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Hybrid  thin  film  was prepared  by
in situ  reduction  and  self-assembly
technique.
The  hybrid  film  showed  good
antibacterial activity.
The  hybrid  film  exhibited  metal-
enhanced fluorescence  effect.
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a  b  s  t  r  a  c  t

Hybrid  thin  biomacromolecular  films  were  fabricated  by combining  the  in situ  formation  of silver
nanoparticles  (Ag  NPs)  in  gelatin  and  self-assembly  of  carboxymethyl  chitosan  (CCHI).  The  hybrid  films
exhibited  excellent  antibacterial  activity  toward  Escherichia  Coli.  When  the  fluorescent  dye  4,7-(9,9′-
bis(6-adenine  hexyl)fluorenyl)-2,1,3-benzothiadiazole  modified  with nucleotide  adenine  and  quaternary
ammonium  groups  (OFBT-AA)  was  adsorbed  onto  the surface  of the  hybrid  films,  metal-enhanced  fluo-
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rescence  resulted  in  a maximum  5.3-fold  increase  in the  fluorescence  of  OFBT-AA.
© 2014  Elsevier  B.V.  All  rights  reserved..s
ntibacterial

. Introduction

Biomacromolecular films are important for a variety of appli-
ations in pharmaceutical coatings, drug delivery and biomedical
cience [1–3]. Several functional biomacromolecular films have
een prepared from polysaccharides, proteins and synthetic poly-
ers [4,5]. Among these natural materials, gelatin is an ideal

www
aterial to prepare biomaterial films because of its biocompati-
ility, biodegradability, abundance, and curing characteristic [6].
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Moreover, gelatin molecules contain many kinds of amino acids,
which have reduction activity and can reduce silver (Ag+) ions [7].

To date, silver nanoparticles (Ag NPs) with different mor-
phologies and sizes have been prepared by techniques such as
mechanical lapping [8], thermal decomposition [9], laser ablation
[10], microwave irradiation and sonochemical synthesis [11]. How-
ever, the method used most commonly to fabricate Ag NPs is the
chemical reduction of metal salts [12,13]. This method normally
involves reduction of an ionic salt in an organic medium using a
chemical reducing agent [14–16]. To avoid introduction of toxic

chemicals, environmentally friendly, nontoxic and biocompatible
green materials have been used to prepare Ag NPs in recent years
[17–19]. However, using gelatin as the reduction agent for fabricate
Ag NPs was scarcely reported [20].

dx.doi.org/10.1016/j.colsurfa.2014.07.025
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2014.07.025&domain=pdf
mailto:lidong@mater.ustb.edu.cn
dx.doi.org/10.1016/j.colsurfa.2014.07.025


hysico

i
m
p
p
c
[
r
h
m

N
fl
b
m
g
[
r

d
a
a
m
t
a
E
a
n
i
h

2

2

a
i
m
w
(
a
C
s
o

2

t
w
s
(
s
o
4
f

2

a
0
v
i
o

m

B. Xia et al. / Colloids and Surfaces A: P

Ag NPs with large relative surface area and strong surface activ-
ty exhibit good antibacterial properties. They can damage the cell

embrane of microorganisms to induce decomposition and com-
lete destruction [21,22]. Several kinds of Ag NPs composite film
reparation methods have been reported, for example, solvent
asting method [23], sol–gel method followed by photo-reduction
24]. Some prepared film systems also showed good antibacte-
ial performance [25], but the antibacterial performance of Ag NP
ybrid films prepared using gelatin by a simply in situ reduction
ethod has not been examined.
Because  of their obvious surface plasmon resonance effect, Ag

P films have been fabricated in film systems for metal-enhanced
uorescence (MEF) applications, with large enhancement effects
eing achieved [26–28]. MEF  can be controlled by designing a
etallic nanostructure with an appropriate interaction region. Our

roup has also reported several distance-controlled MEF  systems
29–31]. However, few reports have used biomolecular systems to
ealize MEF.

