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Studied  the  loading  interaction  of
HCPT  (10-hydroxy  camptothecin)  on
graphene  oxide.
The  nature  of  the  interaction
between graphene  oxide,  HCPT  and
BSA  was  investigated.
Studied  the HCPT–GO–BSA  system
with  three-way  fluorescence  spec-
troscopy  and  chemometrics.
A  novel  BSA  biosensor  was  con-
structed  with  improved  sensitivity
and  selectivity.
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a  b  s  t  r  a  c  t

The  interaction  of  graphene  oxide  (GO), a medicinal  drug  (10-hydroxy  camptothecin  (HCPT)),  and
bovine  serum  albumin  (BSA)  was  investigated  with  the  aim  of  developing  a  method  for  the  analysis
of  serum  albumin  proteins.  It was  demonstrated  that  HCPT  could  be readily  loaded  onto  GO via the
�–� stacking  interaction,  and  the  delivery  of  HCPT  to  BSA  was  improved  in  the  presence  of  GO;  this,
in  turn,  facilitated  the  binding  interaction  of HCPT  and  BSA.  Chemometrics  methods,  multivariate  curve
resolution-alternating  least  squares  (MCR-ALS)  and  parallel  factor  analysis  (PARAFAC),  were  applied  to
eywords:
raphene oxide
ano-carrier
erum albumin
luorescence enhancement

resolve  spectral  data,  and  this  assisted  in  the  elucidation  of  the  above  interaction.  GO  was  found  to
enhance  the  fluorescence  response  of  HCPT  to  BSA,  and  thus,  a  low  cost  fluorescence  bio-sensing  plat-
form  was  developed  for  fluorescence-enhanced  detection  of  BSA  based  on  GO.  The satisfactory  analytical
performance  of  this  biosensor  for  BSA  was  attributed  to the  structure  and  electronic  properties  of  GO.
hemometrics
iosensor

. Introduction

In general, nanomaterial-based drug carriers are of signifi-
ant research interest at the interface of nanotechnology and

iomedicine because they facilitate the efficient loading, targeted
elivery and controlled release of medicinal drugs; therefore, they
hould be useful for biomedical applications [1–6]. Graphene is
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a single-atom-thick, two-dimensional carbon material that has
attracted attention because of its remarkable electronic, mechan-
ical, and thermal properties [7–11]. Potential applications of
graphene for nano-electronics [12,13],  sensors [14], and nano-
composites [15] have been actively pursued [16], and research
on its potential for biological applications has also been reported,
e.g. drug loading and delivery. Dai and his colleagues, for the
first time, employed polyethylene nano-scale graphene oxide

(NGO) as a nano-carrier to load anticancer drugs via non-covalent
physisorption [17,18].  Chen and his group found that the doxoru-
bicin hydrochloride, an anticancer drug, loaded on the graphene
oxide (GO) with a loading weight ratio of the loaded drug to
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Scheme 1. Schematic representation of the interaction mec

arrier as high as 200% [19]. Another group led by Zhang, investi-
ated the controlled loading of two anticancer drugs, doxorubicin
nd camptothecin, onto the functional NGO via �–� stacking
nd hydrophobic interactions; they demonstrated that this NGO
hen loaded with the two drugs, showed specific targeting and

emarkably high cytotoxicity to human breast cancer MCF-7 cells,
ompared to an NGO loaded only with either one of the two  drugs
20]. This work demonstrated that GO derivatives can be used
s efficient nano-carriers for the loading and delivery of water-
nsoluble aromatic drugs; this was because GO is comparatively
mall, has intrinsic optical properties, a large specific surface area,
seful non-covalent interactions with aromatic drug molecules,
nd is relatively cheap. GO has also been used as a platform for
he detection of DNA [21,22], proteins [23,24],  metal ions [25–27],
mong other applications [28,29],  and all these substances can be
nalyzed because GO can disperse in water, has a surface that can
e readily modified, and can quench photoluminescence.

