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cridine  orange  and  silica  nanoparticles  facilitated  novel  robust
uorescent  hollow  microcapsules  toward  DNA  bio-sensor

igambara  Patra ∗, Fatima  Sleem
epartment of Chemistry, American University of Beirut, Beirut 1107-2020, Lebanon

 i g  h  l  i  g  h  t  s

Acridine  orange  and  silica  nanopar-
ticles facilitated  novel  fluorescent
hollow  microcapsules  are  achieved.
Microcapsules  do  not  limit  intercala-
tion of acridine  orange  with  DNA.
AO  exists  in  monomeric  and aggre-
gated form  in  the  microcapsules.
It could  sense  DNA in  the  concentra-
tion  range  ng mL−1.
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a  b  s  t  r  a  c  t

Tuning  optical  properties  by  nanotechnology  has  become  a topic of  larger  interest  as  these  materials
can  be  of extraordinary  sensitivity,  selectivity  and robustness  toward  sensing  applications.  Here  we
report  novel  fluorescent  hollow  microcapsules  via  congregation  of poly  (l-lysine)  interceded  by  silica
nanoparticles  and  acridine  orange.  Scanning  tunneling  microscope  images  confirm  spherical  nature  of
microcapsules  with  size  of  1–3 �m.  The  hollow  structures  are  verified  by  fluorescent  images,  which  indi-
cate  acridine  orange  is  intermingled  in  the  shell  wall  of  the microcapsules.  The  excitation  fluorescence
spectra  reveal  that acridine  orange  exists  in  monomeric  and  aggregated  form  within  the  microcapsules.
But  at  pH  8.5,  monomeric  acridine  orange  diffuses  out  of  microcapsules.  Association  of  acridine  orange
with  poly  (l-lysine)  and  SiO2 nanoparticles  in  monomeric  or aggregated  form  does  not  limit  intercalation
iO2 nanoparticles
icrocapsules
NA
io-sensor

of  acridine  orange  with  DNA.  Thus,  the  acridine  orange  based  fluorescent  hollow  microcapsule  could
easily  sense  DNA  in  100  ng mL−1 concentration  ranges.  The  excited  state  lifetime  of  fluorescent  hollow
microcapsules  is  shorter  than acridine  orange  in  neutral  form,  which  further  establishes  a strong  associa-
tion  of  acridine  orange  with  poly  (l-lysine).  However,  the  excited  state  lifetime  is marginally  quenched  in
the presence  of  DNA  but  independent  of  DNA  concentration  that  rules  out  the  possibility  of  intercalation

r  than
in  the  excited  state  rathe

. Introduction

To develop or improve novel sensing scheme, nanomaterials
esearch is tapping into the growing trend of micro- and nano-

ssembly. Quantum dots based nanotechnolgy has drawn intense
nterest for sensing applications [1,2]. Superior materials can
lso be produced out of nanoparticles building block by applying
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 a ground  state  complex  formation.
© 2013 Elsevier B.V. All rights reserved.

self-assembly process and this area has drawn greater excitement
recently [3–9]. Such materials possess advantages in improving
fluorescence and sensing schemes [10,11]. Layer by layer technique
is a popular approach for self-assembly using non-covalent interac-
tion [12]. A versatile rigid hollow capsules containing temperature
responsive shell has been reported [13] and layer by layer process
has been applied for emulsion encapsulation [14–17]. However,

we have successfully used a self-assembly method where nanopar-
ticles form micrometer size congregation by applying poly amino
acid chain [10]. In this approach a positively charged poly amino
acid combines with multivalent negatively charged ions which
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esults in the spontaneous formation of ionically cross-linked
olyamine-salt tandem self-assembly. This tandem self-assembly
cts as template for further addition of a negatively charged shell
aterials to form capsules. In this case, the templates can spon-

aneously deassemble after the shell formation to leave behind a
ater filled interior whereas the poly amino acid-salt template can

