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The differences in physiochemical properties between native Human Serum Albumin (HSA) and HSA encapsulated gold
nanoclusters (HSA-AuNCs) are characterised. The molecules light absorbance (UV/Vis), electrophoretic mobility, dynamic
viscosity, density, hydrodynamic radius (DLS), absorption (QCM) and chemical bonding (XPS) characteristics were studied.
The UV/Vis and DLS data shows the formation of large aggregates for HSA-AuNCs between pH 4-6 which is not observed for
native HSA. This observation was further supported by QCM measurements showing a large increase in mass adsorbed at
pH 6 between HSA and HSA-AuNCs. The DLS data also reveals a hydrodynamic radius of 12nm for HSA-AuNCs, nearly double
that of 7nm for native HSA at pH higher than 6, suggesting the formation of compact HSA-AuNCs dimers. The electrophoretic
mobility data for both HSA-AuNCs and HSA were converted to zeta potentials. The zeta potential of HSA-AuNCs was seen to
be more negative between pH6-12, suggesting that the protein surface is interacting with unreacted gold salt anions.
Measurements of density and viscosity were also found to be in agreement with previous data suggesting HSA-AuNCs forms
aggregates. XPS data also suggests that not all reactants are used up during the HSA-AuNCs synthesis and positive side chains
play a part in the initial synthesis stages. It was concluded that HSA-AuNCs most likely form dimers at natural and high pH.
Between pH 4-6 HSA-AuNCs form very large aggregates limiting their use as a fluorescent probe in this pH range. It was also
found that the native characteristics of HSA are altered upon HSA-AuNCs synthesis which needs to be taken into
consideration when applying HSA-AuNCs as a fluorescent probe in all fluorescent imaging and sensing.