In  this work, a green synthesis method to prepare Ag NPs is
eveloped that simultaneously uses gelatin as the reduction agent
nd stabilizer. Gelatin-Ag NP films are produced by self-assembly
nd cooling solidification, and then carboxymethyl chitosan (CCHI)
olecules are absorbed on the surface of the gelatin-Ag NPs film

hrough electrostatic interaction to give Ag NP hybrid films. The
ntibacterial properties of these hybrid films are evaluated using
scherichia Coli (E. Coli). The �-conjugated oligomer 4,7-(9,9′-bis(6-
denine hexyl)fluorenyl)-2,1,3-benzothiadiazole modified with
ucleotide adenine and quaternary ammonium groups (OFBT-AA)

s used as a model dye to examine the MEF  performance of the
ybrid films.

.  Experimental

.1. Materials

Gelatin, silver nitrate (AgNO3), carboxymethyl chitosan (CCHI)
nd pancreatin (USP grade) were purchased from Aladdin Chem-
stry Co., Ltd. OFBT-AA was synthesized according to a published

ethod [32,33]. The molecular structures of CCHI and OFBT-AA
ere showed in Scheme 1. Yeast extract, tryptone, and dextrose

YTD) agar were purchased from Sigma–Aldrich. E. Coli and the
ntibiotic ampicillin were purchased from Tiangen Biotechnology
o., Ltd. Deionized water was purified using a Millipore filtration
ystem. All reagents were used without further purification unless
therwise stated.

.2.  Measurements

UV–vis absorption spectra were measured on spectropho-
ometers (JASCO V-550 and Hitachi U3900). The film thicknesses
ere measured by interference microscope (6J-690162). Transmis-

ion electron microscope (TEM) images were recorded on a TEM
JEM 2100) with an accelerating voltage of 200 kV. Field-emission
canning electron microscopy (FE-SEM) images were recorded
n a FE-SEM (Quanta 200FEG) with an accelerating voltage of
.0–6.0 kV. Atomic force microscope (AFM) image was obtained
rom a CSPM5000 microscope operating in tapping mode.

.3.  Preparation of gelatin-reduced Ag NP colloids

Deionized water (60 mL)  and gelatin powder (8 g) were mixed
nd then heated to 80 ◦C to dissolve the gelatin. AgNO3 (0.1, 0.3,

www.sp
.5 or 0.7 g) was added rapidly to the aqueous gelatin solution with
igorous stirring. The reaction flask was coated with tinfoil to min-
mize light exposure. The mixture was heated at 95 ◦C for 1 h in an
il bath to give a brown gelatin-Ag NP solution. The gelatin-coated
chem. Eng. Aspects 461 (2014) 92–97 93

Ag  NPs are referred to as gelatin-Ag NPs-0.1, gelatin-Ag NPs-0.3,
gelatin-Ag NPs-0.5 and gelatin-Ag NPs-0.7 for samples prepared
using 0.1, 0.3, 0.5 and 0.7 g of AgNO3, respectively.

2.4.  Preparation of Ag NP-containing hybrid films

Quartz (SiO2) slides (30 mm × 10 mm)  were immersed in
piranha solution (H2O2:H2SO4 = 1:3 v/v) for 2 h, washed three times
with deionized water, and then dried under a gentle stream of
nitrogen gas. Ag NP-containing hybrid films were fabricated on the
quartz substrates by self-assembly. The cleaned quartz slides were
placed in the gelatin-Ag NP colloid solutions at 60 ◦C for 1 h, taken
out and cooled for 10 min  at room temperature. The films were
immersed in 1.5% (w/w) aqueous solution of CCHI for 10 min  to
absorb CCHI molecules through electrostatic attraction and cross-
linking reactions [34]. The Ag NP hybrid film-coated quartz slides
were heated at 45 ◦C for 1 h to evaporate water.

