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This paper presents a detailed and systematic study of amine functionalization of silica coating of gold

nanostructures and the electrostatic and covalent binding of the prepared silica capped gold

nanostructures to BSA. The involvement of a Tryptophan residue in the hydrophobic pocket of BSA and

its interaction with nanostructures was established. Fluorescence studies of tryptophan residues of the

protein molecules after conjugation revealed that the method of crosslinking did not bring about major

changes to the binding constant (1012 M�1) of BSA to nanostructures. Electrostatic binding indicated a

larger number of binding sites (2.56) on the protein. Nanoparticle binding brought about a reduction in

the characteristic negative ellipticity of BSA, indicating a change in the helical content. The reduction in

the elliptical path of BSA was influenced by both nanoparticle curvature and crosslinker, such as in the

case of glutaraldehyde or by the nanoparticle curvature alone as in the case of zero length crosslinker –

EDC–NHS. Though not a subject matter of this study, the results obtained in this study could have

implications in the design of nanobiomaterials, biosafety concerns and their cellular responses.

1. Introduction

One of the fundamental requirements in the development of

bio-conjugated materials for imaging, diagnosis and therapeu-

tics is the understanding of how various elements present in the

conjugate interact with each other.1,2 Nanoparticle (NP)–protein

conjugates are becoming interestingly relevant for bio-applica-

tions. Properties such as binding constants of protein to

nanoparticles, protein conformation changes if any, kinetics of

binding and morphological changes to the conjugate on

binding have been studied through a wide variety of micro-

scopic and spectroscopic techniques.3

Gold nanoparticles which show spectroscopic properties,4–8

that can be modulated by size and shape variations are ideal

model nanoparticles for such studies.9 Capping of the nano-

particles for preventing aggregation can also be modied to

incorporate functional molecules that can provide for biological

interactions and coupling.10 Nanoparticle–protein interaction

studies have included the role of capping agents such as glu-

tamic acid and citrate on the nanoparticle–protein complexes.8

A critical aspect for consideration during nanoparticle

functionalisation that has emanated from such studies is the

choice of biocompatible coatings. The coating can be either in

situ or post-synthesis. Of these, nanostructures coated with

silica are widely studied – properties of biocompatibility,

controllable porosity,11,12 ability of terminal silanol group to

react with various coupling agents, which can covalently attach

specic receptor binding peptides to the surface of the nano-

particles among others.13

Bovine serum albumin (BSA) is one of the most widely

chosen protein for such investigations as it possesses specic

uorescence properties, associated with the two tryptophan

residues present on the surface and the hydrophobic pocket.14

Complexation of the capped or functionalised nanoparticles to

the protein can be either covalent or non-covalent. Non-covalent

interactions or electrostatic interactions are highly modular in

character, such as the case of DNA to nanoparticles. Covalent

binding can occur through chemisorptions or bifunctional

crosslinkers. Cysteine residues on protein surface or thiol caps

on nanoparticles can bring about chemisorption of protein on

nanoparticle surface. Bifunctional linkers include aldehydes,

carbodiimides and polymers.15–21

Several different and separate studies have been carried out

to understand the gold nanoparticle/nanoparticle–BSA interac-

tions,6,22–26 wherein the complexes are formed either through

covalent or electrostatic interactions. However, a detailed and
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systematic study on the effect of coating and functionalization

of the nanoparticle on protein binding and the conformational

changes in the protein following interaction with the func-

tionalized nanoparticle is not reported.

In this work, with the help of numerous experiments, the

effect of aminosilane functionalization of gold nanoparticles

and their subsequent binding to a model protein–BSA through

(a) EDC–NHS (further denoted as Au@Si@NH2
edc), (b) glutar-

aldehyde (further denoted as Au@Si@NH2
glu) and (c) direct

non-covalent binding through electrostatic interactions

between positively charged functionalized Au and negatively

charged BSA (denoted as Au@Si@NH2
ele) is presented. These

studies will serve as a template for obtaining an optimal strategy

for design of molecular probes.