Introduction
Much interest has been shown in utilizing protein encapsulated
gold nanoclusters (AuNCs) as fluorophores for in vitro and in
vivo bio-imaging and sensing applications1-5 due to the unique
physical and optical properties of AuNCs. In particular in vivo
selective imaging of specific cells using AuNCs has shown much
promise6-8. AuNCs are small in size, consisting of roughly 25
atoms in size and are less than 2nm in diameter, comparing with
gold nanoparticles which can have diameters between 12100nm and possess widely different properties. Of all the
protein encapsulated gold nanoclusters, Serum Albumin based
AuNCs have been the most widely studied9-13. This is due to the
relative low costs of the materials needed for synthesis and the
ease of the synthesis method14. Human Serum Albumin (HSA)
AuNCs have been shown to be highly photo-stable9,
environmentally sensitive fluorophores15,16. However AuNCs in
comparison to traditional fluorescent dyes have low quantum
yields17. Moreover, the physical characteristics of HSA upon
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forming HSA-AuNC complexes are not well understood. It is
hoped that by better understanding the physical characteristics
of HSA-AuNCs that the fluorophore can be intelligently modified
in order to enhance the quantum yield and other photo physical
properties5. Secondary to this, any physical changes to the
protein that may affect its natural behaviour must be well
understood if they are to be used in vivo in a clinical application.
HSA is responsible for many functions within the human body
such as the control of osmotic pressure in the bloodstream 18;
acting as a transport protein for fatty acids 19; carrying drugs
around the body20 ; buffering pH21, among other functions.
Therefore it is of upmost importance to understand any physical
changes HSA undergoes upon forming HSA-AuNC complexes.
This will give a better understanding of the behaviour of HSAAuNCs in vivo and any adverse effects the introduction of this
fluorophore to a patient would cause22. Previous studies carried
out found that indeed the presence of AuNCs could have an
adverse effect on the HSA protein's natural function. It was
found that the warfarin’s binding affinity to HSA at the Sudlow I
major drug binding site was lost upon the synthesis of AuNCs
inside HSA23, raising questions as to what physical changes to
HSA result in the lack of drug binding.
Previous studies concerning changes to the secondary structure
of HSA upon synthesizing AuNCs within the protein have been
carried out using Circular Dichroism (CD) and FTIR
spectroscopy24, 25. Santhosh et.al discovered that the secondary
structure of HSA, which is mainly alpha-helical in nature,
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undergoes minor perturbations during AuNC synthesis and that
only minor changes occur to the natural secondary structure of
HSA. Yong et.al similarly discovered that the secondary
structure of HSA is not affected by the presence of AuNCs,
however, the alpha-helical content of HSA can decrease
irreversibly if the synthesis method heats the protein to high
temperatures of 60°C, rather than using body temperature
(37°C) for the synthesis of HSA-AuNCs. Therefore changes to the
HSA natural function cannot be attributed to changes in the
secondary structure and must be due to other physical changes
of the protein upon AuNC synthesis.
In this work we applied Dynamic Light Scattering,
electrophoretic mobility, UV-Vis, dynamic viscosity, Quartz
Crystal Microbalance (QCM) and X-ray Photoelectron
Spectroscopy (XPS) to characterise the physical properties of
HSA and HSA-AuNCs under different pH conditions.
Material and Methods
HSA (crystallized and lyophilized powder, (≥99%) and Gold(III)
Chloride Hydrate were purchased from Sigma Aldrich and used
without further purification. A stock solution of HSA-AuNCs was
prepared using Xie’s method14 and stored at 4°C until use, a
separate stock of HSA was prepared under the same conditions
but without adding the gold salt during preparation. The stock
solutions were then diluted with NaCl (concentration of I=10 -2
M) to a range of concentrations between 5-10,000 ppm
immediately before use. Multiple stock solutions of HCl and
NaOH at differing concentrations were used to control the pH
of all samples. Doubly distilled, degassed water was used for the
preparation of all solutions. All experiments were carried out at
25 °C. All other chemicals used were procured from SigmaAldrich.
Viscosity and density measurements were carried out using a
combined Anton Paar DMA 5000M digital vibrating U-tube
densimeter with a precision of 5x10-6 gcm-3 and an Anton Paar
Lovis 2000 ME rolling ball microviscometer with a precision of
0.001s. The viscosity and density of both HSA and HSA-AuNCs
were measured across a concentration range of 50-10,000ppm.
All dilutions of the stock HSA and HSA-AuNCs solutions were
carried out with degassed NaCl (I x 10 -2).
Dynamic Light Scattering (DLS) measurements were carried out
using a Malvern Zetasizer Nano ZS with a measurement range
of 0.6nm – 0.6µm. The diffusion coefficients of each sample (pH
range of 2-11) were measured at a concentration of 1000ppm.
The diffusion coefficients (DCF) were determined by monitoring
the fluctuations in the intensity of backscattered light from the
samples due to the Brownian motion they undergo. The
diffusion coefficients were calculated from the time correlation
function [1].
𝑔( 𝜏) = 𝐴[1 + 𝐵𝑒𝑥𝑝(2𝐷𝐶𝐹 𝑞2 𝜏)]

[1]

Where τ is the sample time, A is the correlation time baseline, B
is the correlation function intercept, q is the scattering vector
and n is the refractive index of the solution. Using Stokes’

equation, the hydrodynamic radii (RH) were calculated from the
diffusion coefficients and converted to a particle size
distribution [2].
𝑅𝐻 =

𝑘𝑇
6𝜋𝜂𝐷𝐶𝐹

[2]

Where k is the Boltzmann constant, T is the temperature and η
is the solution viscosity.
Zeta potential measurements were carried out using a Malvern
Zetasizer Nano ZS with a measurement range of 3nm - 10µm,
utilizing Laser Doppler Velocimetry (LDV). A voltage was applied
across a folded capillary cell supplied by Malvern. The same cell
was used for each measurement to minimize any differences
between cell electrodes. The applied voltage causes charged
particles to migrate to their oppositely charged electrode and
their velocity is expressed as the electrophoretic mobility (µ e).
The electrophoretic mobility was measured for all samples at a
concentration of 1000ppm across a pH range of 2-11. Using
Henry’s equation the zeta potential of the protein in solution
can be found [3].
𝜁=

