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ABSTRACT: The development of inorganic/organic composite materials represents a fast-growing interdisciplinary area in materials sci-
ence and engineering. In this topic, a key idea is the production of composites comprising biopolymers and functional inorganic
phases that could replace conventional materials in several high-technology applications. Following this concept, the use of different
polymers from renewable sources, such as cellulose, starch, alginate, and chitosan, have gained great relevance because of their renew-
able nature, potential biocompatibility, and biodegradability, as well as specific physicochemical properties. The combination of these
biopolymers with different fillers (including inorganic nanoparticles (NPs), clusters, or ions) allows the design of innovative bio-
based materials with specific and/or improved properties, namely, optical, mechanical, and barrier properties, luminescence, and bio-
logical properties (as antimicrobial activity and biocompatibility). This review will focus on the most important synthetic approaches,
properties, and applications of luminescent bio-based composites obtained by combining different biopolymers and fillers. © 2014
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INTRODUCTION

History shows that breakthroughs in the performance or cost of
functional materials can drive cycles of disruptive growth. A
new revolution in materials has been taking shape around the
world during the past few decades. Scientists are perfecting new
ways to manipulate matter aiming to produce advanced materi-
als with unheard-of attributes that could enable innovations in
fields ranging from infrastructure construction to medicine,
passing through packaging materials. The concepts involved in
polymers and composites as advanced materials hardly come as
recent revelations. Nature itself has made good use of structural
natural polymers, as cellulose, and produced strong polymeric
fibers, as silk in spider webs, long before synthetic chemists
arrived on the scene.

Currently, composite materials have a strong positive impact on
our present and future economy, the state of environment, the
quality of our health, the efficiency of infrastructures, and the
security of our society. The term composite refers to materials
made from two or more constituent materials with significantly
different physical or chemical properties, that when combined,
produce a material with characteristics different from the indi-
vidual components. The benefits derived from creating a com-
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posite material can include higher flexibility and mechanical
strength, a larger temperature range of usability, increased dura-
bility, improved electrical, magnetic or redox properties, or creat-
ing complex multifunctional domains within the same material.
Nowadays, composite materials should meet certain environ-
mental requirements, such as being recyclable and safe. Hence,
the use of abundant, low-cost, and environmentally friendly bio-
polymers, such as polysaccharides, to synthesize composite mate-
rials is gaining much attention. Our research group has a long
history on the design/development of polymers from renewable
resources' > and of new sustainable composite materials."™ In
addition, several functional composite materials have been pre-
pared by the association of biopolymers with inorganic materials
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such as noble metals and metal oxides.

Interest in luminescent bio-based composites has grown consid-
erably during the last decade, with the concomitant fabrication
of materials with tunable attributes offering modulated proper-
ties. The potential of these materials relies on exploiting the
synergy between the intrinsic characteristics of bio-based poly-
mers (including cellulose, chitosan, gelatin, starch, alginate, car-
rageenan, and dextrin as well as some derivatives) and the
luminescence features of the optically active centers (essentially
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organic dyes, quantum dots [QDs] and trivalent lanthanide ions
[Ln®*]). Promising applications may be envisaged, such as bio-
medical and chemical actuators and sensors, optical devices,
security materials, bioimaging agents, and high technological
materials (information encryption, flat displays, and energy con-
version), opening up exciting directions in materials science and

related technologies.'*™"”

Luminescence is a general term which describes any nonthermal
processes in which energy is emitted at a different wavelength
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from that at which it is absorbed. Photoluminescence results
from excitation by photons, and the interaction mechanisms
between the photon and the matter depend on the photon
energy, among other aspects. When the photon energy of the
incident radiation is lower than the energy difference between
two electronic states, the photons are not really absorbed, and
the material is transparent to such radiation energy. For higher
photons energy, absorption occurs and the low energy electrons
will make a transition between two electronic energy levels. The
excess of energy will be dissipated through vibrational processes
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that occur throughout the near infrared (NIR) spectral region.
Then, the excited atoms may return to the original level
through radiative (e.g., with the spontaneous emission of a pho-
ton) and nonradiative transitions.

The basic luminescence principles depend on the nature of the
optically active center and are distinct from organic dyes to
QDs, transition metals, or Ln>* ions. In organic dyes, after
optical absorption, the electrons will be excited to a singlet or a
triplet state, and the luminescence is generated by a transition
from those levels to the ground singlet. It should be noted that
transitions involving a triplet state are forbidden by the spin
selection rule (allowed transitions must involve the promotion
of electrons without a change in their spin, AS=0) that can be
relaxed through strong spin—orbit coupling.

In semiconducting QDs, the ground state is commonly referred
to electrons in the valence band (completely filled with elec-
trons). The excited state is usually localized in the conduction
band that is separated from the valence band by an energy gap
named the band gap. In direct semiconducting QDs, the energy
released by a de-excitation from the lowest energy state of the
conduction band (LUMO) and the highest energy state of the
valence band (HOMO) is nearly equal to the band gap. QDs
are nanoparticles with dimensions in the range of 1-30 nm
with electronic properties that are intermediate between those
of bulk semiconductors and of discrete molecules. The fascinat-
ing changes of their optical and electronic properties (e.g., in
optical absorption, exciton energies, and electron-hole pair
recombinations) are determined by factors such as size (surface-
to-volume ratio and quantum confinement effects), shape,
defects, impurities, and crystallinity.

In transition metal and Ln’" ions, the light emission is governed
by transitions between levels of a given configuration, d—d and
f~f transitions, respectively. Laporte’s parity selection rule implies
that electric—dipole (ED) transitions between states of the same
shell (same parity) are forbidden. This parity rule is relaxed
when the ions are under the influence of a ligand field (the static
electric field produced by the ions surrounding charge distribu-
tion). Noncentrosymmetric interactions promote the mixing of
opposite-parity wave functions into the d and f wavefunctions
(or the coupling of the electronic transitions with vibrations of
suitable symmetry), and the ED transitions become partially
allowed, the so-called induced (or forced) ED transitions. Mag-
netic dipole transitions are allowed; however, their intensity is
generally weak.

The ground-state electronic configuration of transition metal
and Ln®" ions are d¥ (0 < N<10) and fN (0 < N<14), where
N is the number of electrons. For Ln’>" ions, the f orbital lie
inside the ion (inner orbital) and is shielded from the sur-
rounding neighborhoods by the filled 5s* and 5p° subshells of
the Xe core. The influence of the ligand field (and of the host
lattice) on the f~f transitions is therefore much smaller than in
the d—d transitions of transition metals. In fact, the ligand field
in Ln*" ions (10*> cm™') is typically two orders of magnitude
smaller than in transition metals (10* cm™!); however, it is the
key to explain the chemical and spectroscopic properties of
these ions. The ligand filed destroys the spherical symmetry of
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the free ion electronic structure, and the energy levels are
marked ***'L; (Russell-Saunders coupling), where S is the total
spin quantum number, L is the total orbital angular momen-
tum, and J is the total angular momentum, L+ S>]>|L—§|.
Energy levels corresponding to definitive values of L and S are
called spectral terms. Capital letters of the Latin alphabet are
usually used for denoting those terms as 0 (S), 1 (P), 2 (D), 3
(F), 4 (G), and so forth. The degeneracy of these terms is repre-
sented by 25+ 1 (L>S) or 2L+ 1 (L< S) and are partly lifted
by the ligand field depending on the exact point symmetry
group of the metal ion site. For transition metals, ligand field
levels are denoted as *°*'X, where X may be A (no degener-
acy), E (twofold degeneracy), and T (threefold degeneracy).
Subscripts are related to the local symmetry of the charge distri-
bution around the ion. For Ln’* ions, the ligand field split the
25+1L, levels into a maximum of 2]+ 1 Stark components,
depending on the local symmetry of the ion. Because of the weak
ion-ligand interaction, the intraconfigurational 4f transitions are
very sharp (bandwidths of 10-20 nm, quasi-atomic spectra), in
contrast to the much broad emission typical of transition metals.
For more details, the reader is referred to Refs. 18-21.

In light of the huge development in this field, it is imperative
to summarize the most relevant research results concerning
luminescent bio-based composites. This review outlines the dis-
tinct biopolymers used and their correspondent luminescent fill-
ers, focusing the respective preparative methods and potential
applications (Table I). Furthermore, the major concerns con-
cerning the environmental impact of some luminescent fillers as
the new advances and opportunities on this area will be put in
perspective on this work.

CELLULOSE-DERIVED LUMINESCENT MATERIALS

Cellulose is the most abundant natural polymer, because it is
the main component of plant cell walls, and therefore consti-
tutes a very important and abundant renewable resource for the
development of innovative materials.

Conventional Plant Cellulose-Based Materials

Plant cellulose, in the form of microcrystalline cellulose,
Kraft pulp fibers,”® paper fibers,”” > regenerated fibers,
hydrogels,®* ™ transparent sheets,”” nanocrystals,”®** and nano-
fibrillated cellulose (NFC),* has been extensively used as biopo-
lymeric templates for the development of
luminescent materials because of its abundance and the chemi-
cal and structural functionalities it offers.

22-25
30,31

innovative

Most of the studies dealing with luminescent cellulose-based
materials involved the combination of cellulose with different
inorganic compounds; however, the first reports on this topic
investigated the photochemistry of organic probes, namely, ben-
zophenone,”*? fluorenone,” and 2,2’-cyanines®* adsorbed onto
microcrystalline cellulose. Luminescence studies revealed that
whenever these dye molecules are entrapped into the cellulose
chains and in close interaction with the substrate, a strong
quenching effect occurs at room temperature. For instance, for
fluorenone, the fluorescence quantum yields (1/4F) were about
0.10 when solvents which do not swell cellulose (e.g., dichloro-
methane, cyclohexane, and benzene) were used for sample

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41169



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

)
g

w
o
z
o
s

Applied Poly.