10-Hydroxycamptothecin (HCPT structure, Scheme 1), a natural
amptothecin analog, has shown the strongest anti-tumor effects
mong its analogs, and clinical evaluations have indicated that
CPT is less toxic than camptothecin itself [30]. However, the clin-

cal use of HCPT has been hampered by its poor water solubility.
Among biomacromolecules, serum albumin (SA) is a soluble

rotein, which is a major constituent of the circulatory system, and
t commonly serves as a depository and a transport molecule for

any exogenous compounds [31,32]. Consequently, simple, rapid
nd low cost analysis for SA proteins would be useful [33,34]. Stud-
es on the binding of drugs with plasma proteins will facilitate the
nterpretation of the metabolism and transport processes of such
ubstances, and the binding of small molecules with bovine serum
lbumin (BSA) is a typical example of such interactions. Thus, it is an
ppropriate protein to use for such investigations, partly because
f its structural homology with human serum albumin (HSA) [35].

In general, the interactions of drugs with nanomaterials or
iopolymers have been investigated by utilizing UV–vis and flu-
rescence spectroscopy. Such investigations provided information
bout the non-covalent binding of drugs on nanomaterials [36],
he non-covalent forces and the thermodynamic constants for the
inding processes between drugs and biopolymers [37].

Chemometrics methods of data analysis, such as multivariate

urve resolution-alternating least squares (MCR-ALS) and paral-
el factor analysis (PARAFAC), are well known for their ability
o resolve spectroscopic data and extract profiles of individual
hemical components from composite responses [38]. Such results
m between HCPT (10-hydroxycamptothecin), BSA, and GO.

generate qualitative and quantitative information, which other-
wise cannot be obtained by conventional methods, and which
consequently, enable further analysis of the problem under inves-
tigation as is the case with the biosystems in this work.

The aims of this study were to: 1. investigate the interaction of
HCPT/GO/BSA in aqueous solution with the use of UV–vis and fluo-
rescence techniques and other methods as required; 2. research
and develop a spectroscopic method for BSA analysis using the
HCPT molecule in conjunction with the GO platform as the essential
molecular, analytical tool.

2. Experimental

2.1. Materials

GO was  synthesized by the modified Hummer’s method (Dr.
Qiu, Nanchang University, Nanchang, China). Bovine serum albu-
min  (BSA, M = 66,000) was  free of fatty acids and an electrophoresis
grade reagent (99% pure; Huamei Biological Co. Ltd., Shanghai,
China). HCPT (Huangshi Feiyun Pharmaceutical Co. Ltd., Hubei,
China) was  used as received. All other reagents were of analytical
grade, and doubly distilled water was  used throughout. All solu-
tions used in the experiments were adjusted with the Tris–HCl
buffer (0.05 mol  L−1, pH 7.4).

2.2. Apparatus

UV–vis absorption spectra were recorded with an Agilent
8453 spectrophotometer (Aglient Instruments, USA) using a
1.0 cm quartz cell. The fluorescence spectra, three-way excitation-
emission fluorescence spectra, and resonance light scattering
spectra were collected with a Perkin Elmer LS-55 luminescence
spectrometer (PerkinElmer Instruments, USA) equipped with a
thermostatic bath (Model ZC-10, Ningbo Tianheng Instruments
Factory, China) and a 1.0 cm quartz cell. The atomic force micro-
scopic (AFM) images were obtained by using an AJ-III instrument
(Shanghai Aijian Nanotechnology, China) in the tapping mode,
which also produced simultaneously the intensity and phase data.

Standard silicon cantilevers (spring constant: 0.6–6.0 N m−1) were
used at their resonance frequencies (typically 60–150 kHz). All
measurements were carried out at a temperature of 25.0 ± 0.5 ◦C
unless otherwise stated.
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.3. Experimental procedure

.3.1. Investigation of loading interaction of HCPT on GO
GO was exfoliated by sonication under ambient conditions

or 20 min. Loading of HCPT on GO was carried out by mixing
CPT with the GO aqueous suspension – the unbound HCPT was

emoved by centrifugation. The UV–vis spectra (200–900 nm)  of
CPT (0.25 �g mL−1), GO (8.0 �g mL−1), and their mixed solution
ere obtained. Fluorescence spectra were collected by adding GO

0.0–19.2 �g mL−1 at intervals of 0.8 �g mL−1) to the HCPT solution
0.83 �g mL−1) to investigate any fluorescence quenching of HCPT
y GO in the range of 300–650 nm (excitation wavelength: 320 nm).

