude that the
extracted CPP matter contained largely colloidal/particulate-like
matter. Due to the methodology employed for extraction of CPP
samples [7], the particle size distribution can be expected to vary
between the micro (o200 mm) and nanoparticle (410 nm)
range. The size distribution of the dissolved portion of the CPP
was also determined to be similar to that of protein-, polysac-
charide- and organic colloidal-like matter present in natural
water as measured through LC-OCD analysis (SM Fig. S2, average
size �20 nm).
3.2. Characterization of colloidal/particulate and protein-like matter

using the PCA of fluorescence EEMs

Fluorescence EEM analyses of the CPP extracts, obtained using
fifteen 20 kDa and sixteen 60 kDa UF experiments, resulted in two
fluorescence data matrices referred hereinafter as X20 and X60
Fig. 1. Typical fluorescence excitation–emission matrices (EEMs) of (a) Grand River wat

GRW. The intensity scales in arbitrary units (a.u.) are color coded and presented by co
for 20 kDa and 60 kDa UF membranes, respectively. When PCA
was performed separately on these matrices, two PCA-based
models, each with four statistically considerable PCs, capturing
nearly 92% of the total variance present in the raw fluorescence
EEM spectral variables (variance captured by each PC45%), were
generated for X20 and X60. The remaining variance (�8%) was
due to the combination of unexplained variance by these PCs and
instrument noise (determined to be less than 5% of the inten-
sity readings) in the fluorescence measurements and could be
captured by including additional PCs. However, additional PCs
were not considered as they were not statistically considerable
(less than �3% variance captured by each additional PC) and not
found to be directly related to any organic and colloidal/particu-
late fraction present in water. To understand the physical sig-
nificance of each of the PCs generated by this process for X20 and
X60 matrices, their corresponding loading plots were examined as
previously explained [7]. This process identified that the magni-
tudes associated with the first three PCs, namely: PC-1, PC-2 and
PC-3 were directly related to the amounts of the colloidal/
particulate, HS-like and protein-like matter, respectively. Thus
their concentrations are directly correlated with the correspond-
ing PC scores (i.e. values of PC). On the other hand, the fourth PC:
PC-4, did not show an apparent correlation with any of the major
dissolved or colloidal/particulate components mentioned above.
A detailed description of this analysis is found in SM.

PCA analysis of fluorescence EEM data resulted in statistically
significant PCs that captured systematic trends in the original
fluorescence EEM data set. This process also de-convoluted the
convoluted information present in the original fluorescence EEM
data, in the form of possible residual signals of scattered light that
may have propagated into the fluorescence regions. PCs, which
were not statistically significant, could theoretically capture some
of the artifacts in the original fluorescence signals caused by the
propagation of scattered light which are not systematic in the
data set (i.e., noise). The statistically insignificant PCs were
discarded (i.e., mathematically filtered out) from the analysis. It
is noteworthy that a considerable part of the light scattering data
is systematically correlated to colloidal/particulate matter and
represented by PC1, which is statistically significant.
3.3. Identification of colloidal/particulate–protein interaction

using PCs

Since the fluorescence EEM peak-d is related to the presence of
protein or tryptophan-like matter, the fluorescence intensity at
peak-d is expected to have a strong correlation with protein
content in the extracted fractions [25]. Also as PC-3 is directly
er (GRW) and (b) colloidal/particulate and protein-like (CPP) matter extracted from

ntours and the scale bars.
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correlated with the protein-like content, one would expect a
strong correlation between the fluorescence intensities at peak-
d and PC-3 scores. Fig. 2a and b demonstrates fairly strong
(R2
¼0.78) and moderate (R2

¼0.51) correlations between the
measured intensities at peak-d and PC-3 scores for 20 kDa and
60 kDa UF membrane extracted CPP matter, respectively. The
general equation of the trend lines that captured these correla-
tions can be described in the form of

Intensity¼ b1PC-3þb2 ð1Þ

However, when these measured intensity values were cor-
rected by incorporating into the regression model a term of the
form of ‘‘PC-1�PC-3’’ to account for interaction between colloi-
dal/particulate and protein like matter as shown in Eq. (2), the
correlations were considerably improved (R2