WILEYONLINELIBRARY.COM/APP

REVIEW

29 - uoneuloed Aq pemojjo) Buineos uidg YOAA padop-ng 8s0|n||80|AdoJdAx0IpAH
156 sdwie| Jusdsa.on| uoneun|e) Lg®D pue , n3 8s0|N|[800.3IN
81elAingelelsoe
o%'Gy sJosuss usbAxQ Bunseos Jusnj0g uiAydiod|Ayreeroo wnune|d 8so|n||8d)
sJosusas 81epol pue ‘siaded Buiddeo
A11Un0ss ‘s|elslew paimonis nyIs ul pue ‘Bunsed ‘uonelpelll sAnem sd0 SPD pue ‘sdN
T9-/G  -Oueu paduenpe ‘siosuss By pue B  -ouolw Buisn sisayiuAs nyis ul ‘|eb-j0g Suz ‘'sdN By ‘seuounoy} |Aolles 8s0|N||82]Ayr8wAxoqIe)
spoJoueu
SpD/esp) ‘e1eueAooiyios) uisosel
(d4v |[eAOWBI JUBA|0S AQ -on|4 Jusbeal JusdsaUIWN|IWBYD
9G-2G  uewny) Buisussolq ‘siosuss UsBAXQ  pamojjo) uondiosge uonn|os ‘Buise) ‘sexa|d0od sulwllp wniuayiny 81e1908 8s0|N||8)
LgPD pue ', .n3
sdwe| Jusdsalon|) pue Buineod ‘x8|dwo?d (j||)wnipul 'sdp ‘swal
‘Buisussolq ‘siosuss Od pue €0Dd 8}IUy pue ‘Buysed ‘|eAowad JUBA|0S -sAs Joreolpul xa|dwod ‘uriAyd SaAlleALIBp
TG-¥¥  'sdosuss usbAXo ‘uoneulwleisp SSH AQ pamoj|o} uondiosge uonnog -JodjAyzeeroo wnune|d ‘€|opd 8s0|Nn||90jAyrg 8so|n||e)
suieyoud
sieded Ajlunoss Bulpuig-asojn||@o ein Ajquussse
pue ‘slosuss ‘sedlAep BuIlBAUOD  pue ‘siSBYluAs niis Ul ‘|eAows. JUBA|0S sQ0 Suz/espd
SY-Tv -ABisua 8|qISIA-AN pUe sioydsoyd Ag pemoj|o} uondiosge uonnjog pue ‘agp) ‘sexs|dwod , N3 8s0|n||82 |els10eg
ov Sleldalew [euondUNMINA  VINING AQ pelelpaul uoljezijeuooun sJeysnjooueu By  8sojn||ed paje||LqgijoueN
Buipus|q
6E'8¢ S|elsrew [euonRouUN}NA ‘197 Aq pemoj|o4 A|quissse-}|eg SN U02l|Is ‘sagnioueu uogied) s|eisAiooueN  8sojn||@doueN
sealfojouyosl
LS Ae|dsip pue sJsy|l} [eonndQ Bunseo sAj0g PGE! s)e8ys jualedsued |
18|14 JUsdsBUIWN| 83 JO Uol}
-Ippe ayy Aq pemoj|o} JusA|os palelid
9g-2¢€ Buliojluowolq pue sAesseolg -oJdde ue ul 8so|n||@o Jo uonn|ossIg +gdl pue ', .n3 'sgD s|eboJpAH
$9|13%8)
T€'0E pue siaded pauleried-Ajlunoeg Buluuids 1em-AiQg SdN padop , N3 sJeql) pejelsusbay
uononpa.
S82IA8p pue olwayjolseubew ‘[eAowal JUBA|0S uoal|is (@1e.4380Ns
62-/2 SJ0suss 21u0.308|80j0yd ‘sAesseolq Ag pamoj|o} uondiosge uonn|og sno.goueu ‘sqp Suz/Sespd Jaded) sJaql} 8so|n|je)
sepolp |eAOWa. JUBA|OS (ssequy dind
9z  Bumiwe-1ybl| pue s||8o o1e1joA0I0Yd Ag pamoj|o} uondiosge uonnjog s|eysAsooueu guz pedoQ 14ely)) slaqly esojn|je)
Bulpus|q pue
‘BuIXiw [eOIUBYDBW ‘|eAOWS] JUSA|0S $8x3|dwod wnipu! ‘suousion|) 8s0|n||eo
Ge-22 sJosuss usBbAxQ AQ pamoj|o} uondiosge uonnjog ‘saulueAo-,2'z 'euousydozusg 8Ul||2ISAID0DIN 8so|n||ed
EIIVEIETEN suoneo||ddy |enusiod spoylew aAneledald Ja||1} 3usdsauIwLNT ABojoydiow/adA | JswAjodolg

9INJRIANTT Y} UI PaqLIdSI(T $9)150dUIo)) paseq-org JUadSIUTWNT JUBAI[AY ISON ) Jo suonedr[ddy [enuajod pue sar30[0poyIafN ‘SI9[1 Juddsautny ‘sowijodorg 1ounsiq ay) jo Areurwung T [qer,

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41169

41169 (4 of 21)

WWW.MATERIALSVIEWS.COM

wals
oS

v

Ma


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

)
£

w
o
z
w
o
@

Applied Poly.

WILEYONLINELIBRARY.COM/APP

REVIEW

26 Ayunoss pejulld sjusuodwod Jo Buipus|g (,gNI/OuUZ pue QuZ) BPIX0 eI
16'06 Josuesolq 'p[el} [esipawolg sjusuodwod Jo Buipus|g (,2UN © SUZ pue guz) sQD
S8||92IW Paseq-uesolyd paliipow
68 BuiBewioig apidad g9y uo sgQ 4o Bulpeo] (eS-ul-By-uz) sdD
uoneAnoe sqo
88 BuiBbewioig Jaynny y3m syusuodwod jo Buipus|g (Suz/deou)) sdd
SJ8llIed 8nd
-8|0W 8AoROIq pue ‘sjuswae|ddns uoljeziswAjod Jusnbesagns
Aiejaip 4o uonebnseAul onegelp pue Ajqussse 011e1S0.108|8/Uoled
/8-G8 -lue ‘Buibew [|82 ‘AdsAljap ulNsu| -luos Jspun sjyusuodwod Jo Bulpus|g (@1pPD) sad
uonelIpawWwa. [ejusllUOIAUG pue uonexs|dwod
¥8'G/ |[ESIpBW pue ‘A}lundes ‘Buifewiolg  UOI J83unod peple-}usAjosuou pue 97 (By pue ny) sieisnpo |3
Adeusyy pue son uonezswA|od
£8'28 -soubBelp ul suoneoljdde |eaibojolg |edipeJ pue sseoo.d |8b-|0g (1£dl pue , cn3) xa|dwod ey
Jaoued Bun| jo
18 sisoubelp Jejndsjow pue uoijosle( sjyusuodwod Jo Buipus|g (43/9A : Y4 ABN) Xx8|dwod |21y
S)jusWaINSEaW
08 10 Buljage| Jejn|j@oeu| uoneydiosido) (1en3 : &4e7) xa|dwoo |e1s|N
speaq uesolyd
snoJod sulysiud ojul xe|dwod |erew (1-c[BINDJON
6/ saqo.d Buibew| paJedaud Ajsnoine.d 4o uoljelodioou| |+"PD L cFF0uT) xa|dwod [eysN
Ajqwesse salsydsoueu
8/-9/  sJosuss pue ‘Buibewl |90 ‘sAesseolg  013€1S0.3088 ‘syusuodwod Jo Buipus|g (SPD/2SpPD pue Suz/esp)) sAD pue sa.iaydsoolp
Josuss | ,nD pue ‘uonelpswal uofN[os sieIsn|d
SL'v/ [EIUBWILOIIAUS ‘[edipaul ‘A}lunoeg Ny Uo Wy uesouyd sy} jo Bunjeos (Ny) sJe3sn|o [eas
€L P[ely [edlpawiolg sjusuodwo Jo Buipusig (e1P2) sA0
2/ slosusg sjusuodwod Jo Buipus|g (1gn3) xo|dwod |eyepy swii} Bulpueis-j|eg
solnsoufelp Jejnosjow pue
[EQIUI[O puUe 'Josuss 213do 8ousdsau (SN edljis pe1eod
T/-89  -lwnjiwayooJ108|e Josuss suiwedoq sjusuodwod 4o Bulpus|g -sQ0 pue ‘egp) ‘8]1pD) sdd
sonsoubelp uoIeoIuUoS
/9 9sSeas|p |edlul|d pue Josussolg Jepun sjusuodwod Jo Bulpus|g s|e1sAiooueu Uuogleo®byid
Josues
99-%9 211do 82UBdSBUIWN|IWBYD0.108|F Sjusuodwod Jo Bulpus|g (, =E(Ada)ny) xo|dwWwod |18l $8p0.108|8 J0) shuineo) uesoly)
sAe|dsip
Jese| pue ‘sedinep Buniiwe-1ybi|
€9  ‘'sepolp uolssiwa Bunybl| e1e1s-pijog Bunse) sgo esuind 8s0|N||@9jAyre0uUeAD
CRIVEIETEN suoneo||ddy |enusiod spoylew anieledald Ja||1} 3usdsauIwLNT ABojoydiow/adA | JswAjodolg

panuuo) T AqeL

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41169

41169 (5 of 21)

WWW.MATERIALSVIEWS.COM

wals
oS

v

Ma


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

)
g

w
o
z
o
s

Applied Poly.

