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Abstract: The interactions of gold nanoparticles (AuNPs) with human serum albumin (HSA)
greatly influence their in vivo characteristics. It is important to develop conjugates that can
serve as ideal structural models to understand the interaction of AuNPs with HSA. We report
the synthesis and stabilization of AuNPs in HSA matrix with no additional ligands on the sur-
face of the NPs. The hydrodynamic size of the AuNP–HSA conjugate is 22 nm, and trans-
mission electron microscopy (TEM) measurement shows the core size as 8–13 nm. We have
performed strip assay to establish that the biological activity of HSA is retained even after
conjugation. Our cellular toxicity evaluation studies show that AuNP–HSA conjugates are
nontoxic and biocompatible.
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INTRODUCTION

Nanoparticles (NPs) are being tested for myriad applications in the field of medicine [1–8]. Some of the
recent studies confirm that tailored NPs cross membranes and enhance diagnostic imaging techniques
to provide greater details on specific biological processes [9–11]. Among various metallic NPs, gold
nanoparticles (AuNPs) possess many of the vital attributes required for in vivo medical applications.
Hybrid AuNPs have been generated by surface-conjugating AuNPs with antibody, peptide, or small
molecules to impart target specificity under in vivo conditions [12–15]. However, under in vivo condi-
tions, NPs interact and coat with serum proteins over the surface, leading to the formation of corona
[15]. The formation of corona strongly depends on the size, surface charge, and the molecules coated
over the surface of the NPs [15]. On the other hand, serum proteins upon interaction with NPs undergo
both structural and conformational change [16]. The in vivo properties of the NPs strongly depend on
the nature of interaction with serum proteins [17]. Previous studies have mainly focused on the inter-
action (or coating) of serum proteins over the biomolecule-conjugated NPs [17]. These biomolecules
have a defined biological half-life and decompose to smaller molecules through metabolic processes
and eventually unlink from the metallic core. At this stage, the bare metallic core (or naked NP) is
exposed to blood proteins (Fig. 1 describes schematically the nature of NPs under in vivo conditions).
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In comparison, the structural changes on the serum proteins imparted by this process would be signifi-
cantly different than the coating of serum proteins over the surface of the bare NPs. Nevertheless, our
knowledge base on the nature of interaction of serum proteins with bare metallic nanocores is scanty.
Undoubtedly, the reason for the paucity of such a study is due to the inherent instability of NPs in
plasma proteins toward aggregation. Therefore, there is a strong rationale for developing simulated
nanocore structures, truly representing the nature of AuNPs in the presence of serum blood proteins.
Specifically, our studies are focused on developing AuNP–human serum albumin (HSA) matrix with no
additional ligands or biomolecules on the surface of the NPs and investigating in vitro characteristics.
The reason for choosing HSA is centered on the fact that the interaction of pharmaceuticals with HSA
is considered to be crucial in determining the in vivo activity of the drug. HSA is one of the major ingre-
dients in plasma proteins (up to 60 %) [17] and is the most abundant protein in the circulatory system;
it is highly capable of binding various biomolecules ranging from metabolites, drugs, and organic com-
pounds to metallic or non-metallic NPs [17]. In fact, in vivo plasma Au distribution studies of a
Au-based rheumatoid arthritis drug in human patients revealed that 85–95 % of Au is bound to albumin
[18,19]. The results reported in this research article include: (i) synthesis and characterization of
AuNP–HSA conjugates, (ii) in vitro stability studies of AuNP–HSA conjugates toward various biolog-
ically relevant biomolecules, and (iii) biological activity and in vitro cellular toxicity of AuNP–HSA
conjugates.

MATERIALS AND METHODS

General

The components used in the synthesis of AuNPs were procured from standard vendors: HSA from
Aldrich, NaAuCl4 from Alfa-Aesar. Transmission electron microscopy (TEM) images were obtained on
JEOL 1400 TEM, JEOL, Ltd., Tokyo, Japan. TEM samples were prepared by placing 5 μL of AuNP
solution on the 300 mesh carbon-coated copper grid and allowed the solution to sit for 5 min; excess
solution was removed carefully, and the grid was allowed to dry for an additional 5 min. The average
size and size distribution of AuNPs synthesized were determined by the processing of the TEM image
using image processing software such as Adobe Photoshop (with Fovea plug-ins). UV–vis spec-
troscopy: The absorption measurements were done using Varian Cary50 UV–vis spectrophotometers
with 1 mL of AuNP solution in disposable cuvettes of 10 mm path length. 
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Fig. 1 Schematic representation of interaction of hybrid NPs with blood proteins. (i) Disintegration of biomolecule
in hybrid nanoparticles; (ii) complete removal of biomolecule from the nanocore; (iii) interaction of serum proteins
with nanoparticles.



