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Luminescent films for chemo- and biosensing 

 

Weijiang Guan, Wenjuan Zhou, Jun Lu and Chao Lu* 

Luminescent films have received great interest for chemo-/bio-sensing applications due to their distinct advantages over the 

solution-based probes, such as good stability and portability, tunable shape and size, non-invasion, real-time detection, 

extensive suitability in gas/vapor sensing, and recycling. On the other hand, they can achieve selective and sensitive 

detection of chemical/biological species using special luminophores with recognition moiety or the assembly of common 

luminophores and functional materials. Nowadays, the extensively used assembly techniques include drop-casting/spin-

coating, Langmuir–Blodgett (LB), self-assembled monolayers (SAMs), layer-by-layer (LBL), and electrospinning. 

Therefore, this review summarized the recent advances in luminescent films with these assembly techniques and their 

applications in chemo-/bio-sensing. We mainly focused on the discussions of the relationship between the sensing properties 

of the films and their architecture. Furthermore, we discussed some critical challenges existing in this field and possible 

solutions that have been or are being developed to overcome these challenges. 

1. Introduction 

As a fascinating visual phenomenon, analyte-induced 
luminescence switching has become one of the most intuitive 
manners to quantitate chemical/biological species.1−3 Nowadays, 
huge amounts of luminescent chemo-/bio-probes in solution 
have been successfully developed. However, most of them are 
made of organic small molecule luminophores4−6 and 
fluorescent conjugated polymers7−9 with an inherent 
hydrophobicity. However, it is difficult to make the 
hydrophobic luminophores hydrophilic with unchangeable 
functions.10−12 Actually, the majority of the analytes especially 
metal ions and biological samples,2,3 usually exist in aqueous 
systems. On the other hand, the development of inorganic 
luminophores with water-soluble ligands, such as quantum dots 
(QDs)13−15 and luminescent metal nanoclusters (NCs)16,17, 
seems to be an alternative method but encounters new problems 
(e.g., limited variety). In addition, the water-soluble probes in 
solution also exhibit some inborn shortcomings, impeding their 
extensive applications: (1) the solution-based luminescence 
platform is inconvenient to store and transport;18,19 (2) the 
water-soluble probes cannot be recyclingly used because they 
are not easy to be separated from the analytes in solution;20−22 
(3) the random disposal of these one-off probes leads to the 
reagent consumption and environmental pollution;23,24 (4) for 
the biological samples (e.g., cell and tissue), the water-soluble 

probes might induce unexpected chemicals released from 
biological samples;25 (5) the water-soluble probes are difficult 
to be used for vapor/gas detection.26−28 

In the past several decades, it is preferable to develop 
luminescent films consisting of various kinds of luminophores 
and functional materials to overcome these drawbacks of 
luminescence probes in solution for chemo-/bio-sensing. 
Luminescent films can be transformed easily into the device 
format with several unique advantages: (1) luminescent films 
with any shape and size (dependent on the substrate pattern) 
can be easily fabricated for various needs and occasions;29−31 (2) 
they are easy to store and transport as a result of the good 
chemical stability of luminophores in the solid state;32,33 (3) 
there does not exist the invasive interferences since the 
detection is usually performed in the luminescent films with no 
external addition;25,34 (4) luminescent films enable real-time 
detection of the analyte;35−37 (5) luminescent films can be 
regenerated by washing them with suitable solvents.38−40 A 
successful luminescent film in chemo-/bio-sensing should 
exhibit high selectivity and sensitivity. There are two major 
strategies of selective sensing in the design of luminescent 
films. The direct strategy is to synthesize the luminophores with 
recognition moiety, as similar to the solution-based probes.41−43 
Alternatively, the luminophores can be assembled with 
recognition units through a variety of physical interactions with 
little or no synthetic efforts.44−46 Thanks to the strategy of 
assembly, the fabrication of luminescent films becomes more 
flexible and diverse. For the sensitivity, aggregation-caused 
quenching (ACQ) effect is a main obstacle for detection 
sensitivity during the formation of luminescent films, in which 
the luminophores inherently tend to aggregate through 
intermolecular π-π interactions.47−49 Aggregation-induced 
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emission molecule and some inorganic materials have been 
used to overcome this limitation. In addition, photostability of 
the films is the key parameter for their practical applications in 
the integrated sensor devices. 

There are a variety of methods to fabricate luminescent films, 
and they mainly include drop-casting/spin-coating,50−52 
Langmuir–Blodgett (LB) technique,53,54 self-assembled 
monolayers (SAMs) method,55−57 layer-by-layer (LBL) 
assembly,58−60 and electrospinning.61−63 Nowadays, there are a 
lot of reviews on solution-based luminescence probes2−6 or the 
fabrication methods of films.64−66 However, there are no 
comprehensive reviews on luminescent films for chemo-/bio-
sensing. In this review, we will make such an effort to 
systematically review the progress of fabrication methods in 
designing various luminescent films for chemo-/bio-sensing 
(Fig. 1). We summarized the main methods for fabrication of 
luminescent film sensors, and demonstrated the sensing 
properties of such films that are related to their architecture. It 
is expected that this systematic review could be a guide to 
better understanding and fostering the design strategies of 
luminescent film sensors, and provide valuable clues for the 
fabrication of luminescent platform with sensitivity, selectivity, 
stability and portability.  

2. Luminescent films via solvent evaporation 

method 

2.1 Drop-/dip-casting 

Solvent evaporation become the most popular technique for 
fabrication of luminescence thin-films due to its 
methodological simplicity and cost efficiency.67−69 Among the 

solution-based processes, the drop-casting is the most 
extensively employed approach: a drop of compound solution is 
simply placed on a flat substrate, followed by drying in air or in 
an atmosphere of the solvent to evaporate off the solvent.70,71 In 
this process, the film architecture is relied on the self-assembly 
of molecules on the surface of substrate during the solvent 
evaporation. The solvent, the concentration of the solution, and 
the rate of the evaporation control the film morphology.72−74 
Similarly, during the process of dip-coating, the substrate is 
immersed into the coating solutions, and then is withdrawn 
vertically followed by drying.75−77 The structure of films is 
closely related to the rates of evaporation and withdrawal speed 
of the substrate,78 and, the film with smaller thickness is 
achieved by slower withdrawal speed.79−81 In general, in 
comparison to dip-coating, drop-casting technique is commonly 
used for the fabrication of luminescent film sensors.82−85 
Therefore, we will concentrate on the applications of 
luminescent films in chemosensors by drop-casting technique. 

2.1.1 Luminescent drop-/dip-cast film chemosensors for heavy 

metal ions 
Heavy metal ions are of special concern due to their toxic 

effects and accumulated damage to biological systems. These 
species are non-degradable and tend to bio-accumulate in living 
organisms through the food chain, leading to serious 
debilitating illnesses. Monitoring of heavy metal ions in the 
environment is currently receiving considerable attention.86,87 
As summarized in Table 1, luminescent sensors for many heavy 
metal ions with high sensitivity and selectivity are emerging in 
an endless stream.87−90 In general, a luminescent sensor was 
prepared in thin film for the rapid and portable detection of 
heavy metal ions.89,90 The commonly used fluorescent materials 

 

Fig. 1 Summary of the assembly methods of luminescent films for chemo−/bio−sensing applications. 
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for the sensing of metal ions include small organic molecules, 
conjugated polymers, QDs and noble metal NCs. 

The sensitivity of luminescent measurement can be improved 
by photonic crystals (PCs), which are periodic dielectric 
structures marked “photonic band-gap”. The light propagation 
can be tuned with a certain wavelength through the Bragg 
reflection of PCs.91,92 When the light wavelength is in the range of 
the photonic stopband, the light will be reflected strongly by PCs. 
The PC-containing film could be fabricated by self-assembly of the 
fluorophore-labeled T-rich single stranded DNA (ssDNA) on the 
surface of Au-sputtered PCs. The single stranded chain of ssDNA 
would change to a folded hairpin structure in the presence of Hg2+ as 
a result of T–Hg2+–T complexes formation. The decreased distance 
between the fluorophore and the thin gold film leaded to a 
fluorescence resonance energy transfer process, resulting in 
fluorescence quenching. Highly sensitive luminescent sensors with 
PC films have been developed for Hg2+ detection.93 The detection 
limit of the sensor was calculated to be 4.0 nM, which was obviously 
enhanced compared to that of the control sample without PC 
structures (50 nM).  

Recently, a hexaphenylsilole (HPS)-based photonic crystal 
(PC) film has been successfully used for the detection of Fe3+ 
and Hg2+ ions.94 HPS-infiltrated PC film was fabricated by 
dripping HPS ethanol solution on the P(St-AM) PC films. The 
luminescence of HPS with aggregation-induced emission (AIE) 
properties was enhanced by PC. In the presence of metal ions, 
the electron-transfer from HPS molecules to metal ions leaded 
to the fluorescence quenching of HPS. The luminescent film 
exhibited high selectivity towards Fe3+ and Hg2+ owing to their 
high standard electrode potentials and small diameters. A linear 
relationship was found to exist between the expression (1−F/F0) 
and the concentrations of Fe3+/Hg2+ with a detection limit of 5 
nM. Importantly, the response of the HPS-PC film sensor was 
reversible and reproducible by immersing in pure water after 
interacted with Fe3+/Hg2+. 

Fluorescent turn-on probes possess reduced false-positive 
signals and the dark background. Therefore, they are superior to 
fluorescence quenching-based optical sensors. A “turn-on” 

sensor with fluorescence turn-on response to Hg2+ has been 
designed based on AIE luminogens (Fig. 2).95 Recently, Tang’s 
group designed a luminescent thin film by an AIE molecule, a 
tetraphenylethene (TPE)-functionalised benzothiazolium salt 
(TPEBe-X) with different counteranions exhibited tunable 
emission behavior from ACQ (X = I−) to AIE (ClO4

− and PF6
−). 

The fabricated thin film of TPEBe-I appeared black under 365 
nm UV irradiation, whereas strong red emission was observed 
in the case of TPEBe−ClO4 and TPEBe−PF6 films. 
Interestingly, the high affinity of Hg2+ toward I− resulted in the 
removal of I− from TPEBe−I in the presence of Hg2+. The 
emission of TPEBe−I film was gradually enhanced with an 
increasing amount of Hg2+. The detection limit of TPEBe−I 
film sensor was estimated to be 1.0 µM. Therefore, as a “light-
up” fluorescent sensor, the TPEBe−I film sensor had higher 
sensitivity towards Hg2+ with high selectivity. Similarly, the 
fluorescence “turn-off/turn-on” for the Hg2+ based on the strong 
affinity of Hg2+ towards I− was performed in conjugated 
polymer film.96 Poly(1,4−bis−(8−(4−phenylthiazole−2−thiol) 
−octyloxy)−benzene) (PPT) acted as a new conjugated polymer 
was casted with polystyrene (PS) to fabricate a luminescent 
film. The fluorescence of such this film was turned off in the 
presence of I− ions; however, this film displayed a “turn-on” 
response with the addition of Hg2+ ions. The proposed PPT−I− 
luminescent film exhibited a selective and sensitive response 
towards Hg2+ with a detection limit of 1.6 µM.  

Inorganic luminescent QDs have been also widely used for 
the design of fluorescent sensors due to their strong emission 
and excellent photostability.13,14 Recently, ZnS QDs were 
mixed with chitosan to devise a novel QD-based film sensor for 
the detection and removel of heavy metal ions.97 The cation 
exchange took place between Zn2+ of ZnS QDs in the film and 
Hg2+, Ag+ and Pb2+ ions to produce the corresponding non-
emissive HgS, Ag2S, and PbS QDs (Fig. 3). Hg2+, Ag+ and Pb2+ 
could be distinguished under the visible light by yellow, dark, 
and light brown color, respectively. The visual detection limit 
of Ag+ was determined to be 25 ppm and even to be lower (5 
ppm) for Hg2+ and Pb2+. In addition, the fabricated ZnS QD-
chitosan film was able to remove the heavy metal ions. NCs 
have become powerful tools for luminescent sensing owing to 
their distinct advantages of low toxicity, prominent 
photostability and tunable fluorescent properties.17,98 Bovine 
serum albumin (BSA)-protected Au NCs have been 

 

Fig. 3 Schematic diagram depicting the cation exchange mediated chemical 
transformation of ZnS QDs to HgS, Ag2S, and PbS QDs along with the 
appearance of the drop cast of different metal ions onto the fabricated film 
under visible and UV light. Reproduced from ref. 97. Copyright 2012 
American Chemical Society. 

 

Fig. 2 (a) Schematic illustration of the mechanism for detecting Hg2+. (b) 
Photographs of thin films of TPEBe−I containing different concentrations 
of Hg2+ (5.0 mL) in aqueous solution taken under 365 nm UV illumination. 
Reproduced from ref. 95. Copyright 2014 Wiley-VCH. 
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immobilized in a solid platform to fabricated reusable sensors 
of heavy metal ions.21,23,99 For instance, Zhang et al. developed 
a facile method of immobilizing BSA-Au NCs into 
polyelectrolytes to obtain the Au NCs-containing film for the 
detection of Cu2+.21 BSA-Au NCs, positively charged 
polydiallyldimethylammonium (PDDA) and negatively charged 
polystyrenesulfonate (PSS) were complexed and then drop-
coated onto a glass substrate. The stable luminescent film can 
be effectively quenched by Cu2+ and Hg2+. More interestingly, 
Hg2+ can be masked by Sn2+, and thus this luminescent film 
displayed a linear correlation between the fluorescence 
intensity ratio F0/F and the concentration of Cu2+ in the range of 
100−500 µM. Furthermore, the quenched luminescence of the 
film sensor can be recovered upon immersing in EDTA 
solution to remove Cu2+ from the BSA-Au NCs, indicating 
the reproductive nature of the luminescent film. 