.3.2. Fluorescence quenching experiments
Fluorescence spectra of BSA (1.0 × 10−7 mol  L−1) in the presence

f HCPT (0–4.56 × 10−7 mol  L−1 at intervals of 0.46 × 10−7 mol  L−1)
ere measured at two constant temperatures (298 and 308 K). Each

ample solution was allowed to stand for 5 min, and then scanned in
he range of 250–650 nm with an excitation wavelength of 280 nm.
nother quenching experiment was conducted in the presence of
O (2.96 �g mL−1) under the same conditions.

The fluorescence quenching of BSA by GO was measured by
dding GO (0.0–2.7 �g mL−1 at intervals of 0.34 �g mL−1) to the BSA
1.0 × 1.0−7 mol  L−1) solution in the range of 250–650 nm (excita-
ion wavelength: 280 nm).

.3.3. Three-way excitation-emission fluorescence experiments
Two three-way excitation-emission fluorescence experiments

ere carried out for two cases – with and without GO (2.0 �g mL−1).
oncentration of BSA was kept at 1.67 × 10−7 mol  L−1; the added
CPT concentration was in the range of 0.00–7.30 × 10−7 mol  L−1

t intervals of 4.84 × 10−8 mol  L−1 (total: 17 solutions). The flu-
rescence spectra for all these solutions were recorded in the
xcitation wavelength range of 200–400 nm (every 5 nm, total: 41
oints), and the emission wavelength of 250–600 nm range (every
.5 nm,  total: 701 points). Thus, two three-way excitation-emission
uorescence matrices (EEM) were obtained (17 (samples) × 41
�ex) × 701 (�em)).

.3.4. BSA detection
BSA was added to the HCPT–GO solution in the con-

entration range of 0.00–7.98 × 10−7 mol  L−1 at intervals of
.33 × 10−7 mol  L−1. The fluorescence spectra were recorded in the
ange of 300–700 nm at an excitation wavelength of 320 nm.  Two
ypes of control experiment were performed: (1) adding BSA to the
CPT solution directly (i.e. without GO), and (2) replacing BSA, in

urn, by one of lysozyme, pepsin, and trypsin, respectively, under
he same conditions as above.

.3.5. Resonance light scattering
Resonance light scattering spectra were obtained by simulta-

eously scanning the excitation and emission monochromators
�� = 0 nm)  of the spectrofluorometer from 250 to 650 nm with
he excitation slit set at 10 nm and the emission slit at 2.5 nm.

.3.6. Atomic force microscope study
Muscovite mica was cut into about 1.2 cm × 1.2 cm square pieces
s substrate. Samples for the AFM imaging were prepared by
epositing 10 �L of the sample solutions of GO, HCPT–GO, BSA–GO,
nd HCPT–BSA–GO on freshly cleaved mica plates, which were
ried overnight.
 Acta 769 (2013) 40– 48

2.4. Principles of fluorescence quenching

Fluorescence quenching is described by the well-known
Stern–Volmer equation [39]:

F0

F
= 1 + Kq�0 = 1 + KSV[Q ] (1)

where F0 and F are the fluorescence intensities before and after
addition of the quencher, respectively. Kq is the quenching rate
constant of the biomolecule; KSV is the Stern–Volmer quenching
constant; [Q] is the concentration of the ligand. KSV was determined
from the linear regression plot of (F0/F) versus [Q].

For static quenching, the relationship between fluorescence
quenching intensity and the concentration of quencher follows the
equation [40]:

log

[
F0/F

F

]
= log Ka + n log[Q ] (2)

where Ka and n are the apparent binding constant to a site and the
number of binding sites, respectively.