3𝜂
𝜇
2𝜀𝐹(𝜅𝛼) 𝑒

[3]

Where ζ is the zeta potential, ε is the dielectric constant of
water, F(𝜅α) is the function of the dimensionless parameter 𝜅α.
UV-Vis measurements were carried out using a Perkin Elmer 25.
All measurements were carried out at a concentration of
1000ppm.
Quartz Crystal Microbalance (QCM) measurements were
carried out using a Q-Sense E1 QCM-D. Sensors with gold
electrode surfaces were used for all experiments. A constant
flow speed of 500µl/min was used throughout the experiment.
Initially NaCl solution was passed over the sensor for 10 minutes
in order to set a baseline for the adsorption. The sample
solution was then passed over for 90 minutes at a concentration
of 5ppm and pH range of 5-9, during which time the adsorption
was monitored. NaCl was then rinsed over the gold surface for
another 90 minutes in order to observe whether the adsorption
of protein to the gold surface was irreversible. Before each
measurement the sensor was cleaned using the same protocol
each time.
The Sauerbrey model was utilized in order to correlate changes
to the frequency at which the quartz crystal resonated at to the
mass of protein adsorbed to the sensor surface26. When
adsorption occurs on the sensors’ electrode surface the total
mass increases, causing the resonant frequency (f) decrease.
For rigid, uniform films the decrease in resonant frequency (Δf
= f – f0), is directly proportional to the adsorbed mass (Δm), as
shown in equation [4].
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Where C is the crystal constant for quartz (equal to 17.7ng.cm 2)
and n is the overtone number. The decay of the quartz crystal
oscillations was also measured since information on the energy
dissipation (Edis) of the adsorbed layer can be yielded from
monitoring this physical property. The dissipation of energy is
related to the viscoelastic properties of the material, as shown
by equation [5].
𝐷𝑑𝑖𝑠 =

𝐸𝑑𝑖𝑠
(2𝜋𝐸𝑠𝑡𝑜𝑟)

[5]

Where Edis is the energy lost during one oscillation and Estor is
the energy stored in the initial oscillation. The change in
dissipation over the adsorption time provides an approximation
of the relative stiffness or conformation of an adsorbed layer;
e.g. adsorbed layers with high rigidity will experience no change
in dissipation, but a viscoelastic layer will dissipate more energy
as the total amount of molecules adsorbed increases over time.
XPS system equipped with hemispherical analyzer SES R4000
(Gamma data Scienta) was used. The measurements were
performed using an Al Kα (E=1486.6 eV) X-ray Source operated
at 200 W. The spectra ware recorded in normal emission
geometry with an energy resolution of 0.9 eV. Calibration was
performed according norm ISO 15472:2001.

Figure 1: Hydrodynamic diameter of HSA (green) and HSAAuNCs (red) as a function of pH. For the pH range 4-6, HSAAuNCs diameters are polydisperse and >200nm.
This agrees well with the observations here for both HSA and
HSA-AuNCs whose diameters increases at pH <5. However,
HSA-AuNCs remain unchanged upon increasing pH to highly
alkaline levels above 10. The largest difference between HSA
and HSA-AuNCs was seen between pH 3.5-6.5. Previously HSA
has been shown not to aggregate close to its pKa value of ~4.9
(solution conditions such as the buffer used can shift the pKa
value slightly lower or higher)30. The results presented agree
well with this, however HSA-AuNCs were seen to aggregate and
become polydisperse with diameter values larger than 200nm.
Interestingly the aggregation was seen to be reversible upon
immediately changing the pH to either <3.5 or >6.5.
UV/Vis measurements of both HSA and HSA-AuNCs at different
pH from 2-12 were taken. It was found that at 280nm the
extinction of HSA is not affected by pH. However, an increase in
extinction for HSA-AuNCs was observed between pH 4-6 as
shown in Figure 2.

