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ABSTRACT

Study of the interactions between proteins and nanomaterials is of great importance for understanding of
protein nanoconjugate. In this work, we choose human serum albumin (HSA) and citrate-capped gold
nanoparticles (AuNPs) as a model of protein and nanomaterial, and combine UV-vis spectroscopy with
multivariate curve resolution by an alternating least squares (MCR-ALS) algorithm to present a new and
efficient method for comparatively comprehensive study of evolution of protein nanoconjugate. UV-vis
spectroscopy coupled with MCR-ALS allows qualitative and quantitative extraction of the distribution
diagrams, spectra and kinetic profiles of absorbing pure species (AuNPs and AuNPs-HSA conjugate are
herein identified) and undetectable species (HSA) from spectral data. The response profiles recovered are
converted into the desired thermodynamic, kinetic and structural parameters describing the protein
nanoconjugate evolution. Analysis of these parameters for the system gives evidence that HSA molecules
are very likely to be attached to AuNPs surface predominantly as a flat monolayer to form a stable
AuNPs-HSA conjugate with a core-shell structure, and the binding process takes place mainly through
electrostatic and hydrogen-bond interactions between the positively amino acid residues of HSA and the
negatively carboxyl group of citrate on AuNPs surface. The results obtained are verified by transmission
electron microscopy, zeta potential, circular dichroism spectroscopy and Fourier transform infrared
spectroscopy, showing the potential of UV-vis spectroscopy for study of evolution of protein nanocon-
jugate. In parallel, concentration evolutions of pure species resolved by MCR-ALS are used to construct a
sensitive spectroscopic biosensor for HSA with a linear range from 1.8 nM to 28.1 nM and a detection
limit of 0.8 nM.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

An important aspect of this problem is to qualitatively and
quantitatively know about thermodynamic, kinetic and structural

Exploration and development of the bio—-nano interfaces between
biocomponents and nanomaterials have important academic and
practical significance in the field of chemistry, materials science and
biology [1]. In the last few years, considerable scientific attention has
been paid to the integration of proteins with nanomaterials to form
protein nanoconjugates [2-4]. The protein nanoconjugate possesses
numerous potential applications related to bioanalytical science
[5-7], biosensors [8-10], biocatalysis [11-13], biofuel cells [14,15]
and bio-based nanodevices [16,17]. The central focus, however
implicit in most of these researches, is firmly on understanding
how these proteins interact with nanomaterials [18,19].
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information of proteins that binds to the nanomaterials [18,19].
To achieve the goal, various interactions of proteins and nanomater-
ials have been probed during the past years using a range of different
analytical techniques [20,21], including nuclear magnetic resonance,
quartz crystal microbalance, mass spectroscopy, circular dichroism
spectroscopy, microscopy, surface plasmon resonance, separation-
based, thermal-based, and scattering-based techniques.

However, almost all techniques cannot simultaneously give
important information about thermodynamics, kinetics and struc-
tural aspects of the binding process of protein-nanomaterial
conjugate. In addition, most of these techniques require sophisti-
cated instrumentation, have relatively high analytical costs,
involve cumbersome pretreatment procedures prior to the analy-
sis or ex situ complicated operations, and some techniques show
poor sensitivity in practical applications. Therefore, the develop-
ment of a universal means to provide comparatively comprehen-
sive descriptions of protein nanoconjugate formation is always
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attractive, especially if the analytical technique is in situ, less
complicated, cost-effective and relatively fast.

UV-vis spectroscopy is one of the most common techniques
used for conventional analysis. To date, considerable literature has
presented its application for research on protein nanoconju-
gates [20-25]. However, the technique usually provides only a
limited amount of qualitative information on binding of protein to
nanomaterials by observation of peak shift, broadening of the
absorption spectra and spectral intensity variations [20-25]. And
quantitative results on the binding are difficult to achieve likely
because of very subtle changes in spectra, severe spectral overlap
of optically coexisting species and spectral analysis in a univariate
mode. Thus, there is an urgent need to find an effective tool to
extract implicit information about thermodynamics, kinetics and
structure of protein attachment onto nanomaterials from the
collected spectral data quantitatively.

Chemometrics, generally known as multivariate statistics
analysis, is an exploratory advanced tool to extract multiplex
information of pure chemical species directly from the measured
overlapping signals of complex systems without any previous
physical or chemical separation [26-28]. Most chemometrics
methods belong to the self-modeling or model-free methods,
which are mainly factor analysis methods that easily meet the
intrinsic property of the measurement and their multivariate data
structure [26-28]. Among them, multivariate curve resolution by
an alternating least squares (MCR-ALS) algorithm developed by
Tauler and co-workers [29] is the most widespread used method,
predominantly because the method is versatile, robust and rather
flexible in dealing with many kinds of complex data structures and
chemical problems, requires no priori knowledge or model about
the studied system, and provides much qualitative and quantita-
tive information with physical or chemical meaning to allow a full
interpretation of the studied complex systems. The only require-
ments for MCR-ALS application are that data structure should
conform to a given bilinear model, and some general knowledge
about chemical features and the internal mathematical structure
of the system studied, such as non-negativity, implying that all
spectra take positive values, should be given [29]. Spectroscopy
follows an additive nature of Beer-Lambert's law and has a typical
bilinear data structure, so it fulfills well the requirements for
application of MCR-ALS.

A detailed explanation of the MCR-ALS algorithm applied for
spectral data resolution has been described in previous works
[29-34]. Herein, we give only some relevant aspects of the
algorithm for brevity.

