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Abstract
Understanding the organization of self-assembled monolayers (SAMs) on gold nanoparticles (AuNPs) as protective coatings 
is a key role of biological applications of nanomaterials. Here, we report the influence on the stability of the surface coverage 
of three mercaptocarboxylic lingands onto AuNPs, mercaptopropanoic acid (MPA), mercaptoundecanoic acid (MUA) and 
mercaptopropionic acid (MHA) under different conditions. In addition, we optimized a bioconjugation route using bovine 
serum protein (BSA) as a protein model. AuNPs and successful binding of ligands and BSA on the AuNPs were analyzed 
by UV–Vis, TEM, FTIR, RAMAN, DLS and zeta potential. The size of as-synthesized AuNPs was 18 ± 1,2 nm with sur-
face plasmon resonance (SPR) peak at 522 nm. The magnitude of the bathochromic shift of AuNPs with MPA, MUA and 
MHA was determined by UV–Vis and the SPR band position of AuNP shifts to 1.5, 3 and 5 nm longer. Moreover, the data 
show the influence of chain length on colloidal stability and covalent and non-covalent coupling steps with nanomaterials. 
We demonstrate a method for quantitative determination of the coatings on gold nanoparticles and open new perspectives 
in understanding the influence of monolayer thickness on the generation of nanobioconjugates for biological applications.
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Introduction

Nanobioconjugates have been explored by a multitude of 
applications (Zargar and Hatamie 2013; Terentyuk et al. 
2009; Zhou et al. 2014; Peng et al. 2009; Stuchinskaya et al. 
2011; Jain et al. 2007; Sperling et al. 2008; El-Sayed 2004; 
Schroeder et al. 2012; Saha et al. 2012), such as platforms 
for diagnostic technologies and next generation therapies 
(Arruebo et al. 2009). Various nanobioconjugates have been 
synthesized, proteins are one of the most important classes 
of biological agents used to be combined with nanomateri-
als and have been widely applied as a model, since their 

structural characteristics provide a number of options for 
modification and conjugation. Thus, understanding biophys-
icochemical interactions at the nano–bio interface and how 
nanoparticles (NPs) interact in biological systems are crucial 
(Lacerda et al. 2010; Lynch and Dawson 2008).

Studies have shown that the binder length determines 
the interfacial properties (Levy et al. 2006; MacCuspie 
et al. 2011), such as nanoparticles (NPs) interaction with 
cell membranes (Bartczak and Kanaras 2011; Sukhanova 
et al. 2012; Wilson et al. 2004), solubility and molecular 
recognition (Pease et al. 2007; Tsai et al. 2008). Modified 
surface NPs are generally known as self-assembly monolay-
ers (SAM’s) (Silvia et al. 2000). Although many authors 
have reported the SAM’s, few investigations have included 
a biological approach, taking into account the stability at 
different pH conditions, ionic strength and the influence of 
the ligand chain length on the bioconjugation.

Protein conjugation by electrostatic interaction that pre-
sents several deficiencies such as the need for high protein 
concentrations, random orientation, denaturation and poor 
reproducibility (Silvia et al. 2000; Kumar 2008; Gole and 
Murphy 2008). For biological applications, covalent cou-
pling has the advantage of maintaining the tertiary structure 
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of the protein and minimizing possible injuries (Silvia et al. 
2000; Thobhani et al. 2010). Therefore, the use of SAM’s 
(covalent coupling) has been the most used strategy. The 
most commonly used method involves the zero-crosslinking 
agent, EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide) and NHS (N-hydroxysuccinamide) for the formation of 
amide bond between carboxyl groups of the linkers and the 
primary amines of the proteins (25). Although this approach 
be used in a large number of works, most authors do not 
discuss how to make the method more efficient (Levy et al. 
2006; Bartczak and Kanaras 2011; Sukhanova et al. 2012; 
Wilson et al. 2004, 25).