2. Materials and methods
2.1 Materials

The glassware used for the present study were pre-treated with

aqua regia (3 : 1 v/v ratio of HCl to HNO3) and rinsed thoroughly

with Milli-Q water prior to use. Gold chloride and tetraethyl

orthosilicate (TEOS) was obtained from Sigma-Aldrich, (3-ami-

nopropyl)triethoxysilane (APTES) and N-hydroxy succinimide

(NHS) from Spectrochem Pvt Ltd., India, glutaraldehyde 25%

from Merck India and 1-ethyl-3-(3-dimethylaminopropyl) car-

bodiimide) (EDC) from Acros Organics. All chemicals employed

were used as received. Milli-Q water was used for the prepara-

tion of all solutions.

2.2 Synthesis of gold nanoparticles

Gold nanoparticles (GNP) with a uniform size of �20 nm were

synthesized using the traditional method of citrate based

reduction of gold chloride to gold.27 Briey, to 50 mL (1 mM) of

HAuCl4 boiling aqueous solution, 5 mL of 38.8 mM of sodium

citrate was added rapidly and stirred vigorously under boiling

conditions for 15 min and cooled at room temperature.

2.3 Silica coating to gold nanoparticles (Au@Si and surface

functionalized with amine group)

GNPs were coated with silica adopting earlier procedures28–30

with slight modications. Au@Si was functionalized with

amine group according to the procedure described by Liu and

Han29 with slight modication (ESI†).

2.4 Bioconjugation of Au@Si@NH2 to BSA

Direct adsorption of BSA to Au@Si@NH2. Protein can be

adsorbed or bound to nanoparticle surfaces through either

simple incubation or mixing of the protein and nanoparticle

solutions.31 The stock solution of BSA employed for this study

had a concentration of 1 mg mL�1. PBS buffer adjusted to pH

7.4 was employed for preparation of stock and diluents.

Au@Si@NH2 prepared by the four methods mentioned above

was taken at concentrations ranging from 9.58 � 10�14
–3.01 �

10�10 M with reference to gold nanoparticle concentration and

1 mL of BSA was added. Aer adding the protein solution to the

tubes, the solution was made up to 3 mL with water and the

tubes were subjected to vortex for 5 min, following which it was

shaken for 30 min. The resultant solution was incubated for ve

hours for the adsorption/binding of protein to the Au@Si@NH2

to take place. The samples were refrigerated till further

experiments.

Covalent conjugation of BSA to Au@Si@NH2. For covalent

conjugation of Au@Si@NH2 to BSA via EDC we adopted the

method described by Hong et al.,32 briey, 1 mg of BSA was

dissolved in 10 mL of 50 mM, pH 7.4 PBS buffer. The solution

was subjected to vortex for 5 min and to this 1.55 mg EDC and

1.15 mg NHS (N-hydroxysuccinimide) was added, mixed well

and allowed to react for one h. One mL of the resultant protein

solution was taken in different tubes (the protein concentration

was maintained same in all the tubes) and increasing concen-

trations of Au@Si@NH2 (2.1 � 10�12
–2.1 � 10�11 M) was added

to the tubes and made up to 5 mL, mixed well for 3 h and

refrigerated.

In another experiment Au@Si@NH2 was covalently bound to

BSA using glutaraldehyde as a linker.33 Briey, 10 mg of

Au@Si@NH2 was taken and 5mL of 10 mM PBS was added to it.

The resultant solution was sonicated for 15 min and to this

1.5 mL of 25% glutaraldehyde was added and shaken for 3 h.

The solution was centrifuged at 3500 rpm and redispersed in

5mL of the buffer. Au@Si@NH2 at concentrations ranging from

1.73� 10�12
–1.73� 10�11 Mwas taken in different tubes and to

this 1 mL of BSA (0.1 mg mL�1) was added, made up to 5 mL.

The solution was mixed well and allowed to react. These

samples were used for binding and characterization

experiments.

Electrostatic interaction of BSA to Au@Si@NH2. 10 mg of

Au@Si@NH2 was taken and added to 5 mL of 10 mM buffer

with a pH of 5–5.5 to obtain a net positive charge to the

Au@Si@NH2.
34 From this solution, different volumes of

Au@Si@NH2 were taken so as to have a concentration of 4.8 �

10�12 to 2.4� 10�11 M. To the tubes, 1 mL of BSA (0.1 mg mL�1)

was added, made up to 5 mL with the buffer and subjected to

mild shaking for 30 min at 25 �C and further allowed to react for

5 h. The samples were used for evaluation of binding efficacy

and for characterization experiments.

