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We present theoretical calculations for the absorption properties of protein-coated gold nanoparticles

on graphene and graphite substrates. As the substrate is far away from nanoparticles, numerical

results show that the number of protein bovine serum molecules aggregating on gold surfaces can be

quantitatively determined for gold nanoparticles with arbitrary size by means of the Mie theory and

the absorption spectra. The presence of a graphene substrate near the protein-conjugated gold

nanoparticles results in a red shift of the surface plasmon resonances of the nanoparticles. This effect

can be modulated upon changing the graphene chemical potential. Our findings show that the

graphene and graphite affect the absorption spectra in a similar way. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826514]

The enhancement of surface interactions and quantum

confinement effects are at the heart of many novel applica-

tions at the nanoscale. Of particular interest are magnetic

nanoparticles (NPs). While NPs made of Fe3O4 or Co show

novel magnetic characteristics strongly sensitive to external

fields, noble metal NPs, made of Au, have fascinating prop-

erties derived from their localized surface plasmon resonan-

ces. Consequently, NPs have been used in a variety of

devices, such as solar cells,1–3 electrocatalysts,4 and sensors

with high sensitivity.5–7 In many applications, the support of

substrates to metallic NPs are proven to be highly effective

in maximizing the performance of these structures.8–12 One

of the interesting features due to the presence of a substrate

is the red shift in the resonance wavelength. This effect is

strong in metallic NPs and it is particularly useful for the

design of optical sensors.

Gold nanoparticle bioconjugates have also been investi-

gated in order to construct functional devices for cellular

imaging, drug delivery, and biomolecule detection. Bovine

Serum Albumin (BSA) proteins have been particularly useful

in this regard.13 The BSA substance not only prevents the

AuNPs to assemble together but it is also effective for thera-

peutic deliveries and attaching AuNPs in living matter.

Because of their large scattering crossing sections, individual

BSA-AuNPs can be imaged under white light illumination.

Furthermore, finding ways to tune the plasmon resonances

across the visible spectrum via changing the particle size and

shape has been particularly useful in optimizing the applica-

tion of nanoparticles bioconjugates.

Graphene, an atomically thin 2D material, with out-

standing mechanical, optical, and electric properties has

been broadly investigated as a promising support material

for metallic NPs.8–10,14 In theoretical studies, researchers

used the dielectric function of pristine graphene fitted from

available experimental data.15 However, such modelling has

limitations since it cannot take into account the effect of

doping, external fields, and temperature in a continuous way.

Previous studies have shown that these factors can be used

effectively to tune the response properties of graphene for a

variety of applications

In this paper, the absorption and scattering cross sections

of a AuNP in an aqueous BSA protein solution on a graphitic

substrate (Fig. 1) is considered theoretically. The system is

formed as the BSA protein and AuNP are placed in water.

Some of the water mixes with the protein, and this BSA

aqueous solution is attracted to the AuNP via a van der

Waals interaction (Fig. 1(a)). As a result, a protein conju-

gated nanoparticle is formed in the water. The composite

particle is positioned above a graphitic substrate, as shown in

Fig. 1(b). For the calculations, the Mie theory is used via the

expressions16

rsca ¼
k4

6p
jaj2;

rabs ¼ kImðaÞ;
(1)

where rsca and rabs correspond to the scattering and absorp-

tion spectra of the system, respectively. Also, a is the result-

ant polarizability of the objects, k ¼ 2pn=k, and n is the

refractive index of medium.