Herein we investigated the influence of monolayer thick-
ness on colloidal stability (pH and ionic strength) and bio-
conjugation efficiency using bovine serum protein (BSA) as 
a model. The EDC/NHS molar ratio in the covalent coupling 
was evaluated to establish the best experimental condition 
for bioconjugation. Finally, we demonstrate a direct influ-
ence of binder length on colloidal stability and consequently 
on bioconjugation.

Experimental

Chemicals

Tetrachloroauric acid (G4022) and trisodium citrate 
(PHR1416), mercaptohexadecanoic acid (448303), 11-mer-
captoundecanoic acid (447528), mercaptopropionic acid 
(M5801), N-hydroxysuccinamide (NHS) (130672), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) (E6383) 
and lyophilized bovine serum protein (BSA) (05470) were 
purchased from Sigma-Aldrich. All of the chemicals have 
analytical purity and were used as received. All the glass-
ware used here were clean with acqua regia solution (3:1 
 HNO3 HCl).

Instruments

Optical properties were evaluated by UV–Vis spectropho-
tometry (FEMTO 800 XI). The size and morphology of 
gold nanoparticles were examined by transmission elec-
tron mMicroscopy (TEM) operated at 120KV with LaB6 
filament (JEM-1400, JEOL Inc.). The crystalline nature 
of AuNPs was confirmed by X-ray diffractometry (XRD) 
(D8-ADVANCE, BRUKER-AXS). The total concentration 
of nanoparticles was determined using plasma inductively 
coupled to a Perkin Elmer mass spectrometer (ICP-MS) 
(Optima 7000). The functionalization was investigated by 
the absorption in the infrared region (FT-MIR FTLA 2000 
Bomem) and Raman spectrometry (ALPHA 300R). The 
Varioskan Flash Fluorescence Detector (Thermo Scien-
tific) was used to determine the total proteins (excitation at 

280 nm and with emission scanning from 300 to 500 nm). 
The MiniSpin (Eppendorf) was used to centrifugation. 
Ultrapure water for all tests was obtained by the EASYpure 
 II® Thermo Scientific ultrapurification system.

Softwares

The UV–Vis, IR and Raman graphs as well as for statistical 
analysis were performed by Origin Pro 8.5 (trial version) 
and GraphPad Prism version 6.01. Chemical structures were 
drawn using Chemdraw Prime software (courtesy Perkin 
Elmer). Image J to quantify the aspect ratio.

Synthesis and characterization of AUNPs

The synthesis was performed using 15 mL of 2.5 × 10− 4 M 
 HAuCl4 with 1% sodium citrate under stirring for 15 min at 
100 °C (Oliveira et al. 2017). Thus, the colloid was cooled 
in an ice bath and then centrifuged followed by three washes 
to remove the unreacted substances. The material was then 
characterized by UV–Vis, TEM, XRD and ICP-MS.

Surface modification

The thiol ligands used in this study were mercaptopropa-
noic acid (MPA), mercaptoundecanoic acid (MUA) and 
mercaptohexadecanoic acid (MHA), with a spacer length 
of 3, 11 and 16 carbon atoms, respectively, between the 
COOH and SH groups. To the functionalization, 100 µL 
of 10 mM in ethanol of each ligand was added to 1 mL of 
gold nanoparticle solution for 100 h at 800 rpm at room 
temperature (25 °C). A sample without ligands was used 
to control and evaluate the non-covalent interactions with 
the protein. An overview of the binders used in this work is 
shown in Table 1. The modified nanoparticles were washed 
three times by centrifugation (16.873g, 20 min) and then 
resuspended in ultrapure water. The materials were charac-
terized by UV–Vis, FTIR and RAMAN.