2.5 UV-visible spectroscopy characterization

UV-visible spectra of GNP, Au@Si@NH2, Au@Si@NH2
edc,

Au@Si@NH2
glu, Au@Si@NH2

ele before and aer binding to BSA

were recorded from 650–400 nm in absorption mode using

Jasco B530 UV-visible spectrometer. Protein–nanostructure (NS)

interactions, induces Plasmonic shis on the NS, leading to

their clustering arising from proximity to other nanoparticles.

The magnitude of such particle clustering can be measured in

terms of interparticle distance s, given by the equation:

Dl=lo ¼ 0:18 exp

�

�
ðs=DÞ

0:23

�

(1)

where Dl/lo is the fractional Plasmon shi, s is the distance

between the surfaces of the articles, D is the particle diameter,

and 0.23 is the decay constant for the universal trend of plot Dl/

lo versus s/D reported elsewhere.3,21
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2.6 Fluorescence quenching measurements

The intrinsic uorescence of BSA is mostly due to the trypto-

phan residues, and hence the emission spectrum of the

conjugated samples was run from 300–450 nm, with excitation

at 290 nm. A Jasco FP6500 spectrourometer was employed for

the measurements. From the uorescence spectra, the binding

constant (Kb) and the numbers of binding sites (n) between

Au@Si@NH2, Au@Si@NH2
edc, Au@Si@NH2

glu, Au@Si@NH2
ele

and BSA can be determined using reported procedure.22 The

details are presented in ESI.†

2.7 Size, size distribution and stability

A Zetasizer 3000HSA (Malvern Instruments, UK), which

measures both particle size and zeta (z) potential using dynamic

light scattering and Doppler electrophoresis was employed for

this study. In the particle size mode, each measurement was

composed of 10 runs. Intensity average diameter and size

distribution was obtained using the inbuilt CONTIN soware.

For zeta potential values, average of 5 independent measure-

ments were taken. The zeta potential measurements were

carried out for Au@Si@NH2
edc

–BSA, Au@Si@NH2
glu

–BSA and

Au@Si@NH2
ele
–BSA, with increasing concentration of nano-

structure at constant protein concentration.

2.8 Characterization of GNPS, Au@Si, Au@Si@NH2 and

Au@Si@NH2
edc

–BSA, Au@Si@NH2
glu

–BSA and

Au@Si@NH2
ele
–BSA

The diameter and morphology of GNPs and Au@Si, were

investigated using Philips CM12 transmission electron micro-

scope, operating at 120 kV. Energy Dispersive Spectroscopy

(EDS) was performed using Au drop coated carbon lm on a

TEM instrument equipped with EDS attachment. Briey, a drop

of the sample was placed on carbon-coated grids, allowed to dry

for 5 min at room temperature. Fourier transform infrared

(FTIR) measurements were recorded in transmission mode

(600–4000 cm�1) for the understanding of introduction of

functional groups on gold nanostructures. The Raman spectra

(for BSA, Au@Si@NH2
edc

–BSA, Au@Si@NH2
glu

–BSA and

Au@Si@NH2
ele
–BSA) were recorded using a Bruker RFS 27:

Standalone FT-Raman Spectrometer model with a laser source

iNd: YAG 1064 nm. The power used was 100 mW (srl¼ 518) with

a scan range of 50–4000 cm�1 and a resolution of 2 cm�1.

2.9 Circular dichroism (CD) measurements

CD measurements were recorded at 25 �C on a Jasco 715

Circular Dichroism spectropolarimeter. The spectra was

measured for every 0.2 nm with a 1 nm band width and at a run

speed of 100 nm min�1 in the far UV region of 197–250 nm and

each spectrum was the average of three scans. The results were

expressed as mean residue ellipticity (MRE) in deg cm2 dmol�1.

The concentration of BSA in the CD study was 3.03 � 10�7 M,

and the concentration of Au@Si@NH2 in the bioconjugates was

28.8 � 10�12 M.