Synthesis of AuNP–HSA conjugates

To a 20 mL vial was added 10 mL of doubly ionized (DI) water, followed by the addition of 50 mg of
HSA and 6.4 mg of P(CH2NHCH(CH3)COOH)3 (THPAL). The reaction mixture was stirred continu-
ously at 25 °C for 2 min. To the stirring mixture was added 15 mg of NaAuCl4 solution (in DI water;
2 mL). The color of the mixture turned purple–red from pale yellow within 5 min after the addition,
indicating the formation of AuNPs. The reaction mixture was allowed to stir for additional 2 h. The
AuNPs thus formed were characterized by UV–vis absorption spectroscopy and TEM analysis. 

In vitro stability studies 

In vitro stability of the serum-coated AuNPs was tested in the presence of NaCl, cysteine, histidine,
HSA, and bovine serum albumin (BSA) solutions. Typically, 1 mL of AuNP solution was added to glass
vials containing 0.5 ml of 10 % NaCl, 0.5 % cysteine, 0.2 M histidine, 0.5 % HSA and BSA solutions,
respectively, and incubated for 30 min. We also have studied the in vitro stability with various phos-
phate buffers (pH 7 and 9) following the above similar procedure. The stability and identity of the NPs
were measured by recording UV absorbance at 0.5 h as well as after 16 h. The surface plasmon reso-
nance band at 530 nm confirmed the retention of nanoparticulates in all the above mixtures. TEM meas-
urements inferred the retention of the nanoparticulate compositions, signifying the robust nature of
these NPs under in vitro conditions.

Effect of dilution

The detailed investigation to ascertain the effect of dilution of AuNP–HSA conjugate was performed in
order to establish the stability of AuNP–HSA by monitoring the plasmon resonance wavelength (λmax)
after every successive addition of 0.2 mL of DI water to 1 mL of AuNP solutions. The absorption inten-
sity at λmax is found to be linearly dependent on the concentration of AuNPs, in accordance with
Beer–Lambert’s law. It is important to recognize that λmax of AuNPs did not change at very dilute con-
ditions. These are typical concentrations encountered when working at cellular levels.

Strip assay

To 1.0 μL of different concentrations anti-human serum antibody (sigma) was spotted on a 1 × 6 cm
nitrocellulose membrane strip. The membrane was air-dried, and non-specific sites on the membrane
were blocked for 2 h at 25 °C using blocking buffer with 2 % skimmed milk in 1 × phosphate buffered
saline containing 0.02 % triton-X 100. After blocking, the strip was washed and incubated with
0.06 mg/mL pre-washed AuNP–HSA. Development of a ruby red color after 3 h at 25 °C at place of
spotted antibody was an indication of the HSA–antibody interaction and hence the biological activity
of HSA post-conjugation.

In vitro cytotoxicity measurements (MTT assay) 

Fibroblast cells were maintained in DMEM with 10 pg/mL–1 phenol red, 10 mM HEPES, 100 units
mL–1 penicillin, 100 pg/mL–1 streptomycin, and 10 % donor bovine serum (maintenance medium). The
in vitro cytotoxicity evaluation of HSA-coated AuNPs was performed as described by the supplier
(ATCC, USA). Briefly, 2 × 104 fibroblast cells at the exponential growth phase were seeded in each well
of a flat-bottomed 96-well polystyrene-coated plate and were incubated at 37 °C for 24 h in CO2 incu-
bator at 5 % CO2 environment. A series of dilutions like 0, 5.5, 11, 16.5, 22, 27.5, and 33 μg/mL con-
centrations of AuNP–HSA (Au atoms) were made in the medium. Each concentration was added to the
plate in a pentaplet manner. After 24 h incubation, 10 μL per well MTT [3-(4,5-dimethylthiazol-2-yl)-
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2,5-diphenyltetrazolium bromide] (stock solution 5 mg/mL–1 PBS) (ATCC, USA) was added for 24 h,
and formosan crystals so formed were dissolved in 100 μL detergent. The plates were kept for 18 h in
dark at 25 °C to dissolve all the crystals, and the intensity of the developed color was measured by
microplate reader (Dynastic MR 5000, USA) operating at 570 nm wavelength. Wells with complete
medium, NPs, and MTT, but without cells were used as blanks. Untreated cells were considered 100 %
viable.