WILEYONLINELIBRARY.COM/APP

REVIEW

AQ Y
6TT sAe|dsip Je|} uoniulep-ybiH poyew |ab-jos paseq-xa|jdwo)) pue ws : YOAA) xw_omEm_oo _Mm/_\ﬁ
S8pOoIp UOISS|We
8TT 1461l pesed-qo 1030npuodjweg Alquissse 197 (1P pue asuz) sdo Jspmod
SJojedlpul uleosalon|} AxodoidAxods
/TT Hd/aanyesadwia) olIsWA|04 -€ YHM uonoead Buluado-Bury (uieosauonyy) @Ap o1uebliQ sw|i4 yoteig
UOISJI9AUOD
ABusus pue ‘uoidAious uolny
OTT -ewdojul ‘'sadinsp [eando ‘@ousiosolg $5920.d |BUWIBYI0IPAH s)op uogJe)
GTT - ss820.d |BUWIBYI0IPAH (1£9L pue | cn3) xa|dwod el
vTT Buibew |eondo YN sjusuodwoo Jo Bulpus|g (ny) s481sN|0 [e1B|N
(es<by
€TT - siseLjuAs [epiojjo) [2SPD pue 8sBH/eSPD) sAD
sjusuoduiod salaydsoueu
2T1-80T Buibew |eoibojoig JO Bulpus|g pue poyisw uolieA|ose( (SPD pue ‘a1 p) ‘eSpD) sAD pue selaydso.olpn
aJnixiw 8y} Jo Buluuidso.yos|e Ag
AJabuns uj jyue|dwi Jo Buijesy punom paMmo||o} une|sb-(suoijoejoides-2)Ajod
/0T 10} wesAs Auanljsp sbnup |enQg ul sJs||l4 o1ueluoul Jo uolsiadsiqg COISW®, 13 ', cOA  THABN sJeql undso1y08|g
BulAip
90T Josussolg Ag pemo||0} syusuodwod Jo Bulpus|g SdN By/99 sulweypoy
(SPO/eSPD
SOT'¥0T - SyuBuOdwWOoD 4o Buipus)g pue ‘suz/esp) '8spo) sA0
|eLsyew X11}ew ayy (SINDMS)
€0T Buwe bl pue 2113988030y d uo s NDOMS [ENPIAIpUL JO uoIstadsig S8gNjouBU UOGJED pajjlem-s|Bulg
Bunseo
1uenbasgns Y3IM SN OpIXO JaA|IS JO
20T saqoJd 01doosoJoedg  uOI3ONPeJ PBdNPUI-J8SE|-PU0I8SOILS sJeisn|o By sw|l4 uneen
TOT - sjusuodwod Jo Bulpus|g se)e|ejawoxoAjodoueyjue]
00T sJosussolg sdo ueso0lIyo 8|qn|os-Jsiep
66'86 (BuiBeuwr |8o) pjel} |eolpawolg sjueuodwod 4o Bulpus|g (Suz/eSpPJ pue SpO/e1pd) SAD
(143 SOAIBALIBP
/6 (Buibew ||82) p|aly |edlpawolg sse00.4d |ewlayl0JpAH [+eW1/,cGA) SOxa|dwod eyl uesoyyo |AyrewiAxoqgien uesoly)d
Alqwesse Jahe|
96 siosueS  -Ag-ueAe| pue syusuodwod Jo Bulpus|g (SPD) sad
suoneol|dde paseq spoJoueu Ny pazijeuoly
-lewsyyoloyd pue ‘Buibewl aAls  -ouny Yim Buipuig 3us|eA0d pue sisay (spoJoueu
G6-€6 -eAuluou ‘Adanljep Bnup ‘Buisussolg -UAs pejsisse-Ael-L ‘sisayjuAs nys u| ny pue ‘CageIN ‘By) sdN [e1oN
CRIVEIETEN suoneo||ddy |enusiod spoylew anieledald Ja||1} 3usdsauIwLNT ABojoydiow/adA | JswAjodolg

panuuo) T AqeL

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41169

41169 (6 of 21)

WWW.MATERIALSVIEWS.COM

wals
oS

v

Ma


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

- REVIEW WILEYONLINELIBRARY.COM/APP Applied Polymer

SCIENCE

preparation, whereas for those which efficiently swell cellulose
(e.g., dioxane, acetone, ethanol, and methanol), the L4F was
around 0.01.” These values are approximately one order of
magnitude higher than those attained in solution, demonstrat-
ing the importance of the rigid dry cellulose matrix in decreas-
ing the nonradiative pathways of deactivation of the
(0,0%)fluorenone first excited singlet state. In fact, spectroscopic
studies (X-ray photoelectron spectroscopy (XPS) or Fourier
transform infrared (FTIR) spectroscopy) evidenced strong
hydrogen bonding between the probe dye molecules and the cel-
lulose chains.

Reference
120
121
122
123
124
125
126
127
128
129

Recently, Habibagahi et al.>> developed water-based oxygen sen-
sor films by combination of colloidal microcrystalline cellulose
and a luminescent cyclometalated iridium complex chemically
bound to a water-soluble amine-functionalized polymer (quan-
tum yield of emission and excited state lifetime; @.,, = 0.23 and
T =20.6 us, respectively). Oxygen sensitivities of the obtained
films were determined as a function of complex : microcrystal-
line cellulose ratio and complying with Stern-Volmer kinetics.
The ideal oxygen-sensor film composition was found to be 1 :
1, which had an oxygen sensitivity of 0.502 over an atmospheric
pressure range of 0.007—45 psi. Temperature sensitivity (percent-
age loss of intensity per degree Celsius) of this film was —1.1

Optic solid-state electrochemical

Bioimaging agent, biosensors, and
devices

Potential Applications
as drug delivery vehicles
Tunable light emitters
Optical devices
Biomedical applications

Solar cells

and —1.4% °C~' at vacuum and 1 bar atmospheric pressure,
respectively.

In another ground-breaking study, Small and Johnston® devel-
oped photoluminescent cellulose fibers by coating bleached
Kraft fibers with ZnS nanocrystals (about 15 nm in diameter)
doped with 0.1-2 wt % of Mn®" and Cu®**. XPS analysis indi-
cated that strong bonding between the cellulose fibers and the
nanocrystals occurred. However, the inherent mechanical prop-
erties of the fibers and their ability to be shaped into a paper
sheet were preserved but imparted with the photoluminescent
properties of the coatings, that is, the emissions were at around
600 nm and 530 nm for Mn*"- and Cu®"-doped nanocrystals,
respectively.

Preparative methods
Sonochemical method
Laser ablation of a ZnO plate in
starch solution
Nonorganometallic method
Blending of components
Blending of components
Blending of components
Ligand exchange

LbL assembly

Blending of components
Spray drying

Recently, Kim et al.*” reported an original methodology for the
immobilization of brightly luminescent CdSeS/ZnS QDs on cel-
lulose fibers of paper substrates for Forster resonance energy
transfer (FRET)-based bioassays of proteolytic activity. Steady-
state and time-resolved fluorescence characterization of FRET
between immobilized QDs (donors) and self-assembled dye-
labeled peptides (acceptors) within the paper matrix showed a
substantial enhancement in energy transfer efficiency. Changes
in the dye/QD photoluminescence ratio endorsed the tracking
of proteolytic activity, comprising the effect of increasing
amounts of aprotinin, a potent inhibitor of trypsin. Therefore,
the combination of QDs, a cellulosic substrate, and enhanced
FRET has enormous potential for the development of innova-
tive bioassays. In a similar way, Niu et al.*® described the prepa-
ration of luminescent cellulose sheets prepared by self-assembly
of cadmium selenide (CdSe) NPs covered with trioctylphos-
phine oxide and 1-hexadecylamine onto ultrathin titania film
precoated cellulose fibers of classic filter paper. The authors
claimed that in this process, the cellulose nanofibers of the filter
paper were previously coated with a titania layer; however, the

Luminescent filler
Metal oxide (ZnO)
Metal oxide (ZnO)
QDs (CdSe)

QDs (CdSe and PbSe)
Metal complex (Eu3*)
Metal complex (Eu®* and Th>")
QDs (CdS and CdTe)
QDs (CdTe)

Metal complex (Eu®*)
Metal complex (Eu®*)

gated nanostructures
As capping agent
Aerogel, hydrogel, and
xerogel

Nanospheres and elon-
Membrane film

Type/morphology
Nanostructures
Microparticles
Microspheres

nanostructure
Gels

Flower-like
Nanospheres

Biopolymer
DNA
Alginate
Carrageenan
Dextrin

Table 1. Continued
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Figure 1. Photographs of cellulose QDs hydrogel with 0.06 wt % QDs
(3.0 nm) under visible light (A) and a 302-nm UV lamp (B). (Adapted
from Ref. 32, with permission from Royal Society of Chemistry.). [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

conditions used do not allow the fibrillation of the cellulose
fibers and therefore their availability in the coating step. In fact,
the scanning electron microscopy (SEM) and transmission elec-
tron microscopy results showed that the resulting luminescent
films maintained the morphology of the initial cellulose sub-
stance, that is, the typical micrometric cellulose fibers.

In a completely distinct strain, photoluminescent hierarchical
nanofibrous crystalline silicon was prepared by low-temperature
magnesiothermic reduction of nanosilica replica of cellulose
fibers (commercial filter paper and cotton).” This porous sili-
con material shows strong blue or red photoluminescence when
irradiated with UV or green light, being suitable for numerous
applications such as fabrication of optoelectronic sensors and
devices. However, in this strategy, cellulose fibers are only used
as templates not as constituents of the final material.

Luminescent-regenerated cellulose fibers were obtained by dry—
wet spinning of 8 wt % cellulose solutions in N-methylmorpho-
line N-oxide modified with ZrO, (0.5 mol % of Eu®>") stabilized
by Y,05 (7 mol%)* or Eu’*-doped gadolinium oxyfluoride
(5 mol % of dopant).”" These fibers contained from 0.5 to 10%
w/w of luminescent modifier, and the intensity of the optical sig-
nals was harshly dependent on its amount in the cellulose matrix.
X-ray diffraction (XRD) measurements suggested that the pres-
ence of these additives did not affect the crystalline structure of
cellulose but promoted a considerable decrease of the fibers
tenacity (up to 40% for 5% of Eu’*-doped NPs).”' Cellulose
fibers with such properties can be used for the security pattern
of documents, papers, and textile products.

Strongly fluorescent hydrogels with CdSe/ZnS QDs embedded
in cellulose matrices were successfully fabricated by Chang
et al.’® (Figure 1). FTIR spectroscopy, photoluminescence spec-
troscopy, and microscopy analysis revealed that the cellulose
networks in the hydrogels played a significant role in the protec-
tion of the CdSe/ZnS NPs structure and maintenance of the
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QDs characteristics. These cellulose/QDs hydrogels exhibited
strong photoluminescence with different color
depending on the size of the QDs, relatively high photolumines-
cent quantum yields (up to 34%), and good transparency and
compressive strength (45-49 kPa), being promising for applica-
fields of Dbiological labeling

emission,

tions in  the and

fluoroimmunoassays.

In a different study, Zhou and Wang> described the fabrication
of transparent cellulose hydrogel films with narrow emission via
the simple assembly of terbium silica xerogels into cellulose
hydrogels (prepared by dissolution of microcrystalline cellulose
in an ionic liquid followed by application of the obtained vis-
cous solution onto a glass surface and washing of the excess of
the ionic liquid with water). When immersed in NO,  solu-
tions, their luminescence quenching effects could be rapidly per-
ceived and therefore can be used as portable tools to monitor
nitrite in the biological and environmental fields. Following a
similar approach, the same research group also reported the
preparation of luminescent Cu®" probes based on Eu’* and
Tb*>" emissive transparent cellulose hydrogels®* and luminescent
hydrogels based on Tb’*~human serum albumin that showed
reversible “on—off” switch signal changes based on pH varia-
tions.”® As a final point regarding cellulose hydrogels, photolu-
minescent lanthanide (Eu’", Tb>*, Sm>", and Dy’*) phosphors
were successfully obtained, at low temperature (70 °C), using
simultaneous supersonic and microwave irradiation.’® These
lanthanide-based phosphors were subsequently incorporated in
cellulose hydrogels that were similarly strongly emissive on exci-
tation at 254 nm.