3. Results and discussion
3.1 Characteristic features of the gold nanoparticles

In this work, the classical citrate reduction method was used to

quickly reduce Au(III) to Au(0) which is indicated by the red color

produced.29 From the UV-vis absorbance spectra (Fig. 1), it was

observed that the surface plasmon resonance band (SPR) of

510–550 nm occurred at 523 nm, within the reported range.35

GNPs synthesized (intensity average diameter 27.7 � 2.1 nm as

observed from DLS) were subsequently coated with silica and

functionalized with an amine group,29,30 so as to enable the

conjugation with BSA via EDC and glutaraldehyde.

3.2 Morphological features-TEM and DLS analysis

A spherical geometry with diameter ranging from 15–28 nm was

observed from TEM of GNPs (Fig. 2A). The electron diffraction

pattern recorded for the nanoparticles (inset of Fig. 2A)

matched with that of standard gold nanoparticles.36 Further

conrmation to the presence of Au was obtained from energy

dispersive X-ray analysis (EDAX) performed aer suitable

corrections which showed the presence of gold atom (ESI, Table

S1†). Information on size was obtained from dynamic light

scattering [DLS] technique, where nanoparticles were found to

be distributed over a range of 16.7 to 41.8 nm, with hydrody-

namic diameter of 27.7 � 2.1 nm (ESI, Table S2†). The plot of

particle size distribution is presented in Fig. S1.†

3.3 IR studies of silica coated GNP

The citrate reduction method follows a two-step reaction with

formation of Au–citrate complex as the rst step and subse-

quent reduction of Au and oxidation of citrate as the second.37

IR spectra of the Au–citrate complex indicated that bands

assigned to OH stretching (3495 and 3292 cm�1), C–O stretch-

ing of COOH (1754 cm�1) and asymmetric COO– stretching

(1712 cm�1)38 were either broadened (3306–3564 cm�1) or

Fig. 1 UV-vis spectra of gold nanoparticles (Au) (1), surface capped

nanoparticles (Au@Si) (2) amine coated silica (Au@Si@NH2) (3), BSA

linked nanostructures (Au@Si@NH2
edc) (4), (Au@Si@NH2

ele) (5) and

(Au@Si@NH2
glu) (6). Dotted lines represent lmax for Au and Au@Si@NH2

at 523 and 537 nm respectively.

1414 | RSC Adv., 2014, 4, 1412–1420 This journal is © The Royal Society of Chemistry 2014

RSC Advances Paper

P
u
b
li

sh
ed

 o
n
 1

5
 N

o
v
em

b
er

 2
0
1
3
. 
D

o
w

n
lo

ad
ed

 b
y
 U

N
IV

E
R

S
IT

Y
 O

F
 B

R
IG

H
T

O
N

 o
n
 1

7
/0

7
/2

0
1
4
 1

4
:1

0
:2

1
. 

View Article Online



diminished (Fig. 3). The shoulder bands associated with O–H

stretching of H-bonded COOH of citrate at 2643 and 2670 cm�1

disappeared for the Au(III)–citrate complex, which suggested a

competitive binding between H+ and Au(III) for the COO� in the

citrate. The band at 1635 cm�1 could be attributed to the

reaction product of OH�, H2O and oxidized products of citrate

formed during the citrate reduction of Au3+ (Fig. 3).38

3.4 Characteristic features of the functionalized gold

nanoparticles

The SPR of GNPs coated with silica (Au@Si) and subsequently

functionalized with amine group (Au@Si@NH2) showed a red

shi. For the optimized method of coating, the SPR band was

red shied to 533 nm and 537 nm in the case of Au@Si and

Au@Si@NH2 (Fig. 1) respectively. A broadening of the SPR band

observed in this study is due to increased scattering of light

from the silica.39

From the DLS measurements, the hydrodynamic diameter of

Au@Si and Au@Si@NH2 was found to be 82 nm and 97 nm (ESI,

Table S2†) respectively which explains the red shi in the SPR,

as well as the change in the color of the solution from wine red

to blue. Contrast variation between the nanoparticles and their

surroundings observed in the TEM image of the Au@Si nano-

structures (Fig. 2b), conrms the Si coating over Au nano-

particles. The highly reactive Si surfaces provided a sequential

connectivity between nanostructures, resulting in the formation

clusters, whose stability in pH 7.4 was reduced as seen from zeta

potential values discussed subsequently in this paper similar to

previous observations.39 EDAX analysis (ESI, Table S1†)

conrmed the presence of silica in the low contrast regions

observed in the micrograph. FTIR spectra (Fig. 3) of Au@Si and

Au@Si@NH2 showed bands at 1103 cm�1 and 850 cm�1, which

can be assigned to the asymmetric and symmetric stretch of the

Si–O–Si bond. In the case of Au@Si@NH2, a band observed at

3345 cm�1 can be assigned to –NH bond as against the broad

band assigned for –OH for Au@Si at 3500 cm�1. In both the

cases, –CH2 bending band appears at approximately 1450 cm�1

and the –CH stretch band appears at 2888 cm�1.