2.5. Antibacterial experiments

Antibacterial  experiments were performed following a reported
method [35]. The antibacterial performance of the Ag NP hybrid
films and gelatin-CCHI films was determined by incubation with E.
Coli (Gram-negative bacteria) suspensions at 30 ◦C for 30 min  in the
dark, and then the E. Coli suspensions were serially diluted 1 × 104-
fold with PBS. Aliquots (100 �L) of the diluted E. Coli suspension
were spread on a solid YTD agar plate, and the colonies formed after
incubation at 37 ◦C for 24 h were counted. The survival fraction was
determined by dividing the number of colony-forming units (cfu) of
the samples incubated with Ag NP hybrid film (10 mm × 10 mm)  or
gelatin-CCHI film (10 mm × 10 mm)  by the number of cfu of the con-
trol prepared in the absence of any film. The diameter of the solid
agar plates was  90 mm.  The inhibition ratio (IR) of E. Coli was calcu-
lated according to the following equation:IR = [(C0 − C)/C0] × 100%

where  C is the cfu of the experimental group treated with Ag
NP hybrid film or gelatin-CCHI film, and C0 is the cfu of the control
group without any film.

2.6.  Fluorescence spectra

To  investigate the MEF  of the Ag NP hybrid films, OFBT-AA aque-
ous solution (2 �L, 1 mM)  was added dropwise onto the dry Ag NP
hybrid and gelatin-CCHI films. The films were dried under a flow
of air at room temperature for 2 h. Fluorescence spectra were mea-
sured on a fluorometer (Hitachi F-7000) using a xenon lamp as the
excitation source.

3.  Results and discussion

3.1.  Synthesis and characterization of gelatin-Ag NP films

Gelatin  is a heterogeneous mixture of high-molecular-weight
water-soluble proteins derived from partial hydrolysis of natu-
rally occurring collagen, and contains relatively high amounts of
non-polar amino acids [36]. These amino acid molecules contain
functional groups such as –NH2 and –SH, so they can reduce Ag+

ions to form silver colloids [20]. In this work, we used gelatin as
the reduction agent and stabilizer to prepare Ag NPs. AgNO3 was
added to an aqueous solution of gelatin, which was heated at 95 ◦C
for 1 h to give gelatin-reduced Ag NP colloids. Because of their sur-
face plasmon resonance effect, we  measured the UV–vis spectra
of the gelatin-reduced Ag NP colloids (Fig. 1a). The intensity of sur-

.co
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face plasmon absorption increased as more AgNO3 was  added to the
gelatin solution, and more Ag ions were reduced to Ag colloids as
the concentration of Ag+ increased. The absorption peaks of the Ag
NP colloids were all located at around 440 nm.  This result is mainly

zhk
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Scheme 1. Molecular structures of (a) gelatin and (b) OFBT-AA.
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Fig. 1. (a) UV–vis absorption spectra of gelatin-reduced A

ttributed to the limiting effect of gelatin, which has a triple-helix
tructure in aqueous solution [37], so it can control the growth of
g NPs [38].

Exploiting the ability of gelatin to solidify, we made gelatin-Ag
P films by self-assembly. Cleaned quartz slides were immersed in
elatin-Ag NP colloid solution at 60 ◦C for 1 h, took out and cooled
o room temperature, then heated up to 45 ◦C for 1 h to obtain a
elatin-Ag NP film. By interference microscope, the thickness of
elatin-Ag NP film was obtained about 1.2 �m.  A TEM image of a
elatin-Ag NPs-0.7 film is presented in Fig. 1b. The film is continu-
us on the quartz slide; Ag NPs are embedded in the solid gelatin
nd densely packed. The Ag NPs were rod-like with a cross sec-
ion and length of about 10 and 60 nm,  respectively. The blank gray
nd dark regions in this film show the Ag NPs inside and outside

.sp
elatin, respectively. To better characterize their surface structure,
e also captured FE-SEM images of gelatin and gelatin-Ag NPs-0.7
lms (Fig. 2). The gelatin film had a very flat surface, whereas that