The mathematical model established by the algorithm usually
takes three steps. The first step is to determine the number of optically
pure species that the evolving system possesses. This can be usually
achieved by means of singular value decomposition [29] and the
theory of error in factor analysis [35]. The second step is the
construction of an initial estimate of concentration evolutions or
spectra of the pure component present in a system. The estimate
can be obtained from chemometrics techniques based on evolving
factor analysis (EFA) or the purest variables or techniques based on the
selection of representative spectra or evolving curves from chemical
insight about the process. Finally, once the initial estimate is generated,
an iterative alternating least squares (ALS) optimization step is carried
out until convergence is achieved. During this iterative process, the
introduction of constraints is of crucial importance to obtain physically
or chemically meaningful evolving profiles and spectra and to drive
the optimization to the sought solution, decreasing the rotational and
intensity ambiguities of the resolved profiles. The main constraints are
non-negativity, unimodality (the presence of only a single maximum
per profile or a plateau-like maximum), closure (the mass balance for
total concentration along the evolving process), selectivity or local rank
information (some species are forced to be absent in some ranges of

resolving profiles based on known information, such as at the
beginning and end of the evolving process), component correspon-
dence (the information related to the species in the different samples;
if known, set the absent species to be null) and trilinearity (the
resolved profiles of the same component in the different data matrices
for a particular dimension) [29].

Another outstanding feature of the MCR-ALS method is that it can
be easily extended to the simultaneous analysis of multiexperiments
under different conditions and/or together with simpler subsystems,
by column-wise data matrix augmentation [29]. Generally, column-
wise augmented data matrices can be accomplished by appending
matrices, belonging to different processes, one on top of each other.
They share common spectra in a particular technique (e.g. UV-vis
spectroscopic technique), but lengthen in the process directions. The
augmented matrices were demonstrated to be able to minimize the
ambiguities and remove the rank deficiency problem associated with
the decomposition of a single data matrix, and allow reliable and
accurate estimation of the number of pure components and descrip-
tion of the chemical evolving system.

During the past few years, spectroscopy coupled with a MCR-
ALS tool has been a common phenomenon, and has been satis-
factorily applied to study biocomponents or nanomaterials of
complex systems involving equlibria or kinetic chemical process
[30-34]. To the best of our knowledge, there are, however, no
literature reports on investigating the thermodynamics, Kinetics
and structure of protein nanoconjugate evolution in detail by
spectroscopy combined with MCR-ALS. In this context, we herein
make an attempt to establish a universal method for integrated
research into the evolutionary processes of the protein nanocon-
jugate using UV-vis spectroscopy together with the MCR-ALS
technique. The powerful resolution advantage of MCR-ALS allows
extracting distribution diagrams, spectra and kinetic profiles of
pure species of interest involved in the evolutionary process. The
distribution diagrams can provide quantitative thermodynamic
information about equilibrium constant, stoichiometry, molecule
footprint, standard free energy change (AG), standard enthalpy
change (AH) and standard entropy (AS) change of the binding of
protein to nanomaterials, and about possible arrangement and
orientation information (monolayer or multilayer structure and
“flat-on” or “end-on” conformation) of protein attached to the
surface of nanomaterials. The kinetic profiles can present quanti-
tative information about the formation mechanism of protein
nanoconjugate, such as reaction rate constant, reaction order,
reaction activation energy and so on. The features of the recovered
pure spectra (molar extinction coefficient, peak wavelength, peak
width and peak shape) can help in the qualitative analysis of
structural characteristics of the species of interest involved.

As a case study, human serum albumin (HSA) and citrate-capped
gold nanoparticles (AuNPs) are respectively selected as a model of
protein and nanomaterial. HSA is readily available and the most
abundant protein in the circulatory system, and its related structural
information (for example, HSA is a prism-shaped-structure protein
of dimensions 8.4 nm x 84 nm x 3.15 nm) [36,37] has been better
understood. Citrate-capped AuNPs have well-established synthesis
methods, and possess good optical and electronic properties [38].
Concurrent with our study of protein—-nanomaterial interaction,
citrate-capped AuNPs are exploited as spectrophotometric probes to
fabricate a biosensor for sensitive detection of HSA.

2. Materials and methods

2.1. Reagents and chemicals

Chloroauric acid tetrahydrate and trisodium citrate dihydrate
were purchased from Sinopharm Chemical Reagent Co. (Shanghai,
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Fig. 1. (A) TEM image of citrate-capped AuNPs. (B) Corresponding histogram of particle size distribution for AuNPs and its fitted normal distribution curve. (C) TEM image of
citrate-capped AuNPs in the presence of HSA. (D) Enlarged TEM image derived from (C). A soft gray-colored outer region around the high electron-density dark black-colored

inner region can be observed.

China). Human serum albumin (HSA) was obtained from Solarbio
Science & Technology Co. (Beijing, China). Unless specified other-
wise, all other chemicals were of analytical reagent grade and used
as received. Double distilled water was used throughout the
course of investigation. An HSA solution (1.0 mM) was prepared
by dissolving 0.3323 g of the purified protein (MW =66,450 Da) in
5.0 mL water and stored at 4 °C in dark. It was diluted to desired
concentrations for practical use. Accurate concentration of the
HSA solution was determined by measuring the UV absorbance at
278 nm (epsa=3.44 x 10* M~ cm~1) [39].