Protein coupling (BSA)

For the bioconjugation assays, zero-length crosslinkers were 
used, which are reagents that promote the binding between 
two molecules, without forming an additional compound 
between the two systems (Lacerda et al. 2010). Among 
them, the carbodiimides are widely applying. The strategy 
adopted in this work involves the study of covalent attach-
ment of proteins onto AuNP surface using 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxy-
succinimide (NHS) widely known as the EDC/NHS protocol 
for coupling reactions of SAMs with biomolecules (Herman-
son 2008; Bartczak and Kanaras 2011a, b). The bioconjuga-
tion was performed by optimizing the method using EDC/
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NHS. To adjust the best coupling condition, assays were 
performed with different concentrations using the following 
molar ratios (EDC:NHS), 1:0, 1:1, 1:1.5, 1:2, 1:3 and 1:4. 
Thus, 100 µL of AuNPs with modified surface with (MPA, 
MUA and MHA), 100 µL of EDC (aq.) was added for 30 min 
and then 100 µL of an aqueous solution of NHS (aq.). The 
reaction was kept under stirring (150 rpm) for 30 min. After 
this time 100 µL of the protein (BSA, 15 mM) was inserted 
into the system and allowed to react for 30 min. Bovine 
serum albumin was immobilized through its amino groups, 
forming an amide bond with previously activated carboxylic 
acid (EDC/NHS). After the required time elapsed (30 min), 
the unbound proteins were removed by centrifugation and 
dosed by fluorescence. The amount of protein bound was 
calculated by subtracting the initial concentration minus the 
free protein detected in the supernatant.

Results and discussion

Synthesis and characterization of AUNPs

Size-controlled AuNP solution obtained through citrate 
reduction was characterized by UV–Vis, TEM, XRD and 
ICP-MS. The growth of as-synthesized AuNPs was moni-
tored by the UV–Vis spectroscopy due to characteristic sur-
face plasmon resonance (SPR) band. The UV–Vis spectrum 
reveals a narrow band at 522 nm, indicating the presence 
of monodisperse AuNPs (Fig. 1a). TEM was used to char-
acterize size, shape and monodispersity of AuNPs, reveal-
ing a quasi-spherical shape with 18 nm diameter (Fig. 1b, 
d). These AuNPs were characterized as monodisperse as 
well with predominant spherical shape by AR, which were 
1069 (details in Supporting Information, S1). The crystal-
line nature of AuNPs was confirmed by XRD analysis. The 
four intense diffraction peaks were observed at 2°, and the 
values found were 38.31°, 44.45°, 64.64° and 77.73°, cor-
responding to (111), (200), (220), And (311) reflection of 
the crystalline metallic gold, respectively. A strong diffrac-
tion peak (111) suggests that this pattern is the predominant 

orientation of AuNPs (Fig. 1c). The concentration was deter-
mined by ICP-MS with 27.4 mg/L Au.

AuNP surface analysis

AuNPs were stabilized by electrostatic repulsion of the nega-
tively charged carboxylic ions of citrate adsorbed on their 
surface. Linkers with a stronger binding affinity, such as thi-
ols (Lin et al. 2004; Briñas et al. 2013), can easily replace 
the citrate. Thus, in a second step, the mercaptocarboxylic 
linkers (MPA, MUA and MHA) replaced the citrate mol-
ecules. These ligands give access to new functionalization 
measures. One end (SH) binds to the surface and gives sta-
bility to the AuNPs while the other end (COOH) is exposed 
to the solution. Hence, the transfer constructs high affinity 
bonds between Au and S. On the other hand, free carboxylic 
acid may serve as an anchor for the other amine coupling 
reactions. In addition, the long alkyl chain provides suffi-
cient flexibility so that the active moiety can interact with 
the multivalent receptor (Gasiorek et al. 2015). Dative bonds 
involving thiol-gold grouping are show in the Fig. 2.

To emphasize the difference between SAM’s in con-
trast with AuNPs-cit, comparative measurements have 
been accomplished using UV–Vis spectroscopy (Fig. 3). 
The specters for AuNPs-cit and AuNPs with MPA, MUA 
and MHA were, respectively, 522, 523.5, 525 and 527 nm. 
The bathochromic shifts of the initial SPR band suggest 
that MPA, MUA and MHA have been coupled onto AuNP 
surface. Moreover, the single and narrow SPR bands of all 
ligands indicating a monodisperse population.