¼0.99 and 0.86 for
20 kDa and 60 kDa UF membrane extracted CPP matter respec-
tively; Fig. 2a and b). In particular, these improvements
were significant for measurement points with high devia-
tions (430 a.u.) from the correlations identified in Eq. (1)
(p-value¼0.037 (n¼7) and 0.038 (n¼7) for 20 kDa and 60 kDa
UF membrane extracted CPP matter, respectively, as derived from
ANOVA). The values of bi (i¼1,2,3..5) for the two data sets of
20 kDa and 60 kDa UF membrane extracted CPP matter are listed
in SM Table S1. When the interactions between other combina-
tions of extracted components were considered by incorporating
terms of the form of PC-1� PC-2, PC-2�PC-3, PC-1�PC-4,
PC�3� PC-4 or PC-2� PC-4 instead of the colloidal/particulate–
protein interactions, no considerable improvement to the original
Fig. 2. The plots of measured fluorescence EEM intensities at peak-d vs. PC-3 scores

protein-like (CPP) matter (B); improved correlations between corrected fluorescenc

extracted CPP from Grand River water (GRW) and Burlington Bay water (BBW) are ind

are identified as ‘‘ ’’ and ‘‘ ’’. The plots of absolute differences between the m

and (d) 60 kDa UF membrane extracted CPP matter are also shown. The sign of the

indicated within the parenthesis.
correlations were observed.

Intensity� corrected ¼ b3PC-3þb4PC-1� PC-3þb5 ð2Þ

Independent measurement points (i.e. validation data points)
for CPP extracted from GRW and Burlington Bay (a branch of lake
Ontario, Southwestern Ontario, Canada) water (BBW) that were
neither used in the PCA-modeling nor in the generation of the
trend lines that captured these correlations are also indicated in
Fig. 2a–d. Similar to the measurement points, used in the PCA-
modeling, the corrected intensities of these independent points
also correlated better with their corresponding PC-3 scores,
compared to the measured intensity values, indicating the pro-
posed approach is able to capture the effect of the colloidal/
particulate–protein interactions on the measured fluorescence
intensities. The existence of physical-level interactions in these
extracted CPP samples were further verified through SPR analyses
as shown in the following section.

Fig. 2c and d illustrates the absolute differences between the
measured and corrected fluorescence intensity at peak-d vs. PC-3
scores for 20 kDa and 60 kDa UF membrane extracted CPP matter,
respectively. These differences are correlated with the contribu-
tion of colloidal/particulate–protein interactions on the measured
fluorescence EEM intensities at peak-d. The sign of the differences
are indicated on each data marker and at this point, it is not clear
whether or not the signs are related to the nature of the
interactions between colloidal/particulate and protein-like mat-
ter; it is hypothesized that the orientation of these interacted
species may attribute to this difference in the sign. Testing this
for (a) 20 kDa and (b) 60 kDa UF membrane extracted colloidal/particulate and

e peak-d intensities and PC-3 scores ( ). Independent measurement points for

icated by ‘‘J’’ and ‘‘&’’, respectively. The corresponding corrected intensity values

easured and corrected fluorescence peak-d intensity vs. PC-3 scores for (c) 20 kDa

differences are indicated on each data marker. Variance captured by the PC-3 is
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hypothesis is the current focus of our research. Nevertheless, the
absolute values of these differences could serve as a qualitative
measurement of the extent and nature of colloidal/particulate–
protein interactions present in the samples tested.

To assess the replication and standard deviation of the overall
procedure, two new CPP samples, extracted from separate 20 kDa
and 60 kDa UF membrane filtration runs, which were not con-
sidered in the original PCA model development, were analyzed
using the proposed characterization approach (i.e., carrying out
the sample through all the steps involved in the proposed
approach) five times each (n¼5). The corresponding measured
and corrected average intensity values are indicated with the
broken circles in Fig. 2. It should be noted that the error bars of
these data points are not clearly visible due to the small standard
deviation values. The standard deviation values calculated in this
process corresponding to the PC-score for protein-like matter,
measured intensity of peak-d and the corrected intensity of peak-
d were �2%, 2% and 0.9% respectively of the corresponding
average values for the 20 kDa UF membrane extracted CPP
matter. The equivalent standard deviation values for the 60 kDa
UF membrane extracted CPP matter were �4%, 3% and 0.05%,
respectively. Since the standard deviation values of the proposed
approach (i.e., standard deviation of the corrected intensity of
peak-d calculated by incorporating protein–colloidal/particle
interactions) are smaller than the differences in the samples
(i.e., measured intensity of peak-d), the reproducibility of the
proposed approach can be considered statistically appropriate.

3.4. SPR analysis

SPR response curves provide information related to the asso-
ciation and dissociation of material on the SAM layer of the sensor
disk which can be attributed to the molecular- or particle-level
physical interaction between the associated materials with this
surface. During the association step, materials that are introduced
into the system interact with the SAM layer through electrostatic
and hydrogen bonding, while the dissociation removes loosely
attached material or material where the interactions are weak
leaving strongly associated material on the SAM layer [1,26,27].