2.2. Synthesis of AuNPs

All glasswares employed in the preparation were cleaned in a
bath of freshly prepared aqua regia (HCI/HNO3=3:1, v/v), rinsed
thoroughly in water, and oven-dried prior to use. AuNPs were
prepared by citrate reduction of chloroauric acid [40]. An aqueous
solution of chloroauric acid tetrahydrate (10.3 mL, 1%) was added
to 255 mL water and mixed thoroughly. Subsequently, the solution
was brought to a rolling boil with stirring. The rapid addition
of a trisodium citrate solution (9.5 mL, 3%) to the vortex of the
solution resulted in a color change from pale yellow to deep red.
The boiling was continued for 15 min; then the solution was
removed from the heating mantle, and stirring was continued
for an additional 30 min. The solution was then allowed to cool
naturally to room temperature. The resulting deep red solution
was stored in a refrigerator at 4 °C before use. Of note, the solution
pH level of citrate-capped AuNPs was maintained at about 6.5 [41].

The morphology and size of as-prepared AuNPs were measured by
transmission electron microscopy (TEM) imaging. A representative
TEM image of the AuNPs (Fig. 1A) displayed well-distributed
spherical and nearly monodispersed nanocrystals with a diameter
of 13.4 + 1.4 nm (note that in this study the standard deviation of
AuNP size was calculated based on more than 500 nanoparticles in
the TEM images). Correspondingly, the particle size distribution
histogram of the AuNPs is shown in Fig. 1B. For comparison, the
curve indicating the expected normal distribution was also added.
And these TEM results are in substantial agreement with their
surface plasmon resonance (SPR) spectrum, which has character-
istic peak wavelength at 519 nm. The concentration of AuNPs was
calculated to be 15.6 nM by UV-vis spectroscopy based on the
extinction coefficient of 2.4 x 108 M~ cm~! at 519 nm [42].

2.3. Instrumentation

Kinetic and UV-vis spectral measurements were performed on
an Agilent 8453 UV-vis spectrometer equipped with a Model ZC-
10 (Ningbo Tianheng Instruments, China) temperature control
accessory and a 10 mm quartz cuvette. Transmission electron
microscopy (TEM) was performed by a JEM-2010 microscope
operated at an accelerating voltage of 200 kV. The samples for
TEM were prepared by pipetting 10 pL of colloidal solution onto a
carbon-coated copper grid, and dried overnight at room tempera-
ture. The measurements of zeta potential were performed using a
PSA NANO2590 apparatus (Malvern Instruments Ltd., England).
Circular dichroism spectra (CD) were recorded on a Bio-Logic MOS
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450 spectropolarimeter (Bio-Logic, France) using a 1.0 mm quartz
cuvette. Fourier transform infrared spectroscopy (FT-IR) was col-
lected in the transmission mode with KBr as scanning matrix on a
Nicolet 380 FT-IR spectrometer (Thermo Nicolet Corporation, USA)
equipped with a DTGS KBr detector. The samples for FT-IR were
prepared by placing 5 pL of HSA or colloidal solution on KBr pellets
and dried to remove water.

2.4. UV-vis spectral measurements of AuNPs—HSA conjugate
evolution

In a typical analysis of AuNPs—HSA conjugate evolution, 1.5 mL
of water and 370 pL of AuNPs solution (pH 6.5) were micropi-
petted into a 3.5 mL cuvette, and incubated for 2 min. Subse-
quently, HSA solution was added to give a series of samples with
different concentrations (cysa=0-70.3 nM; total 13 samples).
The absorbance data of the solution were measured immediately
after the addition of HSA. All spectral-kinetic data were collected
simultaneously from 240 nm to 900 nm every 1 nm, at 5s inter-
vals for 480 s using water as a blank. The mixture solution was
stirred throughout the experiment. All assays were performed at
three temperatures (298.15 K, 303.15 K and 308.15 K).

2.5. Chemometrics analysis for the protein nanoconjugate system

For systematic and comparative study of the evolving process
of protein nanoconjugate, the entire time-dependent evolutions of
UV-vis spectra for n samples at constant temperature are mon-
itored at different molar ratios of nanomaterial to protein, where
the concentration of nanomaterial is kept unchanged, but the
concentration of protein is varied. Correspondingly, the kinetic
spectral data matrices related to the n mole-ratio experiments, Dy,
D,, ..., D, can be built up (Scheme 1). These data sets containing
mixture information are arranged as a column-wise augmented
matrix of size (nx k) x m, Daye with k rows as the number of

