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Smart microstructures based on organic/inorganic hybrids were rationally designed to develop
applications in the novel interdisciplinary research field “nanobioscience”. These multifunctional
microspheres, combining several advances of photoluminescence and magnetic and temperature responses
into one single entity, have been prepared via three steps. The first step involved magnetite nanoparticles
(Fe&sO4) homogeneously incorporated into silica spheres using the modifieeSteethod. Second, metal
ions (Cd") were utilized to precipitate the differently sized thiol-capped CdTe nanocrystals onto the
Fe;0O4-dotted silica surface with negative charges, and then a thin silica shell was coated on them in
favor of formation of a robust platform provided for anticorrosion of quantum dots. Third, the modified
silica-coated F©,@SIG@CdTe microspheres were covered with the outer shell of thermosensitive
poly(N-isopropylacrylamide) via template polymerization. These hybrid microspheres are desired as carriers
for diagnostics, circulating drug-delivery systems, and treating cancer at its earliest stages.

Introduction detection format, a large number of QDs were encapsulated
) . ) . into one protective microsphere. These markers may obtain
Quantum dots (QDs), with unique photophysical properties 5, nqant and intense spectral signatures and be allowed for
S_UCh as narrow and sme-tungblg emission spect.ra, a robusfe reql-time study of certain long-lived biological pro-
signal intensity, a broad excitation band, and high photo- ¢osse4s However, so far, integration of multiple QDs with
chemical stability, have been shown to be ideal for use as g 5igal spheres has still been a challenge for researchers.
fluorophores in multiplexed bioanalysis® Nevertheless, To the best of our knowledge, there are three major
alm_ost'alllapplications of nqnoparticlt_es require a further approaches to the design of multi-QD-entrapped micro-
derivatization as a prerequisite. Forming COmposité Nano- gpneres. The first is to use the polymer spheres as microre-
structures such as biomolect#@D conjugates$ metat-QD actors to produce entrapped QDs in $ftiAlthough the
nanohybrids, or polymer-QD hybrids is an important step g aihility of the synthesis of QDs in microspheres has been
towa_rd applications pf the_se nanomaterials. Recently, sub- roven, in situ synthesized QDs are generally polydispersed
stantial progress achieved in several groups has led toabursgnd have low quantum vyields. The second route is that
of activities in the geherat?on of mu[ticolor op.tical "F’af prepared QDs are mixed with monomers for polymerization,
codes” based on trapping differently sized QDs into micro- |g4ing to incorporation of them by chemical multicovalent
spheres at precisely controlled ratfos? Using this kind of - 5444 chment. However, if QDs preserve the native ligands,

the resultant composites usually show bad transparency and
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low photoluminescence (PL) intensity and/or a red shift of the encoded microsphere surfaces. However, it is perhaps
the emission peaks were present in the ligand-exchange omore important that such advances can be combined with
polymerization process. Furthermore, it might be difficult multifunctional microspheres that contain specific molecules

to define the QD amount and ratios among different QDs designed for molecular recognition, targeting compounds

within microspheres for multicolor optical coders. Compared designed for homing in on sites, and imaging agents designed
with the first two methods, the third method is based on the to light up.

multiporous nanostructure from the swelling behaviors of 5 ided by these considerations, a feasible approach to
polymer spheres. The preformed QDs have been entrappeyreparation of luminescent/magnetic microspheres with
within microspheres by different driving forces including rqss-linked polymer shells is reported here. In the design

hydrophobic interactioff; electrostatic assembl§> and ot these multifunctional microspheres, we implemented the
hydrogen bonding® These have little changed luminescence following criteria: (1) the presence of target species for

and defined QD loading amounts and ratios among differ- oming “in on the targeted site; (2) the involvement of
ently sized QDs. Recently, Nie and co-workers reported thatimaging agents, aiming to image biological process; (3)

mult!color QDs have_ _been successfully mcor_porated Into incorporation of biomolecules or drugs into the microspheres
multiporous latex or silica beads!! Also, small-sized smart by physical means; (4) a release mechanism induced by
Ihydrog.(:fls n rtlequnse to pH or temperaturlg Wfre utilized 10 o yterior stimuli such as a change in temperature. As a result,
oad di 3e22enty sized QDs, creating multicolored nano- 5 g icrure was addressed in detail in which silica spheres
sphereé._' Ir_‘ addltlon_to Incorporation of QDs within the iy gotted FeO, nanoparticles were coated by multicolor
sphere interiors, engineering of the sphere surface alsocyre nanocrystals via metal ion-driven deposition, which
possessed multicolor optical shells, which can be fabricatedWas protected by formation of the outer silica shell. Then
by a :Ia%er—by-l_ayer_ e%slslimbly tecr;]mqamr a solvergjt- these luminescent/magnetic silica particles were used as seeds
c;)nt(rjq € fptrr(]eugl_tallth ' | owevler,_tt T Irljcr(ias(;ng underf— to grow a stimulus-responsive polymer shell. Stimulus-
standing of the biological complexily feads 1o demands for responsive polymers with specific functional groups can be
further research at a cellular and molecular level. In this Case’regarded as ideal substitutes for the modification of the
it seems that the development of multifunctional microstruc- microsphere surface. In addition to the ability to conjugate

tl\LIJ:/Zrm:zTelsr:agI?ngaj[)nroggsblgfnc?srqﬁ:ltonfor?garlzigrgpc?e:?gsei.spmteins' particular cross-linking structures provide a means
currently avai[able for integration of optical coding and other of protecting blomolecules, such as proteins, peptides, drugs,
functions and c_)I|gonucIeo_t|des, from enzyr_natlc in vivo degradatfon.