The SPR sensorgram for the CPP extract shows little or almost
no association of material subsequent to the washing (dissocia-
tion) step, implemented to remove the loosely associated mate-
rial, indicating very little or no interaction with the SAM layer
(Fig. 3a). In contrast, the sensorgram for AL exhibits an interaction
Fig. 3. (a) Surface plasmon resonance (SPR) sensorgrams indicate the association an

a-lactalbumin (AL) and a mixture of CPP and AL (each with comparable loadings) on

(n¼3) at randomly selected measurement points. The results shown here were obtaine

(b) A schematic representation of the association between colloidal/particulate and prot

showed a higher likelihood of interacting with the SAM layer whereas colloidal/particul

by reducing or masking the available sites for protein molecules to interact with the S
of the AL with the SAM layer as would be expected [28]. When a
solution containing both AL and CPP extract with similar con-
centrations to those for the individual AL and CPP solutions was
examined, an intermediate level of interactions as illustrated by
the corresponding reduced sensorgram, positioned between the
AL and CPP extracts, was observed. In addition, SPR sensograms of
the solutions containing the CPP extract and AL shifted towards
the AL response curve with a decreasing CPP extract to AL ratio
(SM Fig. S4). These results indicate that the CPP extract containing
largely colloidal/particulate matter, contributed to reducing the
interaction between the AL and SAM layer. This can likely be
attributed to inter-molecular or inter-particle physical level
interactions between colloidal/particulate content of the CPP
and AL that would reduce or mask the sites available for AL
molecules to interact with the SAM layer and/or colloidal/particle
interactions with the AL that keep the protein–colloidal/particle
aggregates suspended and above the penetration depth (PD) of
the SPR analyzer (Fig. 3b). Those aggregates that positioned above
the SPR signal penetration depth (PD¼400 nm for the SPR
analyzer used in this study) do not generally contribute to
responses related to interactions with the SAM layer [26]. This
also explains the absence of an observed interaction between the
CPP extract and the SAM layer; colloidal/particulate matter
present in the CPP extract would have interacted with compara-
tively lower protein-like content leaving very limited opportunity
for protein-like matter in CPP extract to interact with the
SAM layer.

3.5. Fiber optic probe-based fluorescence EEM analysis of the surface

of the SAM layer

Surface fluorescence EEMs of the remaining associated CPP
extract, AL and the mixture of CPP and AL on the SAM layer were
obtained using a fiber optic probe following the SPR dissociation
step (Fig. 4a–c). The fluorescence peak near Ex/Em�380 nm/
430 nm is due to radiative recombination of holes in the d-band
with electrons in the sp-conduction bands of the gold atoms [29]
underneath the SAM layer and not related to the associated
material. The existence of a clear peak-d for AL and the mixture
of CPP extract and AL signify that the protein remained attached
to the SAM layer subsequent to the dissociation step in both cases
(Fig. 4b and c), which is consistent with the results of SPR
analysis. Also, the absence of a clear peak-d for CPP extract
(Fig. 4a) confirms SPR results, which indicated no considerable
d disassociation behavior of colloidal/particulate and protein-like (CPP) matter,

the SAM layer of the SPR sensor disk. The error bars represent the standard error

d using the CPP extract identified as ‘‘independent measurement points’’ in Fig. 2a.

ein-like matter for the three SPR response curves in Fig. 3a. Free protein-like matter

ate–protein interactions limit the opportunities for protein-SAM layer interactions

AM layer.



Fig. 4. Fluorescence excitation–emission matrices (EEMs) of the surface of the SPR disk following disassociation step for (a) colloidal/particulate and protein-like (CPP) matter,

(b) a-lactalbumin (AL) and (c) a mixture of the CPP matter and AL. The EEMs are limited to an intensity of 14 a.u. (arbitrary units) to allow for a better view of peak-d.
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protein binding to the SAM layer despite the presence of protein-like
matter in the CPP extract. The similarity of the magnitudes of the
intensity at peak-d (�7 a.u.) in both Fig. 4b and c imply that the
protein that remained on the SAM layer after the dissociation step
was similar for AL and the mixture of CPP extract and AL. On the
other hand, the SPR analysis indicated that the amount of AL that
interacted directly with the SAM layer was lower for the CPP and AL
mixture as compared to the AL solution alone. The increase in the
intensity values in the neighborhood of the Rayleigh scattering
peaks in Fig. 4c compared to Fig. 4a and b (peaks are not visible as
only intensities below 14 a.u. are shown) also indicate an increased
level of colloidal/particulate matter on the SAM layer for the mixture
of CPP and AL. It is therefore reasonable to conclude that part of AL
in the mixture of CPP extract and AL, which did not have direct
interaction with the SAM layer would have interacted with colloidal/
particulate matter and remained on the SAM layer after the
dissociation step. These observations support the above SPR-based
assessment of the interaction between colloidal/particulate and
protein-like matter that occurred on the surface of the sensor disk.
4. Discussion