The core-shell particle without the graphene (Fig. 1(b))

is considered first ðd ¼ 1Þ. The composite polarizability is

found from Maxwell-Garnett (MG) theory for an effective

medium approximation17

a ¼ 4pr3
2

e2ea � e3eb

e2ea þ 2e3eb
; (2)

ea ¼ e1 1þ 2
r1

r2

� �3
" #

þ 2e2 1� r1

r2

� �3
" #

; (3)

eb ¼ e1 1� r1

r2

� �3
" #

þ e2 2þ r1

r2

� �3
" #

; (4)

where e1; e2, and e3 are the dielectric function for the core

(AuNP), shell (BSA), and surrounding medium, respectively.a)Electronic mail: anhphan@mail.usf.edu
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The dielectric function for the Au core can be described

by a Drude model e1 ¼ 1� x2
p=½xðxþ iCÞ� with xp being

the plasma frequency of gold and C being the damping pa-

rameter. We note that the Drude expression works well for

bulk predicting a plasmon resonance at around 216 nm.17

However, for AuNP with diameter of 15 nm, the resonant

wavelength is observed at around 510 nm.18 This shift has

been attributed to the finite size of the nanoparticles. Other

experimental data show that the Drude model is not suffi-

cient to describe the Au dielectric properties for a wider fre-

quency range.19

To accommodate wider frequency range and take into

account the dimensions of the AuNP, we use a modified

Drude-Lorents model with several oscillators20

e1ðkÞ ¼ 1�
f0=k

2
p

1=k2 þ i=ðkc0Þ
þ
X5

j¼1

fj=k
2
p

1=k2
j � i=ðkcjÞ � 1=k2

;

(5)

in which f0 and fj are the oscillator strengths. The first two

terms in Eq. (5) represent the Drude term in the Au dielectric

function with modified plasma frequency due to f0. The other

terms correspond to interband transitions from the bound

electrons. The Au dielectric function has been obtained

experimentally and it can be represented via five oscillators

with a very good accuracy. The experimental characteristics,

typically given in terms of wavelengths ðkp;i ¼ 2pc=xp;iÞ,
are shown in Table I.

The finite size of the nanoparticle is particularly impor-

tant when r1 � 20 nm. Its effect is taken into account by

modifying the scattering parameter c ¼ c0 þ AvF=r1, where

vF is the Au Fermi velocity19 and 0:1 � A � 1 is the parame-

ter describing the scattering processes.19 Clearly, if A is large

and r1 is small, c can differ significantly from the bulk c0.

Since the protein is in water solution, the dielectric func-

tion of the BSA/water mixture is described as a composite

given by

e2ðkÞ ¼ f eprotein þ ð1� f Þew; (6)

where f is the fraction of protein comprising the shell and

ew ¼ 1:77 is the dielectric constant of water.19 BSA can also

be described via a set of Lorentz oscillators22

eproteinðkÞ ¼ 1þ
X

j

1=K2
j

1=k2
j � i=ðkcjÞ � 1=k2

: (7)

Experimental studies have shown that the BSA spectrum

can be accurately represented with four oscillators with

characteristics given K1 ¼ 10853:54nm; K2 ¼ 878:5nm;
K3 ¼ 92:6nm; K4 ¼ 82:81nm ; c1 ¼1; c2 ¼ 2484:52nm; c3

¼ 155:28nm; c4 ¼ 65:38nm;k1 ¼ 6059:8nm; k2 ¼ 194:1nm;
k3 ¼ 99:38nm, and k4 ¼ 57:78nm.22

The medium is taken to be water with a dielectric func-

tion e3 ¼ ew.

The absorption and scattering sections for the cases of

AuNP without and with the BSA layer submerged in water

are calculated. The results presented in Figure 2 show how

rabs;scatt behaves as a function of the wavelength. Here, we

take that r1¼ 8 nm for the AuNP and r2¼ 11.15 nm for the

shell. Recent experiments indicate that such a configuration

corresponds to a BSA monolayer around the Au core.23 To

achieve a very good agreement with the reported data in

Ref. 18 for the AuNP/water system, the parameter A, which

takes into account the finite size of the NP in c0, is taken to

be A¼ 0.4. For the case of AuNP/BSA/water, A¼ 0.61.19,24

The increase in A indicates that the presence of the protein

enhances the effect of the finite NP size on the cross section.

Figure 2(a) shows that the absorption spectrum has similar

FIG. 1. (a) BSA protein adsorbing on an AuNP. (b) Schematic illustration of

AuNP and a substrate at a separation distance d measured from the center of

NP to the surface of the substrate. (c) BSA protein modelled by an equilat-

eral triangular prism with dimensions 84� 84� 84� 31.5 Å.