' Herein, polyN-isopropylacrylamide) (PNPAM), a well-

'Even now, progress in functionalization of Iumingscent known thermosensitive polymer, was chosen to add to the
microspheres is made continuously. For example, an INterest nction of the microspheres. PNIPAM is water-soluble and

N9 denv_atlve .Of QD I_Jar code§ may integrate magnetic hydrophilic below the lower critical solution temperature
nanoparticles in one single entity for magnetic resonance (LCST). Above this temperature, PNIPAM undergoes a sharp
imaging (MRI)?22*Also, other related applications may be coil-to-globule transition to fo’rm inter- and intrachain
provided including targeted drug delivery, rapid biological association that results in an insoluble and hydrophobic
separation, biosensors, and magnetic hyperthermia thrapy. aggregate. It has been demonstrated that its swelling/

Although the bifunctional magnetic/luminescent micro- deswelling behavior in response to external temperature

sphertei are dln:rli?u(;ntghanéj repiorted bi’ s]?rtr;]e autiﬁo?%ntg fchanges is favorable for nucleic acid adsorption, drug release,
report has detailed the development ol the preparation oy, molecular conjugates, and so 8rirherefore, this may

optical bar-coded microspheres with magnetic properties. be a rational design of multifunctional microspheres for

T.h's may pe the flrst_chall_enge. Qn the other hand, for biomedical applications, especially in polymer-based circu-
bioapplications of multifunctional microspheres, the subse- ,__. .
lating drug-delivery systems.

quent difficulty is that biomolecule probes such as oligo-

nucleotides and antibodies can be effectively conjugated on ) )
Experimental Section

(0) 266‘2%9'\('36""0' M.; Wang, D.; Muvald, H.Chem. Mater2005 17, Materials. FeCk-H,0, CdCh (99%), and thioglycolic acid
(21) Radtchenko, 1. L.; Sukhorukov, G. B.; Gaponik, N.; Kornowski, A.; (TGA) (98%) were purchased from Acros. Tellurium powder
Rogach, A. L.; Méwald, H.Adv. Mater. 2001, 13, 1684. (99.8%) and NIPAM (97%) were obtained from Aldrich. FeCl

(22) Mulder, W. J. M.; Koole, R.; Brandwijk, R. J.; Storm, G.; Chin, P. T. ' ; ; 0 _
K.; Strijkers, G. J.; de Mello Donega, C.; Nicolay, K.; Griffioen, A. 4H,0 andN,N'-methylenebisacrylamide (MBA) (98%) were pur

W. Nano Lett.2006 6, 1. chased from Fluka. Trisodium citrate, potassium persulfate (KPS),
(23) Tan, W. B.; Zhang, YAdv. Mater. 2005 17, 2375. sodium hydroxide (NaOH), NaB#itetraethyl orthosilicate (TEOS),
(24) Xviggv D.; He, J.; Rosenzweig, N.; Rosenzweigano Lett.2004 3-(trimethoxysilyl)propyl methacrylate, (3-mercaptopropyl)tri-
(25) Gaponik, N.; Radtchenko, I. L.; Sukhorukov, G. B.; Rogach, A. L. Methoxysilane, and aqueous ammonia solution (25 wt %) were

Langmuir2004 20, 1449. analytical grade and commercially available products. All chemicals

(26) Yi,D.K; Selvan, S. T,; Lee, S. S.; Papaefthymiou, G. C.; Kundaliya, were used as received. The silica particles used were prepared via

@7 géb\l(imé]’-éuihi AAm'S(.:giTHOSrSSO%OSGIZB? ‘Ft%%%ch AL parak w. the modified Stber route, and the diameter observed by TEM was

J. Langmuir 2005 21, 4262. ca. 100 nm.
(28) Ma, D.; Guan, J.; Normadin, F.; Denommee, S.; Enright, G.; Veres,
T.; Simard, B.Chem. Mater2006 18, 1920.
(29) Lansalot, M.; Sabor, M.; Elssari, A.; Pichot, CColloid Polym. Sci. (30) Nayak, S.; Lyon, L. AAngew. Chem., Int. EQ005 44, 1686.
2005 283 1267. (31) Gil, E. S.; Hudson, S. MProg. Polym. Sci2004 29, 1173.
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Preparation of Magnetite Nanoparticles.An iron oxide disper-
sion was prepared using the method already descfbealsed on
the coprecipitation of Fegland FeC by adding a concentrated
solution of base (10 M NaOH) onto the mixture of iron salts with
a molar ratio (FeGlFeCk) of 1:2. The alkaline solution was stirred
for 1 h at 20°C and then heated at 9€ for 1 h. The ultrafine

Guo et al.

polymerization procedure, an aqueous dispersion of the modified
silica-coated luminescent/magnetic particles was used for the
precipitation polymerization of NIPAM and the cross-linker MBA,
using potassium sulfate (KPS) as an initiator. The reaction was
allowed to proceed fo5 h at 70°C. Finally, the products were
washed using distilled water repeatedly and enriched with the help

magnetic particles obtained were peptized by treatment with a nitric of a magnet.

acid solution (2 M). The magnetite dispersion was then stirred for
30 min at 90°C upon addition of a trisodium citrate solution (0.3

Cell Culture. The CHO (Chinese hamster ovary) cells were
obtained from the cell bank of Shanghai Science Academe. The

