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ABSTRACT

Bio-nanocomposites form a unique class of a research area that integrates
biology, chemistry, materials science, engineering and nanotechnology to
present an interdisciplinary approach for solving of problems. In today’s
world, bio-nanocomposites are becoming increasingly prevalent due to
the extraordinary properties that they possess. Scientists learn to select
suitable matrices (e.g. aliphatic polyesters, polypeptides and proteins,
polysaccharides, and polynucleic acids) and fillers (e.g. nanotubes,
nanofibers, clay nanoparticles, hydroxyapetite and metal nanoparticles)
and alter their chemistry and structure to suit the target field. This paper
provides the most recent research made inthe field of bio-nanocomposites
asapplied to biomedical fieldsincluding drug-delivery, biosensors, cancer
diagnosis, and tissue engineering. Emerging trends in bio-technological
and biomedical nanocomposites are highlighted and potential new fields
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of applicationsare examined.

INTRODUCTION

Bionanocompositesformafascinating interdiscipli-
nary areathat bringstogether biology, materials sci-
ence, and nanotechnol ogy. New bionanocompositesare
impacting diversearess, in particular, biomedical sci-
ence. Generally, polymer nanocompositesarethere-
sult of the combination of polymersand inorganic/or-
ganicfillersat the nanometer scale. Theextraordinary
versdility of thesenew materiad sspringsfromthelarge
sdection of biopolymersandfillersavailabletoresearch-
ers. Existing biopolymersinclude, but arenot limited
to, polysaccharides, aiphatic polyesters, polypeptides
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and proteins, and polynucleic acids, whereasfillersin-
cludeclays, hydroxyapetite, and metal nanoparticles.
The interaction between filler components of
nanocomposites at the nanometer scale enablesthem
to act asmolecular bridgesinthe polymer matrix. This
isthebasisfor enhanced mechanical propertiesof the
nanocompos teascompared to conventionad microcom-
posites?. Bionanocompositesadd anew dimensionto
theseenhanced propertiesinthat they arebiocompetible
and/or biodegradable materials. For the sake of this
review, biodegradable materials can be described as
materiasdegraded and gradudly absorbed and/or imi-
nated by thebody, whether degradationiscaused mainly
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by hydrolysis or mediated by metabolic processes?.
Therefore, these nanocompositesare of immensein-
terest to biomedical technologies such astissueengi-
neering, bone replacement/ repair, dental applications,
and controlled drug delivery. TABLE | lists some
bi opolymerscommonly usedin biomedicd gpplicaions.
Current opportunitiesfor polymer nanocompositesin
thebiomedica arenaarisefrom themultitude of appli-
cationsand thevastly different functiond requirements
for each of these gpplications. For example, the screws
and rodsthat are used for internal bonefixation bring
the bone surfacesin close proximity to promote heal -
ing. Thisstabilization must persist for weeksto months
without loosening or breaking®. The modulusof the
implant must be closeto that of the bonefor efficient
load transfert* 5!, The screwsand rods must be noncor-
rosive, nontoxic, and easy to removeif necessary'®.
Thus, apolymer nanocompositeimplant must meet cer-
tain design and functional criteria, including
biocompatibility, biodegradaility, mechanica proper-
ties, and, in some cases, aesthetic demands. Theun-
derlying solutionto the use of polymer nanocomposites
invastly differing applicationsisthe correct choice of
matrix polymer chemistry, filler type, and matrixfiller
interaction. Thisarticlediscusses current effortsand
focuseson key research chdlengesintheemerging us-
age of polymer nanocompositesfor potentid biomedi-
ca gpplications.

HYDROXYAPATITE-POLYMER
NANOCOMPOSITES

Producing bionanocompositesbased onbiomimetic
approaches has been a recent focus of researchers.
Amongthesematerids, hydroxyapatite (HAP)—polymer
-nanocompositeshavebeen used asabiocompatibleand
osteoconductivesubstitutefor bonerepair andimplanta-
tion™8, Asthemaininorganic component of hard tissue,
HAP[Ca,, (PO,),(OH) ] haslongbeen usedin ortho-
pedic surgery. However, HAPisdifficult to shape be-
causeof itshrittlenessand lack of flexibility. HAPpow-
derscanmigratefromimplanted sites, thusmaking them
inappropriatefor use. M oreover, these powdersdo not
dispersewell and agglomerate easily®¥. Therefore, the
incorporation of HAPin polymeric nanocompositesto
overcome process ng and disperson chalengesisof great
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interest to the biomedica community. Consequently, a
desirablematerid for useincdlinica orthopedicswould
be abiodegradable structurethat inducesand promotes
new boneformation at therequired Site. To date, prima:
rily polysaccharide and polypeptidic matriceshavebeen
used with HA P nanoparticlesfor compositeformation.
Yamaguchi and co-workershave synthesized and stud-
ied flexible chitosan— HAP nanocomposites?. Thema:
trix used for thisstudy, chitosan (acationic, biodegrad-
ablepolysaccharide), isflexibleand hasahigh resstance
upon heating becauseof intramol ecular hydrogen bonds
formed between the hydroxyl and amino groups*© 4.,
The resulting nanocomposite, prepared by the
coprecipitation method, ismechanicaly flexibleand can
be formed into any desired shape. Nanocomposites
formed from gelatin and HA P nanocrystal sare condu-
civetotheattachment, growth, and proliferation of hu-
man osteobl ast cell$*2. Collagen-based, polypeptidic
geatin hasahigh number of functiond groupsandiscur-
rently being used inwound dressingsand pharmaceutica
adhesivesindinics®. Theflexibility and cost-effective-
nessof gelatin can becombined with thebioactivity and
osteoconductivity of HAPto generate potentid engineer-
ingbiomaterids. Thetraditiond problemof HAPaggre-
gationwasovercomeby precipitation of the gpatitecrys-
tal swithinapolymer solution* %, The porousscaffold
generated by thismethod exhibited well-deve oped Struc-
turd featuresand pore configurationtoinduceblood cir-
culation and cell ingrowth. Such nanocompositeshave
high potentid for useashard-tissue scaffolds. Three-di-