Chi and co-workers have also described a recyclable Au 
NCs-based luminescent film for Cu2+ sensing.23 They found 
that BSA itself possessed good film-forming ability under its 
isoelectric point without the aid of polyelectrolytes. Therefore, 
BSA-Au NCs could be directly drop-casted to form stable films 
with high adhesion. The red emission of BSA-Au NCs films 
can be significantly quenched by Cu2+ as a result of the strong 
chelation between Cu2+ and BSA. A linear correlation between 
the luminescence intensity and the concentration of Cu2+ was 
observed in the range of 30−500 µM with a detection limit of 
0.5 µM. Importantly, the film sensors showed good selectivity 
towards Cu2+ over other metal ions. On the other hand, the 
quenched luminescence of this film can be recovered after the 
addition of histidine.  

Different from the film deposited on the glass substrate, a free-
standing composite film of Au NCs was prepared by dip-coating 
process using a parent chitosan film as a substrate.99 The glutathione 
(GSH)-stabilized Au NCs were incorporated into the film via the 
combination of the amino group from chitosan with the carboxyl 
group from GSH. After exposure to aqueous Cu2+ solution, the 
luminescence of the film significantly decreased (Fig. 4). This can be 
attributed to the reduction of Cu2+ to Cu1+/Cu0 by glutathione ligand 
or Au core of the cluster. The fabricated Au NCs film can detect 

Cu2+ in the ppm range without interference by other metal ions such 
as Hg2+, As3+, and As5+. Moreover, the free-standing composite film 
was useful for practical applications as a portable device with high 
stability. 

In comparison with the fluorescence probes at a single 
wavelength, ratiometric fluorescence sensors have increased 
sensitivity because the ratio of the fluorescent intensities at two 
wavelengths could provide a built-in correction.100 On the other 
hand, the visualized detection can be achieved using ratiometric 
fluorescence sensors owing to the two-color interconversion.90 
Recently, based on nanohybrid of QDs and Au NCs, the 
ratiometric luminescent film has been successfully used for the 
visual determination of Pb2+.101 The red-emitting QDs were 
capsulated into mercapto groups (−SH) functionalized silica 
nanoparticles. The green-emitting Au NCs were bonded to the 
QDs by the reaction between −SH and Au atoms. Then, the 
mixture of the QDs-Au NCs hybrid and poly(vinyl alcohol) 
(PVA) was dropped onto a glass slide to produce a ratiometric 
fluorescence film. The green luminescence of the Au NCs in 
the PVA film was quickly quenched in the presence of Pb2+. 
However, the red emission of QDs still remained constant, 
leading clearly visible luminescence color changes. The visual 
detection limit was 0.1 µM. In comparison to the single-
fluorescence quenching method, the ratiometric luminescence 
sensor made Pb2+ easily noted by the naked eye. Furthermore, 
the excellent selectivity and high stability of the fabricated 
luminescent film allowed practical application in on-site 
determination of Pb2+ in real water samples.  

2.1.2 Luminescent drop-/dip-cast film chemosensors for oxygen 

Luminescent O2 sensors have attracted much attention 
because of their potential applications in a variety of fields, 
including environmental monitoring, meteorology, and 
biology.102 Luminescent transition metal complexes, including 
cyclometalated Ru(II), Ir(III), and Pt(II) complexes, are 
regarded as promising candidates for photo−responsive 
molecular devices owing to their long−lived triplet excited state 
and the high quantum yield.103−105 The luminescent films for O2 
sensing are listed in Table 2. The unique excited−state 
properties of these materials allow them to be fabricated into 
luminescent films for sensing O2 by quenching luminescence of 
transition metal complexes, owing to the energy transfer 
between luminescent transition metal complexes and the triplet 
ground state of molecular O2.

105−107  
The polymer films containing the luminescent transition-

metal complexes can be simply fabricated by commonly used 
coating method. A great deal of reports have been focused on 
the development of novel luminescent transition-metal 
complexes to evaluate the O2 sensing performances.108−111 The 
introduction of pyrenyl or pyrenylethynylene appendents into the Ru 
polypyridine complexes can significantly extend the life time of the 
Ru complexes. As a result, the detection sensitivity for O2 can be 
improved. In polymer film, the quenching constant KSV can be 
improved by 150-fold from 0.0023 Torr−1 to 0.35 Torr−1.109 In 
addition, the energy gap of Pt(II) complex was decreased by 
introducing electron-withdrawing or electron-donating groups. 
The Pt(II) complexes with low energy gaps are promising 

 

Fig. 4 (a) Photographs of the cluster incorporated film under white light and 
UV light. (b) PL spectra of the film before and after exposing to Cu2+. (c) 
Schematic diagram of the film sensor for the detection of Cu2+. (d) 
Dependence of Cu2+ concentration on luminescence quenching. Reproduced 
from ref. 99. Copyright 2012 American Chemical Society. 
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candidates for fabricating luminescent O2 sensors with high 
sensitivity.110,111  

Usually, the probes for O2 are excited by UV or visible light. 
Importantly, in order to make up the gap of NIR-excitable sensors 
for O2, Wolfbeis et al. used upconverting nanoparticles (UCNPs) 
as the excitation light source of an Ir(III) complex.11 The UCNPs 
and the cyclometalated Ir(III) coumarin complex were 
incorporated in a gas-permeable polymer film. The fabricated film 
showed green to yellow luminescence (568 nm) excitated by a 980 
nm diode laser. In an atmosphere of O2, the luminescence of Ir 
complex was obviously quenched, and the quenching constant KSV 
was calculated to be 0.112%−1.  

More recently, Papkovsky’s group has successfully developed a 
new luminescent O2 sensor in polymeric film.113,114 Luminescent 
PtBP dye can be packaged in non-woven polyolefin materials with 
micro-porous structure for fabricating optical O2 sensors by simple 
impregnation. The as-prepared sensors exhibited linear Stern–
Volmer plots, and the lifetime changed with O2 pressure (22–30 µs 
at 21 kPa and 50–60 µs at 0 kPa O2).

113 In addition, PtBP dye can be 
incorporated in polymeric materials by local solvent crazing.114 The 
sensors showed a linear O2 calibration in the range of 0–100 kPa. 

In fact, multifunctional sensors are required for practical 
applications. Dual fluorescence sensor for O2 and temperature has 
been fabricated by dip-coating a fluorinated xerogel doped with both 
an O2 probe and a temperature indicator.115 The dual sensor 
exhibited a linear Stern–Volmer plot for O2 and had a good linear 
response to temperature in the 25–66 °C range independent of the O2. 
The simultaneous sensing of temperature and O2 has potential 
applications in various fields. 

The O2-sensitive colorimetric sensor can be fabricated to detect 
glucose by combining glucose oxidase with stable color background 
(green QDs layer).116 In the absence of glucose, the emission of O2-
sensing layer was quenched by O2, and the sensor film represented 
green luminescence. In the presence of high concentrations of 
glucose, the O2 was consumed during the glucose enzymatic reaction, 
and the emission of the sensor film was shifted to red. Therefore, the 

glucose concentration could be directly readout through color 
change of the sensor. Furthermore, portable O2 sensing device has 
been developed by using organic light-emitting diodes (OLEDs) as 
excitation sources.117,118 
 

2.1.3 Luminescent drop-/dip-cast film chemosensors for other 

analytes 

It is well known that a better permeability of the film leads to 
a higher sensing efficiency. Moreover, the morphology of the 
film is of crucial for its permeability, which can be controlled 
through self-assembly.119,120 During the drop casting process, 
the self-assembly of oligoarene derivatives can be tuned by 
simply using different solvents, resulting different well-
controllable organic nanostructures from the netted one-
dimensional microbelts to the three-dimensional flowerlike 
supernanostructures (Fig. 5).119 The response speed of the 
three-dimensional flower-shaped supernanostructures for 
explosive (2,4,6−trinitrotoluene (TNT) and 2,4−dinitrotoluene 
(DNT)) vapors sensing is dramatically improved (700-fold) 
than that of one-dimensional microbelts. Takeuchi’s group used 
a similar strategy to control the structure of the film sensors.120 
They designed a fluorescent charge transfer molecule and built 
the drop-cast films by tuning solvents. In the presence of 
chloroform, the film showed 12% fluorescence quenching 
exposed to DNT vapors for 10 min. In contrast, 91% 
fluorescence quenching of the film was observed upon the same 
treatment of DNT vapors using 1:3 (v/v) chloroform-toluene 
solvent.  

Equal and smooth distribution of fluorescent compound on 
the substrate has a key role in determining the sensing 
efficiency of the luminescent film sensors. Recently, low-
molecular-mass gelator with self-assembly properties was 
introduced for the fabrication of a network thin film by Fang’s 
group.121,122 For example, the fluorescence-active compound 
CholG-3T-Py was dipped onto Chol-Ph-Chol-based molecular-
gel films to fabricate uniform luminescent films with a rich 
network of structures. The activated film could selectively 
detect nitrobenzene (NB) owing to high vapor pressure of NB. 
In addition, the gel networks could also enrich the analyte onto 
the sensing layer of the film, resulting in the improvement of 
sensing performances.  

In conclusion, these works illustrated the application of self-
assembly for enhancing sensing efficiency of the luminescent 
film. However, the detection selectivity of the film sensors still 
remained a great challenge. In 2012, Burstyn et al. developed 
the carriers-impregnated luminescent films to improve the 
selectivity for ethylene sensing, such as silver(I) salts-
impregnated luminescent films of poly(vinylphenylketone) 
(PVPK) or 1,4−bis(methylstyryl)benzene (BMSB).123 In these 
films, Ag(I) salts and oligomer/polymer acted as the active 
sensing sites and the luminescent support as well as signal 
reporter, respectively. The luminescence quenching responses 
of the Ag(I)-impregnated films were only observed in the 
presence of gaseous analytes, which can form coordination 
bonds with the Ag(I) center, including C2H4, C3H6 and NH3. 
Importantly, the oligomer/polymer support could also promote 

 

Fig. 5 Chemical structure of the oligoarene derivative and SEM images of 
different crystalline nanostructures. (a) Chemical structure of the oligoarene 
derivative; (b and c) Microbelt self−assembled from 1,4−dioxane; (d and e) 
Flower−shaped supernanostructures self−assembled from THF and n−decane 
solutions, respectively. All the three structures were self−assembled from 40 
µL of solution with a concentration of 1 mg/mL through drop−casting onto 
glass substrates with a size of 1.5×2.5 cm2. Reproduced from ref. 119. 
Copyright 2009 American Chemical Society. 
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the ion-pair separation of Ag(I) and thus improved the 
accessibility of the Ag(I) ion to the gaseous analytes.  

Chow’s group reported new heterobimetallic Ru(II)−Ln(III) 
donor-acceptor complexes for selective sensing of biogenic amine 
vapors by preferential coordination of amino functionalities to the 
metallic lanthanide.124 Free-standing films were fabricated by 
blending the Ru(II)−Ln(III) submicrorods with polystyrene. The 
polymeric film exhibited an enhancement in luminescence after 
exposure to putrescine with a detection limit of 15 ppm. In addition, 
Wolfbeis’s group found that chromogenic sensing of biogenic 
amines was achieved by using an amine-reactive chromogenic probe 
and an amine-insensitive fluorescein as a green emissive reference 
dye. The quantitative determination of biogenic amines can be 
simply achieved by the red-green-blue (RGB) readout of digital 
camera images.125 

The hydrophilicity of the film surface is essential for the sensing 
in aqueous solution. The sol–gel-based materials using 
tetraethylorthosilicate (TEOS) have been used to fabricate 
luminescent pH sensors.126,127 The dye-sol–gel films were prepared  
by dip-coating dye-doped sol–gel on glass slides. The hydrophilic 
character of the sol–gel can promote proton permeability in the film, 
and the TEOS precursor can improve the adhesion stability of the 
films. Moreover, the microstructure of the matrix can be tailored to 
completely encapsulate the dye, resulting in high pH sensing 
performances (Table 3). The pH-sensitive fluorescent dye (e.g., 
pyranine) can also be used for the detection of CO2.

128 The 
hybrid xerogels film by dip-coating exhibited a linear response 
to CO2 in the range 0–30%, and the limit of detection for CO2 
was calculated to be 0.03%. On the other hand, the 
incorporation of a phase-transfer agent and the covalent 
immobilization of the pH-indicator on the polymer chains could 
improve the sensitivity and stability of the sensors.129 

In order to eliminate the background absorption and 
autofluorescence, upconverting nanorods and longwave 
absorbing pH probes were incorporated together into the pH-
sensitive films.130,131 The absorption spectra of the pH-sensitive 
dye partially overlap the visible emission of the UCNPs. The 
deprotonated form of BTB absorbs and exerts a strong inner 
filter effect on the emission of the nanorods. At low pH, BTB 
has no insignificant absorbance in the emission range of the 

nanorods (Fig. 6). In the pH range 6−10, the sensor film showed 
fast (< 30s) and reversible responses to pHs. Furthermore, this kind 
of pH sensor can also be used for sensing acidic gases (CO2) or 
basic gases (NH3).

132,133 Based on the similar principle, UCNPs 
have also been applied for glucose sensing using fluorescein 
derivative-labelled enzyme glucose oxidase and flavin adenine 
dinucleotide. In the presence of glucose, the concentration of 
O2 was decreased. Thus, reduction state of flavin adenine 
dinucleotide had weak absorbance in the emission range of 
UCNPs. As a result, the fluorescence of fluorescein derivative 
excited by UCNPs increased with increasing glucose 
concentration.134 

However, the single-channel sensors usually have the limitation of 
a low signal-to-noise ratio. Qin et al. reported a ratiometric pH 
sensor based on upconverting nanorods and pH probe ETH 5418.135 
The absorbance of protonated and unprotonated ETH 5418 overlap 
the green emission and red emission of the upconverting nanorods, 
respectively. When the pH of the sample changed from 6 to 11, the 
sensor film exhibited the decreased green emission and the increased 
red emission. More recently, color-switching pH sensor using 
poly(N-phenylmaleimide) (PPMI)-containing block copolymer has 
been developed.136 Ratiometric tricolor switching behavior was 
observed for the PPMI polymer in an almost entire pH range. 
Unique self-assembled morphology of the PPMI-containing 
block copolymer can eliminate uncontrolled aggregation.  