M). The excess citrate was removed by precipitation of magnetite cells were incubated in DMEM medium, containing calf serum
nanoparticles with acetone. The magnetite dispersion was adjusteq10%), penicillin (100 units/mL), streptomycin (10@/mL), and

by 5 wt % for further use.
Preparation of Thiol-Capped CdTe Nanocrystals.The prepa-

ration of thioglycolic acid-capped CdTe nanocrystals has been

neomycin (10Qug/mL), in a fully humidified incubator at 37C
with 5% CQ.
When the cells reached 80% confluence with normal morphol-

described in detail by the hydrothermal route according to previous ogy, the PNIPAM-coated luminescent/magnetic microspheres were

reports3 Briefly, fresh NaHTe solution was added to a-$aturated
CdCl, solution in the presence of TGA at pH 9.0 in an-ieeater
bath. The ratio (i.e., [CdG:[TGA]:[NaHTe]) was fixed at 1:1.5:

added to the cell dishes with a concentration of x@dmL, and
then these cell dishes were put into incubators for a desirable
incubation time. Under such an incubation concentration, no

0.5 for all samples. Then the CdTe precursor solution (40 mL) was detectable damage to the cells was observed. After incubation, these

put into a Teflon-lined stainless steel autoclave with a volume of
50 mL. The autoclave was maintained at 280for 50, 60, and 70
min for three size factions of CdTe nanocrystals with yellow,

orange, and red emission color, respectively. Then it was cooled  ~paracterization. Ultraviolet—visible (UV—
to room temperature by a hydrocooling process. In comparison with

microsphere-loaded cells were washed with PBS three times to
remove the unbound particles, and then the cell samples were
readied for luminescence imaging measurements.

vis) absorption
spectra were measured on a Perkin-Elmer Lambda 35/

that of Rhodamine 6G at room temperature, the photoluminescencegy e trophotometer. Fluorescence spectra were obtained at room

quantum vyield (PL QY) of the preformed TGA-capped CdTe
nanocrystals used in the text was estimated as4806.

Synthesis of Silica-Coated F,@SIO,@CdTe Particles.A

temperature using an FLS920 spectrofluorimeter. If not specifically
mentioned in the text, an excitation wavelength of 400 nm was
used. X-ray photoelectron spectroscopy was performed on a PHI

suspension of the synthesized magnetic nanoparticles (0.1 g) wass000C ESCA X spectrometer with Aldexcitation (1686.6 eV).

diluted by a mixture of ethanol (40 mL) and water (8 mL). After

Transmission electron microscopy (TEM) images were obtained

addition of ammonia solution (1 mL, 25 wt %), the precursor of on a JEOL-1230 transmission electron microscope, and the samples
TEOS (05 mL) was added to the reaction solution with mechanical for TEM measurements were obtained by p|acing one drop of the
stirring at 25°C for 12 h. The preformed particles were washed to  samples on copper grids coated with carbon. Scanning electron
eliminate excess reactants by centrifugation and dispersed in anmicroscopy (SEM) was carried out on a Philips XL30 microscope,

aqueous solution at 0.25 wt %.

The preformed CdTe nanocrystal was precipitated by ethanol,

and the samples were loaded onto a glass surface previously sputter-
coated with a homogeneous gold layer for charge dissipation during

and powdered products made up the aqueous dispersion, which washe SEM imaging. The hydrodynamic diameter of the particles was

adjusted for a proper absorbance value of-@B (at the maximum

determined by quasi-elastic light scattering (Malvern Autosizer

peaks). The molar concentration was calculated by the empirical 4700). A vibrating-sample magnetometer (VSM) (EG&G Princeton

formula according to the previous repétiThe dispersions of CdTe
(2 mL) and magnetic silica particles (2 g) were mixed, and then

Applied Research vibrating sample magnetometer, model 155) was
used at 305 K to measure the magnetic moment. T petentials

CdClL aqueous solution in excess was added to the mixture at pH of the silica particles were measured or; gotential analyzer
7. The precipitates immediately appeared and were separated byBrookhaven). The cellular images were acquired with a confocal
the magnet. The washing procedure was necessary to completeljaser scanning microscope (Olympus, FV-300, IX71).

remove the excessive €din aqueous solution followed by drying
the products.

The obtained powder had a poor dispersion in ethanol. When

(3-mercaptopropyl)trimethoxysilaneyR) was added, the solution

Results and Discussion

Metal lon-Driven Heterocoagulation of Thiol-Capped

became optically transparent and was stirred for 5 h. Then the outerCdTe Nanocrystals with Silica Particles.Engineering of

silica shell was grown in the conditions of a mixture of water (5
mL) and ethanol (20 mL) containing TEOS (k) as described
elsewhereé®

Synthesis of PNIPAM-Coated Luminescent/Magnetic Micro-
spheres.The obtained silica-coated luminescent/magnetic micro-
spheres were further modified by adding 3-(trimethsilyl)propyl
methacrylate (1@L) for 12 h at 25°C in the above water/ethanol
mixture. The resulting products were collected via a magnetic field
followed by washing with ethanol and water several times. In the

(32) Sauzedde, F.; Eksari, A.; Pichot, CColloid Polym. Sci1999 277,
846.

(33) Guo, J.; Yang, W.; Wang, Q. Phys. Chem. BR005 109, 17467.

(34) Yu, W. W.; Qu, L.; Guo, W.; Peng, XChem. Mater2003 15, 2855.