Mixed information ===

recorded UV-vis spectra and m columns as kinetic profiles
scanned during the spectral measurements. The knowledge of
reaction thermodynamics points out that the concentrations of
chemical species are kept unchanged at the conclusion of a
chemical reaction. Usually, this means that reaction equilibrium
is achieved at a plateau-like maximum of reaction kinetics, i.e., at
temporal end-point of the measurement. To fully understand
thermodynamic aspects of the evolving system, the absorbance
data for temporal end-point in the mole-ratio experiments are
herein selected to construct a new data matrix of size nxm,
D (Scheme 1A). As can be seen, the concentration evolutions and
spectra of various absorbing pure species represented in the form
of C matrix (size n x nc, nc denotes number of spectroscopically
active components existing in this system) and ST matrix (size
nc x m) can be extracted from the constructed data matrix using
the MCR-ALS algorithm. Moreover, to study the kinetic aspect of
the system in detail, the raw augmented matrix, D,yg, is required
to be analyzed carefully (Scheme 1B). Because all experiments
analyzed together were carried out under the same condition,
the same absorbing components have identical spectra in each
experiment. Mathematically, this means that in this matrix aug-
mentation, common vectors span the column vector spaces of
the different individual data matrices, i.e., the spectral matrix, ST
(size nc x m), is the same for each data set. Under this premise,
the augmented evolution matrix of size (n x k) x m, Caug, can be
derived from the raw augmented matrix, D,,g, by use of the MCR-
ALS method. Simultaneously, this resolution results in an aug-
mented error matrix of size (n x k) x m, E,u.. Subsequently, the
augmented evolution matrix can be rearranged to n small matrix
of size k x nc, Cy, C,, ..., C,, containing kinetic profiles for various
spectroscopically active species in the system. Finally, all these
resolved profiles can be further used to deduce various kinetic,
thermodynamic and structural parameters, which is helpful for
comprehensive analyses and interpretations of the protein nano-
conjugate studied.
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Scheme 1. Procedure for MCR-ALS analysis of the time-dependent UV-vis spectral data of nanomaterial-protein corona. (A) Application of MCR-ALS to a single data matrix,
D, that is constructed by spectral data at temporal end-point in n mole-ratio experiments. C and S denote the concentration and spectral matrices of various absorbing pure
species in the chemical evolving process, respectively. E is an error matrix. (B) Application of MCR-ALS to a column-wise augmented data matrix, Daug, which is constructed
by n temporal-spectral data matrix (Dy, D>, Ds... D,)) related to mole-ratio experiments. C,,g represents the augmented evolution matrix of absorbing pure species that can be
rearranged to n small kinetic matrices (Cy, Cz, C3 ... C,). S and E,ug are the spectral matrix of absorbing pure species and the augmented error matrix, respectively.
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In the work, the ALS optimization is stopped when the relative
difference in the standard deviations of the residuals between the
experimental and the MCR-ALS reproduced data in two consecu-
tive iterations is below a threshold value. The quality of the MCR-
ALS model is evaluated by two indicators, i.e., the percentage of
lack of fit (LOF) and the percentage of explained variance (R?),
which are defined below [29]:

LOF (OA!)Z 100\/ ZlJeg/Zud; (1)
R? (%) =100 <l —1/ Zue?j/zl',;dizj> )

where d;j and e;; refer to an element of the input data matrix D and
the associated residual given by difference between the input
element and the reproduction from CST product estimated using
the MCR-ALS method, respectively. Subscripts i and j indicate the
rows and columns of the original data matrix, respectively.

The similarity coefficient (r), which represents the correlation
between the resolved profiles and the known references, is also
applied to assess the quality of the resolved profiles:

_ X}r.ki
|IXT 11111

r= cosy 3
where y is the angle of the vectors related to the profile recovered
by MCR-ALS (&;) and the true profile (x;), for a certain species.

In general, when the values of LOF, R? and r are close to 0, 1,
and 1, respectively, the best modeling fitting of the experimental
data is achieved, suggesting that good resolution results without
ambiguities are obtained. Noticeably, a similarity value of 1 means
that the angle between two vectors is 0, and thus, there is a perfect
agreement between the recovered profile and the known true
profile.

3. Results and discussion

3.1. Physicochemical characterization and preliminary analysis
of AuNPs-HSA conjugate

UV-vis absorption spectroscopy is the most widely used
method for characterizing the optical properties of nanomaterials
and investigating protein nanoconjugate, because the intensity
and position of the surface plasmon resonance (SPR) band of
nanomaterials are related to the size, shape and aggregation of the
nanomaterials, and highly sensitive to alterations in the surround-
ings of the nanomaterials [26,27]. In this work, a series of the
temporal evolutions (0-480s) of UV-vis spectra of AuNPs at
298.15 K were measured by holding the concentration of AuNPs
constant and successively increasing HSA concentrations (Fig. 2A-M).
It is clearly noted in Fig. 2A that the citrate-capped AuNPs exhibit a
broad SPR band with a characteristic peak wavelength of 519 nm,
which is substantially consistent with an earlier report [16]. Imme-
diately following the HSA addition to the citrate-capped AuNPs, the
peak intensity of the AuNPs increased subtly, accompanied by a very
little bathochromic shift of the SPR peak (~2-4 nm) and a very small
broadening of the SPR band in long wavelength region (Fig. 2B-M).
After ~180 s of the reaction, the system reached a state of almost
equilibrium in which there was essentially no appreciable spectral
variations in the SPR feature (Fig. 2B-N). All these phenomena
indicate that HSA binds to the surface of AuNPs to form a AuNPs—
HSA conjugate. It is worth noting that a significant decrease of
absorbance at peak wavelength or/and a considerable increase of
absorbance at long wavelengths (600-700 nm) is/are not detected
(see Fig. 2A-M), implying that there are no strong NP-to-NP inter-
actions, and thus the AuNPs in the complex remain randomly
dispersed rather than aggregated under current experimental

conditions [26,27]. In addition, the UV-vis spectra at temporal
end-point (480 s; Fig. 20), which is extracted from the original
kinetic spectra, clearly show that with the increase of HSA concen-
tration, the SPR band of AuNPs progressively intensifies, broadens
and red-shifts until reaching a stable/irreversible value, strongly
suggesting that the formation of AuUNPs-HSA conjugate is related to
HSA concentration.