In general, the molecular forces contributing to the interactions
of small molecules with proteins include hydrogen bonding, Van
der Waals forces, electrostatic forces, and the hydrophobic interac-
tions [41]; the thermodynamic parameters are the enthalpy change
(�H) and entropy change (�S). If �H  is assumed to be constant over
a given temperature range, then the values of �H and �S  can be
evaluated using the van’t Hoff equation [42]:

ln K = −�H

RT
+ �S

R
(3)

where K is analogous to the binding constants, Ka, at the corre-
sponding temperatures (298 and 308 K); R is the gas constant. The
free energy change (�G) can be calculated from the following equa-
tion:

�G = �H  − T�S  = −RT ln K (4)

2.5. Chemometrics methods

Multivariate curve resolution-alternating least squares (MCR-
ALS) method is a well-known multivariate self-modeling curve
resolution procedure [43]. It facilitates a bilinear decomposition of
the experimental data matrix according to the following algebraic
model:

D = CST + E (5)

where D is the experimental data matrix with dimensions, M
(spectral objects) × N (wavelengths); C (M × F) is the concentration
profile matrix of F analytes in the samples; ST (F × N) is the trans-
posed matrix consisting of, for example, the emission spectra; the
F rows of this matrix contain the pure spectra associated with the F
species in the samples; E (M × N) is the residuals matrix. The num-
ber of F values is estimated by rank analysis, with the use of singular
value decomposition (SVD), principal component analysis (PCA), or
some related technique based on factor analysis, such as evolving
factor analysis (EFA) [44]. The MCR-ALS procedure calculates the C
and S matrices in turn by least squares, and the iterative process
is repeated until convergence. When the number of species, F, and
initial estimates, which are required to initiate the iterative ALS
procedure [45], have been extracted, the concentration profile and
pure spectra of all the contributing species can be established by
the MCR-ALS method.
Parallel factor analysis (PARAFAC) is one of the commonly used
algorithms for trilinear data decomposition, which can overcome
the rotational freedom problem present with bilinear algorithms
[46]. A PARAFAC model of a three-way array is given by three
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Fig. 1. (A) UV–vis absorbance spectra of HCPT (green),GO (blue), HCPT–GO com-
plex (red) and HCPT + GO (light blue); (B) fluorescence emission spectra of HCPT
(0.83 �g mL−1) in Tris–HCl buffer solution after addition of GO (0.00–19.2 �g mL−1);
Y. Ni et al. / Analytica Ch

oadings matrices, A, B, and C, with elements aif, bif and ckf, respec-
ively. In the case of fluorescence excitation-emission data (EEM),
ARAFAC decomposes the fluorescence signals, X, into F tri-linear
omponents according to the number of fluorophores present in
he samples [47], and is expressed as Eq. (6):

ijk =
F∑

f =1

aif bjf ckf + eijk (6)

here xijk is the intensity of the measured light for sample, i, at
xcitation wavelength, j, and emission wavelength, k, and eijk is
he error term; F is the number of factors. The ith score for the fth
omponent is denoted by aif and is related to the concentration of
uorophore, f, in the sample, i. Finally, bif and ckf are jth and kth ele-
ents of the fth emission and excitation loadings, respectively [48].
PARAFAC decomposition provides profile estimates for the

hree-way data. This indicates that the rank of the PARAFAC model
s the same as the number of fluorescent compounds, f, which can be
ssigned to the analyte compounds; the loadings (afi, bfj and cfk) are
he estimates of the relative concentrations of the analytes, emis-
ion spectra and excitation spectra for each of these compounds.
hus, the pure elementary spectra will be obtained if the cor-
ect number of factors (fluorophores) is used. The core consistency
iagnostic indicates how well the model reflects the distribution
f super-diagonal and off-super-diagonal elements of the Tucker3
ore. If the PARAFAC model is correct, then it is expected that the
uper-diagonal elements will be close to one and the off-diagonal
lements close to zero [49].

In this study, the number of factors for modeling was chosen by
isual inspection of the excitation and emission profiles as well as
y comparing the root mean square errors of calibration for suc-
essive models. In addition, the number of factors, i.e. constituents
resent in the samples, was also considered [50].