(35) Salgueiri'no-Maceira, V.; Spasova, M.; Farle, Mlv. Funct. Mater.
2005 15, 1036.

colloidal surfaces is a fashionable topic of applied chemistry
in the field of developing new materials with tailored
properties. The approach of layer-by-layer (LbL) alternate
adsorption to prepare luminescent shells is a mature tech-
nigue, which provides a defined shell composition on the
colloidal core, with the shell thickness being a function of
the number of deposited layers. However, the procedure is
sufficiently time-consuming because it requires the removal
of nonbound polyelectrolytes and nanocrystals at each step
of the assembly. The presence of the polymer component in
the nanocrystal-containing shells is also not always desirable.
Radtchenko et &t developed a modified route to formation

of luminescent shells based on the solvent/non-solvent-pair
technique or in aqueous solutions at different pH values.
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Figure 1. Fluorescence spectra (a) and YVis absorption spectra (b) of ~ Cence emission peak is observed in Figure 1a, the maximum
CdTe nanocrystals treated by adding different concentrations éf Cd absorption peak (561 nm) depending on the sizes of the QDs
solution. From bottom to top, the added concentration ¢fGsl0, 8.23x . s s .
1074, 1.61x 1073, and 2.35x 1073 mol/L, respectively. Inset of (a): PL remains constant, |nQ|cat|ng that added Gahly influenced
intensity versus concentration of &d The loop-marked dot means that  the surface properties of CdTe nanocrystals. It has been
CdTe nanocrystals were coagulated from aqueous solution after addition demonstrated that the lowly luminescent CdTe nanocrystals
+ i 3
of C SOIUt'_On (3'75X_ 107 moliL). ) possess many more Te atoms at the surface than the highly
prever, inorganic shells composed of thiol-capped CdTe |yminescent one¥ Added Cd+ may couple the surface Te
with negative charges can easily be washed off when exposechtoms with dangling bonds and complex the residue-free
to an aqueous solution or pH changes. A possible suggestedrg A forming thicker ligand shells. Such a surface results
reason is that a weak or lacking interaction between CdTej g petter confinement of photogenerated charge carriers,
nanocrystals building up shells leads to diffusion of nano- 4nq thus, the effect would lead to higher photoluminescence
crystals from the colloidal shells to aqueous solutions. As a intensity. The free G may also be favorable for the
result, a robust controlled precipitation must be developed ¢oagulation of TGA-capped CdTe nanocrystals via the
to strengthen the luminescent shells in colloidal environ- gjectrostatic interaction between CO®ns of TGA and
ments. The technique described herein, for the first time, c+ \When the nanocrystals come in close contact, the
allows the formation of robust luminescent shells based on stong dipole-dipole interaction also leads to a red shift of
metal ion (Cd%)-driven coaggregation. This is a drastic the emission peak.

acceleration in comparison to the multistep LbL approach T4 the best of our knowledge, among all investigations
that needs hours or even days to complete. Furthermore, theyt the colloidal silica properties, the adsorption of metal
CdTe shells on colloidal cores remained intact in the aqueouscations (zZA*, Cw?*, C*) has been a subject of wide

solutions. 3 ~interest. It has been shown that the adsorption df Gahs
Luminescent CdTe nanocrystals stabilized by TGA, which o, silica increases strongly in the pH range 03 As a
were prepared via the hydrothermal route without posttreat- regylt, via this specific property of the silica surface, it was
ment, possessed a negatively charged surface. Theoreticallyyossible that Ci ions were used to build up the luminescent
by adding different concentrations of €dion solution, it shells composed of TGA-capped CdTe nanocrystals on the
was possible to affect the dispersion stability of CdTe gijlica. Also, some experiments related to the interaction
nanocrystals in aqueous sol_utlons. A set of fluorescencepetween C& and hydroxide groups of the silica surface were
spectra and UVvis absorption spectra recorded under conducted. Due to the higher charge density of the silica
different concentrations of Ctare shown in Figure 1. With  g;rface, compared with that of TGA-capped CdTe nano-
an increase in the added concentration ot Cthe fluores-  ¢yystals, when the added concentration ofQ@ached 1.61
cence intensity was improved and the maximum was 2 times . 10-3 mol/L, the coagulation of silica particles was
stronger than that of the original samples without addition gpserved. In Figure 2, it is shown that the nature of the silica
of Cd?*. However, from the inset of Figure 1a, after addition particle surface changed before and afte‘Cieatment
of more Cd* than before, co_agulaﬂon of (_ZdTe nanocrystals sing X-ray photoelectron spectroscopy (XPS). The spectra
was clearly observed, leading to reduction of the detected 5t the O 15 level were shifted by 0.8 eV to higher binding
fluorescence intensity. In Figure 1b, the addition ofCd energy after addition of Gd. This is consistent with the
also results in an increase in the baseline. Due to the presencgymation of alkoxide versus hydroxide oxygens, which

of CdTe aggregation upon addition of €dthe enhancement  gemonstrates the presence of the adsorption 8f @dth
factor of the first electronic transition achieved should the surface silanol.