Figurel: L ow-magnification scanning electron micrograph
of ahydroxyapatite (HAP)—polymer /chitosan—geatin scaffold
prepared from HAP/chitosan—gelatin/ acetic acid mixture.
(Reproduced from Reference 16.)
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mensiona porous scaffolds from biomimetic HAP/
chitosan-gd atin network compositeswith microscaepo-
rosity have shown adhesion, proliferation, and expres-
sionof osteoblastdd. A low magnification scanning elec-
tron micrograph of such ascaffold showinguniform pore
gzesandwalsisshowninFigurel.

Porosity iscritical for tissue-engineering applica-
tionsbecauseit enablesthediffusion of cellular nutri-
entsand waste, and providesfor cell movement™.

MULTI-FUNCTIONAL NANOMATERIALS

Magnetic and fluorescent inorganic nanoparticles
areof particular importance dueto their broad range of
potentia applications. Itisexpected that the combina:
tion of magnetic and fluorescent properties in one
nanocompos tewoul d enablethe engineering of unique
multifunctiona nanoscal e devices, which could bema-
nipul ated using externa magneticfields. Anoverview
of bimodal ‘‘two-in-one”” magnetic-fluorescent
nanocompositemateria swhich combineboth magnetic
and fluorescent propertiesin one entity, in particular
those with potential applicationsin biotechnology and
nanomedicine were discussed by Serena A. Corr
et.a®®, Multi-functiona nanomaterid spossessing fluo-
rescent and magnetic propertiesmay beusedinanum-
ber of biomedical applicationsin nanobiotechnology,
suchashioimaging, bio- and chemo-sensing, cdll tracking
and sorting, bioseparation, drug delivery and therapy
systemsin nanomedicine.

Bioimaging probes

Fluorescence microscopy and nuclear MRI aretwo
mai nimaging techniqueswhich havehad atremendous
impact upon biomedica scienceinrecent years. Unlike
previous gpproacheswhich may haverequired the pro-
cessing of fixed tissuesampl es, thesetechniquesallow
for theimaging of liveand intact organismsbothinvivo
and invitro, resulting in amorerealistic picture of the
processesoccurringinlivebiologica species. Frequently,
theseimagingtechniquesarecomplimentary toeach other
and could beused for pardld detectiontohaveaclearer
pictureand provideacorrect diagnosis. Inthiscase, fluo-
rescent-magnetic nanocomposites serve as new dual
function contragt agents, which canbeussd Smultaneoudy
inconfoca fluorescent microscopy andinMRI. In addi-
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tion, fluorescent-magnetic nanocompositesalow usto
perform optica tracking of biological entitiesand pro-
cessesin combination with magnetophoretic manipula
tion. Thereareseverd reportsontheutilization of multi-
functiona fluorescent-magnetic nanocompositesas con-
trast agents. Thesemulti-functiona materiasareof par-
ticular importance as probes and biological |abelsfor
cdlularimaging. Intracdllular uptakeand imagingusing
magnetic fluorescent nanoparticles prepared by
M _enager and co-workers*® have shown that, after
cellular uptake, these nanoparticleswere confined in-
sideendosomeswhich are submicrometric vesicles of
the endocytotic pathway. Theauthors have shown the
poss bility of magnetic manipulation of theseinterndised
nanocomposites, resulting intheformation of spectacular
fluorescent chainsalignedin thedirection of theapplied
magneticfield (Figure2.)

Figure2: Theoverlay imageof endosomesfor ming chains
withinthecdl cytoplasmin thedirection of theapplied mag-

neticfield (Bar 101m; magnification 1009). From™?