In addition, the group of Zang developed the ratiometric 
luminescent film to sense vapor of H2O2 at trace levels via 
Fo�rster resonance energy transfer (FRET) between the pristine 
and reacted sensor molecules (Fig. 7).137 A fluorescence 
molecule containing aryl boronate group (DAT−B, 500 nm) 
could selectively react with H2O2, producing an electronic 
“push-pull” structure DAT−N, which had a red-shifted 
emission wavelength (574 nm). The spectra overlap between 
the donor (DAT−B) emission and acceptor (DAT−N) 
absorption enabled the efficient FRET to produce high sensing 
efficiency. Moreover, the short distance between the molecules 
in the solid film can promote the occurrence of FRET between 
DAT−B and DAT−N. The detection limit of DAT−B 
luminescent film for H2O2 vapor was calculated to be 7.7 ppb. 

 

Fig. 7 (a) Chemical reaction between the sensor molecule (DAT−B) and 
H2O2, leading to the formation of DAT−N. (b) Illustration showing the 
intrinsic fluorescence emission of DAT−B and the FRET process between 
DAT−B and DAT−N. Reproduced from ref. 137. Copyright 2014 American 
Chemical Society. 

 

Fig. 6 (a) Absorption spectra of BTB in aqueous solutions of pH 5, 7 and 9, 
respectively (a, b, c); and luminescence emission (red and green) of the 
nanorods in cyclohexane solution following photo-excitation with a 980-nm 
laser. The inset shows a TEM image of the nanorods used. (b) Upconversion 
luminescence spectra of the sensor film as a function of pH upon diode laser 
excitation at 980 nm. Reproduced from ref. 131. Copyright 2009 The Royal 
Society of Chemistry. 
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Through the addition of an organic base to accelerate the 
oxidation of aryl boronates, the fast response time (less than 0.5 
s) was observed upon exposure to 1 ppm of H2O2 vapor. In 
addition, they found that the sensitivity can be further enhanced 
by spin-coating the sensor material into an optical tube 
connected to a photodetector.  

In conclusion, the drop-/dip-casting method has been 
extensively used for luminescent films owing to its very facile 
operation and general applicability. However, this method 
suffers from some inborn weaknesses (e.g., poor uniformity). 
On the other hand, ACQ effect is usually occurred in the 
traditional fluorescent molecules, conjugated polymers and 
QDs. In addition, blending polymer is not mandatory, but 
helpful for an enhancement of adhesion. The sensing 
performances of the polymer film are significantly influenced 
by diffusion rate of analytes. Therefore, the polymer with good 
permeability should be the first choice.  
 
2.2 Spin-coating 

The spin-coating technique is expected to be applicable for the 
fabrication of a variety of thin-film based devices.138,139 In the 
spin-coating deposition, a drop of the solution is placed on a 
substrate, the solution is rapidly spread over the surface and the 
excess coating will be spun out of the edge of the substrate by 
centrifugal force. A residue on the substrate remains to rapidly 
form a thin-film by solvent evaporation. In addition, multi-layer 
films may be fabricated by repeating the above process.140−142 
The thickness of spin-cast film can be controlled by altering the 
spin speed and the concentrations of the cast solutions.143−145 In 
comparison to drop/dip-casting technique, the spin-coating 
process is adapted to fabricate the thicker and multiple layers 
with high uniformity.146,147 In general, polymers are widely 
used as materials for spin-coat film owing to the superior film-
forming characteristics and the ability to incorporate multiple 
functions in the film design.148 

2.2.1 Luminescent spin-coat film chemosensors for explosives 

Explosive compounds, mainly composed of nitro-organics, 
nitramines and peroxides, are dangerous chemical agents and 
chemical warfare agents. The trace detection of explosives and 
explosives-related compounds has received widespread 
attention in national defense, public security, environmental 
cleaning and human health.149,150 Nitroaromatic explosives, 
such as TNT, DNT, nitrobenzene (NB) and picric acid (PA), 
are widely employed in industrial explosives.151,152 
Nitroaromatic explosives have a moderate vapour pressure that 
can be detected by solid-state sensor platform in vapor phase.117 
The list of luminescent films for explosives sensing are shown 
in Table 4. The main principle for their fluorescent detection is 
based on the formation of π-stacking complexes between 
electron-deficient nitroaromatics and electron-rich fluorophores, 
leading to the luminescence quenching.153 

Fluorescent conjugated polymers in luminescence sensing 
have intrinsic ability to amplify the response to the analyte-
binding event expressed as “superquenching effect”, and they 
have commonly used for the detection of explosives.154 An 

early example of spin-cast polymer fluorescent film for 
nitroaromatics was found using polyacetylene, 
poly[1−phenyl−2−(4−trimethylsilylphenyl)ethyne] (PTMSDPA) 
with exceptionally high permeability and large free volume.155 
The formation of charge-transfer complex between electron-
rich PTMSDPA and electron-poor nitroaromatics resulted in 
luminescence quenching of the film. Importantly, the sensing 
rate of PTMSDPA film increased with a decrease in the 
thickness (from 80 nm to 3 nm) of the film owing to the higher 
vapor permeability of PTMSDPA in a thinner film.  

However, most of the conjugated polymer systems were 
planar conjugated, leading to a decreased fluorescence quantum 
yield in the solid states. To prevent the π-stacking of the 
polymer backbones, Swager’s group revolutionarily 
incorporated three-dimensional pentiptycene moieties into 
conjugated phenyleneethynylene polymers.156,157 The 
synthesized pentiptycene-derived conjugated polymers were 
spin-casted to fabricate high efficient and stable luminescent 
films. Upon exposure to TNT and DNT vapors, these films 
suffered luminescence quenching by electron-transfer from the 
excited polymers to the analytes. Moreover, the diffusion of 
analytes was accelerated in the sensor film by the formation of 
cavities between adjacent three-dimensional polymers. The 
luminescence properties of conjugated polymer films could be 
improved by the combination of pentiptycene and TPE units.158 
Two main advantages were obtained for this kind of 
luminescent film: the three-dimensional pentiptycene with rigid 
structure could prevent π-stacking and the TPE possessed AIE 
effect to improve luminescence. The fabricated luminescent 

 

Fig. 8 (a) Thickness dependence of fluorescence quenching efficiency of 
ACTC film upon exposure to saturated vapor of TNT (▲) and DNT (■) for 
60 s. (b) TEM image of a thin film of ACTC cast on silicon oxide from 2 
mM THF solution. Reproduced from ref. 160. Copyright 2009 American 
Chemical Society. (c) Thickness dependence of fluorescence quenching 
efficiency of P1 film prepared from its toluene solution upon exposure of the 
film to a saturated vapor of TNT for 60 s. (d) SEM of the P1 film by 
spin−casting from its toluene solution. Reproduced from ref. 166. Copyright 
2013 The Royal Society of Chemistry. 
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films were utilized to detect the electron-deficient isocyanates 
by electron-transfer mechanism. 74% fluorescent signal was 
quenched within 60 s. The detection limit was at the ppt level, 
which was substantially lower than their permissible exposure 
limit of 5 ppb. 

Ultrathin thickness for the above rigid films is still required 
for high quenching efficiency even in the case of conjugated 
polymers with three-dimensional pentiptycene. However, 
porous films composed of molecular nanofibers or gelators 
were emerged to achieve satisfactory quenching efficiency 
regardless of the film thickness. In addition, porous films have 
large surface areas so as to promote the diffusion of analytes to 
sensing elements and strengthen the interaction between analyte 
molecules and sensing sites.159 An alkoxycarbonyl-substituted 
carbazole-cornered conjugate tetracycle molecule (ACTC) was 
synthesized and spin-casted to form luminescent porous film 
sensors by the group of Zang.160−162 The rigid in-plane 
conjugated structure of ACTC enabled the cofacial π-π stacking 
between the molecules to produce one-dimensional nanofibril 
structures. The nanofibril films were obtained by spin-casting a 
THF solution of ACTC. When the ACTC films were exposed 
to TNT and DNT vapors, the efficient fluorescence was 
quenched by electron-transfer from the excited ACTC to the 
explosives. Thanks to the porous structures, the nanofibril films 
exhibited thickness-independent luminescence response to TNT 
and DNT vapors with high stability and reproducibility for the 
practical application (Fig. 8). 

Some other molecules (e.g., carbazole and pyrene derivatives) 
can also form molecular nanofibers in spin-casted films.163−165 
For instance, phosphonated pyrene derivatives have been 
developed to fabricate porous and fibril-structure films for 
nitroaromatic explosives sensing.164 The P=O moieties are 
capable of decreasing the lowest unoccupied molecular orbital 
(LUMO) energy of molecules, facilitating electron-transfer 
from electron rich pyrene to electron deficient nitroaromatic 
compounds. Moreover, the sensitivity could be further 
enhanced by a closer contact, resulting from hydrogen bonding 
interactions between the phosphonic acid and the nitro groups 
of nitroaromatics. On the other hand, the formation of π-π 
stacking between pyrene and polyethersulfone in the polymer 
films can improve the sensing performances.165 Interestingly, 
the spin-coated luminescent film of pyrene-PES possessed a 
worm-like structure, leading to improved diffusion rate of TNT 
vapor and consequently improved the detection sensitivity. In 
addition, Xu and co–workers developed a porous sensing film 
fabricated from a conjugated polymer gelator P1 by drop-/spin-
coating its toluene solution.166 As shown in Fig. 8, the porous 
morphology was beneficial for the diffusion of gaseous analytes, 
allowing effective detection of TNT vapor with a little 
dependent on film thickness. In comparison to the polymeric 
gelators, the gelation behavior of the dendritic gelators can be 
promoted via multiple non-covalent interactions. Han et al. 
designed a carbazole-based conjugated dendrimer H2−BCz 
with selective gelation behavior in a good solvent and anti-
solvent mixture.167 Xerogel film with the nanofibers was 
obtained by spin-coating the H2−BCz gel on a quartz slide. The 
xerogel films can be used as chemsensors for the detection of 

nitroaromatics due to the electron−donating property of the 
H2−BCz molecule. In conclusion, the molecular nanofibers or 
gelators are suitable for spin-casting porous film, however, the 
difficulty in design and synthesis reduces their versatility.  

Combination with the casting techniques, sol–gel method has 
also been used to build porous film sensors with enhanced 
efficiency.168 Silica sol–gel matrices offer the enticing prospect 
in this regard owing to their unique and fascinating properties 
(tunable porosity, chemical inertness, thermal stability, facile 
surface modification) and well-established ability to maintain 
activity and stability of the incorporated sensory elements in the 
films.169,170 For example, metalloporphyrins serving as sensing 
unit were incorporated in mesoporous silica films using 
surfactants as structure-directing agents.171 The fabricated 
cadmium porphyrin (CdTPP)-doped bicontinuous worm-like 
film showed high quenching efficiency towards TNT (60% 
quenching after 10 s exposure to TNT vapor). Not only the 
mesostructure of the film, but also strong affinity between 
analytes and sensing elements provided a fast response time. 
Similarly, a fluorophore-doped mesoporous silica film was 
designed using pyrene based fluorophores TKMPP.172 The 
inclusion of surfactant in the surfactant-containing TKMPP-
doped film with worm-like architecture improved the binding 
interaction between fluorophore and DNT, resulting in an 
enhanced quenching performance towards DNT vapor (39% 
quenching after 45 s and 94% after 405 s) with a detection limit 
of 10 nM. In addition, the silica framework could protect the 
fluorophores from their undesirable photobleaching, leading to 
the long-term storage stability of the nanocomposite films.  

Additionally, organically modified silica (ormosil) was 
utilized to prepare the porous film via a facile template-free 
sol−gel method in the absence of additives (e.g., surfactants).173 
Fluorescent pyrene molecules were physically encapsulated in 
the ormosil network during the synthesis. The mesoporous 
ormosil can promote the formation of pyrene excimer in the 
thin film, leading to an enhanced emission. The as-prepared 
film exhibited rapid luminescence quenching response against 
electron-deficient TNT, DNT and NB vapors. Other organic 
gases, such as toluene and benzene, had no interference on the 

Fig. 9 Schematic illustrations for (a) the fabrication of inverted opal silica 
film with amino ligand monolayer at porous surface; (b) further modification 
with dye molecules through the covalently linking reaction between amino 
groups and C1609 dye; (c) schematic illustration for the FRET−based 
inverted opal sensors for TNT detection and fluorescent quenching 
mechanism through resonance energy transfer from C1609 dye donor to 
TNT–amine complex acceptor. Reproduced from ref. 174. Copyright 2009 
Wiley–VCH. 
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detection, indicating good selectivity of the film sensor towards 
nitroaromatic compounds. Furthermore, the quenched 
luminescence of the film can be recovered by simply washing 
the films with water. 

Different from the amorphous silica films mentioned above, 
an inverted opal silica film with ordered porous structure was 
also developed for the detection of nitroaromatic explosive.174 
At first, a three-dimensional-ordered photonic crystal film on a 
silicon substrate was fabricated using sulfonic groups modified 
PS microspheres via solvent evaporation, followed by padding 
with a mixed 
tetraethylorthosilicate/3−aminopropyltriethoxysilane 
(TEOS/APTS) sol−gel. Subsequently, the inverted opal SiO2 
film with the amino ligand layer at the interior surface was 
obtained after the PS template was removed. Finally, C1609 
dye was covalently immobilized to the partial amino ligands on 
the interior surface of porous walls (Fig. 9). The film exhibited 
a selective quenching response towards TNT as a result of the 
non-emissive resonance energy transfer from dye donors to 
TNT–amine complexes. The highly ordered porous structure 
and strong analyte affinity allowed the film to be capable of 
detecting TNT vapor in the low ppb levels. 

In order to improve the sensitivity towards nitroaromatic 
explosives, a lasing action in organic polymers has been used in 
hybrid films composed of a conjugated polymer and titania 
(TiO2) nanoparticle.175 The conjugated polymers functioned as 
both the gain medium and the sensory unit. The nanosized TiO2 
endowed the hybrid film with a random lasing action. This 
strong lasing suffered significant attenuation in the presence of 
trace TNT (10 ppb). The sensitivity to TNT vapor was 20 times 
higher than that observed from spontaneous emission. The 
developed concept could expand to achieve ultra-sensitive trace 
analysis in general domains by incorporating the other 
functional materials other than the conjugated polymer. 