attribute to the light scattering or reflection originating from

the aggregation particles. Furthermore, the stepwise incre-(sg) Borchert, H.; Talapin, D. V.; Gaponik, N.; McGinley, C.; Adam, S.;
ment of the baseline shows a tendency of aggregation of _ Lobo, A.; Mdler, T.; Weller, H.J. Phys. Chem. 003 107, 9662.
TGA-stabilized CdTe nanocrystals with an increase of the 88 E%'Oegeéc"; J'ja"r;uvsvfl{,‘f,rj; THH;OE‘;‘i‘?‘f‘e\;ﬁhﬁé"\éé:”gh;‘?;&sgoé;1|5iggz}ékiy

added amount of Cd. Although a red shift of the fluores- W.; Rudzinski, W.Appl. Surf. Sci2002 196, 322.
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100 different manners, i.e., dotted in the center of silica or
covered on the surface of silica with CdTe nanocrystals.
However, as considered theoretically regarding the latter, if
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s E < both the magnetic nanoparticles and QDs were present on
s _50: Jeo § TE’ the colloidal surface simultaneously, a shift of the fluorescent
'g ] s emission peaks, a reduction of the quantum yields, and an
2 5. 140 5 ié extension of the excited-state lifetimes took place, being
= ] :§ 9 attributed to quenching interactions between the magnetic

E 604 2 5 nanoparticles and Q¥$Hence, the heterocomposite nanoar-

] T g chitecture, i.e., FO,@SiG@CdTe microspheres, has been
65 < addressed in this study. The brief preparation procedure of

: : . : ; ; 10 these multifunctional microspheres was as follows: first,

7 8 9 L synthesizing the RO®,@SIO, particles (i.e., magnetic silica
pH particles, MSPs) on the basis of the modifiedisiomethod

Figure 3. ¢ potential of the silica particles (a) and the amount of angd, second, loading a luminescent shell by**Gdirven
undeposited CdTe nanocrystals on the silica particles (b) as a function of ' . ' -

pH. coagulation of CdTe nanocrystals with MSPs. However, the
noncovalent surface modification of nanoparticles has a
serious limitation for biological applications, because the
particles with small sizes may undergo biodegradation, and

the exposed metal ion on the surface of nanoparticles can

On the basis of the afore-conducted experiments, for
controlling the morphology of composite particles, the
important parameters must be considered including the

concentration of the particles, the relative numbers of the R . )
P cause metal elemental toxicities in biological environments.

component particles, and the contrast to their relative surface . : )
charges. In some cases, pH, temperature, and the nature O}'hus, the FED,@SIQ@CdTe microspheres could be de

. . . - signed to be covered with a homogeneous and smooth silica
the ions will affect the products in the most sensitive way. - :
. shell, avoiding corrosion of the CdTe shell. Moreover, the
In our system, owing to a decrease of the fluorescence

sty or ven quenching of TGA-capped CTo rano- Soiec o o, S°4F° £ Sesl e i sl o
crystals in the acid range, the deposition of QDs onto the g P g 9

. . : of specific ligands (streptadivin, antibodies, etc.).
silica particles was controlled in the pH range 12, and Fiqure 4a shows TEM imades of silica-coated@
the other conditions (e.g., the particle number raig.y/ 9 ) ges. i
Nearo= 1/800 and the particle size rafidyic/Deare = 100/ particles. Relying on the well-known ‘Sier method, the final
cdte ™ - [~ sl Ldle MSPs with well-defined core/shell structures were rather
3) remained constant. As shown in Figure 3a, it is reasonable

that the¢ potential of the silica surface decreased with an tmhgzogr:sep(:ze’ng;gncg;ce)u%hnstl::(e:abj;?snsop ?f:/ee ;ra(frgfdsir:%;e
increase of pH from 7 to 12.5, which originated from the 9 : yaroly

transition of hydroxyl groups to alkoxides. In Figure 3b, it TEQOS, the thickness of the silica shell can be tuned from a

is observed that if the medium was controlled at pH87 few to several hundreds of nanometers by simply varying

" . ) .
the amount of free QDs in the supernate after coprecipitation _the initial amount of TEOS: The FeO,@SIQ; particles used

of silica particles and QDs was below 3% compared with in this case for the production of multifunctional micro-

- . : . spheres had an average diameter of 3000 nm obtained
the initial concentration of QDs (which was obtained by the . : . . .
ratio betwee\esiqgueandAinitia at the maximum peak). While by TEM images. Figure 4b is the TEM image okBe@SIO

pH was adjusted above 11, most of the QDs remained in particles densely]oaded with TGA-capped CdTe nanocrys-
the aqueous solution, which ,indicated the addetr @dnnot tals. The preparation of heterocoagulates from the MSPs and

- . ) QDs was first to mix the QDs and MSP dispersion with a
efficiently drive the heterocoagulation of two-component . : .
articles. The possible reason is that, at high pH, the addedﬂxe(_d_concentratlon ratlo_ at optimal pH 7, followed by
b ' : f addition of Cd* to deposit the QDs onto the MSP surface.

+ A _
Cd* may correspond to the precipitation of hydrolyzed Cd However, it was observed that the morphological nature of

(OH): rather than to adsorption on _S|I|ca particles or GDs. .. the CdTe nanocrystals might cause them to cluster and form
Therefore, a stable system consisting of a regular composite.

. . . islands at the MSP surface. This result is possibly due to
particle could be prepared only in the medium controlled at . .
oH 7-8. different surface properties between CdTe nanocrystals and

Preparation of Silica-Coated Multi-Color-Encoded MSPs originating from the respective functional groups.