In another study, biocompatible PEG-modified,
phaspholipid- coated iron oxide nanoparticleshavebeen
conjugated to a fluorescent dye and the Tat-peptide
and used for theimaging of primary human derma fi-
broblast cellsand Madin-Darby bovinekidney derived
cells. Thesemicelle-coated iron oxide nanocomposites
demonstrate great potentia for conjugation of avariety
of moietiesfor spedificintracdllular andtissueimaging®.
Therhodamine- 1abelled citric acid capped magnetite
nanoparticles have been used asfluorescent biological
markers. Confocal fluorescence microscopy demon-
strated that these nanocomposites respond to an ap-
plied magnetic field and aretaken up by KB cellsin
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vitro. Thesemateriascan serveasbiocompatiblefluo-
rescent ferrofluids, which enableopticd tracking of pro-
cesses at the cellular level combined with
magnetophoretic manipulation!. Strong luminescence
and highrelaxivity at low field weredemonstrated by a
new type of “two-in-one” fluorescent- magnetic
nanocomposites based on magnetite nanoparticles, a
polyhedra octaaminopropylsil sesquioxaneand apor-
phyrin derivative confoca imaging found that theincu-
bation of macrophage and bone osteobl ast cellsat the
presence of these nanocompositesresultedintheir fast
intercel lular locdization. Thenanocompositesa so ex-
hibited adistinctive subcd lular distribution correspond-
ing to thelocation of the mitochondria, endoplasmic
reticulum and nucle (Figure- 3). It was suggested that
thereisadissociation of theionic componentsof the
magneti cfluorescent nanocompositesinsdecd lsresult-
inginreeaseof porphyrin species, which can penetrate
variousintracellular compartments. Suchintracellular
fragmentation of thenanocompositesallows potentia
utilization of these new nanocomposites both as sub-
cellular imaging contrast agents and targeted drug de-
livery syssems?.

Figure 3: Osteoblast cellsuptake of particles. Population
imaging (a) confocal imageand (b) overlay with phase con-
trast (magnification 409, Scale bar =501m). Singlecell im-
aging. (c) confocal imageand (d) with combined phase con-
trast (magnification 609, Scalebar =501m). From?!

Nanomedicineapplications

Theterm “nanoclinics” wasinitidly introduced by
Prasad and co-workers?d, when their report on hier-
archicaly built nanopartidesfor targeted diagnosticsand
therapy appeared in 2002. These nanocomposites con-
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sist of athin functionalized silicashell encapsulating
magnetic (Fe,O,) nanoparticles and two-photon fluo-
rescent dyes. Thesilicasurface of thesecore-shell struc-
tureswasfunctionalized with a uteinising hormone-re-
leasing hormonefor specific targeting of cancer cells.
These nanocomposites have potentia applicationsas
MRI contrast agents, optical imaging diagnostictools
and as magneti c-induced cancer therapy devices. Xu
et al.l? have reported porphyrin—iron oxide
nanoparticles conjugates, which can beutilized asbi-
modal anticancer agentsfor combined PDT and hy-
perthermiatherapy. These conjugatescan beeffectively
taken up by cancer HeL acancer cells. The exposure
of the cells contai ning the nanocompositesto yellow
light resulted inas gnificant changeof their morphol ogy
duetothecell apoptosis. Theseresultsdemonstratea
potential of these nanoparticlesfor cancer therapy. An
interesting experiment was performed using magnetic-
fluorescent polymer capsules, which were smulta-
neoudy functionalized with magnetic nanoparticlesand
fluorescent CdTe nanocrystal s. These nanocomposites
have been used for modding the bloodstreaminaflow
channd system under amagnetic field gradient, which
alowed for the specific trapping of polymer capsules.
Intheregionswherethe capsulesweretrapped by the
magnetic field, anincreased uptake of the capsulesby
breast cancer cellswas observed dueto the high local
concentration of the composites. The process was
monitored by fluorescence microscopy. Theseresults
demonstratethe potentid usethe multi-modal fluores-
cent-magneti c polymer capsul esloaded with pharma:
ceutical agentsfor targeted drug delivery and cancer

therapy®!.
Polymer nanocomposite

A review on design and devel opment of polymer-
slicate nanocomposites (including clay based silicate
nanoparticlesand bi oactive glass nanoparticles) rang-
ing from diagnostic and therapeutic devices, tissuere-
generation and drug delivery matrixesto variousbio-
technologies were summarized by Chia-Jung Wu,
Akhilesh K. Gaharwar(?, A variety of polymeric bio-
nanocomposite materia sare generated by the combi-
nation of inorganic nanoparticleswith polymersof syn-
thetic or natural origin (Figure 4). Nanocomposites
made from biomedical polymers and silicate
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nanoparticlesarereviewed whilehighlighting their po-
tentid and shortcomingsin the biomedica and bio-tech-
nologicd arenas.
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Figure4: Polymer-slicate nanocompositeshavebeen devel -
oped to addressa multitude of biomedical applications

CONCLUSIONS

In this review, we have discussed an emerging
group of nano-material sbased on various polymers
and nanofillersthat areeither used extensively or show
promiseintheareaof biomedical materia sdeveloped
over recent years. Thereisagreat need and demand
for these materials. However, despite of all recent
progress made, some of the nanocompositeareasare
il intheinfant stage and significant effortsare needed
for further development of these materialsand their
utilization. We hope that further research into these
interactionswill provevaluablein contemplating the
design of novel Bionanocompositesfor biomedica ap-
plications.
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