The conjugated polymer-based materials possess high 
chemosensory efficiency for the detection of electron-deficient 
nitroaromatics via the electron-transfer mechanism; however, it 
remains a challenge to effectively improve the selectivity towards a 

specific molecule. The introduction of molecular imprinting 
technique in the fabrication of film sensors provides an effective way 
to obtain selective sensors for a particular analyte. Nesterov and co-
workers designed highly selective luminescent chemosensors based 
on molecularly imprinted conjugated polymer materials (Fig. 10).176 
The conjugated polymers acted as both imprinting materials and 
analytical signal transducers. The “TNT imprinted” polymer spin-
cast film was capable of selectively detecting TNT by the shape/size 
recognition. However, stronger fluorescence quenching was 
unexpectedly observed on exposure to DNT vapor as a result of the 
similarity between TNT’s and DNT’s molecular shapes. The 
specificity toward TNT molecules could be improved by choosing a 
surrogate template, which fairly well matched the TNT molecular 
shape. 

2.2.2 Luminescent spin-coat film chemosensors for other 

analytes 

During the past decades, gas sensors are of significances for 
toxic or harmful gases and monitoring of air quality,177−179 and 
thus spin-coat luminescent films with controlled thickness and 
morphology have also proven to be suitable for other gases 
sensing.180,181  For instance, fluorine-thiophene-based 
luminescent spin-coat films were developed for the detection of 
methamphetamine (MA) vapor.180 
9,9−dioctylfluorene−2,7−bisthiophene (FBT) and poly 
[(9,9−dioctylfuorenyl−2,7−diyl)−alt(3−hexylthiophene−2,5−di
yl)] (PFT), were used to fabricate the two films. The imine 
group of MA molecule can reduce heavy atom effect of 
thiophene and its phenyl can form π-π stacking with FBT or 
PFT. The prepared two films revealed luminescence 
enhancement upon exposure to MA vapors in sealed vials. In 
comparison to the PFT film, the FBT film had higher sensitivity 
towards MA because its thiophene content was higher, 
providing more binding sites to MA. The detection limits for 
MA vapor of FBT and PFT are 1.9 ppm and 6.4 ppm. In 
addition, a multiple fluorescent sensor based on supramolecular 
cross-linked conjugated polymer network was reported by 

 

Fig. 11 (a) Cartoon representation of the formation of a supramolecular 
cross−linked conjugated polymer network and its disassembly induced by 
different signals. (b) Photograph of a film of PPE polymer, illuminated at 
365 nm. (c) Photograph of a film of a mixture of PPE and DBA with a molar 
ratio of 1:10, illuminated at 365 nm. (e) Cartoon representation of exposure 
of a film made from the supramolecular network to ammonia. Reproduced 
from ref. 181. Copyright 2012 American Chemical Society. 

 

Fig. 10 Schematic representation of a template imprinted into a CP network 
and TNT sensing. Reproduced from ref. 176. Copyright 2007 American 
Chemical Society. 
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Huang et al. (Fig. 11).181 The network was constructed by 
mixing dibenzylammonium salt (DBA) cross-linker with 
fluorescent conjugated polymer poly(phenylene-ethynylene) 
(PPE) containing pendent dibenzo[24]crown−8(DB24C8) 
group. A luminescent film of the supramolecular cross-linked 
network was obtained by spin-casting the mixture onto glass 
slide. The fluorescence of the fabricated film was relatively 
weak as a result of the host-guest interactions between DB24C8 
and DBA, inducing the self-assembly of PPE and the 
aggregation of polymer chains. However, the complexation of 
DB24C8 and DBA were destroyed by multiple stimuli, such as 
potassium cation, chloride anion, pH increase, and heating. 
Therefore, the transformation of supramolecular crosslinked 
network into linear polymer leaded to an increase of 
luminescence intensity. Finally, this film has been successfully 
used for the detection of ammonia with satisfactory results. 

The spin-coat films own robust architecture and high stability 
and thus they have also been used for detecting analytes in 
solution.182-184 For example, Jiang and co-workers reported a 
copolymer film sensor for HSO4

− with a turn-on 
fluorescence.182 The imine and adjacent hydroxymethyl groups 
in poly(HEMA−co−VNP) were capable of forming multiple 
hydrogen bonds with HSO4

− anion. The intramolecular excimer 
was generated from neighbouring side and the emission 
occurred. Therefore, hydrophilic copolymer 
poly(HEMA−co−VNP) in this thin film showed a red shifted 
emission at about 450 nm upon HSO4

− both in organic and 
aqueous media. On the other hand, the fluorescence displayed a 
linear enhancement on HSO4

− concentration in the range of 
0−160 µM with a detection limit of 50 µM. Importantly, the 
turn-on fluorescence response can be easily distinguished by 
the naked eye. 

For sensing ions in aqueous solution, good hydrophilicity of 
the film sensors is essential to improve the permeability of ions 
into the film, and thus hydrophilic copolymer containing the 
ion-sensitive fluorescent unit can be utilized to build 
hydrophilic polymeric films.183 hydrophilic copolymer 
poly(HEMA−co−DCPDP) was obtained by incorporating the 
Cu2+-sensitive DCPDP (fluorescent unit) and the 
2−hydroxyethyl methacrylate (hydrophilic unit) together. Cu2+ 
ions caused a significant decrease in fluorescence intensity of 
the spin-coated copolymer with high selectivity and sensitivity. 
Meanwhile, a turn-on fluorescence at about 590 nm was 
observed after the Cu2+-treated film was immersed in the 
solution of P2O7

4−. In addition, this polymer film showed high 
stability in the flowing water, and thus it can be potentially used 
for the online monitoring in a continuous bioprocessing.  

Zeng and co-workers reported a FRET-based ratiometric 
sensor for Hg2+ by depositing the functional layers (donor, 
spacer, and acceptor) on a sol–gel silica support layer.35 In the 
FRET system, the nitrobenzoxadiazolyl derivative (NBD) acted 
as the donor and the non-emissive spirolactam rhodamine B 
(SRhB) functioned as the receptor for Hg2+ ions. Hg2+-triggered 
ring-opening of SRhB can produce emissive RhB. As a result, 
the NBD emission at 528 nm decreased and the RhB emission 
at 588 nm appeared owing to the occurrence of the energy 
transfer between NBD and RhB. A linear correlation was 

observed between the ratio of the fluorescence intensities 
F588/F528 and the concentration of Hg2+ in the 1.0–10 µM range 
with a detection limit of 1.0 µM. The solid luminescent film 
was suitable for visible detection for Hg2+; however, it is still a 
great challenge to select suitable donors and receptor for the 
design of FRET system. Fortunately, an internal reference was 
used for the ratiometric detection of Hg2+, avoiding the use of 
FRET.184 In the proposed system, BSA-Au NCs were 
incorporated in a sol–gel-derived mesoporous silica film for the 
selective and sensitive ratiometric detection of Hg2+ by 
exploiting the luminescence signal at 420 nm arising from 
oxidized BSA as an internal reference. The detection limit for 
Hg2+ was calculated to be as low as 0.6 nM. 

In biological samples, the interfering absorption and 
autofluorescence of biological matter would influence the UV 
or blue range of the fluorescence spectra. One way to overcome 
these issues is to use near infra-red fluorescent pH sensing 
film.185,186 A long wavelength fluorescent hydrophilic 
copolymer containing the pH-sensitive chromophore 
naphthalenediimide has been synthesized as pH sensor.186 The 
spin-cast film of the obtained hydrophilic copolymer exhibited 
a sensitive and linear response towards pH in the range of 4.6–
8.0. The interferences from biological samples can be 
minimized by the long excitation wavelength at the isosbestic 
point of 572 nm and long wavelength emission at 630 nm. 
Furthermore, in order to eliminate the autofluorescence, UCNPs 
have been chosen as the light source, and the luminescence spectra 
of UCNPs have been modulated by the pH indicator dye.187 The as-
prepared film exhibited a ratiometric fluorescence response to pH 
because the absorption of pH indicator is higher at 661 nm than that 
at 671 nm. Finally, if the sensor film was implanted beneath 6–7 mm 
of porcine tissue, the calibration curve remained unchanged, 
indicating the great potential in vivo sensing. 

Most of the above-mentioned methods to construct film 
sensors via a spin-coating technique enjoy key advantages of 
generality and uniformity. However, the spin-coating technique 
suffers from certain drawbacks (e.g., the lack of material 
efficiency).188−190 In principle, all of the luminescent materials 
can be used for spin-coating. Unfortunately, fluorescence 
quenching by ACQ effect also exists in this technique. The 
utilization of AIE materials and three-dimensional conjugated 
polymers could avoid the ACQ effect. Another possible 
solution is to use the micro-/nanosized particles by 
incorporating the probes in a proper polymer host. Moreover, 
the precursor solution should own appropriate viscosity for the 
formation of films. Therefore, the polymer is of crucial 
importance for spin-coating. In comparison with drop-casting, 
it is uneasy to deliver an exact amount of particles onto a 
substrate.  

3. Luminescent films via Langmuir–Blodgett 

(LB) technique 

As the first molecular-scale material technique, LB technology 
has been employed in monolayer film fabrication, in which the 
interfacial properties are tailored at the molecular level.191 The 
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LB technique is based on the formation of a Langmuir 
monolayer on water, when amphiphilic molecules orient 
themselves at the air/water interface.192−195 The ordered and 
oriented monolayer films with high surface pressures can be 
transferred to solid substrates to form LB films. In addition, 
multilayers can be fabricated by repeating the LB process for 
desired times with different types of LB deposition.192,193 In 
recent years, a series of materials, such as amphiphilic 
compounds, transition-metal complexes, nanoparticles and 
biomolecules, have been proposed as candidates to construct 
the luminescence-based LB films for chemo-/bio-sensing 
applications.  
 
3.1 Luminescent LB film chemosensors 

LB luminescent film is sufficiently sensitive to determine 
various gaseous analytes owing to its thin single-layered 
structure and high specific surface. In principle, gas sensing of 
luminescent LB film is based on the quenching of immobilized 
luminophors in the ambience of target gas.196-199 For instance, 
LB films of transition metal complexes have been used to 
detect O2 through a fluorescence quenching mechanism. 
Amphipathic transition metal complexes were synthesized by 
ligands−functionalization, and a sensitive single-layered O2-
sensing LB film was fabricated by using ligands-functionalized 
ruthenium(II) bipyridyl complexes (Fig. 11).196 The 
luminescence response of the films was observed rapid and 
reversible when the ratio of O2 was switched from 0% to 100% 
as a result of the high absorption capability of O2 molecules on 
the complexes. Nonlinear Stern-Volmer plots are explained by 
the two-site model or nonlinear solubility model. 

In general, the self-quenching of the complexes often occurs 
during the LB process. Recently, the group of Sato introduced 
the inorganic host materials (clay mineral) to prevent the self-
quenching of the complexes.197−199 In 2011, an inorganic-
organic hybrid LB film was constructed by host-guest 
interaction between clay and an iridium(III) complex.197 A 
floating hybrid film was formed on a subphase of an aqueous 
dispersion of clays, followed by transferring onto a hydrophilic 
glass or silicon substrate. The luminescence intensity of the 
film exhibited rapid decrease within 2 s upon exposure to 
gaseous O2. Meanwhile, the quenched luminescence can be 
recovered to the initial value within 5 s in the absence of O2 gas. 
In comparison with the polymer film of iridium (III) complex, 
the ultra-thin LB film (8−16 nm) requires less complex 
materials and responds more rapidly to gaseous O2. 
Subsequently, they also fabricated dual emitting LB 
multilayered film for sensing O2, which composed of clay and 
two kinds of iridium (III) complexes.198 In addition, the other 
organic gases (e.g., methanol, pyridine and acetone) have been 
detected by the LB film of iridium (III) complexes, although 
the mechanism of the introduced gas-induced fluorescence 
quenching was unclear.199 

Peptide lipids have been applied to establish several LB films 
for sensing metal ions due to the unique binding affinity 
between peptide lipids and metal ion at air-water interface.53 As 
shown in Fig. 12, the ionophore and the fluorophore were co-

existed in lipid A (Dns−Gly−His−Lys−(C18)), which was next 
used to construct a LB luminescent film. The fluorescence of 
the LB film of lipid A was quenched in the presence of Cu2+ by 
intramolecular ionophore-fluorophore coupling. For the mixed 
monolayer LB film, the ionophore and the fluorophore were 
located on lipid B (Gly−His−Lys(C18)) and lipid C 
(Dns−Lys(C18)), respectively. The fluorescence of this mixed 
LB film was quenched in the presence of Cu2+ by the through-
space interaction mechanism. In addition, the quenched 
fluorescence can be effectively restored after treatment with 
HCl. The LB luminescent films fabricated by the mixture of 
lipid B with the other fluorescent lipids (e.g., fluorescein lipid) 
also exhibited the excellent quenching properties towards Cu2+, 
indicating the potential of the intermolecular receptor-
fluorophore interaction mechanism in luminescent sensing.  

Water-soluble conjugated polymers have been widely used 
as sensory materials for inorganic ions and organic small 
molecules.10,11 However, the conjugated polyelectrolyte-based 
sensors are often disturbed by ionic strength and charged 
molecules in solutions. Swager’s group immobilized 
hydrophobic, water insoluble poly(p−phenylene ethynylene)s 
(PPEs) poly(p−phenylene ethynylene)s (PPEs) in the LB film 
for the detection of viologens in the aqueous solution.200 The 
tight and ordered localization of polymer molecule can 
facilitate the exciton transport in multiple dimensions, leading 
to the increased sensitivity to viologen in comparison with 
polymer solutions. In addition, the hydrophobic surface of the 
LB film can promote the interaction between the hydrophobic 
groups of viologens and PPEs. The proposed system provided a 
strategy to establish the solid-state sensory devices for 
monitoring organic small molecules in aqueous environments. 
 