. Results and discussion

.1. Loading interaction of HCPT on GO

The HCPT UV–vis spectrum (green, Fig. 1A) shows several weak,
road bands in the 200–400 nm range, while the GO spectrum
blue) has one significant band of medium intensity at 230 nm (Sec-
ion 2.3.1). The UV–vis spectrum from the HCPT–GO solution (red,
ig. 1A) is consistent with the spectrum (light blue, top, Fig. 1A)
btained by superimposing the absorption curve of HCPT on that of
O, i.e. the UV–vis spectrum of HCPT–GO complexes containing the
CPT peaks, is consistent with the absorption curve of GO when the

wo profiles are superimposed. This result reflects the interaction
f HCPT and GO via a non-covalent interaction. This is consistent
ith previous work, that GO can form HCPT–GO complexes by a
on-covalent, �–� stacking mechanism [51], and, their formation

s assisted by hydrophobic interactions due to the aromatic nature
f the HCPT molecule as well as its low solubility under basic condi-
ions. The formation of this type of complex was further supported
y a fluorescence study in this work, in which GO was added to
CPT. Free, unbound HCPT exhibited high fluorescence with two
uorescence peaks at 437 nm and 520 nm,  but this fluorescence
as quenched by the addition of GO at different concentrations

Fig. 1B). This quenching effect of HCPT by GO is consistent with
he formation of the HCPT–GO complex, which, as previously noted,
nvolves the �–� stacking interaction [51,52]. To follow this load-
ng interaction quantitatively, the fluorescence spectral data matrix

onsisting of 25 fluorescence spectral objects and 501 wavelength
ariables was resolved by the MCR-ALS chemometrics method. The
umber of F chemical species involved in the interaction was esti-
ated by EFA. Three significant factors were extracted, and this is
(C) recovered concentration profiles of HCPT, GO and BSA from the fluorescence data
matrices with the use of MCR-ALS. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

consistent with the presence of HCPT, GO and the HCPT–GO com-
plex; the concentration profiles obtained from the EFA processing,
were used as the initial estimates for the three species in the
MCR-ALS modeling. The relative concentration of HCPT decreased
(mauve circles, Fig. 1C), while that of the HCPT–GO rose by about
the same amount (blue triangles, Fig. 1C); the relative concentra-
tion of GO rose sharply (red squares, Fig. 1C) and this indicated
an excess of unreacted GO sites. These observations are consistent
with the formation of an HCPT–GO complex presumably formed by
the HCPT �–� stacking on the GO surface.

3.2. Binding interaction between HCPT and BSA
BSA fluoresces naturally at 350 nm after excitation at 280 nm,
and this fluorescence is related to the tryptophan residues [53].
Binding of small molecules with BSA can quench this effect, as
illustrated by the decreasing fluorescence spectra of BSA obtained



44 Y. Ni et al. / Analytica Chimica Acta 769 (2013) 40– 48

Fig. 2. Relative fluorescence changes (F/F0) of BSA (1.0 × 10−7 mol  L−1) at dif-
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erent concentrations of HCPT (0.00–4.56 × 10−7 mol  L−1) with and without GO
2.96 �g mL−1) in a Tris–HCl buffer solution. F0 and F are the fluorescence intensity
ithout and with HCPT, respectively.

y the addition of increasing amounts of the HCPT ligand (see
upplementary material, Fig. S-1A). The BSA fluorescence inten-
ity decreased and new fluorescence peaks developed at longer
avelengths as a function of increasing HCPT concentration. An

soactinic point formed at 403 nm,  which indicated an equilibrium
etween the free HCPT and the formed HCPT–BSA complex. In
ddition, with the addition of HCPT, the major fluorescence peak
howed a slight shift revealing that the microenvironment around
he tryptophan residues was progressively affected by the interac-
ion with HCPT.

The Stern–Volmer quenching constants, KSV, obtained at each
f the two temperatures (Section 2.3.2), were inversely correlated
ith temperature, which indicated that the binding interaction was

nitiated by static quenching. The quenching appeared to be more
ffective in the presence of GO (Supplementary material, Fig. S-1B)
uggesting that GO somewhat promoted the binding interaction
f HCPT with the BSA as indicated by the slightly different slopes
(−9.3 ± 0.3) × 10−3 and (−7.7 ± 0.1) × 10−3, respectively; Fig. 2).