Van Opdenbosch et al.*” prepared flexible, transparent, and

luminescent cellulose sheets through the addition of EuCl; to a
cellulose solution in DMAC/LICl, followed by tape casting and
treatment of the ensuing films with an aqueous solution of
NH,E. Scanning electron micrographs of the obtained sheets
displayed EuF; particles with diameters in the range of 200—
500 nm. Assessment of the emission characteristics of these
sheets showed the typical band pattern between 580 and
700 nm of Eu’" phosphors. This strategy opens new materials
design routes to prepare transparent and functional materials
for applications in optical filters and display technologies. How-
ever, the use of more environmentally friendly solvent systems,
as ionic liquids or urea/aqueous solutions, should be considered
aiming to establish truly green and efficient processes.

Nanocellulose-Based Materials

The use of nanosized cellulose substrates, such as cellulose
nanocrystals and NFC, obtained from acid hydrolysis and
mechanical treatment of plant fibers, respectively, opens the
doorway to prepare functional nanomaterials with improved
properties that could not be achieved by conventional plant
fibers.

For example, Olivier et al.”® prepared highly stable single-walled

carbon nanotubes (SWCNTs) dispersions (about 24% of
SWCNTs) by ultrasonication in cellulose nanocrystals aqueous
colloidal suspensions. SWCNTs and cellulose nanocrystals self-
assemble into hybrids characterized by the alignment of several
cellulose crystals along the SWCNT axis probably due to short-
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range hydrophobic interactions occurring between the SWCNTs
and specific crystalline faces of the cellulose crystals. These
SWCNT/cellulose nanocrystals dispersions were subsequently
used to create homogeneous multilayered thin films, using a
layer-by-layer (LbL) methodology with polyallylamine hydro-
chloride as the polyelectrolyte, which exhibits a NIR lumines-
cence signal due to isolated and well-separated nanotubes. In a
different study, luminescent nanocomposites based on silicon
NPs and nanocrystalline cellulose were developed by the addi-
tion of porous silicon powder to the cellulose nanocrystals sus-
pension followed by ultrasound dispersion of the ensuing
mixture.”® The nanocomposite samples were finally shaped
under pressure (0.26 MPa) from the solid mixture obtained
after evaporation of the solvent at room temperature. The
assessment of the effect of temperature and gas phase oxidation
with ozone on the luminescent properties of the nanocompo-
sites suggested a high stability of the luminescent properties.

Quantum clusters of noble metals recently emerged as a new
category of luminescent materials because of their low cytotox-
icity, excellent photostability, and high quantum vyield. The
functionalization of NFC using fluorescent silver nanoclusters as
a way to prepare novel functional nanocellulose/nanocluster
composites was recently reported.*® This functionalization was
mediated by poly(methacrylic acid) that simultaneously pro-
tected the silver nanoclusters and allowed hydrogen bonding
with cellulose, as tentatively suggested by the authors. The ensu-
ing composites retained the attractive properties of silver nano-
clusters, namely, activity.
However, only these properties were evaluated and a more
detailed study (e.g., in terms of mechanical performance and
thermal stability) will be required to evaluate the properties of
the ensuing materials.

fluorescence and antibacterial

Nanocellulose substrates can also be produced by bacteria, the
so-called bacterial cellulose (BC) or microbial cellulose, in the
form of a tridimensional network of nanofibers. BC mem-
branes have also been used as nanostructured substrates for the
preparation of luminescent bio-based materials because of their
singular morphology and mechanical properties.*"** Specifi-
cally, Caiut et al.*' prepared luminescent BC composite mem-
branes by the incorporation of ethanolic solutions of different
europium compounds, namely, [Eu(4,4,4-trifluoro-1-phenyl-
1,3-butanedione);(H,0),], [Eu(4,4,4-trifluoro-1-phenyl-1,3-
butanedione);(dibenzylsulfoxide),], [Eu(4,4,4-trifluoro-1-phe-
nyl-1,3-butanedione);(p-tolyl sulfoxide),], and [Eu(4,4,4-tri-
fluoro-1-phenyl-1,3-butanedione);(phenyl sulfoxide),], into the
BC network followed by drying. The obtained membranes were
semitransparent, self-sustainable, and showed strong emission
under UV excitation. The antenna hole played by the ligands
was perceived to be more efficient in the composite membranes
than in the precursor complexes, which by themselves are also
strong red emitter compounds. These novel functional BC
membranes are therefore favorable for application as phosphors
and UV-visible energy-converting devices. In another study,
flexible luminescent BC/CdSe nanocomposite membranes were
fabricated by the in situ synthesis of CdSe NPs on the BC
nanofibers (Figure 2).** The obtained BC/CdSe nanocomposites
exhibited improved thermal stability (increment up to 38°C),
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good photoluminescence (emission peak at 529 nm resulting
from the transition of electrons from shallow states near the
conduction band to selenium vacancies near the valence band),
and excellent mechanical properties (tensile strength =31.9
MPa; Young’s modulus = 325.9 MPa). These flexible and pho-
toluminescent membranes are likewise suitable for application
in several fields as sensors and security papers. In a quite dif-
ferent line, Ai et al.* prepared water-soluble (at pH 8) and
highly luminescent (CdSe)ZnS QDs by using two amino acids,
specifically histidine and N-acetyl-cysteine, to replace the origi-
nal organic capping groups of the QDs and successfully
assembled them onto bacterial microcrystalline cellulose via
cellulose binding proteins. Photoluminescence spectroscopic
studies showed that these protein-bound QDs exhibit near-
identical photophysical behavior as the unbound counterparts.
Meanwhile, the specific binding properties of the proteins onto
cellulose have persisted to be active.

Cellulose Derivative-Based Materials

Cellulose derivatives, including ethylcellulose,**" nitrocellu-
lose,” hydroxypropylcellulose,®* cellulose acetate,>® carboxy-
methylcellulose,” ' cellulose  acetatebutyrate,”*®  and

cyanoethylcellulose® have also been extensively used as solid
substrates for the preparation of novel luminescent materials,
mainly for the preparation of sensors, because of their specific
properties and solubility in several organic solvents.

Ethylcellulose is one of the most used cellulose derivatives in
this field because it is stable, nontoxic, and substantially water
insoluble. For instance, Volkan et al.** developed a novel tubular
device for the determination of hydrogen sulfide in air, using
several solid substrates, including ethylcellulose, treated with a
CdCl, solution. The analyte reacts with the solid substrate to
form a luminescent spot whose length in the tube is measured
and correlated to its concentration in the air sample.

The effect of humidity on the sensitivity of luminescent platinum
octaethylporphyrin thin film oxygen sensors when hydrophilic
polymers, as ethylcellulose and cellulose acetatebutyrate, are used
as binding matrix was investigated by Eaton and Douglas.*> When
using ethylcellulose, sensitivity is nearly halved at 85% relative
humidity when compared with 0% relative humidity. However,
for cellulose acetate butyrate, sensitivity is only reduced by 14% at
the same conditions. Time-resolved studies suggest that the effect
of humidity lies in changes of the oxygen permeability in the
polymer rather than on the distribution of the lumophore sites in
the matrix. Later on, this research group also reported a kinetic
study on the oxygen quenching of Pt and Pd octaethylporphyrin
luminescence in the same polymer films* and an artless colori-
metric luminescent oxygen sensor using a colored (green) light
emission diode with Pt octaethylporphyrin ethylcellulose compris-
ing TiO, and ZnO as the oxygen-responsive components.*’” In
another study, luminescent dual sensors for time-resolved imaging
of pCO, and pO, in aquatic systems were designed by the incor-
poration of tris(tetraoctylammonium)-8-hydroxypyrene-1,3,6-tri-
sulfonate acting together with tetraoctylammonium hydrogen
carbonate buffer as pCO,-sensing system along with the
oxygen indicator tris(4,7-diphenyl-1,10-phenanthroline)rutheniu-
m(IT) bis(3-(trimethylsilyl)-1-propanesulfonate) into a single layer

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41169
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Figure 2. Schematic illustration of the formation of CdSe/bacterial cellulose nanocomposites. (Reproduced from Ref. 42, with permission from Elsevier).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

of ethyl cellulose matrix.*® The two sensing systems were simul-
taneously excited at 460 nm, and a fast, gateable charge-
coupled device camera was used as the detector. The time-
gated imaging scheme enables the simultaneous mapping of

pCO, and pO,.

In a different vein, Generalova et al.** described the preparation
of highly luminescent ethyl cellulose NPs containing embedded
semiconductor (CdSe)ZnS QDs. It was observed that the
embedding of QDs that yields ethylcellulose NPs resulted in flu-
orescence intensity twice higher than that of the native QDs
nanocrystals. The attained fluorescent ethylcellulose NPs were
functionalized by immobilization of a specific antibody and
applied in rapid agglutination test for detection of Yersinia pestis
Fl-antigen.

Recently, Achatz et al.>° described the first sensor for oxygen
that can be excited with NIR light. This novel luminescent oxy-
gen sensor is based on a quenchable probe and NPs (NaYF4 :
Yb, Tm) incorporated in a thin layer of ethylcellulose. These
NPs are used as a kind of nanolamps whose visible emission
acts as the light source that is causing photoexcitation of an iri-
dium(III) complex. The fluorescence of this complex, in turn, is
dynamically quenched by oxygen. In a complete different vein,
two cellulose derivatives, ethylcellulose and nitrocellulose, were

M WWW.MATERIALSVIEWS.COM
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used as vehicles to fabricate white-colored pastes from the mix-
ture of Y,05 : Eu (red), LaPO,:Ce, Tb (green), and BaM-
gAl;00;7 : Eu (blue) for flat fluorescent lamps.51 The phosphor
paste synthesized with nitrocellulose showed superior adhesion
behavior, low residual carbon content, and excellent luminescent
properties. Similarly, (hydroxypropyl)methyl cellulose was used
as an additive to a precursor solution used in the preparation
of V,0s5, Y,0;3, and YVO, as well as luminescent Eu-doped
YVO, films by spin coating.> However, in these two examples,
the cellulosic polymers only display a significant role on the
preparation of the pastes or the films, because before their
usage, the biopolymers are removed by calcination.