To further support the interpretations given by UV-vis absorp-
tion spectral data, two well-established noninvasive techniques,
transmission electron microscopy (TEM) and zeta potential, were
applied to systematically characterize the size of AuNPs and
understand AuNPs-HSA conjugate. The TEM micrograph of AuNPs
in the presence of HSA clearly shows that AuNPs remain as
spherical nanocrystals and are well separated, denoting the
absence of aggregation (Fig. 1C). The enlarged TEM image displays
that there is a soft gray-colored outer region around the high
electron-density dark black-colored inner region (Fig. 1D). This
sharp contrast obtained by TEM measurements indicates that
AuNPs are encapsulated by HSA to form a stable AuNPs-HSA
corona with a core-shell structure. Data from zeta potential
measurements show that the introduction of HSA to the AuNPs
solution leads to a variation of zeta potential from —25.7 mV to
—14.7 mV, close to that of the bare HSA solution (—16.0 mV). The
results confirm that HSA molecules are very likely to bind on the
AuNPs surface by an electrostatic mechanism through the posi-
tively charged amino acid residues of HSA (lysine, arginine and
histidine) and the surface citrate anions [43]. Simultaneously, the
absence of AuNP aggregates observed from TEM images (Fig. 1C)
further shows that the stability of the AuNPs-HSA conjugate may
be also mediated by steric repulsions between the associated HSA
molecules, which prevents AuNPs from coming into contact.
In general, all these results given by the two techniques are in
line with those found by UV-vis spectral investigations, confirm-
ing the effectiveness of UV-vis absorption spectroscopy for analy-
sis of protein-nanomaterial conjugate.

Circular dichroism spectroscopy (CD) and Fourier transform
infrared spectroscopy (FT-IR) are two common methods to acquire
information about protein conformations in solution and chem-
istry at the nano-bio interface. CD spectroscopic measurements of
HSA were carried out in the absence or the presence of AuNPs.
As shown in Fig. 3A, there is no CD spectrum in the case of AuNPs.
This may be attributed to lack of any chiral center in the AuNPs
structure, and therefore has no CD activity. Moreover, two negative
bands in the ultraviolet region at 208 nm and 220 nm can be
exhibited in the case of pure HSA, which are characteristics of
a-helix structure of protein [44]. After the addition of AuNPs to
HSA, there is a pronounced reduction in ellipticity of the band
around 208 nm, indicating the loss of a-helix structure and the
occurrence of HSA unfolding after the attachment to AuNPs.

FT-IR is profitably employed for detecting the conformational
changes in the secondary structure of proteins by analysis of the
specific stretching and bending vibrations of the peptide backbone
in amide I (1600-1700 cm~') and II (1500-1600 cm~!) bands.
Data from transmission FT-IR spectra show that HSA possesses
an IR spectrum with an amide I band around 1660 cm~! and an
amide II band around 1549 cm~! (Fig. 3B), which originate from
the C=0 stretching, and coupling between C-N stretching and
N-H bending modes, respectively [45]. And the citrate-capped
AuNPs display a band around 1647 cm~' (Fig. 3B), which is
assigned to carboxylate asymmetric stretching vibration of citrate
on the surface [46]. Addition of AuNPs to HSA gives rise to
remarkable changes in peak position and band shape of HSA,
resulting in asymmetrical broadening of amide I band to lower
wavenumbers (from 1660 cm~! to 1657 cm~!) and a shift of
amide II peak to higher wavenumbers (from 1549 cm~! to
1552 cm™~'; Fig. 3B). In the absence of AuNPs, the amide I band
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and without HSA.

centered at 1660 cm~! denotes the significant a-helix content of
HSA [45]. In the presence of AuNPs, the center of amide I band
shifts down to 1657 cm™!, possibly implying less compact struc-
tures of HSA on the AuNPs surface and the presence of citrate
|45,46]. Noticeably, the shift of a center of amide Il band to higher
wavenumbers indicates that many hydrogen bonds are produced
to affect predominantly N-H bending vibrations [47]. These data
support the idea that during the evolution of HSA-AuNPs con-
jugate, the internal HSA hydrogen bonds break and the intermo-
lecular hydrogen bonds between HSA and AuNPs are formed
possibly by hydrogen bonding between the amino acid residues
(-NH,) of HSA and the carboxyl group (-COOH) of citrate on the
surface of AuNPs, accompanied by simple loss of water of hydra-
tion [43,47].

3.2. Thermodynamic study of AuNPs-HSA conjugate by UV-vis
spectra at temporal end-point and MCR-ALS

To propose the mechanism of the evolution of AuNPs-HSA
conjugate, we herein employ a UV-vis spectroscopy technique for
quantitative thermodynamics studies of HSA binding to AuNPs in
detail. As mentioned above, the key to solving the problem lies in
applying the MCR-ALS tool to recover spectra and concentration
evolutions of absorbing pure species from the raw spectral data of
a complex evolving system. Derived from the UV-vis spectral data
at temporal end-point (Fig. 20), the number of spectroscopically
active pure species during the evolving process of protein nano-
conjugate at 298.15K can be first evaluated by error theory in
factor analysis [35]. The noise level can be estimated to be around
0.0012 through the greatest contributions obtained in the selected
wavelength range of 750-900 nm, where no SPR band is observed.
The full-spectrum data are then analyzed by principal factor
analysis, and the results show that Malinowski's real error (RE)
related to the second abstract factor is calculated to be 0.00077,
less than the expected noise value. This denotes two major absorb-
ing species involved in the complex system, i.e., AuNPs and
AuNPs-HSA conjugate. HSA is not likely to be responsible for the
spectra of the complex system because compared with AuNPs, it
almost does not give any measurable absorbance (the absor-
bance value is calculated to be below 0.0025 based on the molar
extinction coefficient at 278 nm) in the given concentration range
(0-70.3 nM), which is well consistent with the experiment result
(see Fig. S1 in Supplementary material).