Results
In order to characterize the physicochemical differences
between HSA and HSA-AuNCs the hydrodynamic radius r H was
determined from the diffusion coefficient using the DLS
technique. The sample concentration was kept at 1000ppm and
the pH was varied to cover a range of 2-11. The diameters for
both HSA and HSA-AuNCs are shown in Figure 1. The
hydrodynamic diameter of HSA was found to be 7nm at neutral
pH which compares well with previously published results27, 28.
The diameter of HSA-AuNCs across the pH range of 7-10 were
found to be nearly double at 12nm. This suggests the formation
of tightly packed dimers upon AuNC nucleation within the
protein. Previously it has been shown that at low pH the protein
structure begins to open creating an unfolded conformation
typically referred to as the “extended” form 29. The author also
reports that at high pH the protein structure begins to swell due
to hydrophobic pockets near the surface burying further inside
the protein.

Figure 2: Maximum UV/Vis absorption of HSA-AuNCs (red) and
HSA (green) at 280nm as a function of pH.
This increase in extinction can be attributed to the aggregation
of the protein as previously observed from the DLS
measurements. As the protein aggregates the larger particles
scatter more light than that in the monomer form. In addition,
the presence of the Au nanocluster also has an effect on
increasing the overall absorption of the molecules at 280nm
even not in an aggregated form. It is likely that both factors
result in the increased extinction.
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The electrophoretic mobility of both HSA and HSA-AuNCs were
measured across a pH range of 2-11. Zeta potentials for both
HSA and HSA-AuNCs were calculated from the electrophoretic
mobility data. The dependence of the zeta potential on pH for
both samples is shown in Figure 3.
The zeta potential vs. pH curve for HSA with an ionic strength I
= 1 x 10-2 M compares well with previously published work 30. A
large decrease in the zeta potential of HSA-AuNCs of 8-14mV for
all points across the pH range 7-11 was observed at pH greater
than the isoelectric point. A slight increase of 3-4mV in the zeta
potential for HSA-AuNCs in comparison to HSA was observed at
pH below the isoelectric point. Both differences were seen to
be much larger than the total errors in each measurement, error
bars for each measurement were found to be small and
insignificant to the comparison between both datasets. The
decrease in zeta potential above the isoelectric point may be
attributed to the reduction reaction that the gold salt
undergoes during the synthesis of gold nanoclusters. It is
believed that at highly alkaline pH >10 tyrosine reduces the salt
before the gold atoms nucleate and bond to sulphur atoms 14, 31.
If this is true then the phenol functional group would become
more negatively charged after the reduction reaction and
create a more negative surface charge in comparison to natural
HSA. Another possibility is that not all gold salt which initially
interacts with the protein surface is reduced.

Figure 3: Zeta potential of HSA and HSA-AuNCs as a function of
pH. The zeta potentials of HSA and HSA-AuNCs are indicated in
green and red respectively.
The positively charged functional side chains of Lysine and
Arginine residues on the surface of the protein could interact
with the intermediary synthesis complex AuCl4-. This would also
explain the more negative zeta potential of the HSA-AuNC
complex compared to HSA in its natural state.

Au at 10,000ppm was 6.83 and upon dilution the pH increased
to a maximum of 7.12 at 5ppm. The difference in density for
HSA-AuNCs in comparison to HSA can be seen in Figure 4.
Unsurprisingly, the density of HSA is seen to increase upon the
formation of AuNCs inside the protein. The density of HSA and
HSA-AuNC samples were both measured at pH levels higher
than the regime where aggregation of HSA-AuNC was observed
in both DLS and UV-Vis measurements. HSA-AuNCs were
forming smaller aggregates seen at pH>6 rather than the larger
aggregates seen at pH<6 in DLS measurements. In order to
better quantify the increase in density upon synthesis of AuNCs
in HSA both values were converted to the relative density
values.
The relative density of a material can be simply described as the
ratio of the density of a substance to that of a reference
solvent30.
The NaCl solution used to dilute the samples was used as the
reference material. For HSA a relative density value of 1.32
g/cm3 was calculated. This compares well with the previously
reported value of 1.33 g/cm3 for proteins33, 34. The relative
density value for HSA-AuNCs however was found to be much
larger at a value of 1.49 g/cm3, as shown in Figure 5.