Oxygen-sensitive films were prepared using luminescent ruthe-
nium diimine cationic complexes solubilized in a hydrophobic-
plasticized polymer medium (specifically cellulose acetate plasti-
cized with tributylphosphate) through ion-pair coupling with a
hydrophobic anion (tetraphenyl borate).”® The luminescence
response of the film toward oxygen increased with the level of
plasticizer used, and its sensitivity is largely independent of
temperature. In a more fundamental vein, Yoshinaga et al.’’
studied the influence of solid surface properties of powders and
films on the chemiluminescence characteristics using several
polymers (including cellulose and cellulose acetate) as solid

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41169
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media and a chemiluminescent reagent with a composition sim-
ilar to that of Cyalume®. The effects of functional groups of the
polymers were also inspected.

Surface-modified NPs (about 20 nm) of silicon containing fluo-
rescein isothiocyanate emit strong and stable phosphorescence
on cellulose acetate membranes at room temperature.”* When
the primitive color-producing agent in the enzyme-linked
immunosorbent assay (ELISA) tools, for determination of
alpha-fetoprotein (AFP), was replaced with these luminescent
NPs, the system maintained good phosphorescence properties,
and the phosphorescence intensity enhanced markedly after the
ELISA reaction. Therefore, this methodology represents a new
and highly sensitive methodology for the detection of human
AFP. In a similar vein, Liu et al.”® suggested a simple and pre-
cise (limit of quantification of about 8.0 X 10 g mL™ )
immunoassay for the quantification of calcitonin in human
serum using water-soluble multiwalled carbon nanotubes
(MWCNTs). The COOH group of MWCNTs could react with
the NH group of rhodamine S, which could emit room-
temperature phosphorescence on cellulose acetate membrane,
and react with Tween-80 to form a micellar compound.
Recently, Bomm et al.>® reported on the fabrication and spec-
troscopic studies of highly luminescent and transparent (>93%)
CdSe/CdS nanorods poly(lauryl methacrylate) and cellulose
acetate-based composites. A photoluminescence quantum effi-
ciency of 70% and 52% was obtained with 0.05 and 0.5 wt %
of CdSe/CdS nanorods, respectively, for poly(lauryl methacry-
late) and cellulose acetate. It was found that in the case of cellu-
lose acetate, the nanorods are agglomerated.

Carboxymethylcellulose has also been gaining interest in this
research field because of its properties such as high transparency
and film-forming ability. For example, Liu et al.>”® reported
the preparation of luminescent lead carboxymethylcellulose par-
ticles containing salycil fluorenones that emit intense and stable
phosphorescence on filter paper at room temperature. These
particles were successfully used for the determination of trace
mercury and silver in water samples by quenching phosphores-
cence in a linear range of 2.0-40.0 fg spot™' (5.0-100.0 pg
mL™") and 8.0-40.0 fg spot™' (20.0-100.0 pg mL™") with a
detection limit of 0.26 and 2.2 fg spot™ ', respectively. The room
temperature and microwave irradiation synthesis of carboxyme-
thylcellulose/transitions metals (Cu, Ag, and Fe) nanocompo-
sites was described by Nadagouda and Varma.’® The obtained
nanocomposites display wider decomposition temperatures, and
the Ag-based nanocomposites also show luminescence at longer
wavelengths (green light emission at 365 nm UV radiation
source). This environmentally friendly methodology permits the
production of numerous fashioned nanostructures without the
use of any harmful reagents and therefore could find several
potential technological and medicinal applications.
Martinez et al.® studied the preparation and optical characteri-
zation of ZnS—sodium carboxymethylcellulose films obtained by
casting after in situ precipitation of ZnS in sodium carboxyme-
thylcellulose aqueous solution. The ensuing nanocomposite
films displayed optical transmission between 50 and 90%
depending on the amount of ZnS nanocrystals used. The photo-
luminescence spectra of the nanocomposite films exhibit a

Luna-
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broad visible emission band centered at 445 nm (under UV
light excitation, 4 =320 nm) and therefore might have a poten-
tial application in security papers by means of an optical signa-
ture. Recently, a novel method for the determination of iodate
based on carboxymethylcellulose-capped CdS QDs was devel-
oped by Tang et al.®’ Under the optimum conditions, the rela-
tive fluorescence intensity of CdS QDs was linearly proportional
to iodate concentration over the range of 1.0 X 10 % to 1.0 X
107> mol L™' with a correlation coefficient of 0.9987 and a
detection limit of 6.0 nmol L™".

Finally, luminescent composite films were prepared by integra-
tion of low-toxic CulnSe QDs into a cyanoethylcellulose63
matrix following a casting methodology. These films are flexible,
showed a high transparency (transmittance up to around 80%
at 700 nm), and their emissive color can be tunable over green,
yellow, orange, pink, and red by varying the relative amount of
QDs. Therefore, this kind of transparent films could find appli-
cations in solid-state lighting emission diodes, light-emitting
devices, and laser displays.

CHITOSAN-DERIVED LUMINESCENT MATERIALS

Chitosan, obtained by deacetylation of chitin (the second most
abundant natural polymer), is a cationic polysaccharide that
exhibits unique properties, including biocompatibility, antimi-
crobial activity, and excellent film-forming ability."*® In particu-
lar, its filmogenic aptitude from acidic aqueous solutions makes
it as one of the most attractive biopolymeric substrates regard-
ing the preparation of transparent luminescent bio-based com-
posites. Indeed, chitosan matrices have already been combined
with distinct luminescent fillers (including metal complexes,
QDs, metal nanostructures (NPs and metal clusters), metal
oxides (ZnO), and carbon nanostructures) that retain their
luminescent properties or that in some cases even increase their
quantum vyield. These chitosan-based luminescent materials
were firstly used as coatings for electrodes.*”" Nevertheless,
their preparation in other forms as regular films,”>”> nano-
spheres/microspheres,”>””% or only as capping agent’®*>™°
have also been reported as strategies to get advanced lumines-
cent bio-based materials for distinct applications.

Chitosan Coatings for Electrodes

The pioneering work using chitosan for the development of
luminescent materials was reported by Zhao et al.®* In this
study, chitosan was used to coat a platinum electrode resulting
in a membrane film (about 5 um thickness) around the elec-
trode. The incorporation of Ru(II) complex moieties inside chi-
tosan matrix allowed their use as luminous membranes for the
preparation of an electrochemiluminescence (ECL) optic sensor
with good sensitivity for the detection of oxalic acid. Recently,
Qu et al.*> and Cai et al.%® proposed novel approaches to fabri-
cate  tris(2,2'-bipyridyl)ruthenium(II) (Ru(bpy)32+)—chitosan
composite coating films for graphite and glassy carbon electrode
surfaces, respectively. The introduction of gold NPs, which act
as conducting pathways to connect Ru(bpy)s>" sites to the elec-
trode in the membranes, in the chitosan composite films results
in accelerated charge transport through the film and improved
inductivity and stability. Similarly, the use of Ru(II) complex-
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doped amino-functionalized silica NPs allowed a better binding
to the film.*® These methodologies offered the possibility of
producing electrodes with higher sensitivity and long-term
stability.

The use of QDs has also emerged as an attractive alternative to
traditional fluorescent organic dyes and metal complexes for the
preparation of chitosan-based luminescent materials. For exam-
ple, Zhao et al.*®® developed a sensitive flow-injection analysis
system with ECL detection where chitosan was used to immobi-
lize CdTe QDs and CNTs onto indium tin oxide glass electrodes
of an anodic sensor. Dopamine was used as model compound
to verify the performance of the novel sensor, and a sensitive
ECL quenching response within the linear range of 10 pM to 4
nM and a detection limit of 3.6 pM were achieved. This innova-
tive approach was evaluated in two real cerebral spinal fluid
samples, with satisfactory results demonstrating the applicability
and reliability of this sensor cell.

After verifying the emergence of photoluminescent carbon-based
nanomaterials in the search for more “benign materials” (in
comparison with QDs) for bioimaging and disease detection,
Zhang et al.*” developed an ECL sensor based on a CNTs—chito-
san/AuNPs composite-modified screen-printed carbon electrode
and using PtAg@carbon nanocrystals composites as labels. This
ECL immunosensor exhibited good stability, amplification effect,
and satisfactory analytical performance, with an intensity six
times higher than that of pure carbon nanocrystals. It was tested
for the sensitive detection of cancer biomarkers; furthermore, its
application could be extended to other biomarkers important for
accurate clinical disease diagnostics. In a similar line, Jie et al.®?
applied a colloidal solution containing CNTs, QDs, and chitosan
to cover an Au electrode surface yielding a robust film with high
ECL intensity and good biocompatibility. The subsequent cova-
lent linkage of 3-aminopropyltriethoxysilane to the latter film
promoted a considerable enhancement of the ECL (20-fold
higher), which was attributed to the simplification of the radical
generation and electron-transfer processes due to the presence of
amine groups. This modified electrode was successfully applied
to the detection of IgG in human serum samples (detection limit
was 0.001 ng mL™ ') and therefore could be used as an ECL
immunosensor.

More current works also showed the possibility of using lumines-
cent graphene—chitosan—based films to modify the surface of elec-
trodes.”®”! One strategy considered the combination of L-cysteine-
capped CdSe QDs with graphene oxide (GO) and chitosan by
ultrasonic mixing of all components yielding a composite film
with a porous structure where the QDs are dense and homogene-
ously dispersed.”® This novel material showed a photoluminescence
emission spectrum similar to that of pure QDs, except for a small
intensity decrease attributed to the electron transfer from excited
QDs to GO—chitosan sheets. Using a glass carbon disk electrode
modified with this composite film, it was verified that the ECL
intensity is more than 2.5-fold higher than that observed for pure
CdSe QDs. Because of the strong and stable ECL emission, this
material demonstrates a high sensitivity and good selectivity to
cytochrome ¢ (linear range from 4 to 324 uM; detection limit of
1.5 uM). In another study, Wu et al.”" demonstrated the possibility
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of fabricating an immunosensor by covalent immobilization of
captured antibodies on a chitosan/electrochemically reduced GO
(RGO) film-modified glass carbon electrode. The purpose of this
composite film was to accelerate the electron transfer between the
electrode and the QDs-coated silica NPs, which were used as trac-
ing tags to enhance the detection signal. The corresponding iden-
tity and amount of the respective antigen were determined as each
biorecognition event yields a distinct voltammetric peak with dis-
tinct position and size.