. . . : Also, an added excess amount of CdTe nanocrystals may
FegO4@S|Q@CdTe Composite Mlc_rosphereslron oxide result in formation of clustered CdTe islands on the MSP
nanoparticles have been of great interest not only for the

study of fundamental magnetic properties, but also for surface. Figure 4c shows the TEM image ofG£@SIO.Q

. . o . . : CdTe particles covered with an outer silica shell. The
biomedical applications. E@®,, conjugated with various Lo T . - .
. - principal idea of the formation of the outer silica shell is to
targeting molecules or antibodies, can be used to target’ . ) .
o L avoid, or at least slow, the corrosion of QDs. Meanwhile,
specific cells in vitro. Some authors have reported a general
r for the formation of solid-core/metal-nanoshell
st aFegy 0 . the fo <";1t0. of solid-core/metal-nanoshe (39) Stoeva, S. I.; Huo, F.; Lee, 3S.; Mirkin, C. A.J. Am. Chem. Soc.
particles, using a combination of self-assembly of preformed 2005 127, 15362.
nanoparticles onto larger spheres and colloid reduction (40) Sauzedde, F.; Esari, A.; Pichot, CColloid Polym. Sci1999 277,
chemistry®5-3%40In our system, F€, nanoparticles can be 041.

o . ’ . (41) Deng, Y. H.; Wang, C. C.; Hu, J. H.; Yang, W. L.; Fu, S.®olloids
entrapped within Sig@CdTe composite microspheres in two Surf., A2005 262, 87.
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outer silica shell and the SEM image (d). The histogram (e) presents the hydrodynamic mean diameters for two sets of samples, i.e., i @xHi€) Fe
particles with an average diameter of 12415 nm, and bottom panel, silica-coated®g@SiO,@CdTe microspheres with an average diameter of £58
30 nm.

this was clearly shown for samples with an outer silica shell ;‘
that kept a stable dispersion for a longer time compared to ¢ 1.0
those without any protection. The total average increase in;
diameter was approximately 20 nm, and the samples still = ¢ |
remained monodisperse, observed by the SEM image of £
Figure 4d. As shown in Figure 4e, it was also confirmed by ==
dynamic light scattering (DLS) that the hydrodynamic ==
diameters for the swollen silica-coated:Bg@SIO@CdTe
microspheres increased by 34 nm in comparison with thoseg 04+

ntens

0.6

PL

of the FeO,@SIG, particles dispersed in aqueous solution. ﬂ
The PL of the original CdTe dispersions was retained in % 0.2
the silica-coated luminescent/magnetic composite micro- £ Y /
spheres. The normalized PL emission spectra of the QDs © 0.0 e e S T
and the silica-coated luminescent/magnetic composite mi- & 450 500 550 600 650 700 750

crospheres are compared as shown in Figure 5. The maxime vy
> : . velength (nm

of the emission peak are red-shifted (around 5 nm in these avelengt ( )

cases) compared to those of the free QDs in aqueous solutior] '3 5- PL spectra of CdTe QDs (dotted line, 544, 597, and 655 nm)

.~ .. and silica-coated luminescent/magnetic composite microspheres (solid line,
after the CdTe shells on the surfaces of the magnetic silicasa7, 600, and 660 nm).

particles are co_vered. Previous repqrts shovyed differentpyenveen the clustered QDs islanded on the surfaces of
results concerning the effect of silica coating on the magnetic silica particles. In the silica covering route, (3-
Iummescen; p_ropertles of QDs. It has bee.n qemonstrated tha%ercaptopropyl)trimethoxysilane (MPS) with TEOS was
the blue shift in the maximum of the emission spectra was ;5eq to form the thin outer silica shell in the ethanol/water
due to the corrosion of QDs during silica deposition (4.9 ) solution. The exchange between MPS and TGA
originating from the removal of their surface ligarfds. o the surfaces of QDs inhibited the presence of QDs entirely
However, in our cases, the slight red shift of PL emission \,nqrtected during silica growth, resulting in a few changes
peaks was due to the strong dipekiipole interactions  f the pL emission peak€ However, when MPS passivated
: the surface of QDs, the capping was not perfect, leading to
(42) ggr”s?é \,(,'l;.&%?g\; ﬁ Ac.olf{f_?\;lgfzzrrt]e',_ MM JA;hsssggg;'sa%”gzs’ 5 a decrease in the PL intensity as observed in these experi-
108 15461, T R ' ments. It should be noted, however, that the width of the
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Figure 6. Photoluminescence spectra of two-colored QD-tagged micro-
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magnetic microspheres by precipitation polymerization,
forming triple-layer/core nanostructures (i.e., cross-linked
PNIPAM shell, thin silica layer-protected CdTe layer, silica
layer, and FgD, core from the outside to the inside).
Recently, Lyon and co-worke¥reported folic acid-labeled
PNIPAM microgels that had potential to be used as carriers
for cytosolic delivery of drugs to cells and exhibited
temperature-dependent cytotoxicity. However, when cancer
cells take up a large amount of nanomaterials containing folic
acid to enable their rapid proliferation, the healthy cells may
also phagocytize these microgels, leading to cell death
induced by cytotoxicity of the loaded drugs or microgels by
themselves. Furthermore, it is necessary determined whether
the specific agents targeting cancer cells are of general
usefulness. So far, physically driven forces to target tumors
are the most effective. In our model, the design of coating

spheres showing two separate peaks (540 and 585 nm) with controlled Fg,O, nanoparticles is inspired by this consideration. Mean-

intensity ratios (1:2, 2:3, 1:1, 5:4, 5:3, and 2:1).