TABLE I. Parameters for dielectric function of AuNP and graphite provided

in Refs. 20 and 21.

Parameter AuNP Graphite

f0 0.76 0.014

c0 (nm) 23438.9 195.17

kp (nm) 138 46.01

f1 0.024 0.073

c1 (nm) 5154.6 302.84

k1 (nm) 2993.4 4517.31

f2 0.010 0.056

c2 (nm) 3600.75 169.52

k2 (nm) 1496.7 354.122

f3 0.071 0.069

c3 (nm) 418.41 878.54

k3 (nm) 1427.9 279.10

f4 0.601 0.005

c4 (nm) 498.1 27005.65

k4 (nm) 288.63 91.403

f5 4.384 0.262

c5 (nm) 561.1 667.164

k5 (nm) 93.26 87.323

f6 … 0.460

c6 (nm) … 104.2

k6 (nm) … 15.55

f7 … 0.2

c7 (nm) … 31.78

k7 (nm) … 38.81
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magnitude regardless of the presence of BSA, although the

protein reduces the width of the peak to some extent. It is

clear that by changing A, one can modify rabs. Figure 2 also

indicates that the spectrum is dominated by absorption as

rscatt is several orders of magnitude smaller as compared to

rabs. Thus, for the rest of this study, only the absorption

spectrum is considered.

The parameter f in Eq. (6) characterizing the fraction of

BSA present in the shell also affects the absorption and scat-

tering spectra. Figure 2 illustrating plasmon shifts of AuNPs

in aqueous environment due to adding BSA proteins can be

explained by taking f¼ 0.4. We can employ this model to

explain surface plasmon absorption shifts if DNA is added to

the aqueous solution instead of BSA proteins.25 Further stud-

ies investigating NPs of various shapes and extensions26,27

show that the size of the NPs have a much greater effect on

the spectra, while f � 0:4. Since the f value is directly

related to amount of protein around the core, it is concluded

that a single layer of protein forms the shell regardless of NP

dimensions.23,24,27 Thus, based on this, we take f¼ 0.4 for

the calculation presented here.

In addition to examining the absorption spectrum of Au

NPs and the role of BSA, the number of proteins in the shell

can also be estimated using

N ¼ 4pf ðr3
2 � r3

1Þ
3V0

; (8)

where V0 is the volume of one BSA protein molecule.

Several studies have shown that BSA conforms into a

heart-like shaped structure23,28,29 sketched in Fig. 1(c) sur-

rounding the AuNP. Here, we model this with triangular

shape with equal sites of 84 Å and thickness of 31.5 Å. Using

Eq. (8), it is found that N� 15, which compares well with

the previous experiments,23 which report N � 12 BSA pro-

tein molecules around a AuNP with an average diameter of

13 nm. Another previous paper27 reported that there are

approximately 16 BSA molecules on the AuNPs with diame-

ter 15 nm because the surface density of protein BSA is

2� 1012 molecules/cm2 for AuNPs with the diameter of

10–20 nm. As a result, our calculation has a good agreement

with previous experiments studies. One notes that the num-

ber of proteins increases linearly with the radius of the NP.

In practical, it is difficult to synthesize all NPs with the same

size. It was found that the size effects have a considerable

impact on the optical response of NP.26 Individual metallic

NPs with desired shape and size with attached BSA proteins

can be characterized using optical trapping.30,31

We further investigate how the protein covered AuNP

absorption spectrum is affected by the presence of a sub-

strate. In this case, the polarizability of the nanoparticle is

modified according to32

am ¼ a 1� r2

2d

� �3 e2ea � e3eb

e2ea þ 2e3eb

e4 � e3

e4 þ e3

" #�1

; (9)

where e4 is the dielectric function of the substrate and d is

the distance between the center of AuNP and the surface of

substrate. For most materials, it is not easy to modify the

response properties in a continuous and controlled manner.