Given only two major absorbing species in the complex system,
the spectra obtained at the beginning and end of the evolution
process are selected as initial estimates of the later ALS iterative

optimizations. Concomitantly, some constraints, such as non-
negativity for both concentration evolutions and spectra, local
rank information for concentration evolutions and normalization
for spectra, are introduced in the optimization process to reduce
rotational ambiguity. The optimum relative normalized concen-
tration evolutions of pure species estimated with MCR-ALS
method are presented in Fig. 4A. The quality parameters for the
resolution give a lack of fit of 0.16% and a variance explained of
99.99%, suggesting that perfect resolution results are gained. The
distribution diagram clearly shows that the relative concentration
of AuNPs decreases significantly, that of HSA-AuNPs conjugate
increases sharply and their concentrations reach saturation at
~11:1 molar binding stoichiometry between HSA and AuNPs.
Based on 11 protein binding sites per AuNP, we suppose that
AuNPs-HSA conjugate is likely to follow the reaction mechanism

AuNPs+11 HSA < AuNPs —HSA {4 4@

The binding equilibrium constant of the AuNPs-HSA complex can
be calculated as follows:

[AUNPS — HSA] 1]
[AuNPs][HSA]'!

where [AuNPs], [AuNPs-HSA;] and [HSA] correspond to the
molar concentrations of AuNPs, AuNPs-HSA conjugate and HSA,
respectively.

Assume that HSA has an equivalent and independent binding
site. on AuNPs, the apparent binding constant, K,p, of the
nanobioconjugate, which is more understandable than the binding
constant, Ky, for judging the binding ability, can be defined as
follows:

[AUNPS HSAU]
Kapp = VK = 1\]/ [AUNPs][HSA] ! ®

It is easy to find from Eqgs. (5) and (6) that the absolute molar
concentrations of various species are strongly required to calculate
the binding constants. Fortunately, earlier work lets us know that
the information about stoichiometric numbers of all species in
the reaction and the known absolute concentration of AuNPs as
reference allow us to deduce the absolute concentration evolu-
tions and the spectra in absolute unit of all species, resulting in the
elimination of intensity ambiguity [48].

Under this premise, the concentration evolutions in terms of
absolute molar concentration and the spectra in terms of molar
extinction coefficient of AuNPs and AuNPs-HSA conjugate are
estimated and displayed in Fig. 4B and C. Noticeably, the absolute
concentration evolution of the undetectable species in the complex

(6))

b=
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system, HSA, can also be conveniently estimated by this method
and the resolved distribution diagram is shown in Fig. 4D. Based on
the calculation of the absolute concentration of all species in an
equilibrium state, the apparent binding constant at 298.15 K can be
estimated to be 8.4 x 108 M~ !, which correlates well with earlier
reports [49]. As can be clearly seen in Fig. 4C, there is almost no
difference between the true spectra and resolved spectra in the case
of AuNPs with the similarity coefficient of 0.9999, further giving
evidence for the absence of rotational ambiguity in the resolution
process. In addition, the SPR band of the AuNPs-HSA conjugate,
relative to that of AuNPs, broadens, intensifies and red-shifts from
519 nm to 523 nm and this conjugate has a molar extinction
coefficient of 2.6 x 108 M~ 'cm~! at peak wavelength, ~ 1.1-fold
larger than that of AuNPs (Fig. 4C). Fig. 4D displays that the absolute
concentrations of HSA are very low before the binding process
reaches a steady state, and then they increase almost linearly with
the increasing concentrations of HSA.

Further information about the structure of protein on the
AuNPs surface can be extracted from the above resolution results.
The actually average projected area occupied on the AuNPs surface
by an individual HSA molecule, referred to as the molecular
footprint, can be calculated from the division of the total surface
area per AuNP by the saturated number of HSA molecules per
AuNP. Derived from the diameter (13.4 nm) of the bare AuNPs
measured from TEM, the radius of AuNPs is calculated to be
6.7 nm. And the total surface area per AuNP can be estimated to
be about 564 nm? (47 x 6.7° nm?). As discussed above, the satu-
rated number of HSA molecules per AuNP is 11. Therefore, the

actually saturated surface area per HSA molecules on AuNP can be
calculated to be 51.3 nm? Following the equilateral triangular
prism model with sides of 8.4 nm and a height of 3.15 nm for
serum albumin in solution, the theoretical surface area per HSA
molecule attached to the AuNP surface in a “flat-on” and “end-on”
conformation approximates to 30.6 nm? (1/2 x 8.4%sin(x/3) nm?)
and 26.5 nm? (3.15 x 8.4 nm?), respectively. Both theoretical sur-
face area values are less than the actually saturated surface area
value, suggesting that HSA is most likely inclined to lie flat on the
AuNPs with a full monolayer coverage. In addition, according to
the method previously proposed by Nienhaus's group [50], the
theoretically saturated number, N, of the bound protein molecules
for a monolayer coverage on a spherical nanoparticle can be
estimated as follows:

Re\? Vo

[
where Ry, Ro, V, and V; represent, respectively, the radii of
nanoparticle with and without protein, the volume of the bound
protein molecule and the volume of nanoparticle without protein.