emission peak of the QDs was not affected by the hetero-

coagulation and the outer silica shell covering.
In addition to single color-encoded microspheres, differ-

ently sized QDs can also be loaded onto the magnetic silica
particles, which were rendered with distinguishable emission
colors. Figure 6 shows the luminescence spectra taken from
the aqueous dispersion of two-color tagged microspheres with
six different ratios of the well-separated emission peaks. To

the best of our knowledge, the ratios of the PL intensity can
be tuned by two routes. One depends on the number of QD
trapped within the spheres. In the other way, the control of

the relative emission intensity ratios can be allowed to create
microspheres carrying unique multiplexed codes. As a result,

according to the clustered CdTe shells with the improved
PL intensity after addition of the CG# solution, the latter
way was adopted here. A certain amount oPC¢2.35 x
102 mol/L) adjusted the luminescence intensity of two

differently sized QDs. Then the heterocoagulates between

MSP and CdTe were treated with €dn excess, followed
by being covered with the outer silica shells. As shown in
Figure 6, the intensity ratios of two emission peaks of silica-

coated luminescent/magnetic microspheres were basically

consistent with the designed original ratios. However, the
precisely controlled ratio depending on the original adjust-

ment of the PL intensity cannot be achieved after deposition
of CdTe nanocrystals on the surfaces of MSPs. A possible
reason is that the clustered CdTe nanocrystals with different
sizes cause energy transfer, resulting in a slight deviation of

the designed ratios.

Design of Surface Modification of Silica-Coated Lu-
minescent/Magnetic MicrospheresThe exploration of the
interaction between nanostructured materials and living

systems is of fundamental and practical interest. Inspired by

this basic concept, we designed a rational model based o
the hybrid nanomaterials of microgels and silica-coated
luminescent/magnetic microspheres for drug delivery. Mi-

crogels have several important advantages over the others

including stability, ease of synthesis, good control over
particle size, and easy functionalization providing stimulus-

responsive behavior. In this demonstration, cross-linked

PNIPAM covered the modified silica-coated luminescent/

S

n

while, it seems to be more important whether multifuctional
microspheres without bound specific molecules can enter
cells to be used as carriers for cytosolic drug delivery. In
this case, the designed smart microstructures in our model
provided CdTe layers with excellent imaging properties for
possible use in this study.

On the basis of our previous wotk,the cross-linked
PNIPAM shell was synthesized by means of free radical
precipitation polymerization following surface modification
of silica-coated luminescent/magnetic microspheres with
3-(trimethoxysilyl)propyl methacrylate. Figure 7a shows the
TEM images of PNIPAM-covered luminescent/magnetic
microspheres with 10% cross-linking density (i.e., the weight
percentage oN,N'-methylenebisacrylamide in the NIPAM
monomers is 10%). As shown in the enlarged inset image,
deswelling PNIPAM shells with a bright view were about
20 nm in thickness. The swelling/shrinking behavior of these
microspheres with different cross-linking densities was
measured by DLS as shown in Figure 7b. All the synthesized
microspheres showed a narrow size distribution with a
polydispersity index (PDE [4,1?)* less than 0.082. As
expected, the volume phase transitions took place continu-
ously with increasing temperature except that microspheres
with a lower cross-linking density of 5% displayed a sharper
phase-transition curve than those for the samples with higher
cross-linking densities of 10% and 15%. According to the
DLS results, the swelling ratio of the microspheres (defined
by (D2¢c/Dasc)®, D = hydrodynamic diameter) decreased
from 24.9 to 19.4 to 12.7 with increasing cross-linking
densities from 5% to 10% to 15%. At the cell incubation
temperature (37C), the average hydrodynamic diameter was
ca. 165 nm for the three samples, which was a small enough
size (below 200 nm) to maximize extravasation into the
cells*® The swelling/deswelling behavior of these micro-
spheres depending on the cross-linking density makes them
very important as carriers in the fields of biology and
medicine. As a result, an added amount of cross-linker

(43) Nayak, S.; Lee, H.; Chmielewski, J.; Lyon, A. L. Am. Chem. Soc.
2004 126, 10258.

(44) Guo, J.; Yang, W.; Deng, Y.; Wang, C.; Fu, Small2005 1, 737.

(45) Chu, B, Wang, Z; Yu, Macromolecules 991 24, 6832.

(46) Das, M.; Mardyani, S.; Chan, W. C. W.; KumachevaAHv. Mater.
2006 18, 80.
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Figure 7. (a) TEM images of PNIPAM-covered luminescent/magnetic microspheres (scale bar 500 nm) and their enlarged view (inset, scale bar 50 nm).
The background was stained with phosphdtengstic acid. (b) Temperature dependence of the hydrodynamic diameter of PNIPAM-covered luminescent/
magnetic microspheres with cross-linking densities of 5% (0% (©), and 15% 4).
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Figure 8. UV absorbance spectr®] and photoluminescence specttz) ( Apllied Magnetic Field (KOe)

of the PNIPAM-covered luminescent/magnetic microspheres dispersed in Figure 9. Magnetization curve of silica-coated FB@SIO:@CdTe

aqueous solution. Inset: photos taken in the sunlight (left) and under a 253 ey ogpheres) and PNIPAM-covered luminescent/magnetic microspheres
nm UV lamp (right). with a cross-linking density of 10% (solid line) at 305 K. The inset is a

(MBA) should be taken into account for controlling the magnified view of the magnetization curves at low applied fields.