3.2 Luminescent LB film biosensors 

It is one of the leading sectors of applications in the biosensing 
field to design and develop nanostructured sensors. The 
molecular-scale LB technique has been proposed for the 
preparation of biosensors using bioactive molecules (e.g., 
antibodies and enzymes) as the biorecognition elements (Table 
5).201,202  

An enzyme-based sensor not only provides high selectivity, 
but also works in an environmentally friendly way. Enzyme can 

 

Fig. 12 (a) Structures of lipid A, B and C. (b) Proposed mechanisms on the 
fluorescence quenching of langmuir monolayers caused by copper ions. I 
shows the intramolecular scheme for the monolayer of lipid A. II shows the 
intermolecular scheme for monolayers of B/C. Reproduced from ref. 53. 
Copyright 2003 American Chemical Society. 
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be adequately immobilized in an organized ultra-thin 
monolayer while its biological activities were retained. LB 
monolayer of FITC-labeled enzyme organophosphorus acid 
anhydrolase (OPAA) was prepared for the detection of 
diisopropylfluorophosphate (DFP).203 OPAA rearranged during 
the enzymic hydrolysis of DFP, leading to self-quenching of 
FITC fluorescence in the FITC−OPAA film. A linear 
relationship was observed between the emission intensity of the 
film and the concentration of DFP in the range of 1.0–10 nM. 
Interestingly, the enzyme in the LB film can return to its 
original configuration when placed in the buffer solution so that 
the fluorescence of the film can be fully recovered. The same 
research group also immobilized FITC-labeled 
organophosphorus hydrolase (OPH) in the LB film to construct 
a paraoxon sensor.204 Different from the LB film of 
FITC−OPAA, the fluorescence quenching of this FITC−OPH 
film sensor in the presence of paraoxon is caused by tuning the 
pH values during the hydrolysis reaction. With an increase in 
the paraoxon concentration from 0.1 to 10 µM, the fluorescence 
of FITC−OPH film decreased linearly with a detection limit of 
1.0 nM. 

In addition, Kim and co-workers designed a DNA sensors 
based on amphiphilic conjugated PPE using the signal 
amplification property of conjugated polymers.205 The 3' end of 
the probe DNA, amine-modified single strand 15base DNA 
sequence, has been covalently coupled to the carboxylic acid 
side of PPE in the LB film. The 5' end of target DNA labeled 
with hexachlorofluorescein (HEX) dye would pair with the 3' 
end of the probe DNA located near the PPE surface. As a result, 
the fluorescence emission of the PPE was quenched, while the 
emission of HEX (λmax = 557 nm) was amplified due to the 
FRET between the underlying PPE and HEX dye group on 
target DNA sequence.  

QDs were utilized in the luminescent LB films for 
biosensing.54 As shown in Fig. 13, a thin film of 
TOPO−ODA−ZnS−CdSe and TOPO−TDPA−ZnS−CdSe QDs 
was constructed by the LB technique and further modified by 
an amphiphilic polymer, poly(maleic 
anhydride−alt−1−tetradecene) (PMA), through self-assembly. 

Then the avidin was immobilized on the PMA-coated QD film 
via electrostatic interactions. When immersed in the 
biotinylated gold solution, the avidin-coated QD film can 
attract the biotinylated gold nanoparticles by the specific 
interaction between avidin and biotin. The fluorescence 
emission of the films was quenched due to FRET between QDs 
and gold nanoparticles. 

In conclusion, the use of LB film technique is limited by the 
fact that only amphiphilic compounds are capable to form 
monolayers at the air/water interface. Although the 
hydrophobic QDs are candidates to form luminescent LB films, 
few of them are developed for sensing application.206,207 
Moreover, the LB system is not strongly stable exposed to the 
ambient environment as a result of relatively weak physical 
adhesion in the assembly process.208 Over the past several 
decades, the LB technique was gradually replaced by other 
simpler and more robust methods, such as SAM and LBL 
deposition. 

4. Luminescent films via self-assembled 

monolayers (SAMs) method 

SAM technique is based on the spontaneous molecular self-
assembly via chemisorption on a solid surface, where 
molecules consist of a terminal functional group (named as 
“head group”) with high affinity towards the surface, a tail 
group arranged towards the outer surface of the film, and a 
spacer that connects the two units.209,210 The chemical or 
biological sensing of SAMs is determined by the tail moiety 
at the outer surface. In the luminescent SAMs films for 
chemo-/bio-sensing, the chromophores are usually 
immobilized on the substrate to form a monolayer as a 
receptor of analytes.211 Generally, the sensing of the SAM 
film with the one-molecule-thick layer occurs in a short 
response time.212 Nowadays, the development of SAMs in the 
application of luminescence sensing is the subject of interest. 
In this section, the current progress on the luminescent film 
based on the SAM technique is presented. 
 

 

Fig. 13 Synthesis scheme of surface−modified QD thin films and the FRET 
between QDs and gold nanoparticles. Reproduced from ref. 54. Copyright 
2008 American Chemical Society. 

 

Fig. 14 Structure of SAM film of CholA−OPE and cartoon illustrating the 
possible change of the conformations of the surface−immobilized molecules 
of CholA−OPE with its medium being changed from a good solvent (acetone 
as an example) to a poor one (water, for example). Reproduced from ref. 
213. Copyright 2012 American Chemical Society. 
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In recent years, some new sensors of the fluorescent SAMs were 
developed for chemo-sensing. For example, Fang’s group fabricated 
a novel SAM-based fluorescent film with 
oligo(p−phenylene−ethynylene) (OPE) as a sensing unit by chemical 
immobilization (Fig. 14).213 The introduction of cholic acid (CholA) 
into the side-chains of OPE prevented the aggregation of the OPE 
backbones and improved the solubility in organic media, promoting 
the covalent attachment of CholA−OPE to the silane layers on the 
surface of substrate. In good solvent (e.g., acetone), a hydrophilic 
pocket formed by the hydrophilic sides of CholA could act as a 
holder for some small halogens anions. The protonation of the imino 
groups next the OPE units induced fluorescent quenching of the 
CholA−OPE film. Therefore, the fabricated CholA−OPE film can be 
used for HCl sensing in acetone-like non/less-polar solvents. 
However, the high sensitivity towards HCl was only observed in 
organic media rather than aqueous solutions, which limited its 
extensive application in different systems. Fortunately, the same 
group conducted a new fluorescent dansyl-functionalized SAM 
sensor suitable for different media.214 In this system, a diamine 
derivative of dansyl (DNS−TOA) containing oligo−(oxyethylene) 
was synthesized as a linker, in which the oligo−(oxyethylene) and 
amine units had high affinity towards Hg2+ and Cu2+ and the dansyl 
group acted as the sensory element. In aqueous solution, the 
quenching efficiency of DNS−TOA film was slight higher towards 
Hg2+ than Cu2+. However, a much higher sensitivity to Cu2+ was 
observed in acetonitrile and THF. This cross-reactive response of the 
film in different solvents enabled it to recognize and identify Hg2+ 
and Cu2+ions, or Ni2+ and Co2+ ions. 

Most of SAMs are immobilized by the treatment of the glass 
substrate surface with amino-functionalized trialkoxysilanes, 
followed by the reaction of the functional groups of target 
molecules. However, this kind of SAMs lacks highly ordered 
structures, potentially leading to the destruction of the 
monolayer geometry. To improve the stability of the SAM 
films, the efficient covalent bonding of fluorophores to 
silicon/glass substrates can be achieved by a proper end-
functionalization. The functionalized oligothiophene structure 
with a triethoxysilane end can be immobilized on the 
hydroxylated substrates by one-step reaction (Fig. 15).215 The β 
methyl groups on the inner thienyl rings can prevent π-
aggregations. On the other hand, the terminal pyridine ring was 
sensitive to the pH values of the solutions. Therefore, the 
fabricated SAM film exhibited reversible red-shift emissions 
after exposure to acid solutions, and a fluorescent visual pH 
indicator can be designed for practical applications.  

To improve the response performances of the film sensors, 
the SAM luminescent film with specific spacers was 
constructed.216 The benzene rings in the spacer promoted 
excimer formation between terminal pyrene moieties, 
facilitating the direct exposure of fluorophore moieties to 
analytes with a fast and sensitive response. Therefore, the 
pyrene-functionalized SAM fluorescent film was utilized to 
detect PA in aqueous phase and the detection limit of the film 
to PA was found to be 10 nM. However, the other nitroaromatic 
compounds could quench the fluorescence of the films. 
Furthermore, in order to improve the selectivity, a SAM film 
with discriminatory power was designed by introducing the 

cross-reactive sensor elements in the spacer.217 The 
oligo(oxyethylene) units may provide a multidimensional 
microenvironment for analytes, facilitating the cross-reactive 
responses of this film to different nitroaromatics so that the 
designed SAM film provided potential in practical applications 
for the detection and identification of nitroaromatics with high 
selectivity and reversible responses.  

On the other hand, the conjugated polymers as signal-
transducing elements have been chemically bound on the solid 
surfaces to obtain a SAM film with high sensitivity.218 The 
immobilization of polyfluorene was achieved by the covalent 
attachment of amine groups in amino-functionalized 
polyfluorene derivative polymer (PF−NH2) to epoxy-terminated 
glass surface. The obtained SAM film showed a selective 
quenching response to Cu2+ in the concentration range of 5−50 
µM. In addition, the sensing process was reversible by simply 
rinsing the film with an EDTA solution.  

In order to extend application of conjugated polymer film in 
organic and aqueous media, the phosphonate-functionalized 
polyfluorene was synthesized to build the SAM luminescent 
film for sensing Fe3+.219 The hydrophobic conjugated aromatic 
backbones and alkyl side chains made this film available for 
organic media. In addition, hydrolyzation of phosphonate ester 
occurred in aqueous media and the formed conjugated 
polyelectrolyte made the surface more hydrophilic. Therefore, 
the luminescent film showed selective and sensitive 
luminescence response towards Fe3+ in THF and aqueous 
solution. The detection limits of Fe3+ were determined to be 2.5 
µM in aqueous solution and 15 µM in THF solution, 
respectively.  

In conclusion, the SAM films have single molecular layer, 
resulting in high sensitivity for chemo- and biosensing. Most 
covalent connections between head groups and substrates in 
SAM films are achieved by sulfur head compounds and 
silanes.210 However, these head moieties are difficult to be 
synthesized. Their incompatible reactivity with other functional 

 

Fig. 15 (a) Molecular design strategy for the pH sensitive SAM. Red: proton 
antenna, yellow: fluorescent block, green: surface anchoring groups. (b, c, d) 
Fluorescence microscopy images (Hg lamp, λexc = 330−380 nm) of 
functionalized 300 nm thick SiOx at different pH. Bar size 250 µm. (e) 
Functionalized quartz (4 cm×1.2 cm) partially dipped in HCl/EtOH (pH = 1). 
Reproduced from ref. 215. Copyright 2011 The Royal Society of Chemistry. 
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groups may confine their further functionalization. Up to now, 
the conjugated polymers and oligomers have been successfully 
used in SAMs. More kinds of luminescent materials are 
expected for fabricating the SAM films. In addition, the 
introduction of other functional head groups for covalent 
connections may be a promising direction for luminescent 
SAMs.  

5. Luminescent films via layer-by-layer (LBL) 

assembly 

LBL assembly is one of robust and versatile technologies for 
preparing nano-composite thin films. Conventional LBL films 
are assembled by alternate adsorption of oppositely charged 
molecules or particles on the surface of substrate.220−222 
Generally, negatively charged substrates (e.g., glasses, quartz, 
silicon wafers) are initially immersed in a solution of positively 
charged molecules/particles, followed by washing with pure 
water to remove the loosely adsorbed molecules. Subsequently, 
the substrates are exposed to a solution of negatively charged 
molecules/particles and rinsed thoroughly. For positively 
charged substrates, analogous procedures are performed by 
swapping the negatively charged layer and positively charged 
layer. The deposition cycles are continued until the desired 
multilayer is achieved. The LBL technique has remarkable 
advantages over other assembled methods: (a) the procedures 
are simple and low cost without the use of any expensive, 
sophisticated instruments; (b) it is a suitable alternative to any 
type of charged components, such as polyelectrolyte, organic 
dye, inorganic nanomaterial and biomolecule; (c) LBL films 
can be fabricated with flexible choice of substrate with different 
matrices and shapes; (d) the film thickness with the individual 
layer of molecular thickness can be controlled at the nanometer 
scale; (e) except that a common procedure of LBL assembly is 
driven by electrostatic interactions, LBL assemblies are also 
achieved by hydrogen bonding, covalent connection, and 
hydrophobic interactions. These advantages allow LBL 
assembly technique holds the promise of fabricating uniform 
and robust luminescent film for practical sensing applications. 
 
5.1 Luminescent LBL film chemosensors for heavy metal 

ions 

Organic ligand-capped QDs are sensitive to surface interactions 
due to the unique discrete electronic state of each particle, and 

they have been widely used for the development of LBL 
luminescent sensor films.13,14 Mercaptosuccinic acid (MSA)-
capped CdTe QDs were easy to be negative charge by altering 
the pH of QDs solutions. The negatively-charged CdTe QDs 
were then deposited on the quartz slides to form multilayer 
films by electrostatic interactions with PDDA.223 The 
fluorescence of PDDA/QDs multilayer films could be quenched 
effectively by Hg2+ due to the electron-transfer process between 
MSA molecules on the surface of QDs and Hg2+ ions. The 
quenched fluorescence intensities were perfectly described by 
modified Stern–Volmer equation with the concentrations of 
Hg2+ in the range of 0.01–1 µM. Note that coexisting Cu2+ ions 
showed strong interference on the detection of Hg2+. However, 
the Stern–Volmer constant for Cu2+ was lower than that for 
Hg2+. Therefore, the synchronous detection of Hg2+ and Cu2+ 
can be achieved by their different quenching constants.224 The 
linear ranges were obtained from 0.005 to 0.5 µM for Hg2+ and 
from 0.01 to 1 µM for Cu2+, respectively. In addition, the 
luminescence of QDs-multilayer films were able to be 
recovered by using GSH to remove Hg2+ or Cu2+ due to strong 
affinity of GSH-metal ions. Furthermore, this work was 
expanded to the naked-eye colorimetric readout of 5 µM of 
Hg2+ by assembling 3−mercaptopropyl acid (MPA) −coated 
QDs (657 nm and 553 nm) with PDDA to yield bi-color 
multilayer films.225 The outermost layer of the LBL 
luminescent film was modified by BSA through electrostatic 
interaction between carboxyl groups of MPA on the surface of 
CdTe QDs and amino groups of BSA. Interestingly, the green 
emission from QDs at 553 nm in the outer layer could be 
quenched gradually with the increase of the Hg2+ concentration. 
However, the fabricated bi-color film cannot be quenched by 
Cu2+. Therefore, the fluorescence color of this film would 
change from yellow-green to red. The change of color can be 
easily identified with the naked eyes. 