RESULTS AND DISCUSSION

In order to understand the physicochemical characteristics of Au–albumin conjugates, the following
requirements need to be fulfilled: (i) a simulated naked nanocore should be attached directly to albumin
proteins with no molecular linker in between metal core and albumin; (ii) the naked nanocore should
have surface contact only with the albumin proteins; and (iii) the nanocore should have moderate sta-
bility under in vitro conditions.

Synthesis of AuNP–HSA conjugates

Our synthetic protocol involves the simple addition of sodium tetrachloroaurate solution (NaAuCl4) in
aqueous media to the stirring aqueous solution of HSA (0.5 %, 50 mg in 10 mL DI water) and a non-
toxic phosphino amino acid [P(CH2NHCH(CH3)(COOH)3]; THPAL] [20,21] at 25 °C. Addition of
gold salt resulted in the formation of AuNPs within 2 h with over 98 % yield at 25 °C. Absorption meas-
urements indicated that the plasmon resonance wavelength, λmax of AuNP–HSA is ~530 nm. The sizes
of AuNP–HSA are in the range of 8–13 nm as measured from TEM techniques (Fig. 2). It is presumed
that the disulfides in the HSA effectively stabilized the NPs to provide excellent robustness against
agglomeration [13,14]. Our reaction methodology involves the utilization of mild reducing agent
THPAL that will help in the reduction of only Au(III) to AuNPs and not the biogenic chemical func-
tionalities present on serum proteins, thus retaining the overall biospecificity of HSA [20,21]. In an aim
to obtain and study the library of AuNPs of different sizes with various stabilizers for our studies, we
further developed AuNP–HSA. 

NP size characterization and size distribution 

Physicochemical properties, such as size, charge, and morphology of AuNPs generated using HSA,
were determined by TEM and dynamic light scattering (DLS) methods. TEM determines the core size
of AuNPs, and DLS was used to evaluate the size of HSA-coated gold. TEM measurements on
AuNP–HSA showed that particles are spherical in shape within the size range of 8–13 nm. Size distri-
bution analysis of AuNP–HSA confirms that particles are mono disperse and uniform (Fig. 2). We also
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Fig. 2 (a) Synthesis of AuNP–HSA conjugates; (b) TEM image of AuNP–HSA conjugate.



employed a DLS method (hydrodynamic radius) to confirm the presence of serum proteins on the sur-
face of AuNPs. The serum protein coatings on AuNPs are expected to cause substantial changes in the
hydrodynamic radius of AuNP–HSA. The hydrodynamic diameter of AuNP–HSA as determined from
DLS measurements is 22 ± 1 nm, suggesting that serum proteins are capped on AuNPs. DLS studies of
the AuNPs revealed an increase in the hydrodynamic diameter as the serum proteins form the mono-
layer. The measurement of charge on NPs, zeta-potential (ζ), provides crucial information on the sta-
bility of the NP dispersion [22–25]. The magnitude of the measured ζ is an indication of the repulsive
forces that are present and can be used to predict the long-term stability of the nanoparticulate disper-
sion. The stability of nanoparticulate dispersion depends upon the balance of the repulsive and attrac-
tive forces that exist between NPs as they approach one another. If all the particles have a mutual repul-
sion then the dispersion will remain stable. However, little or no repulsion between particles leads to
aggregation. The positive ζ of 29 ± 2 mV for AuNP–HSA indicates that the particles repel each other
and there is no tendency for the particles to aggregate. 

In vitro stability studies

To understand the stability of AuNP–HSA conjugates under biologically relevant conditions, we trea-
ted AuNP–HSA conjugates with 10 % NaCl, 0.5 % cysteine, 0.2 M histidine, 0.5 % BSA, or 0.5 % HSA
solutions and monitored λmax of the resultant mixture (Fig. 3). The plasmon wavelength and width in
all the above formulations shifts ~5 nm. This indicates that the AuNPs are intact and, thus, demonstrate
the high in vitro stability of AuNP–HSAs in biological fluids at physiological pH. It is noteworthy that
the NPs coated with serum proteins are stable even when they are challenged with high ionic strength
solutions such as 10 % NaCl. It is well known that the addition of certain peptides or proteins to AuNPs
may decrease their stabilities to salt solutions appreciably. Our results are also further corroborated by
the recent report on the critical flocculation concentrations of peptide-AuNPs [26]. 