volume phase-transition temperature and swelling ratio of silica shells surrounding the magnetite nanoparticles, which
these multifunctional microspheres. also weakened the magnetic moment for PNIPAM-covered
The PL properties of the microspheres were also charac-luminescent/magnetic microspheres due to the presence of
terized by UV-vis and fluorescence spectrometry as shown thicker shells. In addition, both of them showed a super-
in Figure 8. It was observed that no significant change in paramagnetic property at 305 K indicated by the inset figure,
the photoluminescence spectrum occurred after encapsulationvhich exhibited no remanence effect from the hysteresis
of the cross-linked PNIPAM. This indirectly shows that the loops at low applied magnetic field. These magnetic proper-
outer silica layers indeed protected the deposited CdTe layerties are critical in the applications of the biomedical and
from the corrosion of the different environments as well as bioengineering fields. When the microspheres undergo strong
being modified with silane agents. The photos in the inset magnetization, the efficient magnetic separation is allowed
in Figure 8 show the well-stabilized dispersion with coupling for, and when the applied magnetic field is removed,
of cross-linked PNIPAM shells even stored after several redispersion of these microspheres will take place rapidly.
weeks, which retains the strong PL intensity. In this study, CHO cells were chosen to investigate the
Magnetic measurements of silica-coated®@& SiO@ cellular uptake of the PNIPAM-covered luminescent/
CdTe particles and PNIPAM-covered luminescent/magnetic magnetic microspheres. When the cells were excited with a
microspheres were carried out using a vibrating-sample 488 nm laser beam in a confocal microscope, the fluorescent
magnetometer. As shown in Figure 9, the saturation magneticviews of cellular marker microspheres were recorded as well
moments of silica-coated F@,@SiOQ.@CdTe particles and  as the differential interference contract (DIC) images acquired
PNIPAM-covered luminescent/magnetic microspheres reachedsimultaneously in a transmission channel to exhibit the cell
2.35 and 1.16 emul/g, respectively. These low saturation morphology as shown in Figure 10. Figure 10a shows the
magnetization values were less than the reference value forintracellular distribution of luminescent microspheres in the
the pure magnetite nanoparticles (64.3 emu/g). This can berepresentative CHO cells, where the main image demon-
explained by considering the diamagnetic contribution of the strates the cellular markers in tixe-y plane and both the
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Figure 10. Confocal images of representative CHO cells from the cells incubated in the presence of PNIPAM-covered luminescent/magnetic microspheres:
(a) photoluminescence image of cellular marker microspheres ir-thgmain part),y—z (right panel), anck—z (top panel) planes, (b) DIC image of the
CHO cells, (c) overlap of both the images of (a) and (b).

top and right panels exhibit the microsphere distributions in gregation of thiol-capped CdTe on silica particles was
the x—z andy—z planes along the marked lines in the main induced, for the first time, by the metal ion (€l copre-
image obtained by-scanning, respectively. The luminescent cipitation technique, leading to formation of a luminescent
microspheres were found to mainly distribute in the cyto- shell with multicolor bar codes, as is the case in the LbL
plasm of the cell, which is consistent with the folic acid- approach. However, this method has other significant
conjugated PNIPAM microgels or an analogous systéth. advantages, which are the reduced time of the procedure and
However, in Figure 10a, several light spots in the main image the possibility to create functional shells in only one step.
are clearly observed other than the aforementioned uniform Before the coagulation between silica and CdTe nanocrystals,
distribution of cellular QDg8 which suggests the presence magnetite nanoparticles were also dotted in the center of the
of aggregates of microspheres inside the cells. This may showsilica spheres using the well-known 88 method, addres-
that, above the LCST, PNIPAM microspheres with a bigger sable by a magnetic field. The obtained®g@ SiG@CdTe

size (=100 nm) in cell media can cause more protein particles were coated by an outer shell of silica for avoiding
adsorption and denaturation, which lead to significant the corrosion of CdTe shells, while providing a robust
aggregation of microspheres in the cytosol. Small-sized platform for the covalent binding of specific ligands. The
particles such as micelles or deswellon hydrogels apparentlyluminescent/magnetic composite microspheres maintained the
retained the stability of the dispersion or thermosensitive intense spectral signatures and the photostability, allowing
property according to previous repofts? In spite of the for the real-time study of long-lived biological processes.
presence of intracellular aggregation and protein adsorptioninduced by this, the composite microspheres were used as
on the microspheres, it should be noted that luminescent/seeds to cover the cross-linked PNIPAM shells responding
magnetic microspheres with hydrophobic PNIPAM shells to phase transition of the exterior temperature, creating
above the LCST can be taken up by the cells. This suggestsmultifunctional microspheres in the submicrometer size
that an unknown endocytosis mechanism may have workedrange. For intracellular drug delivery, we demonstrated that
in this case, different from the receptor-mediated endocytosisPNIPAM-covered luminescent/magnetic microspheres were
process. Further work is required to look for other effects also able to be taken up by CHO cells without inducement
on the cell physiology based on our model, which is our of any specific ligands. Different from the receptor-mediated
subsequent focus. In this study, these structures still haveendocytosis, this process may be related to the interactions
potential to be used as carriers for cytosolic delivery of drugs of cells and shrinking PNIPAM shells with hydrophobic
to targeted cells, which show the possibility of (i) uptake properties at the cell incubation temperature (@Y, but the
with cells, (ii) subcellular distribution in the cytosol, (iii) exact reason is still unknown. Also, this is a current focus
fluorescence tracing determination, and (iv) magnetic target- of our efforts. The designed multifunctional microspheres

ing using exterior magnetic fields. have much promise in detecting and treating cancer at its
earliest stages due to their advances of magnetic targeting,
Conclusion excellent imaging, and drug-carried matrices and will be

. . extended to in vivo systems in the next experiments.
In summary, we presented a rational design to prepare
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