emain in the capsule’s interior for other applications. The merit
f this approach is that the template is formed in situ, therefore,
oes not need a pre-formed template. Encapsulation of cargo can
e easily achieved by adding the cargo before capping tandem
elf-assembly with a shell performing materials [10]. Addition of
hell forming materials such as nanoparticles in sufficient quantity
an stabilize the assembly, thus forming robust capsules that
an withstand several rounds of centrifugation without losing
ntegrity of the structure. When probe molecule is encapsulated
n the microcapsules, the optical properties of the probe molecule
an be conveniently tuned and exploited for sensing applications
11,18]. In this work, we report preparation of fluorescent hollow

icrocapsules via self-assembly of poly (l-lysine) interceded by
ilica nanoparticles and acridine orange. The self-assembly has
een achieved by using trisodium citrate. Further, we  have tested
pplicability of such an approach for DNA sensing, it was found
hat the current scheme could successfully go up to 100 ng mL−1 in
he lower level of linear dynamic ranges, which is more sensitive
ompared to earlier report [18], thus the current study proves that
sing nanotechnology fluorescent probing method could be tuned
or better analytical applications.

. Experimental

.1. Materials

Poly (l-lysine) hydrogen chloride (PLL), acridine orange (AO),
eoxyribonucleic cid (DNA) from fish sperm, trisodium citrate, and
ilica LUDOX® HS-40 colloidal silica, 40 wt% suspension in water
ere procured from Sigma–Aldrich and used as received. All the

olutions for synthesis were prepared using de-ionized water. Spec-
roscopic grade solvents were used whenever needed.

.2. Synthesis of fluorescent hollow microcapsules

PLL was used as a structure directing reagent. 2 mg  mL−1

1.31 mL)  of PLL was gently vortex mixed for 10 s with 0.01 M
7.81 mL)  of trisodium citrate solution. The ratio R of total negative
harge of added salt to total positive charge of the polymer was  10
n which R = [anion] × Z−/[polymer] × Z+, where Z+ is the positive
harge per chain and Z− is the negative charge per anion. The R

alue changes with pH because acid–base equilibrium calculation
nd formation of citrate ion in the form of Hcit2− and cit3− species
epends on pH of the solution. To the above suspension, 0.01 M
0.5 mL)  of acridine orange in water (or 10% acetone mixture) was

cheme 1. Schematic illustration of fluorescent hollow microcapsules formation via self
ilica  nanoparticles and acridine orange.
ochem. Eng. Aspects 443 (2014) 320– 325 321

added and aged for 30 min. Afterwards, it was vortex mixed with
7.81 mL of silica sol for 20 s. The cloudy solution was allowed to
age for 2 h, then centrifuged (4500 rpm, 15 min). The fluorescent
precipitate of microcapsules was washed three to five times with
deionized water and dispersed in 10 mL  of deionized water for
further characterizations and sensing studies.

2.3. Morphological characterization

Optical microscopic analysis was  done with the wide-field
fluorescence images by using Axiovert 200, Zeiss Fluorescence and
optical microscope with Zeiss Axiocam hrc and KS 300 V3image
analysis software. Scanning electron microscopy (SEM) analysis
was carried out using Tescan, Vega 3 LMU  with Oxford Edx detector
(Inca XmaW20) SEM. The sample was mounted on an aluminum
stub and coated with carbon adhesive for the SEM analyses.

2.4. Spectroscopic measurement

The absorption spectra were recorded at room temperature
using a JASCO V-570 UV-VIS-NIR Spectrophotometer. The steady-
state fluorescence (emission and excitation) measurements were
documented with resolution increment 1 nm,  slit 5 nm using
Jobin-Yvon-Horiba Fluorolog III fluorometer and the FluorEssence
program. The excitation source was  a 100 W Xenon lamp, and
the detector used was  R928 operating at a voltage of 950 V. Flu-
orescence measurement was  carried out in right angle sample
geometry. OriginPro 6.0 software was  used for further data analysis.
The fluorescence lifetime measurements were done using the same
instrument except that a pulsed diode laser of 405 nm was  used as
excitation source. The decay data was  analyzed using Data Analysis
Software. The fluorescence decay was  acquired with a peak preset
of 10,000 counts. The instrumental response function was collected
using scatterer (colloidal silica).