More importantly, silver nanoprisms were firstly deposited 
on the Si or glass substrate, followed by a polymer spacer via 

LBL assembly. Finally, 16−mercaptohexadecanoic acid 
(16−MHA)−capped CdSe QDs were deposited as the outermost 
layer, and the luminescence of QDs can be enhanced by the 
electric field of Ag nanoprisms (Fig. 16).24 The enhanced 
luminescence intensity of CdSe QDs was selectively quenched 
in the presence of Cu2+ as a result of the selective ion exchange 
processes between Cu2+ and Cd2+ on the surface of CdSe QD. 

 

Fig. 17 The schematic representation for the measurement−regeneration 
cycle of the UTF. Reproduced from ref. 59. Copyright 2011 The Royal 
Society of Chemistry. 

 

Fig. 16 Schematic diagram showing the processes of fabrication of the 
enhanced CdSe device for ion sensing. Reproduced from ref. 24. Copyright 
2010 American Chemical Society. 
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The obtained LBL luminescent film could detect Cu2+ within 
five minutes with the detection limit as low as 5 nM. 

Recently, an anionic fluorescent conjugated polymer 
(PPESO3) has been synthesized to fabricate fluorescence film 
through LBL electrostatic assembly with cationic PDDA.226 
The fluorescence intensity of PDDA/PPESO3 LBL film 
decreased linearly with increasing the Hg2+ concentration. 
However, other metal ions could also quench the fluorescence 
of PDDA/PPESO3 LBL film owing to the weak selectivity of 
the electron-transfer process from the excited fluorescent dye to 
metal ions. Fortunately, the accurate quantification of Hg2+ in 
real water samples could be achieved when a suitable masking 
reagent (e.g., triethanolamine) was added to chelate the 
interfering ions, such as Fe3+ and Al3+. 

It is known that thermal and optical stability of the flexible 
polyelectrolytes are relatively poor.47 Instead, layered inorganic 
materials with rigid and interlayered structure, including 
positively-charged layered double hydroxides (LDHs) and 
negatively-charged montmorillonite, could enhance the stability 
of the luminescent multilayer films.227−229 Recently, the highly 
ordered ultrathin film (UTF) was constructed using the positive 
LDH nanosheets and 1,3,6,8−pyrenetetrasulfonat acid 
tetrasodium (PTS) through the electrostatic LBL deposition, 
which was perpendicular to the substrates with a periodical 
layered structure (Fig. 17).59 Some important advantages, such 
as a broad linear response range, good selectivity, and high 
stability, were obtained when the UTF was used for sensing 
Cu2+. On the other hand, the UTF could be regenerated by the 
addition of EDTA to remove Cu2+, providing high reusability 
with 20 cycles. More recently, PTS molecules were displaced 
by the other styrylbiphenyl derivative 
2,2’−(1,2−Ethenediyl)bis[5−[[4−(diethylamino)−6−[(2,5−disulf
ophenyl)amino]−1,3,5−triazin−2−yl]amino] benzene 
sulfonicacid] hexasodium (BTBS), to fabricate a novel UTF, 
which was used for selectively recognizing heavy metal ions by 
the variable Stern–Volmer constant values.230 

Some new materials have been developed for compensating 
the deficiencies of existing luminescent probes, such as toxicity 
and complicated preparation.15 For example, the negative 
graphitic carbon nitride (g−C3N4) nanosheets (blue-emissive) 
and the positive LDH nanoparticles were used as building 
blocks to fabricate multilayer film via LBL technique.231 In the 
presence of Cu2+ and Ag+, the photoinduced electron-transfer 
from the conduction band of g−C3N4 to Cu2+ and Ag+ could 
lead to the fluorescence quenching of the UTF. The fabricated 
film was successfully used for detecting Cu2+ and Ag+ in 
aqueous solution and serum samples with a low detection limit 
of 20 nM. More interestingly, this UTF can distinguish Cu2+ 
from Ag+ based on their different adsorption and desorption 
kinetics.  
 
5.2 Luminescent LBL film chemosensors for explosives 

A new type of organic-inorganic hybrid UTF was fabricated by 
electrostatic LBL assembly of optical brightener anionic 
stilbene derivatives and LDH nanosheets.232 The luminescence 
of the UTFs were selectively sensitive to the nitroaromatic 

explosives. Nitroaromatic explosives could be distinguished by 
three fluorescent responses of the UTF: (1) the fluorescent 
intensity was quenched systematically upon increasing the 
concentration of NB and m-dinitrobenzene (mDNB); (2) the 
fluorescence intensity increased in the presence of DNT and 
TNT; (3) for PA, the fluorescent position showed a remarkable 
red-shift from 450 to 466 nm accompanied with a decrease in 
the fluorescence intensity. In addition, a dual-color luminescent 
UTF was developed by co-assembling blue BBU and orange 
polythiophene with LDH nanosheets. 
 

The luminescent UTF with high stability can also be 
fabricated by hydrogen-bonding and covalent conjunction in 
the LBL process.220,222 For example, the one-bilayer nanofilms 
were self-assembled via hydrogen-bonding interactions 
between hydroxyl groups on the surface of 
1,2−bis[4−(3−hydroxyphenyl)phenyl]−1,2−diphenylethene 
(TPE−2PhOH) and diazonium groups in 4,4’−biphenyl 
diazonium (BPD) salts (Fig. 18).233 And then, the hydrogen 
bonds were converted to the covalent bonds by decomposition 
of the diazonium groups under UV irradiations, resulting in the 
formation of a stable UTF. The fluorescence of 
TPE−2PhOH/BPD film was quenched by volatiles of four 
nitroanilines and the sequence of the detection sensitivities for 
the four nitroanilines was 3−nitroaniline (3−NA)> 4−NA >TNT> 
2−NA. 

In addition, the specificity of the luminescent film can be 
improved by the introduction of recognition elements.211 Kim et 

al. fabricated a turn-on TNT UTF through the LBL assembly 
using QDs as a transducing unit and engineered M13 virus as a 
recognition unit.234 The engineered M13 virus-trapped black 
hole quencher (BHQ2−COOH) could quench the emission of 
QDs in the UTF by energy transfer between QDs and 
BHQ2−COOH. Interestingly, TNT could liberate and displace 
BHQ2−COOH due to its higher binding affinity to the 
engineered M13 virus, leading to the recovery of the 
fluorescence in the UTF. Therefore, the prepared UTF was 
successfully applied to detect TNT at the sub ppb level with 
high sensitivity and specificity. More importantly, this nano-

 

Fig. 18 Schematic representation of the photoinduced electron–transfer 
mechanism for the quenching of the fluorescence of one–bilayer TPE–
2PhOH/PBD LBL SA film by TNT. Reproduced from ref. 233. Copyright 
2011 Elsevier. 
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composite UTF was able to differentiate TNT from DNT, 
which was a great challenge for explosives sensing. 
 

5.3 Luminescent LBL film chemosensors for other analytes 

Su and co-workers fabricated a gaseous formaldehyde UTF 
through the LBL assembly of MSA-capped CdTe QDs and 
polyelectrolytes (PDDA and PSS).235 As a classic electron 
acceptor, formaldehyde shuttled the electron from the 
conduction band to the valence band of the excited CdTe QDs, 
and thus the fluorescence of QDs in the UTF was quenched. 
Furthermore, BSA was used to form a protective layer on the 
surface of the film due to its higher binding affinity with 
formaldehyde than acetaldehyde. Therefore, the strong 
interference from acetaldehyde towards formaldehyde can be 
inhibited. 

A luminescent porous UTF for monitoring O2 was fabricated 
with assistance of mesoporous silica.236 The transition metal 
dyes were adsorbed into the pores of mesoporous silica 
particles at submonolayer coverage on the surface of the LBL 
film. The dyes incorporated into the mesoporous silica 
exhibited a stronger luminescence than them directly adsorbed 
on the surface of the LBL film. Interestingly, the luminescence 
intensities and decay lifetimes of the UTF decreased with an 
increase in O2 pressure. The curved intensity Stern-Volmer 
plots could be fitted with two phenomenological models, a two-
site model and a model based on a Freundlich binding isotherm 
for O2. 

The neutral luminophors can also be immobilized in the 
UTFs using polymers as binders.46,237 Recently, the LBL 
assembly of the neutral TPE molecules encapsulated within the 
poly(vinyl carbazole) (PVK) and the LDH nanosheets was 
achieved by hydrogen bonding interactions.237 The rigid LDH 
matrix could provide a stable microenvironment for the FRET 
process between PVK (407 nm) and TPE (465 nm). In addition, 
when the UTFs were exposed to the volatile organic compound 
(VOC) vapors, the restricted TPE molecules could become non-
emissive as a result of the re-occurring of intramolecular 
rotations. Therefore, the layered structure UTFs exhibited 
reversible two-color switching of fluorescence emission by 
controlling the free/restricted state of TPE with different VOC 
vapors, such as tetrahydrofuran, acetone, toluene and 
chloroform. 
 

5.4 Luminescent LBL film biosensors 

Over the past decades, the LBL luminescent films are suitable 
for bio-sensing owing to versatility of the LBL technique for 
immobilizing sensory elements with maintained activity in the 
solid film.238-242 Currently, increased attention is being paid to 
the determination of residues of organophosphorus pesticides 
(OPs). For instance, a paraoxon biosensor was designed for 
OPs sensing by the combination of chitosan, OPH and 
thioglycolic acid (TGA)-capped CdSe QDs into the LBL film 
(Fig. 19).238,239 Moreover, the interaction between OPH and 
paraoxon leaded to the fluorescence quenching of the QDs in 
the UTF by changing the conformation of OPH. As a result, the 
fluorescent change could be utilized to detect paraoxon. 

Tang’s group developed a highly sensitive biosensor for the 
detection of OPs by assembling MPA-capped CdTe QDs with 
acetylcholinesterase enzyme (AChE) through the electrostatic 
LBL technique.45 The obtained UTF can be used directly in 
solutions without the need of drying procedure. However, the 
inhibition efficiencies of the four commonly-used OPs 
including paraoxon, parathion, dichlorvos and omethoate to the 
AChE were different, resulting in inaccurate measurement in 
the mixture of these OPs. Therefore, the similar inhibition 
efficiencies towards these four OPs were highly required to 
improve the detection reliability. Fortunately, choline oxidase 
(ChOx) and AChE were introduced to fabricate bi-enzyme/QDs 
multilayer films for the detection of paraoxon, dichlorvos and 
parathion at picomolar levels (Fig. 20).240 Moreover, the total 
concentration of any two mixture among paraoxon, dichlorvos 
and parathion could be detected by the proposed bi-enzyme 
biosensor. Similarly, they developed a blood glucose sensor 
through alternately depositing negative MPA-capped CdTe 
QDs with positive GOx.58 GOx can catalytically oxidize 
glucose to produce H2O2, leading to the luminescence 
quenching of QDs. The quenching rate was plotted as a 
function of the glucose concentration. The fabricated UTF has 
been successfully used for the determination of glucose in real 
serum samples without sample pretreatment. 

In addition, the TGA-modified CdSe/ZnS QDs (540 nm) as 
fluorescent donors were assembled with poly(allylamine 
hydrochloride) (PAH) on the poly(dimethylsiloxane) surface of 
microfluidic channel through the LBL technique. Next, as 

 

Fig. 19 Sensing assembly: (A) top layer of OPH; (B) two bilayers of 
OPH/TGA-capped CdSe QDs; (C) 5 bilayers of CS/TGA-capped CdSe QDs. 
Reproduced from ref. 238. Copyright 2003 American Chemical Society. 

 

Fig. 20 Scheme of (PAH/CdTe)x(PAH/PSS)3(PAH/ChOx)y(PAH/AChE)z 
biosensor: (a) top z bilayers of PAH/AChE, (b) y bilayers of PAH/ChOx, (c) 
intermediate 3 bilayers of PAH/PSS, and (d) bottom x bilayers of PAH/QDs. 
Reproduced from ref.240. Copyright 2011 The Royal Society of Chemistry. 
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fluorescent acceptors and recognition units, rhodamine (590 
nm)-labeled neurotensin molecules were deposited on the outer 
layer of the UTF. Finally, the real-time monitoring of the 
enzymatic cleavage of neurotensin was successfully explored 
through a FRET-based luminescent film in the microfluidic 
channel. The ability to grow the sensing UTFs in microfluidic 
channels further enables us to perform the assays of cell and 
tissue cultures.241 On the other hand, 
8−amino−1,3,6−naphthalenetrisulfonate (ANTS) assembled 
into the ANTS/LDH UTF could directly recognize dextran 
oligosaccharides.242 Moreover, the quenched luminescence can 
be recovered by immersing this UTF into H2O2 solution. 