In this work, because the diameter of the bare AuNPs measured
from TEM is 13.4 nm, the radius and the volume per AuNP are
approximately equal to 6.7 nm and 1260 nm?> (4/37 x 6.7° nm?),
respectively. Following the equilateral triangular prism model
with sides of 8.4 nm and a height of 3.15 nm for serum albumin
in solution [36,37], the volume per HSA molecule can be estimated
to be close to 96.3 nm?> (3.15 x 1/2 x 8.4%sin(xz/3) nm?). The radius
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per AuNPs—protein corona with HSA molecules attached to each AuNP
in a “flat-on” and “end-on” conformation is approximately equal to
9.9 nm (6.7+3.15nm) and 14.0 nm (6.7 + 8.4 x sin(zz/3) nm), respec-
tively. Thus, for surface full monolayer coverage, the theoretically
saturated number of HSA molecules attached per AuNP in a “flat-on”
and “end-on” conformation can be estimated to be about 29 and 106,
respectively. Both values are greater than the actually saturated
number obtained above, which is in good agreement with previous
report [51]. The result implies that the AuNP surface is either void or
linked to loosely bonded amino acid residues of HSA. The under-
estimate of the actually saturated number is presumably due to steric
hindrance and electrostatic repulsion of neighboring HSA molecules
attached to the AuNP surface.

In addition, a similar procedure is applied for the analysis
of absorbance data of temporal end-point UV-vis spectral mea-
surements at 303.15K and 308.15K (see Figs. S2 and S3 in
Supplementary material). There remain only two major absorbing
species, HSA and AuNPs-HSA conjugate, using error theory in
factor analysis. The distribution diagrams and the spectra of all
species at 303.15 K and 308.15 K resolved by MCR-ALS are shown
in Figs. S4 and S5 (see Supplementary material). The values of lack
of fit, variance explained and similarity coefficient at the two
temperatures are below 0.16%, above 99.99% and above 0.9999,
respectively, giving excellent resolution results. Looking at the
resolved distribution diagrams and spectra in all experiments
(297.15K, 303.15K and 308.15K), it can be observed that they
seem to be very similar. Quantitative comparison of the thermo-
dynamic information derived from the resolutions at three tem-
peratures, such as the binding ratio between HSA and AuNPs, and
the apparent binding constants, are described in Table 1. It can be
noted that the binding ratio is not basically affected by tempera-
ture, indicating that the thermodynamic mechanism may be not
changed in the temperature range studied. However, the apparent
binding constants decrease monotonically with temperature,
showing that the intrinsic bond formation of AuNPs-HSA con-
jugate is exothermic. To further clearly delineate the potential
molecular forces contributing to the formation of AuNPs-HSA
conjugate, three thermodynamic quantities related to the forma-
tion of AuNPs-HSA conjugate, standard enthalpy change (AH),
standard entropy change (AS) and standard Gibbs free energy
change (AG), are clearly required.

Assuming that no significant changes in the enthalpy and the
entropy over the temperature range are valid, the three thermo-
dynamic parameters can be estimated from the following equa-
tions [52,53]:

AH AS
In Kapp = —ﬁ-l—T (8)
AG=-RT In Kapp 9

where R and T are the universal gas constant and the thermo-
dynamic temperature, respectively; K., denotes the apparent
binding constants between AuNPs and HSA at the corresponding
temperatures (298.15 K, 303.15 K and 308.15 K). The values of AH
and AS can be evaluated from the linear relationship between

Table 1
Apparent binding constant (K,pp,), binding stoichiometry (n) and thermodynamic
quantities of the association of HSA with AuNPs.

Temperature n  Kypp AG AH AS

(K) (x108M~1)  (kymol~!) (Kmol™') (Jmol 'K 1)
298.15 11 84 —-50.9

303.15 1 24 —48.7 —98.4 —160.8
308.15 1 23 —494

In K,pp and the reciprocal thermodynamic temperature (1/T), and
that of AG is calculated by Eq. (9).

The calculated values of AG, AH and AS are shown in Table 1.
Examination of the enthalpy change and the entropy change
suggests that the formation of the AuNPs—-HSA conjugate features
a favorable enthalpy change (AH < 0) that is offset partially by an
unfavorable entropy loss (AS < 0), resulting in an overall negative
free energy change (AG). Based on these data and the previous
results, we suppose that the association process between AuNPs
and HSA is very likely to be mainly affected by electrostatic
interaction and hydrogen-bond formation between the positive
amino acid residues of HSA and the negative carboxyl group of
surface citrate.