The binding constants, Ka, and thermodynamic param-
ters (�H = −22.3 kJ mol−1, �G  = −35.0 kJ mol−1, and
S = 42.6 J mol−1 K−1) involved in the binding interaction were

btained from the fluorescence data. According to the theory pro-
osed by Ross and Subramanian [54], the negative �H and positive
S values for the binding reaction suggested that HCPT was  bound

o the BSA mainly by hydrophobic interactions and electrostatic
orces. As well, the presence of GO strengthened this binding as
ndicated by the increase in the Ka from (1.38 ± 0.01) × 106 to
1.61 ± 0.03) × 106 L mol−1.

To explore the binding interaction further, two three-
ay excitation-emission fluorescence spectral matrices of the
CPT–BSA system, with and without GO, were collected, and a three
omponent PARAFAC model was developed to resolve these two
rrays; these included the data from the overlapping spectral pro-
les. Thus, the concentration profiles of the two reactant analytes,
CPT and BSA, could be extracted. These profiles of the two ana-

ytes (Fig. 3A) showed that: 1. in the HCPT–BSA system, the free BSA
oncentration was almost unchanged with the addition of HCPT,
nd the concentration of HCPT increased almost at the same rate as
hat of the addition of HCPT; this suggested that the binding inter-
ction between HCPT and BSA was weak; 2. when GO was present
n the system, the concentration of BSA clearly decreased, and that
f HCPT moderately increased in comparison with the concentra-
ions in the previous case; this suggested that GO promoted the

inding of HCPT to BSA, and thus, GO apparently can facilitate the
elivery of HCPT to BSA.

The excitation and emission loadings values extracted by the
ARAFAC method for BSA and HCPT compared well with the
Fig. 3. (A) Relative concentrations for BSA and HCPT extracted by PARAFAC; (B)
estimated emission spectra of BSA (dashed lines) and HCPT in the reaction mixture
compared to the measured ones (solid line).

measured ones (Fig. 3B). This supported the results extracted by
the PARAFAC method.

3.3. BSA induced fluorescence enhancement of HCPT loaded on
GO

The fluorescence quenching of HCPT based on fluorescence
resonance energy transfer (FRET) between HCPT and GO was inves-
tigated with the use of fluorescence spectra. Interestingly, a red
shift of the fluorescence emission peak was noted and its intensity
increased considerably when BSA was added to the HCPT–GO com-
plex solution (Fig. 4). A control experiment showed that when HCPT
was  added to BSA in the absence of GO, only a weak response was
observed (Supplementary material, Fig. S-2). This indicated that
GO was necessary to achieve the enhanced fluorescence response.
To further understand the processes involved in the fluorescence
enhancement attributed to the presence of BSA, the interaction
between BSA and GO was investigated by the fluorescence quench-
ing method. The fluorescence intensity of BSA decreased with
increasing concentrations of GO (Fig. 5). GO has a high non-specific
affinity for bio-macromolecules such as proteins and DNA, and the
adsorption of BSA on the surface of GO has been reported in a study
for the preparation of BSA–GO conjugates [55]. In that work, the
BSA adsorbed on GO ensured that this protein was close to HCPT,
and this facilitated the energy transfer. Since graphene is a good
energy acceptor and has a large specific surface area, it is reason-
able to suggest that the fluorescence enhancement of the HCPT–GO

complex in solution induced by BSA, was  the result of the forma-
tion of the HCPT–BSA complex on the surface of GO. Thus, when
added, BSA was  absorbed on the surface of GO, and also, it com-
bined with the HCPT on GO; the formation of the BSA–GO complex
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ig. 4. Fluorescence spectra of HCPT–GO in the presence of BSA at different concen-
rations (0.00–7.98 × 10−7 mol  L−1) in a Tris–HCl buffer solution. Insert: fluorescence
ntensity versus concentration of BSA. Excitation wavelength: 320 nm.