3. Results and discussion

Fluorescent hollow microcapsules were synthesized by self-
assembly procedure in which PLL was  cross-linked with the citrate
anions. As demonstrated in Scheme 1, the PLL–citrate aggregates
afterwards helped the assembly of anionic silica nanoparticles to
form ordered, robust and spherical microcapsules. Acridine orange
in neutral form can act as multiple point cross linking center to
bind positively charged PLL chains to form complexes in the aque-
ous solutions. Acridine orange binds with PLL due to electrostatic
and hydrophobic interactions, thus intermingled in the microcap-
sules. These microcapsules were characterized by SEM technique.

Fig. 1 shows few representative SEM images confirming spherical
shape of the microcapsules where the size of the microcapsules
varied from ∼1 to 3 �m.  The microcapsules were then studied by
optical and fluorescence microscope techniques as shown in Fig. 2.

-assembly of poly (l-lysine) in the presence of trisodium citrate and interceded by
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Fig. 3. (Top) Wide-field epi-fluorescence microscope images of fluorescent hollow
ig. 1. SEM images of fluorescent hollow microcapsules with 5 �M (top) and 2 �M
bottom) resolutions.

he fluorescent microscopic images established that the micro-
apsules are well dispersed as a colloidal sol in the solution and
cridine orange are largely confined within the shell wall as shown
s green/yellow fluorescence observed mainly from the shell wall.
his observation elucidated a hollow structure for the microcap-
ules and can be explained based on self-assembly process during
hich the negative charge on silica pulls the PLL chain toward the

urface to form the hollow structure. Acridine orange is strongly
ound to PLL due to hydrophobic and electrostatic interactions,
hus acridine orange is pulled toward the shell along with PLL. At the
ame time these fluorescent hollow microcapsules did not display
ny noticeable damage after being subjected to repeated centrifu-
ation and washing or electron microscopy sample preparation.
he yield of the hollow microcapsules was determined on a poly-
er  weight basis from spectroscopic measurement to be 80–90%.

he hollow microcapsules had a volatile content 10–20% which
ndicates majority of the content was silica.
To understand the effect of pH and solvent environment dur-
ng synthesis of fluorescence hollow microcapsules, the samples

ere prepared in different conditions. Variation of pH of the initial

ig. 2. Wide-field epi-fuorescence microscope images of fluorescent hollow micro-
apsules.
microcapsules prepared from 10% acetone–water mixture; (bottom) SEM images
of  fluorescent hollow microcapsules with 5 �M resolution prepared from 70% ace-
tone–water mixture.

PLL–acridine orange-citrate suspension from 5 to 8 did not change
remarkably the structure of the microcapsules. However, this initial
pH of PLL–acridine orange-citrate suspension changed to ∼9 after
addition of silica nanoparticles. It should be noted that pH of silica
sample before adding to PLL solution/suspension was ∼10. On the
other hand, instead of changing the pH when solvent environment
was changed from double distilled water to various combination
of solvent mixtures such as 10%, 20%, 50% and 70% acetone–water
mixtures during the preparation of acridine orange solution, defor-
mation in microcapsules from spherical shape to conical or flake
like shape was  noticed with increase in acetone concentration,
though self-assembly was  often intact. In the lower concentration
of acetone (10–20%) in water, the microcapsules remained spher-
ical as shown in Fig. 3 (top) as epi-fluorescent images, whereas
at a very high concentration of acetone the microcapsules started
appearing like conical or flake shape (Fig. 3, bottom), deformation
and large aggregations of capsules were also observed. In the pres-
ence of methanol instead of acetone, deformation was found to be
greater in extent.

The UV–visible absorption spectra of fluorescent hollow micro-

capsules are given in Fig. 4. Since the hollow microcpasules were
found to be not stable when kept in strong acidic environment for
longer period of time, the measurement was carried out in slightly
acidic pH 5.8, neutral pH 7 and alkaline pH 8.0 conditions. The
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ig. 4. UV–visible absorption spectra of hollow microcaspules in pH 7.0 and 8.0.