We next investigated the change in physicochemical characteristics of AuNP–HSA conjugates in
various different concentrations. In order to establish the stability of AuNP–HSA under dilution, the
plasmon resonance wavelength (λmax) was monitored after every successive addition of 0.2 mL of DI
water to 1 mL of AuNP solutions. It is important to recognize that λmax of AuNPs did not change at
dilutions in the range of 10–5–10–6 M. These are typical concentrations encountered when working at
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Fig. 3 In vitro stability studies of AuNP–HSA by monitoring UV–vis absorption peak at ~540 nm wavelength.



cellular levels. These data clearly confirm that serum-coated AuNPs are highly stable in solutions of
NaCl, cysteine, histidine, HSA, and BSA. It is conceivable that the interaction between disulfide struc-
ture contained within serum protein backbone with Au atoms provides extraordinary in vitro stability. 

HSA-bioactivity studies: Strip assay

Earlier reports have shown that AuNPs self-assemble in HSA matrix, leading to the formation of hol-
low spheres [27]. It is perceived that formation of such a self-assembly would lead to the destruction of
biological activity of HSA. In order to assess whether the biological activity of HSA is affected during
AuNP–HSA conjugation in terms of HSA binding to a specific antibody, we performed a strip assay
wherein HSA-specific polyclonal antibody was probed as HSA-conjugated AuNPs. For this study, 1 μL
of increased concentrations of anti-HSA were placed in a nitrocellulose membrane strip. The non-spe-
cific sites of the membrane were blocked by using milk protein. The whole strip was then incubated
with 0.06 mg/mL pre-washed AuNP–HSA for 3 h. During the incubation time, the AuNP–HSA entered
into the matrix of the strip, formed complex between anti-HSA and Au-conjugated HSA and saturated
the spots in a circular manner, as shown in Fig. 4. The concept of the immunoassay is to have an immo-
bilized antibody (anti-HSA) zone in the membrane strip that is exposed to the target antigen conjugated
with AuNP (AuNP–HSA) in the solution. The formation of circular red spots was indicative of
HSA–antibody interaction and hence the biological activity of HSA post-conjugation. The intensity of
the spots was proportional to the concentration of the proteins used in this study [28]. Our studies reveal
that HSA is biologically active and the property of the resultant AuNP–HSA will be largely influenced
by the HSA matrix and not by the Au core. 

Toxicity of nanoparticles: MTT studies 

AuNPs have shown promising applications in the area of biomedical imaging and therapy. The poten-
tial concentrations at which they might be used for developing a biomedical imaging agent could be
toxic. Moreover, the stability of AuNPs at reasonably high concentration becomes increasingly impor-
tant under in vivo conditions. We have already investigated the stability of the AuNP–HSA in different
biological mediums and hypothesized that the serum proteins presumably influence the overall stabil-
ity and might lead to contemplating their biocompatibility evaluation based on their potential cytotoxi-
city. We have studied the cytotoxicity of AuNP–HSA using normal fibroblast cell cultures as in vitro
by the MTT assay. The cells were treated with 0, 5.5, 11, 16.5, 22, 27.5, and 33 μg/mL concentrations
of AuNP–HSA for 24 h and were subjected to the MTT assay for cell-viability determination. After
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Fig. 4 Strip assay of HSA-conjugated AuNPs toward anti-HSA antibody. The intensity of the spots was increased
with increasing concentrations of the proteins.



24 h of AuNP–HSA treatment, cells showed more than 85 % viability up to 33 μg/mL concentrations
(Fig. 5). This result clearly demonstrates that AuNP–HSA do not show any detectable cytotoxicity up
to 33 μg/mL concentrations of Au atoms in fibroblast cells. 

CONCLUDING REMARKS

In conclusion, spherical AuNPs coated with HSA have been synthesized in a single step, using a non-
toxic phosphorus-containing compound as the reducing agent. We investigated the particle size and sta-
bility of Au–HSA in the presence of NaCl, cysteine, histidine, HSA, BSA, and different pH. Our results
confirmed that the NPs have biocompatible properties such as nontoxicity without disturbing cell func-
tionality, which could be beneficial for biomedical applications. 
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