The dependence of LSPR band displacement on the chain 
length has also been studied. The regression analysis evi-
dences the effect of the monolayer thickness (local dielec-
tric environment) and the Au–S chemisorptions in the LSPR 
(Fig. 3b). It is possible to verify that an LSPR shifts to red 
0.3 nm for each carbon atom. Since the refractive index of all 
the pure binders used in this work shows low variation, a lin-
ear dependence on the chain length can be attributed to the 
increase in the monolayer thickness. The maximum wave-
length (λ) values for AuNPs, before and after modification, 

Table 1  Data of the thiol grouping linkers used as spacers for coupling reactions

a The length of the binder was determined by the number of carbon atoms in the SH and terminal COOH groups

Ligand (spacer) Abbreviation Chemical structure Molecular formula MM (g/mol) Lengtha

No ligands S/L – – – 0
Mercaptopropanoic acid MPA HSC2H4COOH 106.14 3

Mercaptoundecanoic acid MUA HSC10H20COOH 218.36 11

Mercaptohexadecanoic acid MHA HSC15H30COOH 288.49 16
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Fig. 1  Characterization of AuNPs. UV–visible absorption spectros-
copy for the gold colloid synthesized showing the characteristic plas-
mony peak at 522 nm (a); images obtained by transmission electron 
microscopy (b) at different magnifications showing the size and dis-

tribution of the synthesized nanoparticles. Scale bar 100 and 10 nm; 
X-ray diffraction pattern (c); histogram showing the Gaussian diam-
eter distribution and the aspect ratio (AR) of 500 particles obtained 
by transmission electron microscopy images (d)

Fig. 2  Representative scheme showing the functionalization of a gold nanoparticle with a mercaptocarboxylic linker, in this case mercaptound-
ecanoic acid with SH and COOH groups at each end
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have been confirmed that the amount of carbon determines 
the displacement (Table 2). The linear dependence of the 
wavelength in relation to the thickness was also evidenced 
(Haes et al. 2004).

To confirm the successful and complete ligand exchange 
reaction, Fourier transform infrared (FTIR) spectroscopy 
(Fig. 4a) was carried out. Functional groups of as-syn-
thesized MPA, MUA and MHA-capped AuNPs and their 
controls were identified by comparing the spectra. The 
presence of organic molecules onto AuNP surface was 
confirmed. The vibration peaks are observed in the region 
extending from the C–H group around 2900 cm− 1 for 
the MUA and MHA ligands. This spectrum shows peaks 
at 2910 and 2840 cm− 1 which are characteristics of the 
presence of asymmetric and symmetrical –CH stretching 
vibrations. These vibrations are associated with the car-
bon chain introduced by the functionalization onto AuNP 
surface with the ligands (Feng et al. 2015). In the MPA, 
a band is verified around 1390 cm− 1, which is attributed 
to the axial deformation of the aliphatic C–H groups, 
as previously reported by (Roeges 1995). Bands around 
1600 cm− 1 are characteristics of stretch flexural vibrations 

of the hydroxyl group (Roeges 1995; Lin Vien et al. 1991; 
Socrates 1994). The displacements found around these 
absorption bands may be indicative of the coordination of 
the binder to the metal ion. The wide band found between 
3000 and 3400 cm− 1 is related to the O–H stretching vibra-
tions (Stuart 1997), which can be attributed to the presence 
of water due to the incomplete dehydration.

Raman spectroscopy was used to provide information 
about surface composition of as-synthesized AuNPs. The 
SERS effect of AuNPs-cit and MPA, MUA and MHA-
capped AuNPs was studied (Fig. 4b). The Raman spec-
trum of the control (AuNPs-cit) showed broad bands at 
1358 and 1571 cm− 1, related to the carboxylic groups. 
Refer to asymmetric and symmetrical stretching vibrations 
 (COO− 1), respectively (Mak et al. 2013). The first peak is 
missing in the spectrum of AuNPs exposed to thiolated 
ligands,suggesting that the sulfide ions replaced part of the 
citrate ions chain. A peak around 1106 cm− 1 in the Raman 
spectrum of functionalized AuNPs is also observed, which 
may indicate the presence of S–C bonds (Prado et  al. 
2015), which are visible due to surface amplified Raman 
scattering (SERS).