Fig. 2. FE-SEM images of (a) gelatin film

www
colloids, and (b) TEM image of a gelatin-Ag NPs-0.7 film.

of  the gelatin-Ag NPs film was  rough. This difference resulted from
the in situ-generated Ag NPs in the gelatin-Ag NPs-0.7 film. In addi-
tion, the surface topographies of gelatin-Ag NPs-0.7 film after AFM
measurement is shown in Fig. 3. The gelatin-Ag NPs film exhibited
an inhomogeneous phase with roughness surface, and this phe-
nomenon was  mainly due to the Ag NPs embedding in gelatin film.
Because of the amphiprotic nature of gelatin, so this film should
have the ability to interact with positively charged molecules such
as chitosan through electrostatic attraction [22]. The strong sur-
face plasmon resonance of these gelatin-Ag NP films means they
are suitable for MEF  applications [39,40].

3.2. Antibacterial studies

.co
CCHI  is a derivative of chitosan, which is a polysaccha-
ride biopolymer that is nontoxic, biodegradable, biocompatible
and bioactive, with multiple functional groups and antimicrobial

 and (b) gelatin-Ag NPs-0.7 film.
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Fig. 3. AFM images of the surface morphology of gelatin-Ag NPs-0.7 films.

ctivity [36]. Because of the presence of active carboxyl, amino and
ydroxyl functional groups, CCHI is an amphiprotic ionic polymer

n aqueous solution and can react with other agents that con-
ain amino or carboxyl groups, such as gelatin [41]. In this work,
e chose CCHI as a surface-modification agent to form a CCHI
lm by electrostatic attraction on the gelatin-Ag NP films. Ag NP-
ontaining hybrid films were obtained by placing each gelatin-Ag
P film in an aqueous solution of CCHI (1.5%, w/w) for 10 min. The
CHI molecules first interacted with the gelatin-Ag films by electro-
tatic attraction, and then formed covalent bonds between amino
r carboxyl groups of CCHI and carboxyl or amino groups of gelatin
42,43]. As a control experiment, we also fabricated gelatin film,
elatin-CCHI films without Ag NPs and gelatin-Ag NPs film. They
ere produced in the same manner as the Ag NP-containing hybrid
lms.
The antibacterial properties of the gelatin-CCHI and Ag NP-
ontaining hybrid films were tested by co-culturing with E. Coli
acteria. Fig. 4 shows colony images of E. Coli after control and
o-culturing experiments. Colony counting showed that in the

ig. 4. Photographs of E. Coli agar plates treated (a) without anything, (b) with gelatin fil
Ps-CCHI hybrid film. (f) Biocidal activity of gelatin-CCHI, gelatin-Ag NPs film and gelatin

www.sp
m

eight image and phase image with a 100 nm × 100 nm scale, respectively.

presence  of gelatin film, there is almost no killing efficiency. When
gelatin-CCHI film was co-cultured with E. Coli, the killing efficiency
was about 37% after comparison with the control experiment. This
result was  mainly attributed to the antimicrobial effect of CCHI,
which contains positively charged amino groups that can bind to
the negatively charged bacterial cell membrane via electrostatic
interaction, leading to the release of proteins and other constituents
of the bacterial cell and inhibiting nutrient transport [44,45]. The
antibacterial activity of gelatin-Ag NPs film without CCHI was mea-
sured, and its efficiency was about 90%. After CCHI was  covered onto
the gelatin-Ag NPs film, the antibacterial efficiency reached nearly
100% when the Ag NP hybrid film was added to an E. Coli suspen-
sion. This hybrid film combined Ag NP with CCHI showed the best
antibacterial efficiency..co

m.cn

3.3.  MEF of gelatin-Ag NP-CCHI/OFBT-AA films

To study the MEF  of the Ag NP hybrid film, conjugated
oligomer OFBT-AA was chosen as a model dye because its emission

m, (c) with gelatin-CCHI film, (d) with gelatin-Ag NPs film and (e) with gelatin-Ag
-Ag NPs-CCHI hybrid films toward E. Coli.
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ig. 5. (a) Enhancement factor of gelatin-CCHI films with different amounts of Ag
elatin-CCHI films.