icrocapsule showed an absoprtion peak at 441 nm and another
eak at 288 nm.  In basic ethanol acridine orange gives absorption
eak at 431 nm (S0 → S1 transition) and another peak at 273 nm
ith additional vibronic peak at 307 nm (S0 → S2 transition) [19],

hese vibronic peaks were lost in the microcapsules. In aqueous
cidic environment, the absorption peak of protonated form of AO
s positioned at 492 nm whereas in alkaline condition the peak
or neutral form is located at 435 nm [20]. The absorption peak
f microcapsules in pH 8.0 was found to be 444 nm and 290 nm.
his remarkable blue shift of ca. 9 nm of the microcapsules in pH
.0 compared to AO alone in alkaline environment can be ratio-
alized due to the interaction of neutral form of AO with positive
harge of PLL. However, in pH 7.0 this interaction is slightly affected
y marginally shifting the absorption peaks to blue wavelength
egion. The interaction of PLL and AO is further evident from more
ensitive fluorescence spectral change. The fluorescence emission
aximum of AO in basic ethanol is positioned at 521 nm,  which

s shifted to ∼530 nm in acidic (protonated form) and ∼550 nm
n alkaline aqueous environment (neutral form) [20]. The fluores-
ent hollow microcapsules showed a characteristic green emission
ith a fluorescence emission maximum at 527 nm as depicted in

ig. 5, this maximum did not change remarkably in the pH range
.8–8.0 whereas when the pH was altered to 8.5 a red shift was
oted. The excitation spectrum (see Fig. 5) showed a peak at 491 nm
nd did not vary appreciably in the pH range 5.8–8 but shifted to
00 nm at pH 8.5 like seen for emission spectrum. The red shift

f excitation and emission maxima at pH 8.5 will be discussed
ater on. However, a hump was also noted at ∼458 nm in the exci-
ation spectra in the same pH range which was not detected in
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ig. 5. Fluorescence excitation and emission spectra of the hollow microcapsules
ith variation in pH.
Fig. 6. Change in fluorescence intensity of fluorescent hollow microcapsules with
pH.

the absorption measurement. A small variation in the strength of
interaction between AO and PLL–silica within the microcapsules
undetectable by the absorption could still result a different exci-
tation spectra due to higher sensitivity of emission process after
excitation. This observed band at 458 nm could be due to aggre-
gated form of AO [21,22]. Kitazawa et al. have also recently observed
similar monomer and aggregated form for AO-doped DNA–TTA
films [23] and shown that the main peak at 491 nm is due to
monomeric AO. Thus, excitation spectra revealed that AO molecules
form aggregates within the microcapsules beside its monomeric
form. Aggregation is also expected in the microcapsules as the con-
centration of AO used during the microcapsules preparation was
substantial. It is interesting to note in Fig. 6 that the fluorescence
intensity of the AO marginally decreased in the pH range 5.8–8.0,
however, the reduction in fluorescence intensity was remarkable
at pH 8.5. The relative intensity trend was also similar for both
monomer and aggregate peaks in the excitation spectra. We  calcu-
lated the fluorescence of AOmonomer/(AOmonomer + AOaggregates) from
the excitation spectra as plotted in Fig. 7. The ratio was nearly con-
stant in the pH range 5.8–8.0 and at pH 8.5 the ratio decreased
appreciably. This suggest aggregation behavior of AO is indepen-
dent of pH in the range 5.8–8.0, nevertheless, at pH 8.5 the dramatic
variation in AOmonomer/(AOmonomer + AOaggregates) ratio could only
be explained due to diffusing out of AO monomer molecules from
the microcapsules. A similar diffusion process was also reported

recently for spherical microcapsules having core shell structure
using HPTS [24]. This is due to the fact that gradual increase
in deprotonation of the ammonium group in PLL (pKa ≈ 9.0) is

Fig. 7. Change in fluorescence ratio of monomer vs. (monomer + aggregates) of AO
as  obtained from excitation spectra of hollow microcapsules with pH.
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ig. 8. Change in fluorescence intensity of hollow microcapsules with DNA concen-
ration.

xpected to reduce the ionic interaction between AO and PLL.
his makes monomeric AO to leak out, thus shifting the excita-
ion as well as emission maximum peak for monomeric AO to red
avelength, toward fluorescence emission of neutral form of AO

∼550 nm). The excited state fluorescence decays of both neutral
nd protonated forms of AO in aqueous media are mono exponen-
ials. The excited state lifetime of protonated form of AO is ∼1.7 ns
hereas neutral form of AO has an excited state life time of ∼6.1 ns

20]. The fluorescence decay profile of microcapsules was  obtained
o be mono exponential with an excited state life time of ∼2.6 ns.
he quenching of fluorescence lifetime from ∼6.1 ns to ∼2.6 ns in
he microcapsules also confirmed a strong interaction of AO’s neu-
ral form with the positive charge of PLL.