Being able to modulate e4 in such fashion can be beneficial

for the optical control of the AuNP/protein composites to

devise efficient ways for biosensing with high sensitivity.

Recent work has shown that response properties of graphene

can be tuned via its chemical potential l.33,34 Doping or

applied external electric fields can change l, which affects

its surface plasmon characteristics.

Here, we consider graphene and graphite as two possible

substrates. Our goal is to provide an effective way to change

the surface plasmon characteristics of the core-shell structures

by manipulating the substrate. In addition, we will distinguish

the role of the surface of the substrate as compared to the bulk.

To facilitate our studies, the graphene dielectric function

is calculated via the 2D conductivity r, which is expressed

using the Kubo formalism with the chemical potential l
explicitly taken into account35

e4ðxÞ ¼ egðxÞ ¼ 1þ irðxÞ
e0xh0

; (10)

rðxÞ ¼ 2ie2kBT

p�h2x
ln 2 cosh

l
2kBT

� �

þ e2

4�h
hð�hx� 2lÞ � i

2p
ln
ð�hxþ 2lÞ2

ð�hx� 2lÞ2

" #
; (11)

where h0¼ 0.34 nm is the thickness of graphene, e0 is the

vacuum permittivity, kB is the Boltzmann constant, T is tem-

perature, �h is the Plank constant, and e is the charge of elec-

tron. Note that Eq. (11) is valid when l� kBT. For pristine

graphene ðl ¼ 0Þ, the graphene conductivity is described via

its universal value rðxÞ ¼ r0 ¼ e2=4�h.35 The chemical

potential of graphene can be easily changed via an applied

external electric field. Using the relation33,34 pe0�h2v2
0

e E

¼
Ð1

0
E½f ðEÞ � f ðEþ 2lÞ�dE with v0¼ c/300, one finds, for

example, that electric field of strength E ¼ 6:64� 109 V=m

corresponds to l ¼ 1 eV at T¼ 300 K.

The dielectric function for graphite e4ðxÞ ¼ egðxÞ can be

calculated via Eq. (5) with characteristics shown in Table I.

These have been calculated via ab initio simulations and also

compared to available experimental data to ensure that they

reproduce well the dielectric and optical properties of

graphite.21,36

The calculated absorption spectra of the BSA conju-

gated AuNP in aqueous solution above a graphene substrate

FIG. 2. The absorption and scattering cross sections of AuNPs in water with

and without BSA in the visible spectrum. The diameter of AuNPs in the cal-

culations is 16 nm.

163702-3 Phan et al. Appl. Phys. Lett. 103, 163702 (2013)



is shown in Fig. 3(a) for different NP/graphene separations.

It appears that only an absorption maximum is found here,

which is different than the absorption maximum and mini-

mum without the presence of graphene (Fig. 2(a)). As the

substrate is brought closer to the NP, the absorption cross

section increases with its maximum shifting towards larger

k values. For example, the surface plasmon frequency is

at 536.4 nm for d¼ 12 Å and 527 nm at 24 nm. We also

find that the plasmon does not change significantly for

d � 25 nm, thus, one can conclude that the NP is not affected

by the graphene in a significant way.

Figs. 3(b) and 3(c) also show that substituting graphene

by graphite hardly affects rabs. The relatively small shifts

(0.1 nm) of the resonance peaks are difficult to detect with

available experimental techniques. Thus, the absorption is

influenced only by the graphene layer closest to the NP.

In conclusion, we have studied the optical properties of

BSA protein wrapped around AuNPs in aqueous solution.

Our calculations show that a graphene substrate can intro-

duce experimentally observable shifts in the plasmon spec-

tra. The ability to influence the graphene response properties

via a chemical potential provides a beneficial way to tune the

optical properties of the nanoparticles. We also show that the

finite size of the nanoparticles can play a significant role in

the plasmon spectra shifts, and it is directly related to the

number of protein molecules attached to the AuNP surface.

Estimating the number of protein molecules can help the

analysis of experimental data since such measurements are

challenging for current techniques.
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