Figure 4: Density of HSA and HSA-AuNCs as a function of
concentration. The densities of HSA and HSA-AuNCs are
indicated in green and red respectively.

The density of HSA and HSA-AuNCs was measured across a
concentration range of 50-10,000ppm, diluted from stock using
degassed NaCl solution (I = 1 x 10-2). The pH of the HSA and HSA-
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Figure 5: Relative density of HSA and HSA-AuNCs as a function
of weighted fraction. The relative density gradients of HSA and
HSA-AuNCs are indicated in green and red respectively. The
gradients for HSA and HSA-AuNCs were found to be -0.2413 and
-0.3305 respectively; giving HSA a relative density of 1.32 and
HSA-AuNCs a relative density of 1.49.
The large increase in relative density upon AuNC synthesis can
be directly correlated with the presence of the gold inside the
proteins since there was no introduction of other molecules
outside of the synthesis method and the formation of dimers or
aggregates cannot account for such a large rise in relative
density.
If the increase in relative density is attributed solely to gold
clusters then an average of 43 gold atoms are present per
protein. This number is higher than the expected 25 atoms per
nanocluster; however unreacted gold salt attached to the
protein and secondary, smaller non fluorescent gold clusters
bonded to the protein could account for this.

Figure 6: Dynamic Viscosity of HSA and HSA-AuNCs as a function
of Concentration. The Dynamic Viscosity values of HSA and HSAAuNCs are indicated in green and red respectively.
An increase in HSA viscosity has been shown to be linked with
multiple health problems such as cardio vascular disease, heart
attacks and strokes35, 36.
Differences in the adsorbed mass of HSA and HSA-AuNC were
studied using the QCM method. pH of the samples was altered
between the range of 4-9 using NaOH and HCl, with a
concentration of 5ppm. It was found that the highest mass of
HSA and HSA-AuNCs was adsorbed to a gold surface at pH 6,
seen in Figure 7.
ΓAd of HSA and HSA-AuNCs as a function of pH adsorbed onto a
gold surface measured by QCM. The mass values of HSA and
HSA-AuNCs are indicated in green and red respectively.
The total mass of the adsorbed HSA-AuNCs is always seen to be
higher across the whole pH range – this is unsurprising due to
the additional mass associated with the attached gold
nanoclusters.

The dynamic viscosity of both HSA and HSA-AuNC was observed
over a concentration range of 0-10,000 ppm in order to better
understand how the formation of dimers affects the protein in
solution at higher concentrations. Again, the pH of the HSA and
HSA-Au at 10,000ppm was 6.83 and upon dilution the pH
increased to a maximum of 7.12 at 5ppm.
It can be seen that the viscosity of native HSA increases linearly
with concentration. However in the case of HSA-AuNC, the
increase in viscosity can be seen to have a non-linear growth,
increasing at a faster rate than natural HSA, seen in Figure 6.
The increase in viscosity agrees well with previous
measurements showing the formation of HSA-AuNC
aggregates. Due the pH being higher than 6, the increased
viscosity in HSA-AuNCs is due to the formation of smaller
aggregates such as dimers rather than larger aggregates seen
between pH4-6. This could give rise to potential problems using
HSA-AuNCs as a fluorophore at high concentrations in vivo.

Figure 7: The mass of the adsorbed proteins per unit of the
geometrical surface, ΓAd [ng/cm2].
The total additional adsorbed mass however is too large to
attribute to the gold nanocluster alone. Between pH 4-6 the
mass of HSA-AuNCs compared to HSA is 2-4 times larger. HSAAuNCs have also been shown to aggregate in this pH range by
DLS and UV/Vis, which can explain the large increases in mass
seen over HSA. The increase in mass of HSA-AuNCs at multiples
roughly equal to HSA suggests that at this pH small aggregates
are forming due to either the direct presence of the AuNCs or
an alteration of the protein conformation to accommodate the
AuNC. This result adds further weight to the idea that HSA-AuNC
does not exist in monomer form.
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Differences in the physical features of HSA and HSA-AuNCs after
adsorption onto the gold QCM sensor surface at pH7 were
studied using XPS. From the initial XPS survey data, it was
observed that peaks attributed to Au 4f, O 1s, C 1s, N 1s, and S
2p were present.