Fig. 3  Mercaptopropanoic acid (MPA), mercaptoundecanoic acid (MUA) and mercaptohexadecanoic acid (MHA) functionalized AuNP absorp-
tion spectroscopy after 100 h of shaking (800 rpm) (a); chain length dependence in the spectral peak shift LSPR (b)

Table 2  Absorption wavelength 
shift data of alkaline-modified 
AuNPs (SAMs) of various chain 
types

Abbreviation Ligand (spacer) Cx Before modi-
fication

After modifi-
cation

Δλmax (nm)

AuNP’s No ligands C0 522 522 0
AuNP’s-MPA Mercaptopropanoic acid C3 522 523 1
AuNP’s-MUA Mercaptoundecanoic acid C11 522 525 3
AuNP’s-MHA Mercaptohexadecanoic acid C16 522 527 5
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Stability of gold nanoparticles with modified 
surface

AuNPs prepared with sodium citrate are relatively stable 
and monodispersed. The citrate prevents aggregation due 
to negative surface charges. However, after the SAMs with 
terminal carboxylic acid onto AuNPs, it has been specu-
lated that the complex becomes more vulnerable to parti-
cle aggregation and the destabilization strongly depends 
on the pH of the medium (Aslan and Pérez-Luna 2002). 
Thus, the stability of capped AuNPs needs to be moni-
tored. Therefore, the stability of all AuNPs discussed here 
was studied in different pHs (3.0, 5.0, 7.0, 9.0, 10.0) and 
NaCl concentrations (0.25, 0.5, 1.0, 2.5, 5.0 and 10 mM) 
using UV–Vis spectroscopy (Fig. 5). Aggregated AuNPs 
tend to have a broader LSPR bands, with a red shift of 
λmax (Mulvaney 1996; Weisbecker et al. 1996; Mayya et al. 
1997). Moreover, the flocculation assay was performed as 
a semi-quantitative aggregation measurement (Supporting 
Information, Fig. S2).

The flocculation parameter was calculated as a pH func-
tion (Fig. 5a–e). For all assays without binders, AuNPs were 
stable at neutral, alkaline and slightly acid pH (pH > 5). The 
capped AuNPs tend to the same, except for the MPA that 
remained stable throughout the evaluated pH range (3–10), 
as evidenced by the flocculation assay. The instability pre-
sented by the other binders at pH < 5 can be related to pKa 
4.0 of the terminal carboxylic acid, so the electrostatic repul-
sion between particles is reduced in this pH range (Tandford 
1962).

To be useful, AuNPs should exhibit stability not only 
over a wide pH range, but also over different ionic strength 
conditions (Lévy et al. 2004). Therefore, AuNPs with the 
modified surface were submitted to different concentrations 
of NaCl and had their absorption spectrum evaluated to 
investigate the influence of the ligand length as a function 
of ionic strength (Fig. 5e–i). AuNPs-cit was stable up to 
10 mM at pH 7, without shifts in their absorption spectrum. 
NaCl-induced aggregation occurs from 5 mM for the capped 
AuNPs and is more pronounced at 10 mM, as can be seen 
the absorbance decrease from 522 nm and increase at longer 
wavelengths. The flocculation assay was also measured and 
the ligand length affects the colloidal stability. For the MPA, 
the aggregation parameter increases from 2.5 mM NaCl, 
which can be attributed to the MUA which showed a simi-
lar flocculation profile. AuNPs with the greater amount of 
carbons (MHA) showed good stability and low aggregation 
at the highest NaCl concentration (10 mM). In general, these 
results suggest a direct correlation between the ligand length 
and the stability of the modified surface nanoparticles. Other 
authors (Lévy et al. 2004) reported a direct influence of pep-
tide chain size on the stability of AuNPs in different ionic 
strength conditions.