Self-Standing Chitosan Films

The possibility of preparing self-standing luminescent chitosan
films was explored by different authors as a way to enlarge their
applications fields besides the previously described electrode
coatings. In particular, taking advantage of their high transpar-
ency in the UV-vis region, some works revealed the possibility
of preparing chitosan films doped with distinct luminescent fill-
ers through the simple blending of components.”>”

For example, Tsvirko et al.”* prepared chitosan films doped with
Eu’* B-diketonate complex, which showed good luminescence
emission in the visible region, with a quantum efficiency of
~ 47%. In a different study, Kumar et al.”’> described the prepa-
ration of highly luminescent and antibacterial chitosan-based
films loaded with water-soluble r-cysteine-functionalized CdTe
QDs with a wide-range dispersion of 3—18 nm. It was observed
that for the same excitation wavelength, QDs show an emission
at 525 nm, whereas CdTe QDs—chitosan film shows an emission
at 514 nmy this blue shift was explained based on the electrostatic
conjugation of CdTe QDs with r-cysteine. These films can be
used as a potential tool in biomedical applications, specifically in
terms of tracking the cells and intracellular processes.

George et al.”* demonstrated the feasibility of using gold nano-
clusters in a device arrangement using chitosan as the film
matrix (Figure 3). The Au;s quantum nanoclusters were encap-
sulated in a cyclodextrin, aiming to increase both chemical and
thermal stability of the clusters, before being dispersed on a
dried chitosan film soaked with sodium citrate to enhance the
film strength. These multifunctional free-standing films showed
abrupt and specific luminescent changes only to Cu’>* ions
(among other tested metal ions), which is explained by a possi-
ble reduction of copper ions by the glutathione ligand or the
Au,s core. This research group also investigated the possibility
of using proteins, namely, lactoferrin, as gold clusters stabil-
izers.”” Specifically, native lactoferrin-protected Au clusters were
anchored onto GO/RGO substrates through simple electrostatic
interaction at nearly neutral pH (6.5) and then mixed with a
chitosan solution resulting in a nanocomposite film material
after solvent casting. The transparency of the composite can be
modulated by controlling the load of RGO/GO. In addition, the
obtained films displayed reasonable stability against pH and
temperature variations, antibacterial activity, and luminescent
properties being therefore promising for bar-coding applications
where luminescent patterns can be inscribed and erased by sim-
ply wetting of the film.

Chitosan Nanospheres and Microspheres
Chitosan has also been used to fabricate luminescent nano-
spheres and microspheres, such as chitosan-QDs spheres, where
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Figure 3. (a) Photographs of the Au nanoclusters incorporated chitosan film under white light and UV light, (b) photoluminescent spectra of the film

before and after exposing to Cu®", and (c) schematic representation of film luminescence quenching and their real visual dependence of Cu** concentra-

tion. (Adapted from Ref. 74, with permission from American Chemical Society). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

chitosan acts simultaneously as the polymeric matrix and stabi-
lizing agent to protect the QDs from fast degradation and oxi-
dation. The first reports on this subject were described by
Zhang and coworkers.”*”” The first work reported a simple
method where functionalized QDs (mercaptopropionic acid-
capped QDs) were linked to chitosan via reaction of amino
groups of chitosan with carboxylic acid groups of QDs.”®
Monodisperse and spherical particles with 102 nm diameter and
presenting a quantum yield of 24.7% (11.8% over free QDs)
were achieved. This enhancement in the fluorescence emission
was explained by the gross electrostatic/polar environment of
the inorganic core, which probably affects the efficiency of core
electron—hole recombination due to the chitosan encapsulation.
Following a similar procedure, these authors also studied the
preparation of smaller (60 nm) and more uniform chitosan
QDs encapsulated NPs.”” On average, the NPs were found to
contain 34% (by mass) of QDs with an encapsulation efficiency
of about 83%. Their fluorescence emission spectra were simply
tuned by combination of different multicolored (green and red)
QDs on the chitosan NPs. Chitosan/QD NPs remain stable up
to pH 9 with no visible sign of agglomeration, and the fluores-
cence spectra also remained stable over a period of 2 weeks con-
firming the protection role provided by chitosan. Because of
their small size, these NPs were readily internalized into myo-
blast cells showing their potential application in long-term cell
imaging.

Following the main concepts of these ground-breaking works,
Zhao et al.”® developed a turn-on fluorescent lead ion sensor
where modified mercaptoacetic acid QDs were capped with chi-
tosan and subsequently functionalized with xylenol orange via
LbL self-assembly. The fluorescence of the QDs was quenched
by an electron transfer mechanism after xylenol orange was
bound to the QDs. Nevertheless, the addition of Pb** origi-
nated a dramatic enhancement of the fluorescence intensity,
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which resulted from the coordination between Pb>* and xylenol
orange and the consequent disruption of the electron transfer
mechanism. The linear relationship in the recovery of the fluo-
rescence intensity was applied for the determination of Pb** in
real samples, with the results validated by atomic absorption
spectroscopy. It is worth noting that the selectivity of the pro-
posed method was also tested by studying the interfering effect
of foreign ions and that only Cu** showed some interference at
a concentration of 1 ygmol L™,

In a distinct study, Chelebaeva et al.” designed a straightfor-
ward method to prepare ultrasmall (3—4 nm) magnetolumines-
cent polymer NPs enwrapped by chitosan. This approach is
based on an association of luminescent Ln** and paramagnetic
Gd>* ions with paramagnetic octacyanomolybdate building
blocks to obtain biocompatible and high-stable NPs, even at
low pH. Aqueous colloidal solutions of these NPs showed the
luminescence characteristic of the corresponding lanthanides
(Eu®" and Tb>") under UV excitation. An important feature of
these NPs was that the nuclear relaxivity ry, is slightly higher
(or comparable) than that of commercial magnetic resonance
imaging contrast agents, being rapidly internalized in vitro by
both healthy and living cancer cells. Furthermore, they can be
easily detectable in the cells by fluorescence microscopy at
extremely low doses (100 ng mL™").

Another methodology in this topic was presented by Wang
et al,* in which water-soluble and biocompatible NPs (around
23 nm) comprising LaF; nanocrystals doped with Eu’" were
obtained by a coprecipitation method. These NPs showed non-
uniform lattice fringes, suggesting that chitosan might be pres-
ent both on the surface and inside the NPs. These structures
were found to be strongly fluorescent and stable in an aqueous
solution for a time period of 15 days or in a pH range from 2
to 7.4. Its emission spectrum displayed characteristic emission
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Figure 4. SEM of cross sections of homogeneous (A and A’) and core—
shell structure (B). (Reproduced from Ref. 82, with permission from
American Chemical Society.)

peaks of Eu’", from 520 to 720 nm, corresponding to the tran-
sitions from the excited *D; and °D, levels to 7F] levels. More-
over, these NPs demonstrated to be biocompatible to human
colon HT-29 cells and capable of attaching to bovine serum
albumin proteins, probably due to the functional chemical
groups provide by chitosan.

Chen et al.*' also reported an approach to prepare luminescent
nanocrystals—chitosan NPs that could be applied in specific tar-
geting and imaging of lung cancer cells. Folic acid—chitosan
chemically coupled conjugates were successfully used for the
surface functionalization of NaYF, : Yb/Er nanocrystals, as con-
firmed by FTIR analysis, by the simple mixing of all compo-
nents. Folic acid was used because of the high affinity of folate
moieties to receptors, being suitable for targeting cell membrane
and internalizing into the cell through the receptor-mediated
endocytosis, even when conjugated with a wide variety of mole-
cules. Well-dispersed NPs with an irregular spherical shape, no
apparent aggregation, and an average diameter of 28 nm were
obtained. These NPs demonstrated specific targeting imaging
for H460 lung cancer cells; however, nontargeted imaging was
observed in human lung fibroblast cells. Therefore, these low
cytotoxic conjugates can provide a powerful platform for early
diagnosis of lung cancer.

Taking advantage of the versatility of sol-gel processes, Liu
et al.¥* developed a refined methodology to prepare chitosan—
silica hybrids containing Ln’* (Figure 4). First, chitosan aerogel
beads were obtained by drying of alcogel spheres under super-
critical CO, conditions. The silica incorporation was achieved
by two distinct procedures, namely, by condensation (homoge-
neous structure) and by aggregation of the particles when the
alcogel spheres of chitosan are reacted with Ludox® colloidal
silica (core—shell structure), aiming to obtain different micro-
structures. However, the postsynthesis treatment proved to be
the most effective. In the core—shell hybrids, the Eu’* probe
resides essentially in the chitosan core, whereas the Si content is
restricted to the shell. The large number of coordinated
hydroxyl groups in both environments results in similar °D,
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quantum efficiency values (4-6%), independently of the struc-
ture of the materials.

1.5

A fully different methodology was proposed by Yan et a
where using N,N’-methylenebis(acrylamide) as crosslinking
agent and potassium persulfate as initiator, europium was incor-
porated on chitosan by free radical and grafted copolymeriza-
tion. This procedure allows obtaining a red, homogeneous,
transparent, and luminescent hydrogel that showed stronger
strength fluorescence emission at 615 nm.

Silver nanoclusters were also used to prepare 80 nm spherical
hybrid nanospheres based on a nonsolvent aided counter ion
complexation method.** Specifically, chitosan was mixed with
EDTA and the obtained solution was blended with Ag™, then
sodium borohydride was added to reduce silver ions, and
finally, glutaraldehyde was added as crosslinking agent. These
hybrid nanospheres showed yellowish fluorescence under
365 nm radiation, with an emission centered at 562 nm and an
estimated quantum yield of ~ 0.9% demonstrating a high
potential as bioimaging agents.

Shen et al.*>*® reported the preparation of spherical lumines-
cent/magnetic hybrid NPs by direct gelation of chitosan with
CdTe QDs and superparamagnetic iron oxide (Fe;O,). The inor-
ganic fillers stay randomly distributed all over the hybrid NPs
with the morphology and properties strongly dependent on
components feeding ratios and the sizes on temperature, pH,
NaCl concentration, and reaction time. These magnetic and flu-
orescent hybrid NPs were further used for insulin loading and
therefore can be applied as a targeting carrier for insulin deliv-
ery, cell imaging, and antidiabetic investigation of dietary sup-
plements.*> Additionally, by conjugation with folate tetrapeptide
composites, they could be successfully trapped in tumor tissues,
even in tumor cells under external magnetic field guidance.®®
Following a different approach, Guo et al.*’ also prepared mag-
netic/luminescent hybrid microspheres with CdTe QDs/iron
oxide NPs cores and chitosan—poly(methacrylic acid) shells.
Such hybrid microspheres have uniform size distribution (pH
range 5.0-11.0), multiple CdTe cores with controlled magnetic
content, and unique pH-responsive reversible fluorescence emis-
sion between pH 7.0 and 4.0. Preliminary tests proved that a
short time (0.5 h) of exposure to a magnetic field improved the
uptake efficiency of the microspheres, whereas a longer time
contributed to the cell (liver PLC/PRF/5 cells) death as excess
particles have a negative effect on the cell viability or growth.