Atomic %

6.60

6.10

Table 1: Peak positions of the decomposed N 1s peak and the
calculated parameters taken from high resolution XPS spectra
for HSA-AuNCs and HSA at different pH.

Of interest are the changes in peak positions and atomic % for
peaks in the N 1s band between HSA before and after AuNC
synthesis, since it is believed that the positively charged side
chains of Arginine and Lysine could play a part in the synthesis
of AuNCs in proteins5. The high resolution XPS spectra for the N
1s group are shown in Figure 8.

The zeta potential was seen to be 13mV more negative in the
case of HSA-AuNC in comparison with HSA; which could be
caused by the presence of the unreacted salt on the protein
surface.

The peak could be broken down into 3 components:
399.08±0.20, 400.18±0.10 and 401.7±0.4 eV. The first is
attributed to amine or amide NH, the second peak is attributed
to NH2 and the third peak attributed to protonated amines NH3+
37. The full data set from decomposing the high resolution N 1s
peak is shown in Table 1.

Important
changes
concerning
the
physicochemical
characteristics of HSA were observed upon synthesising AuNCs
within the protein using the one-pot method. It was found that
HSA forms aggregates upon synthesising AuNCs; DLS
measurements of HSA-AuNCs found aggregates formed across
a pH range of 2-11. Differences in adsorbed mass to a gold
surface from QCM also indicated the formation of small HSAAuNCs aggregates. Concentration of protein was ruled out as a
factor; HSA at 1000ppm was shown to exist in monomer form,
whereas HSA-AuNCs at 1000ppm were dimers or aggregates.
The increase in viscosity can also be attributed to the formation
of small aggregates of HSA-AuNC in comparison to natural HSA.
The formation of dimers must be considered if HSA-AuNCs are
to be utilized as a fluorescent probe in vivo, since natural
protein function and behaviour may be altered in the dimer
form observed here.

The relative decrease in atomic % for peak 3 indicates an overall
decrease in protonated amines NH3+. This coincides with peak
shifts to lower energies for both peak 1 and 2 suggesting that
the protonated amines are reacting with negatively charged
species on the protein surface; most likely gold salt
intermediates, such as AuCl4-, which have not undergone full
reduction. This result agrees well with the zeta potential
measurements for HSA and HSA-AuNCs at pH7.

Figure 8: High resolution XPS spectra of the N 1s peak for HSAAuNCs and HSA adsorbed on a gold surface; a) HSA-AuNCs pH7,
b) HSA pH7.

Peak 1 (eV)
FWHM 1 (eV)
Atomic %
peak 2 (eV)
FWHM 2 (eV)
Atomic %
peak 3 (eV)
FWHM 3 (eV)

HSAAuNCs
pH7
399.08
1.600
15.40
400.18
1.600
77.99
401.70
1.600

Conclusions

The shift to a more negative zeta potential and changes to the
atomic % from the XPS data suggest that while AuNCs are
formed inside the protein, not all of the gold salt fully reacts and
migrates to the nucleation sites for AuNCs inside HSA. This could
point to positively charged amino acid side chains on the
protein surface interacting with negatively charged AuCl4-. The
changes to the surface chemistry of the protein may alter the
binding affinity of molecules which are typically transported by
the HSA protein within the body. This raises questions as to
whether gold nanoclusters can be used as an intrinsic probe to
study natural protein dynamics if the behaviour of the protein
itself is altered upon AuNC synthesis.

HSA
pH7
398.92
1.713
15.74
400.02
1.713
78.16
401.85
1.713
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