revented the HCPT from interacting with the GO surface. Thus,
he fluorescence of HCPT recovered. Also, the emission peak of BSA
lue-shifted (∼10 nm)  with the addition of GO, which indicated
hat the microenvironment around the tryptophan residues was
ffected by GO; it probably provided a more rigid and hydrophobic
nvironment. These favorable hydrophobic characteristics could
acilitate the transfer of HCPT to BSA and its subsequent complex
ormation with this protein. The binding site of BSA prevented the
ree rotor motions in the HCPT molecule moiety; this phenomenon

ay  have enhanced the fluorescence and the spectral blue shift of
CPT [56]. Clearly, the system benefited from using GO (Scheme 1),
hose complex formation with HCPT decreased the fluorescence,

nd the addition of BSA facilitated the fluorescence enhancement.

.4. Ternary system of HCPT, BSA, and GO

The above investigation demonstrated that both HCPT and BSA
an complex with GO via non-covalent interactions. GO apparently
romoted the interaction between HCPT and BSA, and BSA probably

nduced fluorescence turn-on of the HCPT–GO complex solution. To
btain further evidence for these observations, the HCPT/GO/BSA
eaction system was studied with the use of the resonance light
cattering (RLS) technique.
In general, when molecules aggregate, they produce enhanced
ight scattering effects, which commonly produce bands that
re many times more intense than any molecular absorption
ands; such strong RLS bands occur in the vicinity of the original

ig. 5. Fluorescence quenching of BSA spectra (1.0 × 10−7 mol  L−1) on addition of
O  (0.00–2.7 �g mL−1) in Tris–HCl buffer solution.
Fig. 6. Resonance light scattering spectra of the HCPT–BSA–GO system,
[BSA] = 1.0 × 10−7 mol  L−1, [HCPT] = 4.57 × 10−7 mol  L−1, and [GO] = 2.96 �g mL−1.

absorption band [57]. Thus, as the molecular stack grows so does
the intensity of the RLS band. This is exactly what was observed
(Fig. 6) – both free HCPT and BSA exhibited low RLS signals, and
the RLS response of free GO was comparatively favorable. The RLS
intensity of GO was enhanced when HCPT and BSA were added into
the GO solution, especially since the intensity reached a peak in the
presence of both HCPT and BSA. The RLS spectra were closely cor-
related to some intrinsic behaviors of the complex and suggested
that a HCPT–BSA–GO ternary complex may  be formed in the sys-
tem. Therefore, these results strongly supported the HCPT–GO–BSA
complex formed in the system as proposed on the basis of the
UV–vis and fluorescence spectroscopy above.

The various molecular species, GO, HCPT–GO, BSA–GO and
HCPT–BSA–GO, should have different surface morphologies and
sizes; this aspect was  investigated with the use of atomic force
microscopy (AFM) in the tapping mode (Fig. 7). The thickness of
GO was estimated to be about 0.93 nm (Fig. 7A), which is in good
agreement with the literature [58]. On addition of HCPT, the height
of the image layer was increased to about 1.32 nm (Fig. 7A), and
the surface appeared rather granulated in comparison with that
of GO alone (Fig. 7B); this could indicate that the medicinal drug
molecules were partially absorbed into the GO layer causing a slight
swelling and hence, an increase in height. Also, when BSA was
added to GO, the aggregate height increased to 3.09 nm as a result
of the large protein molecule binding non-covalently on the GO
surface. Finally, after the addition of both HCPT and BSA to GO,
the height of the image layer increased to 3.74 nm; this is a further
indication that both HCPT and BSA aggregated on the surface of GO.
In addition, as the height of the deposit increased so did its rough-
ness; this observation is in agreement with the formation of roughly
uniform HCPT/BSA aggregates on the surface of GO. The interaction
mechanism between HCPT, BSA, and GO is presented in Scheme 1.
HCPT can be bound to GO to form an HCPT–GO complex through
noncovalent interactions. The added BSA may  be partially adsorbed
on the GO surface, and bind with HCPT on GO through hydrophobic
interactions with higher affinity. This may  explain HCPT’s improved
delivery to the protein in the presence of GO.