Coupling reaction via EDC/NHS

The coupling efficiency using EDC/NHS is usually low and 
sensitive to pH variations. In addition, colloidal stability 
depends on a delicate balance between attraction and repul-
sion. Thus, coupling protocols require an optimization so as 

Fig. 4  Infrared spectrum of metal nanoparticles functionalized with 
the binders after 100 h of stirring (800 rpm). In the black color, the 
ligand is shown as control and in the blue color is the spectrum of 
the AuNPs after the functionalization. MPA mercapropropanoic acid; 
MUA mercaptoundecanoic acid and MHA mercaptohexadecanoic 

acid (a); Raman spectra and ligands of AuNPs after 100 h of stirring 
(800  rpm) and room temperature (25  °C). AuNPs control without 
ligands (black). AuNPs-MPA (red); AuNPs-MUA (blue) and AuNPs-
MHA (green) (b)
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not to lose stability and achieve efficiency. The optimal reac-
tion conditions may vary according to composition, size and 
shape of the metal and consequently their stability. Many 
authors have reported different concentrations of EDC/NHS 
for biomolecule coupling (Hermanson 2008; Bartczak and 
Kanaras 2011a, b; Jazayeri et al. 2016; Li et al. 2015).

In this work, we investigated the optimal molar ratio to 
conjugation of proteins using bovine serum protein (BSA). 
The intermediate chain binder (MUA) was used as standard 
and the quantification of total proteins was performed by 
fluorescence (Supporting Information, Fig. S3).

The total protein ratio as a function of variations of 
EDC/NHS molar ratio for BSA bioconjugation is presented 

in Fig. 6. The reaction without the use of the stabilizing 
group (NHS) was also performed (EDC/NHS molar ratio 
1:0). The optimum molar ratio for this assay was 1:1.5 
(EDC/NHS). There was a decrease in conjugation effi-
ciency with excess amount of the leaving group (NHS), 
which may be due to competition with the protein by the 
COOH groups activated with EDC (Supporting Informa-
tion, Fig. S4).

After coupling, the bioconjugation was performed with 
all the spacers (MPA, MUA and MHA) and AuNPs as a 
control by electrostatic interaction. Total proteins (µM) pre-
sent onto AuNPs surface increase according the linker length 
(Fig. 6).

Fig. 5  Flocculation parameter in relation to pH of colloidal gold with 
different binders (a); absorption spectrum showing the gold colloid 
with the binders at different pH ranges (3.0, 5.0, 7.0, 9.0, 10.0) and 
the control (no change in pH of the medium). AuNPs without bind-
ers (b); AuNPs functionalized with mercaptopropanoic acid (MPA) 
(c); AuNPs functionalized with mercaptoundecanoic acid (MUA) 
(d); AuNPs functionalized with mercaptohexadecanoic acid (MHA) 

(e); flocculation parameter in relation to the concentration of salts in 
colloidal gold with different binders (e); absorption spectrum show-
ing the gold colloid with the binders at different concentrations of 
NaCl (0.25, 0.5, 1.0, 2.5, 5.0 and 10  mM). AuNPs without binders 
(f); AuNPs functionalized with mercaptopropanoic acid (MPA) (g); 
AuNPs functionalized with mercaptoundecanoic acid (MUA) (h); 
AuNPs functionalized with mercaptohexadecanoic acid (MHA) (i)
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Conclusions

In this study, we evaluated the use of mercaptocarboxylic 
binders of different lengths and discussed from their func-
tionalization using standard techniques such as UV–Vis, 
IR, Raman, DLS, zeta potential and TEM. A study on 
the stability in different ranges of pH and ionic strength 
was carried out to identify the ideal working condition. 
The lowest binder evaluated (MPA) showed stability in a 
wide range of pH (3–10), however, the stability related to 
ionic strength was better for the long chain linker (MHA). 
Finally, an optimization using the EDC/NHS intermediates 
was performed for conjugation with biomolecules using 
bovine serum protein (BSA) as a template. The data pre-
sented show the influence of chain length on the covalent 
and non-covalent coupling steps with nanomaterials. Our 
results open new perspectives to understand the thickness 
influence of monolayers on the generation of reproducible 
and stable nanobioconjugates.
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