In conclusion, there is no doubt that electrostatic interaction 
is the most effective way to fabricate luminescent LBL films. 
For the neutral materials, they are needed to be capsulated 
within polymer or surfactant micelles for electrostatic LBL 
assembly. Building blocks are prefered to any type of charged 
components, including polyelectrolyte, inorganic layered 
materials, proteins, etc. However, the dense 2D structure from 
these blocks takes negative impact on the diffusion and 
permeability of analytes throughout the whole film, resulting in 
a slow response towards target molecules, especially for 
vapor.233 Fortunately, an additional sensing layer could be 
deposited on the surface of luminescent LBL films. Then they 
can be served as an intrinsically referenced sensor films. On the 
other hand, it does take several hours to construct a whole UTF 
due to the time-consuming adsorption–desorption equilibrium 
(usually 10–30 min) in each assembly process.243−245 

6. Luminescent films via electrospinning 

It is well-known that the performances of luminescent sensory 
films depend on the film thickness because the non-porous rigid 
structure in the luminescent films makes the diffusion of 
analytes slow. Therefore, the fabrication of porous films is 
highly desirable for improving the sensitivity.66 The polymer 
solution could generate nanofibers with large surface-to-volume 
ratios and mechanical strength by electrospinning technique. 
Electrospinning is a simple deposition technique consists of 
four major components: a direct current power supply, a 
metallic spinneret, a pump-driven syringe, and a grounded 
collector.246 Extruded from a spinneret, the polymer solution 
initially forms a droplet. Under the influence of the high 
electric field, surface tension and viscosity resistance, the 
droplet deforms and a charged liquid ejects towards the 
grounded collector. The jet will be stretched by electrostatic 
repulsion and will whip in air medium, leading to the formation 
of continuous fibers on the collector. Then, a defined three-
dimensional porous mesh can be formed on the plane target 
plate.247,248 The film with porous mesh is achieved by various 
nanofiber materials, such as polymers, ceramic precursors and 
organic-inorganic composites. On the other hand, the sensing 
elements or molecular recognition units are easy to incorporate 
into porous mesh for chemo-/bio-sensors. 

Pei and co-workers found that the conjugated polymer 
exhibited a strong ACQ effect in spin-casting film.249 However, 

the electrospinning treatment towards this synthesized polymer 
could quickly froze the polymer chains, effectively preventing 
the intermolecular π-π interactions. Next, the supporting matrix 
PS doping-conjugated polymer was electrospun to fabricate the 
electrospun optical fibrous (EOF) films for the determination of 
DNT vapor. Furthermore, the sensitivity can be improved by 
the addition of sodium dodecyl sulfate, a porogen agent, to 
form secondary pores into the nanofibers. This work has 
successfully developed a typical electrospinning technology for 
other conjugated polymers or materials for optical chemo-/bio-
sensors. Similarly, tetrakis(4−methoxylphenyl) 
porphyrin (TMOPP) as sensing material was mixed with PS 
(supporting matrix) and Triton X−100 (porogen agent) to make 
an electrospun solution.250 Note that dodecylamine was used to 
strengthen attachment of the explosives onto the EOF film 
through the proton transfer interactions between the methyl 
groups of the explosives and the amino groups of dodecylamine. 
Accordingly, the collision probability between the explosives 
and TMOPP was improved, leading to a highly sensitive 
response to ppb levels of TNT vapor and ppt levels of PA vapor, 
respectively.  

 In addition, a similar function as “molecular wires” in the 
EOF film was obtained by utilizing the potential π-π stacking 
between pyrene and phenyl pendants of PS.251 Note that an 
organic salt, tetrabutylammonium hexafluorophosphate (TBAH) 
was used to increase the conductivity of electrospinning 
solution, resulting in the formation of nanoscale fibers with 
good morphology. The application of the obtained EOF film 
was demonstrated by detecting buried explosives in soil under a 
handheld UV light, indicating its great potential in landmine 
mapping. 

A more straightforward approach was to covalently attach a 
luminescent pH probe to a lineal copolymer (supporting matrix) 
to form a spinnable luminescent polymer.252 Fluorescein o-
acrylate, a pH-sensitive monomer, could be copolymerized with 
methyl methacrylate and hydroxyl ethyl methacrylate to 
produce a luminescent pH-sensitive copolymer. The DMF 
solution of the synthesized lineal copolymer can be directly 
used to fabricate the pH-sensing EOF film by electrospinning. 
Moreover, through the addition of charged monomers, the 
slightly charged copolymers were also prepared and used to 
form films. The excitation and emission properties of the EOF 
films were identical to those of the polymer solutions (λex/em = 
480/535 nm). 

Typically, the luminescence of CdSe QDs can be quenched 
by nicotinamide adenine dinucleotide (NAD) through electron-
transfer process.253,254 However, NAD can convert to NADH 
through the lactate dehydrogenase-catalyzed reaction, resulting 
in the recovery of the QD fluorescence. Therefore, a “turn-on” 
enzyme sensor for lactate dehydrogenase in the range of 
200−2400 U/L was successfully fabricated (Fig. 21).255 On the 
other hand, a glucose sensor was explored by immobilizing 
GOx enzyme onto the (bt)2Ir(acac)/PS EOF film.256 The 
luminescence intensity of (bt)2Ir(acac) was effectively 
weakened by trace amounts of dissolved O2. In the presence of 
glucose, O2 in the interior of the GOx/EOF could efficiently 
react with glucose to generate H2O2, resulting in the enhanced 
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luminescence of EOF. An extremely low detection limit of 
glucose (0.1 nM) was achieved within 1 s.  

A novel EOF film was fabricated by 
meso−2,6−dichlorophenyltripyrrinone (TPN−Cl2).

25 When the 
center of TPN−Cl2 captured Zn2+ ions, the EOF film could emit 
red fluorescence . The limit of detection for Zn2+ was 10−6 M 
using this EOF film, meeting the criterion for Zn2+ sensing in 
biologic samples. Moreover, this EOF film exhibited a high 
sensitivity and selectivity in the commonly used cell culture 
liquid media (Dulbecco’s modified Eagle medium and fetal 
bovine serum). Similarly, when SRhB was physically blended 
with NBD-based copolymer, the obtained mixture was 
electrospun to form fluorescent nanofibrous films for the 
ratiometric detection of Fe3+.257 In conclusion, either turn-on or 
ratiometric luminescent EOF films are still in their infancy, 
more efforts should be put on exploring their huge potential.  

However, it is not always a smooth process to obtain the 
multicomponent EOF films by electrospinning. The direct 
doping could induce poor dispersion of the multiple additives 
and self-quenching of luminophors. As a result, the obtained 
EOF films exhibited worse spinnability and sensing 
performance.258,259 A straightforward solution is to 
functionalize the surface of the EOF films rather than the EOF 
films.260 Yang et al. utilized the adamantane-modified polymer 
to prepare EOF films through electrospinning, and then the 
rhodamine–cyclodextrin was adsorbed on the EOF films via 
host–guest interaction to construct a fluorescent probe for Hg2+ 
sensing (Fig. 22).258 The sensing process did not need the 
inner–layer analyte diffusion and thus the response time was so 
fast. Similarly, the other surface modification approaches (e.g., 
covalent grafting and conjugation–directed adsorption) were 
also developed.259,260 

In conclusion, there are three major factors influencing the 
formation of EOF films: (1) polymer properties, (2) polymer 
solution viscosity, and (3) electrospinning parameters. Firstly, a 
suitable solvent is required to obtain the uniform electrospun 

solution consisting of functional materials and polymer. Then, 
the polymer solution viscosity plays a key role to determine 
whether fibers can be electrospun. At last, the quanlity of EOF 
films is affected by the above three factors. Up to now, there is 
no effective method to obtain the ideal parameters before 
electrospinning. In addition, the exsitence of beads is a 
common problem in electrospun fibres. Generally, the number 
of beads could be decreased by increasing the polymer 
concentration (Table 6). 

 

7. Luminescent films for chemo-/bioimaging 

Luminescent chemo-/bioimaging could be considered as the 
most straightforward application of luminescent sensing films 
because it is a convenient and versatile technique to visualize 
the distribution and quantitative analysis of analytes.261-263 A 
typical imaging system consists of a CCD (charge coupled 
device) camera as the detector element, a LED array as the light 
source, and a set of appropriate optical filters. Different from 
collected data at a single point, the data of the whole sensing 
area were recorded with a CCD camera for yielding 
luminescence intensity images.264 

There are three common readout schemes for imaging 
luminescent films: (1) luminescence intensity imaging, (2) 
luminescence lifetime imaging, and (3) ratiometric RGB 
imaging.265 At first glance, it would appear that the 
luminescence imaging of luminescent sensing films can be 
easily achieved via measuring luminescence intensity. However, 
the luminescence intensity imaging usually suffers from several 
inherent drawbacks, including photobleaching of the applied 
probes, background fluorescence of the sample, light scatter, 
inhomogeneous illumination, and non-uniform distribution of 
the probes in the sensor film.261 Therefore, calibration and 
referencing based on ratiometric measurements are mandatory 
for ensuring the accuracy and reliability. A straightforward 
solution is to use the dual-wavelength probes or the analyte-
insensitive luminophors as a reference.266 They are often called 
the wavelength-based ratiometric referencing techniques. 

Alternatively, an intrinsically referenced method, 
luminescence lifetime imaging, is particularly useful. For the 
rapid lifetime determination method, the probes in luminescent 
films are excited by a short pulse of light, and the luminescence 
emission intensities at different delay time are captured by a 
CCD camera in two precisely timed gates. On the other hand, 
the dual lifetime determination approach requires four time 
gated images with different delay time.263 However, the 
luminescence intensity at the delay time is relatively low. 
Therefore, only very bright probes with long luminescent 
lifetimes (at least µs) could allow their emissions recorded in 
the time gated mode. More discussions and examples about 
luminescence intensity imaging and luminescence lifetime 
imaging can be seen in the recent reviews by Schaeferling and 
Wolfbeis.267,102 

The ratiometric RGB imaging technique can be considered as 
a simple spectrometer with three different wavelength 

 

Fig. 21 The principle for assay of the activity of LDH based on CdSe QD 
doped fluorescent−porous fiber and enzyme−catalyzed reactions. (a) 
Constitutional formula of NAD and NADH; (b) Schematic of turn−on 
detection process; (c) fluorescence photos of films. Reproduced from ref. 
227. Copyright 2012 The Royal Society of Chemistry. 
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(red/green/blue) filters using RGB digital cameras. In 
comparison with the previous wavelength-based ratiometric 
referencing techniques, it can fulfill the same functionality 
without the need of sophisticated and costly beam splitters. 
However, the emission peaks of the luminophors are required to 
match the three color channels of RGB cameras. In this basic 
principle, a CO2-sensitive probe HPTS (blue emission) and a 
temperature-sensitive probe [Eu(dpbt)(tta)3] (red emission) 
were chosen to fabricate a dual luminescent film for the 
simultaneous imaging of CO2 and temperature.268 If an inert 
dye was incorporated, an enhanced precision could be obtained 
by dividing the luminescence intensities of the analyte-sensitive 
probes and the reference dye.269 For example, the distribution 
of pH and pO2 on the skin surface could be simultaneously 
visualized by three kinds of dyes. The red-emissive Pt-TPFPP, 
the green-emissive FITC, and the blue-emissive 
diphenylanthracene were served as O2, pH, and reference 
fluorophores, respectively.270 Moreover, this concept was 
further improved by utilizing UCPs to produce an intrinsically 
referenced pH sensor films without the fluorescence 
background interference.271 

It is worth noting that multiple sensing is usually performed 
using the luminescence imaging schemes, such as the 
wavelength-based ratiometric referencing techniques, the DLD 
approach, and the ratiometric RGB imaging method.272,273 The 
luminescence based multiple chemical sensing and imaging has been 
reviewed comprehensively by Wolfbeis.274 

8. Conclusions 

In the light of the above discussion, it is clear that luminescent 
films have received tremendous attention in a wider range of 
applications in chemo-/bio-sensing (Table 7). Various methods 
for assembling the luminescent films establish the foundation of 
these achievements. Owing to its very facile operation and 
general applicability, the drop-casting method is extensively 
employed. However, it suffers from some inborn weaknesses 
including poor uniformity and adhesion. The spin-coating 
technique could generate uniform and adhesive luminescent 
films, and the superior physical properties of the films by spin-
coating technique are benefited for real applications; however, 
their sensing performances are significantly influenced by film 
thickness and the self-quenching degree of fluorescent probes. 
Fortunately, the fabrications of the porous films and molecular-
scale films may reduce these disadvantages. The porous films 
are usually achieved using electrospinning method to generate 
nanofibers with large surface-to-volume ratios and a defined 
three-dimensional porous mesh. Note that the polymer is of 
crucial importance for drop-casting, spin-coating, and 
electrospinning because the precursor solution should own 
appropriate viscosity for the formation of films. On the other 
hand, the polymer chains could be quickly frozen in the 
electrospinning process, effectively inhibiting the 
intermolecular π-π interactions.  

The molecular-scale luminescent films can be fabricated by 
LB, SAM and LBL techniques. Traditionally, amphiphilic 

substances are capable to form LB films on hydrophobic 
substrates through the hydrophobic forces for a few sensing 
applications; however, the hydrophobic QDs might also be a 
candidate to fabricate luminescent LB films. In comparison 
with the LB technique, the SAM method is widely developed 
by covalent connections between luminescent probes and 
substrates. The SAM films possess fast response time and best 
sensitivity for chemo-/biosensing among all the films created 
via utilization of other methods or techniques. 

The LBL assembly could generate multilayer luminescent films 
by conventional electrostatic interactions, hydrogen bonding, 
covalent connection, biological recognition or hydrophobic 
interactions. Various luminescence materials can be used in LBL 
assembled films with high stability. In comparison with the cast 
method, the LBL assembly is capable to control the film thickness at 
the molecular level precisely. Moreover, the multilayer films by 
LBL assembly allow much higher loadings of luminescence 
materials than the LB and SAM films. It is worth mentioning that the 
LBL assembly strategy can also be combined with other assembled 
techniques (e.g., LB and SAM) to compensate their inherent defects. 
However, the extensive application of this combined strategy has not 
yet been fully realized. In the future, more efforts are needed to 
explore the huge potential in terms of the multifunction sensing 
devices with high sensitivity and selectivity. 
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Table 1 List of luminescent films for heavy metal ions sensing 

 

Method Probe Matrix λex/λem Analyte Limit of 

detection 

Response 

time 

Regeneration Stability Ref. 