3.3. Kinetic study of HSA-AuNPs conjugate by time-dependent
UV-vis spectra and MCR-ALS

Defining the protein binding kinetics occurring at the nano-
interface is recognized for equal importance in the binding thermo-
dynamics for an understanding of protein—-nanomaterial conjugate.
UV-vis spectral measurements of HSA-AuNPs conjugate evolution
in the presence of 13 different concentrations of HSA are performed
at three temperatures (298.15 K, 303.15 K and 308.15 K) and their
corresponding time-dependent spectra are displayed in Fig. 2 and
Figs. S2 and S3 (see Supplementary material). The 13 sets of time-
dependent spectra at each temperature are assessed using error
theory in factor analysis, either the individual data matrices or the
column-wise augmented data matrices. The results show that in
any case, only two major components are enough to account for the
data set variance. Obviously, the two major components are still
AuNPs and AuNPs-HSA conjugate. The column-wise augmented
data matrices at three temperatures are then subjected to MCR-ALS
analysis using non-negativity constraints (kinetic profiles and
spectra), equality constraints (kinetic profile) and normalization
(spectra). The initial estimates given in the analysis are the spectra
of AuNPs and AuNPs-HSA conjugate resolved above. The final lack
of fit, variance explained and similarity coefficient obtained are all
below 0.30%, above 99.99% and above 0.9999, respectively, suggest-
ing the validity of all resolutions. Combined with known informa-
tion about stoichiometric numbers of all species in the reaction and
the initial molar concentration of AuNPs, the kinetic profiles of
all species in terms of relative concentrations resolved by MCR-ALS
can be converted into the desired kinetic profiles in terms of
absolute molar concentration (see Fig. 5 and Figs. S6 and S7 in
Supplementary material). As can be noticed from the three figures,
during the binding process of HSA to the AuNPs surface, the
concentrations of AuNPs and HSA decrease exponentially while
those of AuNPs-HSA conjugate increase exponentially. In addition,
it is clearly seen that the higher the concentrations of HSA, the
faster the binding reaction. According to the reaction mechanism
proposed above, the reaction rate, v, in terms of rate of change in
AuNPs concentration may be expressed as follows [54]:

_dcysa
dt

where cysa, ki and superscript @ denote the time-dependent
concentration of HSA, the reaction rate constant describing the rate
of AuNPs-HSA conjugate formation between AuNPs and HSA, and
the order of the reaction with respect to HSA. Taking the natural
logarithm of both sides of this equation, it can be expressed as
follows:

= kaClsp (10)

In v=In ki+ o Incysp an

To determine the reaction rate constant and the order of the reaction
with respect to HSA, the concentration of HSA is simply changed
while holding the concentration of AuNPs constant (see Fig. 5 and
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Fig. 5. (A) Kinetic profiles of AuNPs in terms of molar concentration obtained by MCR-ALS on the column-wise augmented matrix from 13 molar-ratio experiments at
298.15 K. (B) Resolved kinetic profiles of AuNPs-HSA conjugate. (C) Resolved kinetic profiles of HSA.

Figs. S6 and S7 in Supplementary material). Then, the initial rate at
time O can be calculated from the kinetic profiles of HSA. The values
of k, and a can be estimated from the linear relationship between
In v and In cysa. The value of « at three temperatures is calculated to
be 0.9, close to 1, suggesting that the reaction likely follows the first-
order kinetics. Based on the first-order kinetics, the reaction rate
constants (k,) at 298.15 K, 303.15K and 308.15K are calculated as
22x107%s71,24x107*s " and 5.4 x 10~*s~ 1, respectively. It is
found that the rate constants increase monotonically as the tem-
perature is raised. The temperature dependence of the rate constants
can be evaluated according to the Eyring theory of activation [54].
According to the theory, the activation energy for the binding
reaction can be estimated to be 66.6kJmol~' from the linear
relationship between In k, and the reciprocal thermodynamic tem-
perature (1/T) [54].

3.4. Spectroscopic biosensor for detection of HSA

In addition to gaining a deep insight into the evolution process
of the AuNPs-HSA conjugate, a sensitive spectroscopic biosensor
for detection of HSA is further constructed. Fig. 4 clearly indicates
the concentration changes of AuNPs and AuNPs-HSA conjugate
after the addition of HSA (1.8-70.3 nM). It is found that the
concentrations of AuNPs and AuNPs-HSA conjugate are linearly
related to the concentration of HSA added (1.8-28.1 nM), with
equations of caunps (NM)= —0.082cysa (NM)+2.81 (r=0.996) and
Caunps-Hsa (NM)=0.082cysa (NM)+0.14 (r=0.996). Limits of detec-
tion with a signal-to-noise ratio (S/N) of 3 for both AuNPs and
AuNPs-HSA conjugate calibrations are 0.8 nM, which were well
comparable or superior to those achieved by sensitive fluorometric
methods [55,56].

4. Conclusion

This work describes the first demonstration of UV-vis spectro-
scopy and multivariate curve resolution by alternating least squares
(MCR-ALS) as a combined tool to investigate the evolution of
protein nanoconjugate in situ. Human serum albumin (HSA) and
citrate-capped gold nanoparticles (AuNPs) are selected as a model
of protein and nanomaterial, respectively. It is found that conven-
tional UV-vis spectroscopy provides a preliminary qualitative
analysis of the HSA corona binding to AuNPs by observation of
spectral changes and leads to the conclusion that AuNPs are coated
by HSA to form a stable AuNPs-HSA corona complex. This obtained
information is very limited and not enough for relatively compre-
hensive understanding of the complex. However, the introduction
of an MCR-ALS tool strikingly enhances the resolving power of

traditional UV-vis spectroscopy, allowing quantitative extraction of
the distribution diagrams, spectra and kinetic profiles of absorbing
pure species (AuNPs and the AuNPs-HSA corona complex) from the
UV-vis spectral data of the complex evolving system. The profiles of
all these pure species are conveniently converted into the thermo-
dynamic, kinetic and structural parameters describing the charac-
teristics of the AuNPs-HSA conjugate evolutions. In addition, the
concentration evolutions of pure species resolved by MCR-ALS are
studied to fabricate the spectroscopic biosensor for HSA. The results
show the high sensitivity for HSA, mainly owing to the high molar
extinction coefficient of AuNPs and the powerful resolution of MCR-
ALS. Although the biosensor lacks selectivity for HSA, it is believed
that the selectivity can be partially or greatly enhanced by the
second-order advantage of the MCR-ALS algorithm [57-59]. Future
work will be conducted to validate the second-order advantage of
the proposed method.
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