3.5 Protein nanoparticle assembly

In order to understand themode of binding of the protein to the

functionalized nanostructures, nanostructures were transferred

to PBS buffer. A pH of 5.5 was maintained for studying binding

through electrostatic interactions, while pH 7.4 was employed

for crosslinking through EDC or glutaraldehyde (Scheme 1).

Electrostatic interactions cannot be ruled out in the case of EDC

and glutaraldehyde mediated interactions, but covalent inter-

actions are dominant. SPR of gold nanoparticles is very sensi-

tive to the surrounding environment such as solvent and mode

of binding among others40 and is known to cause red shis.

However, no such obvious shi in the UV-vis spectra was

observed of the nanostructures transferred to PBS buffer at pH

5.5 or 7.4 in this study (data not represented).

On conjugation to BSA, a red shi in the SPR band of

Au@Si@NH2 was observed (537 nm / 545ele, 549glu and

553edc). Interparticle distances between gold nanostructures

conjugated to a protein can be directly related to the nano-

particle surface chemistry, density of protein at nanoparticle

surface and position of binding site in the protein.41 By

employing l value of 537 nm for Au@Si@NH2, and an averaged

value of three measurements for various conjugated systems,

the interparticle distance was calculated using the concept and

equation derived by Jain et al.,42 the determination of inter-

particle distance between nanostructures conjugated to BSA,

Fig. 2 (A) TEM micrograph of gold nanoparticle and the inset shows

the SAED (selected area electron diffraction) pattern of gold nano-

particles. (B) TEM micrograph of silica gold nanoparticle (Au@Si).

Fig. 3 FTIR spectra of gold and gold capped nanostructures (Au,

Au@Si and Au@Si@NH2).

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 1412–1420 | 1415
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through a particular crosslinking method, provides a direct

evidence of the role of a crosslinker in bringing about changes

to the structure and morphology of the protein–nanoparticle

complex.

Interparticle distance between nanostructures was found

to follow the order Au@Si@NH2
ele

–BSA (65.07 � 2.82 nm) >

Au@Si@NH2
glu

–BSA (54.72 � 3.51 nm) > Au@Si@NH2
edc

–BSA

(48.66 � 3.64 nm). Electrostatic interactions between protein

and the functionalized nanostructures is expected to be

accompanied by repulsion between two similar charges such

as between nanoparticles. The nanostructure–protein system,

under such circumstances can be considered to be one at

equilibrium, where the forces of repulsion and attraction are

matched, resulting in higher separation between two conju-

gated nanoparticles. The advantage of zero-length crosslinker

can be easily recognized from the interparticle distance.

The higher value for the glutaraldehyde mediated system can

be attributed to the crosslinker length and possible steric

hindrance. In EDC–NHS conjugation of BSA to Au@Si@NH2

the interparticle distance is less. EDC is used for covalent

bond formation by activating the COOH group of BSA, which

in turn is attracted towards the amine group of the nano-

structure resulting in a covalent linkage of nanoparticle and

the protein.

3.6 Molecular groups involved in BSA–nanostructure

interaction: Raman spectroscopy

Raman spectroscopy was employed in this study to identify the

specic molecular groups involved in BSA–nanostructure

interaction (Fig. 4). Raman spectra of BSA and its conjugate with

gold nanostructures is shown in Fig. 4A. BSA has 583 amino

acids and thus 582 peptidic groups corresponding to a molec-

ular weight of 66 463 Da.43 The two tryptophan residues of BSA

are characteristically positioned at the surface and hydrophobic

pockets at positions 134 and 212, with the one at 134 position

being on the surface.14 Raman shi upon conjugation to the

nanostructures through the crosslinkers has been evaluated

and is presented in Fig. 4B. The shi in the spectra illustrates

the binding and conjugation of nanostructures to the protein.