Drop-/dip-

casting 

Rhodamine green [P(St-AM)] PC 488/592 Hg2+ 4 nM 30 min Cysteine — 93 

HPS [P(St-AM)] PC 350/497 Fe3+ 

Hg2+ 

5 nM 

5 nM 

12 min Pure water — 94 

TPEBe−I — 420/640 Hg2+ 1 µM 30 min — — 95 

PPT PS 335/402 Hg2+ 1.6 µM — — — 96 

Chitosan−ZnS QDs Chitosan 315/438 Hg2+ 

Ag+ 

Pb2+ 

5 ppm 

25 ppm 

5 ppm 

15 min — — 97 

BSA−Au NCs PDDA/PSS 365/610 Cu2+ — 10 min EDTA Immersed 24 h,  

stored 2 months 

21 

BSA−Au NCs — 365/650 Cu2+ 0.5 µM 10 min Histidine Stored 6 months 23 

βCD−GSH−Au NCs Chitosan 375/690 Cu2+ 1 ppm 10 min — — 99 

Au NCs−QDs PVA 390/520,620 Pb2+ 3.5 nM 11 min — Thermo/photostable 101 

HEMA−co−DCPDP — 460/605 Cu2+ — 5 min P2O7
4− Rinsed 183 

Spin-coating NBD/SRhB Sol−gel 430/528,588 Hg2+ 1 µM 1 min — Stored 6 months 35 

BSA−AuNCs Sol−gel 350/415,635 Hg2+ 0.6 nM — — — 184 

LB Lipid A — 350/524 Cu2+ — — HCl — 53 

SAM DNS−TOA GPTS monolayer 350/515 Cu2+ 

Hg2+ 

— — — — 214 

CP GPTS monolayer 380/426 Cu2+ 5 µM 20 min EDTA — 218 
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CP APTES monolayer 376/421 Fe3+ 2.5 µM 

(in H2O) 

6 min NH3·H2O Immersed 219 

LBL MSA−CdTe QDs PDDA 360/589 Hg2+ 0.01 µM 3 h — Photostable,  

stored 1 month 

223 

MSA−CdTe QDs PDDA 360/528 Hg2+ 

Cu2+ 

5 nM 

0.01 µM 

30 min GSH Stored 1 week 224 

MPA−CdTe QDs PDDA 470/553,657 Hg2+ 4.5 nM 30 min — — 225 

MHA−CdSe QDs PSS/PDADMAC 488/627 Cu2+ 5 nM 5 min — — 24 

CP PDDA 400/515 Hg2+ 0.1 µM 30 min cysteine Stored 1 week 226 

PTS LDH 340/375,394 Cu2+ 0.2 µM 10 s EDTA Photostable,  

stored 1 month 

59 

BTBS LDH 344/445 Hg2+ — 30 s EDTA Photostable 230 

g−C3N4 LDH 330/442 Cu2+ 

Ag+ 

20 nM 

20 nM 

15 min — 

GSH 

— 231 

Electrospinning Rhodamine 

derivatives 

Poly(HEMA-co- 

NMA-co-NBD) 

460/540 Fe3+ 10 mM 15 min EDTA — 257 

Rhodamine 

derivatives 

Poly(MMA-co- 

ADMA) 

525/584 Hg2+ 60 µM < 1 min — Immersed 24 h 258 

Rhodamine 

derivatives 

Poly(MMA-co- 

AHPA) 

500/557 Cu2+ 1.5µM < 10 s EDTA Wide pH range 259 
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Table 2 List of luminescent films for O2 sensing. 

 

Method Probe Matrix λex/λem KSV Response time Stability Ref. 

Coating Pt-Acetylides PMMA —/511,553 33 ± 0.5 bar−1 — — 108 

Ru(Phen)(bpy)2 IMPES-C polymer 476/669 0.35 Torr−1 0.8 s — 109 

Cyclometalated Pt(II) complex IMPES-C polymer 470/599 0.020 Torr−1 3−10 s Thermo/photostable 110 

Cyclometalated Pt(II) complex IMPES-C polymer 475/596 0.102 Torr−1 5−10 s Thermo/photostable 111 

UCNPs-cyclometalated Ir(III) complex Ethyl cellulose 980/568 0.112%−1 10−12 s Photostable 112 

PtTFPP/CF Sol−gel 405/650 — 6.7 s Photostable,  

Stored 7 months 

115 

LB Polypyridyl Ru (II) Complex — 485/630 0.065%−1 30 s — 196 

Cationic Ir(III) complex — 430/550 0.15 kPa−1 2−5 s — 197 

Cationic Ir(III) complexes — 430/500,550 0.10 kPa−1 — — 198 
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Table 3 List of luminescent films for pH sensing. 

Methods Probes Additives λex/λem pH range Response time Stability Ref. 

Coating pH sensitive dye Sol−gel 430/504 4.6−9 5 min Mechanical stability 126 

HPTS Sol−gel 460/515 4−10 12 s Mechanical stability 127 

UCNPs−BTB Polyurethane hydrogel 980/545,654 6−10 < 30 s — 131 

UCNPs−ETH 5418 PVC 980/542,656 6−11 — — 135 

PPMI−copolymer — 445/510,570 3−11 < 30 s Immersing a few months 136 

Perylene bisimides Polyurethane hydrogel 648/735 5−7 < 90 s Photostability 185 

P(NDI−HEMA) — 572/630 4.6−8.0 < 90 s Immersing 1 week 186 

UCNPs−bromocresol 

green 

Sol−gel 980/661,671 5−10 10 min Immersing 1month 187 

SAM Triethoxysilane-ended dye — 360/480 1−8 — — 215 

Electrospinning FOA-co-MMA-co-HEMA — 480/535 6.5−10 < 4 min — 252 

 

 

 

 

Page 30 of 36Chemical Society Reviews



Chem Soc Rev Review Article 

This journal is © The Royal Society of Chemistry 2015 Chem. Soc. Rev., 2015, 00, 1-23 | 31 

Please do not adjust margins 

Please do not adjust margins 

 

 

 

 

 

 

 

 

 

 

Table 4 List of luminescent films for explosives sensing. 

Method Probe Matrix λex/λem Analyte Quenching (%) 

/Exposure time 

Regeneration Stability Ref. 

Drop-/dip-

casting 

Benzothiophene 

compound 

— 388/459 DNT 

TNT 

50/30 s 

50/560 s 

— — 119 

Small−molecule dyes — 390/518 DNT 

TNT 

91/10 min 

72/10 min 

— — 120 

CholG-3T-Py Chol-Ph-Chol 

(molecular gel) 

422/525 NB 70/60 s Air — 121 

Spin-coating PTMSDPA — 425/533 DNT 50/48 s — — 155 

CP — 400/460 DNT 

TNT 

91/30 s 

50/30 s 

Methanol Washed,  

heated 5 min 

156 

CP — 400/460 DNT 

TNT 

75/10 s 

50/30 s 

— Thermal, solvent, 

photostable 

157 

ACTC — 340/405 DNT 

TNT 

90/60 s 

83/60 s 

Hydrazine — 160 

ACTC — 340/405 DMNB 73/10 s Hydrazine — 161 
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PO — 330/515 TNT 

TNT 

98/180 s 

86/360 s 

— Photostable 164 

Py−PES — 340/471 DNT 

TNT 

NB 

95/30 s 

90/30 s 

58/30 s 

— — 165 

CP gelator — —/432 TNT 

DNT 

64/60 s 

85/60 s 

Hydrazine — 166 

H2−BCz gel — 300/408 TNT 

DNT 

77/30 min 

91/30 min 

— — 167 

Metalloporphyrin Mesoporous silica 420/645 TNT 56/10 s N2 — 171 

TKSPP Mesoporous silica 245/425 DNT 88/60 s — Stored 2 months 172 

Pyrene Sol−gel 340/470 TNT 87.4/5 min Water Stored 2 months 173 

C1609 dye Sol−gel —/518 NB 70/10 min — — 174 

SOP−TiO2 PS 355/510 TNT 80/100 s — Photostable 175 

MICP — —/560 DNT 

TNT 

— Air Stored 3 months 176 

LBL BBU LDH 360/450 mDNB 

TNT 

PA 

— Methanol — 232 

TPE−2PhOH BPD 350/480 NA 31/25 min — Stored 24 h 233 

CdSe–CdS–ZnS QDs PDDA —/620 TNT — — — 234 

Electrospinning CP PS 327/420 DNT 40/10 min NH3·H2O — 249 

TMOPP PS 424/652 DNT 38/40 min — Stored several 

months 

250 

Pyrene PS 343/470 DNT 93/6 min — — 251 
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Table 5 List of luminescent films for biosensing. 

 

Method Probe Matrix λex/λem Analyte Limit of 

detection 

Response 

time 

Real sample Stability Ref. 

Coating PtF20TPP/QDs Sol−gel 390/552,647 Glucose — 5 min Beer and 

serum samples 

4 °C, 2 months 116 

UCNPs/FS Poly(acrylamide) 980/520 Glucose < 3.3 

mM 

— — Stored several 

weeks 

134 

Ru(II)−Ln(III) 

complexes 

PS 365/656 Biogenic 

amine 

10 ppb 2 h Fish sample — 124 

Py-

1/fluorescein 

Polymer Hypan 505/510,620 Biogenic 

amine 

0.01 mM 15 min — Stored 3 

months 

125 

LB FITC−OPAA — —/520 DFP 1 nM 30 min — — 203 

FITC−OPH — 475/520 Paraoxon 1 nM 15 min — — 204 

CP — 440/557 DNA — — — — 205 

LBL TGA−CdSe 

QDs 

Chitosan 467580 Paraoxon 1 nM — — — 238,239 

MPA−CdTe 

QDs 

PAH/PSS 380/592 Paraoxon 

dichlorvos 

— 15 min Apple sample -20 °C, 1 

month 

240 
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parathion 

MPA−CdTe 

QDs 

PAH/PSS 380/630 Glucose 0.5 mM 5 min Serum — 58 

CdSe−ZnS 

QDs/RhB 

PAH 445/540,590 Trypsin — — — — 241 

ANTS LDH 365/550 Dextran−40 2.7 µM 2 min H2O2 wide pH range 242 

MPA−CdTe 

QDs 

PAH/PSS 380/585 Paraoxon 

parathion 

10.5 pM 

4.47 pM 

15 min Vegetable and 

Fruit samples 

-20 °C, 35 days 45 

Electrospinning TPN−Cl2 Poly HEMA 565/620 Zn2+ 1 µM 1 min DMEM — 25 

CdSe QDs Polycaprolactone 400/593 Lactate 

dehydrogenase 

200 U/L 5 min — 4 °C, 80 days 255 

(bt)2Ir(acac) PS 330/562 Glucose 0.1 nM < 1 s Serum 4 °C, 6 months 256 
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Table 6 List of the most commonly used blending materials for each method to fabricate luminescent films. 

 

Blending material Method for film Property 

Polystyrene (PS) Coating, electrospinning Moderate permeability; good optical transparency; stable in aqueous solutions; the phenyl 
groups in PS enable effective co-facial π–π stacking between PS and fluorophores. 

Chitosan (CS) Coating, LBL Biocompatible and biodegradable; excellent hydrophilicity; sufficient mechanical 
properties; appreciable optical transparency; polycation character. It can be used to produce 
stable supramolecular LBL films. 

Polyelectrolytes: polycation, e.g., PAH, 
PDDA; polyanion,e.g., PSS 

Coating, LBL Biocompatible; good optical transparency; excellent hydrophilicity; highly charged. They 
are able to strongly absorb oppositely charged molecules and particles, and especially used 
for LBL assembly.  

Silica sol−gel Coating Good compatibility; easy modification; chemical inertness; facile surface modification; 
tunable porosity; good optical transparency. It was the most commonly used to build porous 
films with excellent permeability. 

Layered double hydroxides (LDHs) LBL Positively charged layers; long range ordered; physical rigidity; UV-light resistance; good 
thermostability. Positively charged LDH nanosheets can be used for LBL assembly instead 
of polyelectrolytes to improve the thermo and photostability of the films. 

Copolymers: poly(MMA-co-ADMA), 
poly(MMA-co-AHPA) 

Electrospinning Negligible fluorescence emission; good thermal stability; good solubility in organic 
solvents; proper viscosity. They are easily processed into fibres by electrospinning. 

IMPES-C polymer Coating Good gas compatibility; good thermostability; good mechanical and chemical stability. 

Polyurethane hydrogel Coating Biocompatible; good optical transparency; suitable hydrophilicity. 
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Table 7 List of the most commonly used luminescent probes. 

Probe Properties 

Traditional small organic molecules Specially designed and synthesized; high fluorescence quantum yields; can be easily 
immobilized in polymer film. Prone to photobleaching; aggregation-caused quenching. 

Conjugated polymers (CPs) “Molecular wire” effect; amplified optical sensitivity; improved photostability. 
Complicated multi-step synthesis; small Stokes shift. 

AIE organic molecules “Aggregation-induced emission”; improved photostability; imited categories; lower 
fluorescence quantum yield than traditional dye. 

Semiconducting quantum dots (QDs) Size- and shape-controlled optical features; high fluorescence quantum yields; broad 
absorbance and narrow emission bands; large Stokes shift; high stability against 
photobleaching. Most of QDs are cadmium-containing (toxic); relatively large physical 
size. 

Noble metal nanoclusters (NCs) Biocompatible; good photostability; sub-nanometer size; scaffold-dependent tunable 
fluorescence. Limited categories; relatively low fluorescence quantum yield. 

Luminescent transition metal complexes Long phosphorescence lifetime; high luminescence quantum yield; large Stokes shift; 
modular synthesis for tuning optical properties. 

Upconversion nanoparticles (UCNPs) Excited with NIR radiation; large anti-Stokes shift; high quantum yield; photostable; 
tunable emission; low cytotoxicity. Limited categories 
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