Sandros et al.*® and Deng et al.** reported interesting less toxic
alternatives to prepare fluorescent chitosan nanospheres based
on III-V and quaternary alloy Zn-I-III-VI QDs, respectively. In
the first case, InGaP QDs overcoated with several monolayers of
ZnS were covalently bound to chitosan by a simple blending of
components, yielding 29 = 11 nm composite nanospheres. The
QDs were further activated by the addition of 1-ethyl-3-(3-
dimethylamino-propyl)carbodiimide hydrochloride producing
noncytotoxic and long-wavelength emitting fluorescent probes.
A combination of in vitro and in vivo trials revealed that chito-
san not only functioned as a protective barrier to decrease oxi-
dation but also improved cellular uptake drastically. Deng
et al.*® reported a one-pot approach to prepare oil-soluble and
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highly luminescent quaternary alloy Zn-Ag-In-Se QDs, using
monomeric cyclic arginylglycylaspartic acid (RGD) peptide-
modified chitosan-based micelles. These low cytotoxic oil-
soluble quaternary QDs kept the shape, crystal structure, and
optical properties of the initial QDs and showed a bright photo-
luminescent emission (quantum yield of close to 50%), as well
as a widely tunable maximum in the region from 660 to
800 nm. Their potential as versatile fluorescent probes for in
vitro and in vivo optical imaging was confirmed by optical
imaging techniques.

Another promising alternative to obtain “cadmium-free” mate-
rials explored the use of zinc-based compounds because of their
natural environmental abundance and potential nontoxicity. In
this sense, Ramanery et al.”® capped ZnS QDs with chitosan
using a facile, single-step aqueous processing methodology, at
room temperature and in aqueous medium. ZnS QDs—chitosan
NPs with size diameters between 3.8 and 4.7 nm were obtained,
with the ZnS conjugates stabilized by the functional groups of
chitosan. Furthermore, the possible tuning, by adjusting the pH,
influence their optical fluorescent behavior, which was assigned
to the “trap states” emissions involving the defect states of the
QDs. These luminescent-tuned NPs present a great potential for
use in biomedical and eco-friendly applications; however, fur-
ther studies are imperative to fully address these issues. Some
other authors also tried to dope ZnS QDs with manganese® to
passivate the ZnS and consequently its high luminescence. These
ZnS : Mn*" QDs were synthesized by simple mixing of zinc
and manganese acetate and subsequent biofunctionalization
with chitosan. The 7 nm QDs encapsulated with chitosan were
obtained and attached to the anionic cell wall of Escherichia coli
bacteria. Photoluminescence spectroscopy studies showed that
when attached to bacteria, a distinct blue shift from 590 nm
(orange) to 520 nm (green) in the characteristic peak was
observed. This feature demonstrated the possible use of these
nanostructures as biosensors to detect the presence of bacteria
in water and other contaminated samples.

The use of ZnO-based nanocomposites as luminescent tags for
cellulosic materials and suitable for use as printed security
materials was described by Saeed et al.”* Specifically, chitosan—
ZnO nanospheres and chitosan—ZnO-oleic acid QDs were
obtained. These novel ZnO nanocomposites showed distinct
photoluminescent emissions bands at ~ 420 nm attributed to
the interstitial oxygen, at 485 nm probably originated by the
electron transition from the ionized oxygen vacancies level to
the valence band, and at ~ 530 nm related to the deep level.
Chitosan-ZnO-oleic acid : Eu>* nanorods, which showed an
enhanced intensity despite a small red shift (20 nm), were also
prepared by doping with an europium salt.

Moreover, other authors also used chitosan as capping agent for
silver NPs,”® NisSe, NPs,** gold nanorods,” or even CdS
QDs.”® However, in these cases, chitosan acts mainly as stabi-
lizer being normally used to improve the biocompatibility of
the nanostructures retaining their luminescent properties.

Chitosan Derivatives
As described for cellulose, chitosan derivatives, namely, carboxy-
methyl chitosan® ™ and a water-soluble derivative,'°>'"" have
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also been used in the development of new luminescent materials
mainly because of potential improvements on the biocompati-
bility and stability of the final materials. For example, Li and
Wang”” reported the production of NaYF4 : Yb’*/Tm**/Er’"
nanocrystals via a simple and mild hydrothermal process and by
using carboxymethylchitosan as a coating agent. This one-pot
strategy allowed the preparation of water-dispersible and bio-
compatible luminescent NPs. When QDs, with CdTe®® and
CdSe” cores, were used for the preparation of fluorescent
probes with this chitosan derivative, the methodology used was
based on the assembly of the components via chelation of
amino and carboxyl groups in carboxymethyl chitosan with
QDs. The modified QDs showed improved stability (from 4
months to more than 10 months at room temperature), good
dispersivity (narrowly distributed in size [3.5 or 5 nm]),”®
and excellent fluorescence properties.

The molecular structure of chitosan derivatives also showed to
have a large influence on the optical and crystalline properties
of QD-based nanocomposites obtained when a water-soluble
chitosan derivative was used.'” NPs with average size of
3-5 nm were obtained, with their size and the photolumines-
cence intensity controlled through altering the concentration of
the precursor ions and stabilizer solution, the molar ratio of
metal ions/[S$*”], and refluxing time. Pinto et al.'®" described
an interesting approach to obtain polysaccharide-based compos-
ite films containing lanthanopolyoxometalates (LnPOMs) using
a simple casting methodology. The obtained films were com-
pletely transparent and display an emission in the visible spec-
tral range resulting from overlap of the Dy — “Fo_4 Eu’" red
emission with the intrinsic polysaccharide emission in the blue/
green spectral region. The authors also tested the application of
this methodology to other LnPOMs (Eu@SiO, and Tb40) and
other biopolymers (pullulan) with similar results.

Nevertheless, it is important to highlight that the work made
with chitosan derivatives is still very limited and there is plenty
of scope to be explored. For example, the use of derivatives
with distinct substitution degrees, the use of other derivatives,
and/or introduction of several groups are some hypotheses that
could simultaneously increase the stability and mechanical
properties of the final materials as well as the interaction with
the cells.

OTHER BIOPOLYMER-DERIVED LUMINESCENT MATERIALS

Gelatin

Gleitsmann et al.'®® prepared nanocomposite-based gelatin thin
films with Ag,O NPs by casting. Silver nanoclusters were then
generated by femtosecond-laser-induced reduction of Ag,O
NPs. The laser-activated area showed light emission values,
which considerably exceeded the luminescence intensity of simi-
larly activated simple silver oxide NP films. It was found that
the size of the silver nanoclusters depended on the laser expo-
sure time, ultimately leading to the formation of metallic silver
areas in the nanocomposite matrix. The materials showed very
favorable mechanical properties and long-time stability of the
luminescent structures in the matrix, pointing out to possible
applications as light-emitting materials for all-optical logic devi-
ces or data-storage media. Furthermore, the increased stability
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of the luminescent clusters by interaction with the gelatin
matrix also call attention to the possibility of gelatin-
encapsulated silver clusters as promising biocompatible lumines-
cent sensors for biomedical applications.

Kim et al.'® described the preparation of gelatin-based nano-
composite films with homogeneously dispersed SWCNTs,
compatibilized by using sodium docecylsulfate (SDS). The
mechanical stretching of the film induced a substantial uniaxial
alignment and isolation of individual SWCNTs, which in turn
yields a material with a highly polarized absorption and photo-
luminescence. The optical absorption spectra of the SWCNT/
SDS/gelatin gels showed a series of sharp peaks that are assigned
to optical transitions between van Hove singularities in the
valence and conduction bands of various SWCNTs. This obser-
vation strongly supports the proposal that individual SWCNTs
are well isolated in the gelatin matrix, opening the door for new
applications in optoelectronics materials.

In another study, Borkovska et al.'®* developed nanocomposite
gelatin films with CdSe QDs by reaction of Na,SeSO; with
CdCl, in a gelatin aqueous solution, followed by passivation
with ZnS and film casting, yielding films of ~ 0.19 mm thick-
ness, followed by annealing in air at 100°C. The process yielded
CdSe QDs with a size of about 3 nm as demonstrated by X-ray
diffraction. The thermal annealing of the QDs resulted in a red
shift of the PLE and PL bands as well as in changes in the tem-
perature dependence of the PL intensity. These effects are attrib-
uted to the cleavage of the surface interactions between Cd
atoms and the functional groups of gelatin molecules, which
was demonstrated by the fact that on passivation of the QDs
with a ZnS shell, the observed effects are substantially reduced.

Raevskaya et al.'”” prepared gelatin films containing CdSe NPs passi-
vated or not with CdS or ZnS. The absorption spectra of nonpassi-
vated CdSe NPs with a first maximum at 2.49 eV (498 nm) point
out to average diameters of 2.6 £ 0.3 nm. With the CdS and ZnS
passivation, a shift to lower energies, namely, 2.470-2.410 eV or
2.408-2.398 eV, respectively, were observed depending on the CdSe/
CdS and CdSe : ZnS ratios. For the photoluminescence, there was a
shift from 2.250 eV in pure CdSe NPs to lower energies, that is,
2.238-2.183 eV and 2.179-2.157 eV for NPs passivated with different
ratios of CdS and ZnS, respectively. These shifts are explained by par-
tial tunneling of electron wave function into the shells formed. Fur-
thermore, passivation increased photoluminescence intensity by a
factor ranging between 1.4-1.8 and 0.3—4.4 for NPs passivated with
different ratios of CdS and ZnS, respectively.

The effect of 5 nm Ag NPs in the luminescence of a 10-um-
thick gelatin film activated with rodhamine has been investigated
by Efendiev et al.'® The obtained results demonstrated that the
doping of the gelatin films with silver NPs leads to an increase
in the intensity of the absorption spectrum by a factor of 1.17
and a short-wavelength shift (~ 1.5 nm), whereas the intensity
of the fluorescence spectrum increases by a factor of ~ 2. This
increment is due to spectral overlap between the absorption
bands of rhodamine and silver NPs. Light scattered by the NPs
is reabsorbed by the rhodamine 6G molecules, increasing the
amount of absorbed light. These materials may find applications
in miniaturized light-emitting biosensors.
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In a complete distinct vein, nanocomposite fibers were prepared
by electrospinning using poly(e-caprolactone) and gelatin con-
taining upconversion uniform and monodisperse NPs of lumi-
nescent NaYF, : Yb>™ Er’™ encapsulated in mesoporous silica
shells by a core/shell approach.'” The encapsulated NPs were
further loaded with a drug, doxorubicin, and a second one,
indomethacin, was loaded on the polymeric matrix. The hybrid
nanocomposite material was tested as a drug delivery system,
indicating that both drugs released from the electrospun com-
posite fibers with distinct profiles. Indomethacin presented a
fast-release profile, whereas doxorubicin showed sustained
release behavior. Furthermore, the upconversion NPs lumines-
cent intensity ratios of “Hjj/»/*S3—"I15, to *Fop—"I;s, from
Er’" vary with the doxorubicin content in the NPs and there-
fore can be used as sensor for the release of the drug.