In the case of BSA–Au@Si@NH2
ele and BSA–AU@Si@NH2

edc,

Scheme 1 Scheme reaction of BSA binding to the amine functional-

ized nanostructures (Au@Si@NH2). 1 represents covalent binding of

BSA to amine functionalized nanostructures via, EDC–NHS, 2 repre-

sents electrostatic interaction of BSA and amine functionalized

nanostructure and 3 represents covalent binding of BSA to amine

functionalized nanostructure via, glutaraldehyde.

Fig. 4 (A) Raman spectra of BSA and the conjugated BSA. (B) Raman

spectral difference of BSA with respect to the BSA linked nano-

structure. (C) Intensity ratio (I855/I830) of BSA and conjugated BSA.

1416 | RSC Adv., 2014, 4, 1412–1420 This journal is © The Royal Society of Chemistry 2014
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the shi in the Raman spectra is attributed to amide I and

amide II regions in the crosslinking process, more so in the a

helical region of the protein. Conjugation of Au@Si@NH2

through glutaraldehyde to BSA was accompanied by a reduced

intensity of the indicated signal at 1614.57 cm�1, suggesting an

alteration in a helical content of the protein. Prominent signals

at 1227.93 and 1457.11 cm�1 in the case of electrostatic inter-

actions, suggest the increasing contribution of b sheets in the

binding. Some of the specic bands associated with amino

acids in BSA underwent changes on conjugation with nano-

structures, indicating their participation in the binding. For

instance, tryptophan in the hydrophobic pocket of BSA was

involved in binding to the nanostructures, as evidenced from

the change in the intensity of the tryptophan band at 1011.28

cm�1 (0.00275, 0.00294, 0.00345 and 0.00319 for BSA, BSA–

Au@Si@NH2
edc, BSA–Au@Si@NH2

ele and BSA–Au@Si@NH2
glu

respectively). Such a binding is reported to decrease the

hydrophobicity through an increased net charge on the

protein.44,45 The Fermi resonance (I855/I830) of Tyr residue for the

conjugates of BSA with Au@Si@NH2
edc, Au@Si@NH2

glu and

Au@Si@NH2
ele (Fig. 4C) was found to be 0.74, 0.65 and 0.63

respectively. A value of less than 1 for the Fermi resonance of

Tyr residue, suggests the involvement of phenolic oxygen of

tyrosine in BSA in proton donation, leading to a stronger H-

bond, more so in the case of BSA–Au@Si@NH2
ele.

3.7 Conjugation/absorption – induced BSA conformational

changes: circular dichroism

In situ or ex situ strategies employed for nanoparticle–protein

conjugation need to be evaluated for changes in protein

conformation at the interface between nanostructures and

protein, i.e. the protein in immediate contact with the nano-

structures. An extensive review by Mahmoudi et al.,46 looks at

the role played by the NP on the thermodynamics and kinetic

aspects of NP–protein corona formation. However, the role of

the crosslinker on the conformation of protein needs to be

addressed A change in protein conformation is likely to lead to

changes in functionality of the protein by nanoparticle,47 such

as aggregation and inappropriate interaction with cellular

components which leads to cell death. Circular dichroism is the

most ideal analytical tool to study the interaction of proteins

with other molecules and to understand the conformation of

protein is. In this work, the crucial role played by nanoparticle

capping and functionalization agent on the protein conforma-

tion was evaluated using circular dichroism and uorescence

spectroscopy. Conventional rst principle based approaches

were employed to quantify the observations.3,46,48

BSA has a high percentage of a-helical (67%) structure,

which shows a characteristic CD signal in the far UV-region.