The prepared fluorescent hollow microcapsule was tested
or the determination of DNA. The fluorescence spectroscopic

easurement of the microcapsules was carried out in various con-
entrations of DNA. The fluorescence intensity of microcapsules
nhanced remarkably when bound with DNA, but the spectral posi-
ion was slightly altered and the emission maximum was peaked at
22 nm,  which is same as the reported values for AO while interca-

ating with DNA in solution [25]. AO is a kind of cationic dye and its
ntercalation with nucleic acid is well established. Due to its planar
romatic chromophore, AO can insert between two adjacent based
airs in a DNA helix [26]. The fluorescence data proved that bind-

ng of AO with PLL does not limit intercalation of acridine orange
ith DNA. This means the hydrophobic aromatic groups of AO does
ot participate to interact with PLL and are available to intercalate
ith DNA. Thus, the driven force involved in the interaction of DNA

nd hollow capsules is hydrophobic in nature. Further increase in
NA concentration continuously enhanced the fluorescence inten-

ity and the linear dynamic range could reach up to 100 ng mL−1 in
he lower level, which is more sensitive compared to earlier report
18]. Nevertheless, manufactured kit could go up to 2 ng mL−1 while
stimating DNA [27]. However, the excited state life time of the
icrocapsules was quenched to ∼2.20 ns in the presence of DNA

ompared to microcapsules in pH 7.0. Change in concentration of
NA did not influence the lifetime remarkably and was within the
rror margin. The lifetime data revealed that the interaction of
icrocapsules and DNA is in the ground state rather than in the

xcited state, which is as expected for intercalation. The calibra-
ion curve as depicted in Fig. 8 showed a regular linear change in
uorescence intensity vs. DNA concentration and could be easily
pplied for quantifying unknown DNA samples. To understand the

ffinity of DNA toward microcapsules, the association constant and
umber of binding sites were estimated. For molecules that bind

ndependently to a set of equivalent sites in macromolecules, the
Fig. 9. Plot of log (F − F0)/F0 vs. log[DNA] for determination of association constant
of  DNA with fluorescent hollow microcapsules. The pH of the sample was 7.0.

equilibrium between free and found molecules can be given as [28]

log = D − F0

F0
= log K + n log[DNA]

where K and n are the binding constant and the number of bind-
ing sites, respectively. F and F0 are the fluorescence intensity of
microcapsules in the presence and absence of DNA. The plot of log
(F − F0)/F0 versus log [DNA] is illustrated in Fig. 9. The calculated val-
ues for n and K are respectively found to be 0.69 and 5.79 × 103 mL/g
which suggests that there is strong binding affinity between DNA
and microcapsules.

4. Conclusion

In this work we have demonstrated that fluorescent microcap-
sules can be prepared by cross-linking poly (l-lysine) with citrate
salt mediated by silica nanoparticles and acridine orange. The
advantage of the present method did not require a template. Size
of the microcapsule was found to be in 1–3 �m range and structure
was spherical and hollow in nature. Spectroscopic study revealed
that there is a strong association of acridine orange with poly (l-
lysine) and it exists in both monomeric and aggregated form in the
microcapsules. This was also supported by the excited state life-
time of fluorescent hollow microcapsule, which was shorter than
acridine orange in neutral form. However, at pH 8.5 monomeric AO
tends to diffuse out. Our results established that this interaction
of PLL with monomeric/aggregated AO in the microcapsules does
not constraint intercalation of hollow microcaspules with DNA. The
excited state lifetime was marginally quenched in the presence of
DNA but independent of DNA concentration ruling out the pos-
sibility of intercalation in the excited state rather than a ground
state complex formation. The variation in fluorescence intensity of
microcaspules with DNA concentration during intercalation could
be a tool for bio-sensing application. The microcapsule-based sen-
sor was sensitive to DNA and could estimate DNA in ng mL−1

concentration range.
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