pectrum is close to the absorption spectrum of the gelatin-coated
g NPs, and its small �-conjugated structure is suitable for MEF

n films [46,47]. CCHI molecules were absorbed on the prepared
elatin-Ag NPs film as the interlayer between Ag NPs and fluo-
escent dyes. If there is no interlayer between fluorophore and
gNPs, the fluorescence of fluorophore will be quenched directly.
efore detecting fluorescence spectra, the gelatin-Ag NP-CCHI films
ere heated for 1 h at 45 ◦C to remove water. An aqueous solu-

ion of OFBT-AA was added and absorbed onto the surface of
ach dried hybrid film, and then each film was dried under a
ow of air at room temperature for 2 h. For comparison, a dried
elatin-CCHI film with the same amount of OFBT-AA dye was also
repared. The dye-marked films were excited at 427 nm,  which is
he maximum absorption wavelength of OFBT-AA. Fluorescence
pectra of gelatin-CCHI films containing different amounts of Ag
Ps were also measured. The fluorescence enhancement factor

s defined as I/I0, where I is the emission intensity of OFBT-AA
2 �L, 1 mM)  after loading in each gelatin-Ag NP-CCHI film, and
0 is the emission intensity of OFBT-AA (2 �L, 1 mM)  in gelatin-
CHI film. According to this calculation method, the fluorescence
nhancement factors of gelatin-CCHI with of 0.1, 0.3, 0.5 and 0.7 g of
gNO3 used to prepare Ag NPs were 2.57, 2.80, 4.14 and 5.3, respec-

ively (Fig. 5a). Fig. 5b depicts the fluorescence spectra of OFBT-AA
n the presence of Ag NPs-0.7 hybrid and gelatin-CCHI films. The
uorescence intensity of OFBT-AA was obviously increased a max-

mum 5.3-fold in the presence of Ag NPs. According to our previous
ork [39], the increased fluorescence intensity of OFBT-AA may

e attributed to two effects. Ag NPs present as a surface plas-
on resonance source may  increase the excitation efficiency or

ecrease the nonradiative decay of the dye. With increased con-
ent of Ag NPs, larger fluorescence enhancement can be obtained.
his is because the more Ag NPs present to act as a surface plasmon
esonance source, the higher the MEF  effect of the Ag NP hybrid
lm [48].

The  distance between metal and dye is a very important factor
n MEF. If the dye is too close to the metal, fluorescence is quenched,

hereas there is no interaction if the distance is too large. There-
ore, MEF  is only detected when the metal–dye distance is within

 certain range. In this system, the Ag NPs were synthesized by an
n situ method and dispersed randomly in gelatin films. Thus, the
bservation of fluorescence enhancement indicated that the aver-
ge distance between the Ag NPs and OFBT-AA dye molecules was
uitable for MEF.

.  Conclusion

www.sp
In summary, a facile, in situ and green approach to fabri-
ate antibacterial and MEF-functional Ag NP hybrid films was
eveloped. Natural biomacromolecule gelatin was  used as a reduc-
ion agent and stabilizer for Ag NPs, while CCHI was  used as a

[

[

nd (b) fluorescence spectra of OFBT-AA in the presence of Ag NPs-0.7 hybrid and

surface-modification layer. The resulting Ag NP hybrid films
exhibited excellent antibacterial activity towards E. Coli with an
inhibition ratio close to 100%. The hybrid films also display a MEF
effect. The fluorescence enhancement factor increased with the Ag
NP content of the film, with a maximum fluorescence enhance-
ment factor of 5.3. These novel hybrid films could be applied in
biomedical engineering and as bio-antibacterial materials.
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