3.5. BSA detection based on fluorescence enhancement

The fluorescent biosensing platform based on GO could result
in a fluorescence-enhanced detection, which is sensitive to BSA.
The potential of this suggestion was experimentally tested by mea-

suring the fluorescence output from a series of BSA samples at
different concentrations in the presence of the HCPT–GO biosensor.
The intensity increased sequentially in proportion to the BSA con-
centration (Fig. 4 and insert). The linear plot (regression coefficient,
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Fig. 7. AFM images of: (A) GO, (B) HCPT–GO, (C) BSA–GO, and 
 = 0.9992; regression standard deviation, sreg = 1.61%) over the
SA concentration range of 0.00–52.67 �g mL−1 indicated a detec-
ion limit of 2.25 �g mL−1; this value was much better than those
eported for the other aggregation-induced emission biosensors
PT–BSA–GO. Scan size is 2.0 �m × 2.0 �m, [GO] = 25 �g mL−1.
(limit of detection: 26.4 �g mL−1) [59]. Also, in three parallel exper-
iments involving a sample with BSA, the enhancement of relative
fluorescence intensity had a satisfactory reproducibility as reflected
by the standard deviation of ±3.1%. The kinetics of HCPT and GO
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ig. 8. Relative fluorescence changes of HCPT–GO as function of BSA, lysozyme,
epsin, and trypsin at different concentrations (relative fluorescence ratio (F/F0) –
efinition see Fig. 2).

nteraction, as well as that of the HCPT–GO complex with BSA,
ere studied by monitoring the fluorescence intensity as a func-

ion of time. Both the adsorption of HCPT on the surface of GO and
he competitive binding of BSA with GO for HCPT were very fast at
oom temperature; all interactive components reached equilibrium
ithin 2 min. Thus, the GO-based fluorescence approach can detect
SA in real time, consequently, improving its applicability. On the
ther hand the detection range was found to be relatively narrow.
he underlying explanation for this may  lay in the observation that
he main reason for fluorescence enhancement may  be due to the
uorescence of HCPT being quenched by GO but also be enhanced
n addition of BSA (see Section 3.3). Thus, the net fluorescence is
erived from a more complex process in which the loading ratio of
CPT to GO may  play an important role. However, the investigation
f this suggestion is beyond the scope of the present work.

In order to investigate the selectivity of the GO based biosensor,
ontrol experiments were carried out with the use of another three
roteins, lysozyme, pepsin, and trypsin, instead of BSA, under the
ame conditions. The relative fluorescence (F/F0) values were quite
ow in the cases of the lysozyme and pepsin proteins (Fig. 8). In con-
rast, the relative fluorescence values for BSA were comparatively
igh and the plot was linear as a function of the BSA analyte concen-
ration. This indicated that the HCPT–GO biosensor was selective for
he BSA protein. This result may  be attributed to the hydrophobic
nteraction between HCPT and BSA [60].

. Conclusions

Investigation of the HCPT/GO/BSA interaction with the aid
f UV–vis and fluorescence spectroscopic methods revealed that
CPT can be adsorbed on the surface of GO by simple mixing of

he two substances to form an HCPT–GO complex. However, flu-
rescence emission intensity is significantly enhanced with the
ddition of the BSA; this protein also facilitates the formation of
he HCPT–GO–BSA complex and the quantitative analysis for BSA.
his novel method is sensitive and quite selective for BSA. On the
ther hand the detection range was found to be relatively narrow,
nd the net fluorescence may  be derived from a more complex pro-
ess in which the loading ratio of HCPT to GO may  play an important
ole.
The above results also suggest that the method facilitates the
se of GO to load and deliver HCPT to proteins, i.e. this opens up the
otential use of these substances for medicinal drug delivery. Thus,

 bio-sensing platform was developed for fluorescence-enhanced

[
[

[
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detection based on GO, and the satisfactory performance and low
costs of the GO-based fluorescence-enhanced biosensors suggests
a promising future in clinical diagnostics and treatment.
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