Changes in the ellipticity at 208 nm and 222 nm are useful

probes for understanding changes in the a-helical content of

the protein. Fig. 5 shows the typical CD spectra of BSA and BSA

conjugated with Au@Si@NH2 through different conjugation

methods chosen in this work. CD spectrum of BSA was char-

acterized by a high negative ellipticity due to its rich a-helical

content. Conjugation with Au@Si@NH2, indicated a loss of a-

helical content. It is reported that such changes are predomi-

nantly at the boundary surface of nanoparticles.7,49,50 A reduc-

tion in negative ellipticity, which followed the order glu > ele >

edc is an indication of the extent of perturbation brought about

by the crosslinker on the protein. In this work, though a direct

measure of the quantum of protein at the protein–nano-

structure interface was not available, zeta potential measure-

ments, [discussed in the later part of the study] are indicative of

the free protein surrounding the nanostructures. The changes

in the helical content of the protein on interaction with the

nanostructure has to be related to both, a stronger structural

change brought about by the crosslinker or a low degree of

surface coverage of the nanoparticle by the protein, as nano-

structures induced protein conformation change is also related

to the NP curvature.3 Lesser degree of change to the ellipticity

observed when crosslinked through EDC can then be attributed

to only surface coating on NP as seen in the case of EDC–

NHS.17,51–53 It is quite possible that the observed changes in

helicity of BSA could bring about alterations in protein

activity,54,55 as indicated by a broadening/shi in the Trypto-

phan uorescence peak.56

3.8 Kinetics of BSA–NS binding: uorescence spectroscopy

It is well known that presence of Trp, Tyr and Phe residues on

BSA contribute to the uorescence emission from the protein,

with Tryptophan having the highest emission intensity due to

relatively large excited-state dipole moment.9 Alongside

conformational changes to BSA, the microenvironment around

Tryptophan residues in the hydrophobic pocket of domain II

and surface of domain I also changes. To understand the

kinetics of binding of Au@Si@NH2 in the absence of various

crosslinkers to BSA, Tryptophan was employed as an intrinsic

probe (lext – 290 nm). A decrease in uorescence intensity of

BSA with increasing concentration of Au@Si@NH2 (Fig. 6) was

observed, indicating its role in the quenching process. When

binding of Au@Si@NH2 occurs at a site in the proximity of any

one of the Tryptophan, uorescence from that Tryptophan

would be quenched and the emission would be from the other

Tryptophan residue, which is free. Au@Si@NH2 prepared by all

the methods in this study [described in ESI†] showed a decrease

Fig. 5 CD Spectra of BSA and conjugated BSA.
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in uorescence, coupled with a red shi in the emission band of

Tryptophan by only about 4 nm, indicating that the changes to

the ellipticity of the protein as observed in CD was not signi-

cant enough to bring about protein denaturation.

A variation in binding constant and number of binding sites

(n) was noticed (ESI†), which indicates polarity changes around

tryptophan residues. Changes in the kinetics of binding as

brought about by the silica coated nanoparticles, is an indica-

tion of the role of protein coating on the nanostructures in

bringing about conformational changes to the protein

(Fig. S2†).31 For studies on understanding the role of cross-

linkers, an optimized method of synthesis of Au@Si@NH2 was

evolved based on methods which provided for higher binding

constant and larger number of binding sites. Binding constants

and number of binding sites determined from experiments

performed in triplicates and employing Stern–Volmer plots is

presented in Table 1. Irrespective of the crosslinker, constant

binding values of the order of 1012 M�1 weres indicative of a

strong quenching of the uorescence of BSA by Au@Si@NH2

(Fig. 6A–C). This was inuenced by the crosslinker as well as the

changes that it brings about to the environment around the

Tryptophan residue. Interestingly the binding constant

obtained in this study was an order of magnitude higher than

that reported by Iosin et al., on GNP–BSA conjugates.9 The

method of crosslinking, whether it be through electrostatic

interaction or through a zero length or heterobifunctional

linker, has no direct role on the kinetics of Au nanostructure-

BSA binding. The ability of the crosslinker in bringing about

changes to the protein–Au interface, leading to the manner in

which the protein is coated over the nanostructure surface thus

seems critical. The number of binding sites (n) determined from

the intrinsic uorescence of the protein was found to be higher

with non-specic electrostatic interaction as against the cova-

lent interaction. This is expected as EDC–NHS as well as

glutaraldehyde crosslinking would occur through specic sites

in the protein, the number and accessibility of which controls

the binding efficacy.