Gelatin has also been used in the sol-gel synthesis and/or coat-
ing of CdTe'® """ and CdSe'” QDs and CdSe/HgSe and CdSe/
Ag,Se core/shell'" as well as CdS'"'* and gold nanoclusters''*
for optical applications. Furthermore, gelatin has also been used
as the reactant and structure-directing agent in the hydrother-
mal synthesis of apple-like Eu’" and Tb’" codoped LaCO;OH
hierarchical nanostructures with tunable white light emission.'"?
Although in these cases, we are not dealing specifically with
materials where gelatin plays the role of a matrix in a nanocom-
posite material, this approach might be quite promising notable
to improve the biocompatibility of such particles, while retain-
ing the core optical properties in biomedical applications,
namely, in the imaging field. Finally, gelatin has also been used
as starting material for the hydrothermal preparation of highly
fluorescent carbon QDs.''®

Starch

To the best of our knowledge, the preparation of photolumines-
cent materials based on starch is limited to a study by Guan
and Su.,''” who reported the preparation of a starch-based
material, grafted with a fluorescein derivative, and showed an
absorptivity and emission comparable with that of fluorescein
(Aexe =490 nm; ey, =515 nm), with a much lower quantum
yield (® ~ 0.28 for the starch against ® ~ 0.93 for fluorescein).
It was demonstrated that the florescence of the starch—fluores-
cein derivative showed a linear response to temperature in the
range of 0-60°C and a nonlinear response to pH in the range
of 0—12 showing additionally better long-term stability and fast
equilibrium response, therefore having the potential as cheap
materials for measuring pH and temperature in biological
systems.

Additionally, a cationic starch has been reported as part of a
complex mixture of polyelectrolytes used to prepare multicolor
blue, green, red, and full color films based on semiconductor
QDs of ZnSe and CdTe following a LbL approach.''® However,
given the complex nature of the mixture, one cannot assume
that starch plays a central role in the properties of the material.

Apart from the mentioned studies, starch has also been used as
complexing agent on the sol-gel preparation of nanosized par-
ticles of itrium orthovanadate doped with disprosium and with
samarium cations,''” with potential applications as phosphors
in high-definition flat displays as well as in the preparation of
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Figure 5. Cross-section micrograph of Eu’*—alginate aerogel (top) and
xerogel (bottom). (Reproduced from Ref. 125, with permission from
American Chemical Society.)

photoluminescent ZnO"*'*! or CdSe'**'** NPs. Starch is dem-
onstrated to play a key role as a template for NPs stabilization
and to avoid aggregation; however, in the end of the procedures,
it was removed either by calcination'' or by washing'?*™'** and
therefore did not play any active role in the final optical proper-
ties of the final material.

DNA

Leones et al.'"®* reported the preparation of a DNA—europium
triflate luminescent membrane. Transparent light brown mem-
branes with distinct percentages of the europium salt were pre-
pared, and the resulting materials shown to be
predominantly amorphous and conducive (with the highest val-
ues reaching 1.55 mS cm™'). The photoluminescence profile of
the DNA—europium membranes showed curves which were well
described by a single exponential function, suggesting that on
average, Eu’" occupied the same local environment. These
materials were studied aiming at applications in solid-state elec-
troluminescent devices and its potential applications.

were

Alginate

Alginates (polysaccharides produced by brown algae, which are
block copolymers of 1 — 4 linked f-p-mannuronic and o-L-
guluronic residues, and have a high tendency to form gels with
divalent and trivalent cations) have been studied to prepare lumi-
nescent hybrid materials containing lanthanide ions (Figure 5)'*°
and magnetic/luminescent materials based on CdS and
CdTe."*'*” Photoluminescent alginate aerogels containing Eu’",
Tb>*, Tb>*/Eu’”, and an alginate Eu’* xerogel were prepared by
dropping sodium alginate in the trivalent metal solution, forming
stable gel spheres; alcogel was then obtained by solvent exchange
by immersion of the hydrogel in ethanol with a substantial vol-
ume reduction (~ 20%); and finally, the solvent can be removed
by air drying, forming a xerogel, with a drastic volume decrease,
producing a dense material, or by supercritical CO, drying,
forming an aerogel, which results in volume preservation and an
open network of fibrils with 10-15 nm in diameter (aelrogel).125
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The Eu’"-alginate aerogel and alcogel showed the highest D,
quantum efficiencies, whereas the hydrogel and xerogel have
lower values (9.9 and 8.2% against 5.2 and 5.6%, respectively).
The Tb’*/Eu’™ hybrids are multiwavelength emitters in which
the emission color can be tuned across the chromaticity diagram
from the red toward the yellowish green spectral regions.

In a different vein, highly magnetic luminescent alginate-templated
composite microparticles were successfully synthesized by a novel
process combining emulsification and LbL self-assembly techni-
ques.'” The composite microparticles were characterized by
{-potential analyzer, transmission electron microscope (TEM),
XRD, FTIR, fluorescence spectrophotometer, and vibrating sample
magnetometer. Experimental observations indicated that the
composite microparticles had excellent magnetic properties, and its
photoluminescence could be precisely controlled by varying the
number of deposition cycles of polyelectrolytes and CdTe/
polyelectrolyte multilayers. Moreover, the composite microparticles
could be heated up in a high-frequency magnetic field and demon-
strated linear temperature-dependent photoluminescence over the
range from room temperature to hyperthermia temperature. The
composite microparticles are expected to be promising candidates
for biomedical applications, such as immunoassay, biosensing and
imaging, and cancer diagnosis and treatment.

Finally, sodium alginate as well as a graft copolymer with
poly(2-dimethylaminoethyl methacrylate) (PDMA)
used to passivate the surface of colloidal CdS—thyoglycerol QDs.
The surface interaction of the CdS QDs with alginate-g-PDMA
was assigned to its multidentate ligand character. The resulting
passivated QDs showed enhanced emission properties.'*®

was also

Carrageenan

Carrageenans, sulfated polysaccharides extracted from red algae,
present a coil-helix transition and helix aggregation dependence
on the type and concentration of counter ions that have been
explored by Ramos et al.'*® In this study, the authors focus
their attention on a mixed valence counter ion system:
Eu’*/Na™ or K* with different gel-forming carrageenans:
kappa, iota, and kappa-2. The results of stationary and time-
dependent luminescence showed to be a suitable tool to probe
ion binding to both the negatively charged sulfate group and the
hydroxyl groups present in the biopolymer. For lower europium
ion concentrations, a single, longer decay emission lifetime was
detected, which was attributed to the binding of europium ion
to the carrageenan sulfate groups. An additional decay ascribed
to europium binding to hydroxyl groups was observed above a
threshold concentration, and this decay was dependent on the
carrageenan charge density. Symmetry of the europium ion
microenvironment was estimated by the ratio between the inten-
sities of its emission bands, which has been shown to depend on
the concentration of europium ions and on the specificity of the
monovalent counterion bound to the carrageenan.

Dextrin

Finally, Luz et al.'"*® prepared luminescent microspheres of a euro-
pium(III) dipicolinic acid complex ([Eu(dpa);]’~) loaded in dex-
trin (a low-molecular-weight o-(1,4)-glucan) by ultrasonic spray
drying, yielding spherically shaped microspheres with a size distri-
bution of 0.6*=0.3 pm. The luminescence spectra of the
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encapsulated material demonstrated that Eu’* ions emit via ligand
excitation at the m — 7* transition (280 nm) followed by an
energy intramolecular transfer to the Eu’™ excited levels, thus
enhancing the red emission (antenna effect). Additionally, the
intensity of the luminescent signal is orders of magnitude stronger
than that observed for direct excitation of the Eu®" ion. The lumi-
nescence spectra before and after the microspheres loading demon-
strate that the ultrasonic spray drying process does not change the
structure of the [Eu(dpa)s]®~ complex and that emission lifetime
and quantum efficiency were only slightly lower after microencap-
sulation. Thus, the encapsulation promotes the formation of a
protective barrier around the photoactive material that might pro-
tect it from deterioration, and turns it easy to manipulate.

CONCLUSIONS AND FUTURE PERSPECTIVES

Biopolymers, as polysaccharides, are unique raw materials for
the design and development of sustainable functional materials,
including luminescent materials as unquestionably corroborated
by the extent and assortment of the research activities described
in the current appraisal, mainly because of their abundance,
diversity, and specific properties.

Among the vast array of potential applications of biopolymer-based
composites, the production of novel luminescent bio-based materials
for several applications, including optical and electronic devices, bio-
sensors (and other sensors), bioimaging, and drug delivery, has been
a matter of intense investigation in recent years. Depending on the
nature and characteristic of the biopolymers, as well as of the lumi-
nescent fillers, materials can be obtained in distinct forms such as
(nano)fibers, self-standing films, coating films (for devices as electro-
des or for nanoentities like QDs), and aerogels.

Notwithstanding the enormous use of biopolymers as compo-
nents of luminescent-based materials, there are still plenty of
opportunities to be explored and important advances could be
foreseen. One important issue is associated with the environ-
mental impact of some luminescent fillers as well as of the
processing methodologies used. For example, QDs composed of
Group II and VI metals display recognized cytotoxic effects
because of their ability to penetrate into tissues and to release
heavy metals like cadmium, lead, and selenium, even after coat-
ing with appropriated layers. Therefore, the development of
more environmentally friendly luminescent fillers is imperative
when considering the use of biopolymers (or even any other
polymeric substrate). These progresses must be complemented
by the use of green solvent systems (as aqueous and ionic liquid
systems) on the preparation and processing of the materials.

Finally, the combination of luminescent fillers with emerging
biopolymeric materials (e.g., other bio-based nanofibers and
nanocrystals and proteins) will open the opportunity for the
development of ground-breaking luminescent materials for a
wider sort of applications.
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