The ability to utilize fluorescence EEMs in combination with
PCA analysis to capture the physical colloidal/particle–protein
interactions in natural systems was demonstrated. This was
possible by examining a statistically described interaction term,
‘‘PC-1�PC-3’’ that was found to be meaningful for assessing the
contribution of colloidal/particle–protein interactions in altering
the measured intensities at peak-d, related to the protein-like
matter content in the samples tested. PC-1 and PC-3 scores
generated in this approach provided information related to
colloidal/particulate and protein-like matter content in the
extracted CPP matter, respectively. This novel method of utilizing
the PC scores related to colloidal/particulate and protein-like
matter to model their interactions was also successfully incorpo-
rated in a separate study by the authors to model and forecast
membrane fouling [30], demonstrating a possible application of
this method in science and engineering disciplines.

The absolute values of the differences between the measured
and corrected (Eq. (2)) fluorescence intensity at peak-d (Fig. 2c
and d) are indicative of the level of colloidal/particulate–protein
interactions present in the CPP samples extracted from river
water over a one year period. Seasonal changes in water over
this period would have contributed to very complex and hetero-
geneous colloidal/particulate and protein mixtures. Despite the
complexity of the CPP matter analyzed, the proposed method was
validated in terms of its ability to characterize the colloidal/
particulate–protein interactions. This was demonstrated with
different and independent CPP samples extracted from GRW
and BBW that were not used for PCA-modeling (i.e., calibration)
(Fig. 2a and b). The level of the interactions captured for CPP
samples, extracted from BBW, by this approach were seen to be
considerably higher than the samples used in the in the calibra-
tion (Fig. 2a–d). These results therefore served for validation of
this approach and indicated that the proposed PC-based approach
is a fundamental measurement and applicable for characteriza-
tion of interaction between colloidal/particulate and protein-like
mater present in different natural systems. This ability to rapidly
characterize the level of colloidal/particulate–protein interactions
may have benefits for improving our understanding of a variety
of complex phenomena spanning absorption of bacteria onto
surfaces [13], biocatalytic processes involving colloidal/nanopar-
ticles [5], biological coating formation on particulate matter [4]
and reversible and irreversible membrane fouling [31].

Based on SPR analyses and surface fluorescence EEM measure-
ments, a model was developed that accounts for the interaction
between colloidal/particulate and protein-like matter (illustrated
in Fig. 3b). According to this model, strong interactions between
the SAM layer and protein-like matter are diminished with
increasing colloidal/particulate matter content in the solution.
High levels of colloidal/particulate content appear to interact
readily with the protein in solution and reduce the opportunity
for interaction with the protein-SAM layer.

Other techniques for the characterization of colloidal/particu-
late–protein interactions [1,4,5,12,13] typically have characteriza-
tion times in the order of hours. Fluorescence EEM analysis of a
given sample, in contrast, can be performed within minutes depend-
ing on the instrumentation available. Once the fluorescence EEM
data has been acquired, the pretreatment of data and subsequent
PCA analysis can be performed in less than 10 min, if performed
manually. However, if the data pre-treatment and PCA analysis is
automated the overall analysis would likely take less than 10 min
and as a result the method is considered a rapid characterization
technique and of value in adding to the suite of techniques available
for characterization of colloidal/particulate–protein interactions.
5. Conclusions

This study proposes a novel fluorescence-based technique to
mathematically evaluate the extent of the interaction between
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colloidal/particulate and protein-like matter. This was accomplished
by the PCA of fluorescence EEM measurements obtained for
colloidal/particulate and protein-like mixture samples that were
extracted from the natural river water. The proposed approach was
also validated using different and independent samples that were
not used in the development of this technique. SPR and fiber-optic
probe based surface fluorescence measurements corroborate the
application of this approach for characterizing colloidal/particulate–
protein interactions at the physical level. This technique could serve
as a rapid, sensitive and fundamental measurement for evaluating
the colloidal/particulate–protein interactions and could be beneficial
for a variety of applications including drug delivery systems, water
treatment and membrane-based treatment processes.
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