The results obtained in this study like those reported earlier

as7,57 point to the fact that at a higher ionic strength, the elec-

trostatically driven processes are likely to be perturbed, leaving

the covalent interactions intact. In a similar manner, the size

and shape of the nanoparticle could inuence the interparticle

distances and thus the kinetics of binding. Interestingly the

shape of the particle also has a role in protecting the protein

from heat induced conformational changes.58

3.9 Stability of BSA–NS conjugates: zeta potential

measurements

While citrate stabilized gold nanoparticles were very stable (z

potential �42.8 � 1.8 mV), silica capping induced an

Fig. 6 (A) Fluorescence spectra of BSA and BSA conjugated nano-

particle via electrostatic interaction obtained using various concen-

trations of Au@Si@NH2. (B) Fluorescence spectra of BSA and BSA

conjugated nanostructure via EDC–NHS chemistry obtained using

various concentrations of Au@Si@NH2. (C) Fluorescence spectra of

BSA and BSA conjugated nanostructure via glutaraldehyde crosslinking

obtained using various concentrations of Au@Si@NH2.

Table 1 Binding constant and number of binding sites for binding of

Au@Si@NH2 in the presence and absence of cross linkersa

Method of

conjugation Kb (M�1) n R

Electrostatic 0.06 � 0.001 � 1012 2.56 � 0.40 0.91 � 0.07

Glutaraldehyde 0.19 � 0.001 � 1012 1.24 � 0.23 0.89 � 0.12

EDC–NHS 0.10 � 0.006 � 1012 1.50 � 0.40 0.75 � 0.11

a Values are an average of triplicate measurements.
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aggregation of the nanoparticles, as observed from TEM

images, with end result of reduction in z potential by approxi-

mately 10 units (�32 � 1.4 mV). Amine functionalization

further reduced the z potential value to �23.8 � 1.2 mV

(measurements being carried out at pH 7.4). The resulting BSA–

Au@Si@NH2 complexes prepared as per pH conditions

mentioned in Scheme 1 were stable in aqueous media as

determined by the zeta potential measurements. BSA imparts

stability to networked structure of nanoparticles against

aggregation by both electrostatic forces and steric interactions

arising from macro proteins siting on adjacent nanostructures

preventing the nanostructures from getting closer and aggre-

gating. As expected the net negative charge increases as nano-

particle concentration increases (Table 2) in the case of covalent

binding (from �14.9 mV to �36.3 mV). An interesting obser-

vation made in this study is that in spite of the Au@Si@NH2
ele

nanostructures being positively charged at pH 5.5, the resulting

complex was negatively charged, even at the highest concen-

tration of nanoparticles investigated in this study (from �26.3

mV to �18.4 mV). This observation is an indication of the

presence of free BSA surrounding the BSA–Au@Si@NH2 inter-

face, indicated as so corona elsewhere.46 It was observed that

the percentage of free BSA associated with the protein–nano-

structure network follows the order Au@Si@NH2
ele
–BSA >

Au@Si@NH2
glu

–BSA > Au@Si@NH2
edc

–BSA (ESI†). The inter-

action of negatively charged BSA (isoelectric point of BSA – 4.7)

with Au@Si@NH2
edc/glu, as expected increases the stability of

the resultant complex, as concentration of Au increases. It can

be postulated that the covalent binding of the protein to the

nanoparticle surfaces, through specic sites on the protein

results in a complex with a relatively higher level of stability

through a stable balance of attractive and repulsive forces.

4. Conclusions

In conclusion, the role of mode of binding on the dynamics and

mechanism of binding of silica coated Au nanostructures to a

model protein BSA has been investigated in detail. Contrary to

expectations, the binding constant values for electrostatic and

covalent binding of Au nanostructures to protein were similar,

while the number of binding sites was higher with non-specic

interactions. From the Raman spectra, the possible role of

tryptophan in the hydrophobic pocket of the protein in binding

to the silica coated nanostructures was identied. The changes

in the a-helical content of the protein in immediate contact with

the nanoparticle were established using CD spectroscopy.

Though both EDC–NHS and glutaraldehyde were involved in

covalent crosslinking of Au nanostructures to BSA, the changes

in the protein ellipticity was lowest with EDC–NHS conjugation,

possibly because change was inuenced only by the silica

coated and amine functionalized nanoparticle curvature and

not by the binding of the linker to the protein surface.

Conformational changes to the protein observed in this study

were not signicant enough to cause protein denaturation as

indicated by a minor shi in the uorescence peak of trypto-

phan. In conclusion, this work provides an insight into how

conjugated systems, with potential applications based on

protein conformation and functionalities, could be designed

through modication of conjugation method and/or surface

coating.
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