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Versatile Preparation of Fluorescent Particles Based on
Polyphosphazenes: From Micro- to Nanoscale
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N Fluorescent polymers

A series of intrinsically fluorescent hydrophobic and amphiphilic poly-

phosphazenes with ethyl tryptophan (EtTrp) and poly(N-isopropylacryl-
amide) (PNIPAAm) or poly(ethylene glycol) (PEG) as hydrophobic and
hydrophilic segments, respectively, are synthesized. Depending on
polymer composition and preparation procedure, particles with diameters
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ranging from micro- to nanoscale can be prepared successfully, which
might be used as a visible tracer, both in vitro or in vivo, in drug- or
gene-delivery systems, as well as in other biomedical studies such as diag-
nostic medicine and brain research. Most importantly, in combination
with the flexible synthesis and versatile modification of polyphosphazene,
this method provides a general protocol to engineer a broad range of flu-
orescent particles with different properties based on diverse polymers.

[*] Dr.J. Zhang, Prof. K. Zhu

small 2007, 3, No. 12, 2081-2093

Key Laboratory of Macromolecule Synthesis and
Functionalization

Ministry of Education

Institute of Polymer Science

Zhejiang University

Hangzhou 310027 (P.R. China)

Fax: (+86)571-879-517-73

E-mail: jxzhang198o@gmail.com

Dr. L. Qiu, Prof.Y. Jin

College of Pharmaceutical Sciences

Zhejiang University

Hangzhou 310068 (P.R. China)

Fax: (+86)571-882-084-35

E-mail: lygiu@zju.edu.cn

Dr. X. Li

Affiliated Stomatology Hospital

College of Medicine

Zhejiang University

Hangzhou 310068 (P.R. China)

Dr. ). Zhang

Present address:

Department of Biologic and Materials Sciences
University of Michigan

1011 N University Ave, Ann Arbor, Ml 48109 (USA)

Supporting information for this article is available on the WWW
under http://www.small-journal.com or from the author.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1. Introduction

With developments in pharmaceutical science focusing
upon the mechanisms of delivery of supramolecular assem-
blies or macromolecules, scientists have come to realize the
limiting nature of the cells’ internal barriers, and the re-
quirement for study of spatial and temporal interactions of
drug-delivery carriers such as micro- or nanoparticles, lipo-
somes, and micelles with the cell and tissue as well as their
intracellular interaction."? Fluorescence microscopy is a
comprehensive tool for investigating many of these aspects
in drug-delivery systems or for other biomedical applica-
tions.**! For instance, fluorescent objects have been used as
in vivo tracers for evaluation of the uptake of nano- and mi-
croparticles in the gastrointestinal tract,”® cellular internali-
zation of polymeric micelles,” localization of in vivo gene
transfection and for brain research.*""! Since the fluorescent
probes were only physically incorporated into micro- or
nanoparticles in many studies, the presence of the fluores-
cent dyes may influence the surface properties of particles,
changing the intrinsic interaction of particles with particular
tissues or cells."” Tn addition, the dye entrapped in micro-
particles may leak into tissue and interfere with the detec-
tion of samples of interest. Similarly, there has been little
direct evidence provided for the cellular internalization of
polymeric micelles themselves due to the presence of physi-
cally entrapped probes.”>¥! Recently, polymeric micelles
with chemically conjugated fluorescent probes, such as the
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derivatives of rhodamine and fluorescein (FITC), were used
to investigate the intracellular uptake and subcellular distri-
bution of micelles.’>') However, similar issues need to be
addressed in pharmaceutical studies ensuring that a fluoro-
phore probe attached to a drug-delivery system does not
affect subcellular distribution or function of vehicles them-
selves. As pointed out by Moghimi etal., to a certain
degree, positively or negatively charged probes might
change the nonionic micelles into ionic supramolecular as-
semblies, which might change the intracellular uptake and
distribution of polymeric micelles themselves."s! Micro- and
nanoparticles and micelles with intrinsic fluorescence might
circumvent above mentioned problems.

In this study, using poly(dichlorophosphazene) as a scaf-
fold polymer, we synthesized a series of intrinsically fluores-
cent polymers, either hydrophobic or amphiphilic, by intro-
ducing fluorophore ethyl tryptophan (EtTrp) and hydrophil-
ic segment poly (N-isopropylacrylamide) (PNIPAAm) or
poly(ethylene glycol) (PEG) into polyphosphazene back-
bone. Intrinsically fluorescent particles varying from micro-
to nanoscale can be prepared based on these polymers.

2. Results and Discussion
2.1. Copolymer Synthesis

Poly(dichlorophosphazene) [N =P(Cl,)], was synthesized
by thermal ring-opening polymerization of hexachlorocyclo-
triphosphazene at 250°C in the presence of 5% AICI,.["
Hydrophobic polyphosphazene (abbreviated as EtTrp-PPP)
was synthesized by substituting [N=P(Cl,)], with excess
EtTrp at 60°C (Scheme 1). Excess EtTrp was removed by
repeated precipitation of polymer from tetrahydrofuran
(THF) using diethyl ether that is a poor solvent for polymer,
while a good solvent for EtTrp. The polymer thus synthe-
sized is very soluble in common organic solvents, such as
chloroform, methyl chloride, THF, dimethylsulfoxide
(DMSO), and dimethylformamide (DMF). The Fourier
transform infrared (FT-IR) spectrum of EtTrp-PPP shown
in Figure Sle of the Supporting Information is similar to
that of EtTrp (Figure S1f). '"H NMR spectrum and the cor-
responding assignment of EtTrp-PPP homopolymer are pre-
sented in Figure S2. P NMR results presented in Table S1
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shows a main signal at approximately —0.3 ppm attributable
to —PNH-. These results suggested the successful introduc-
tion of EtTrp into poly(dichlorophosphazene) backbone. In
addition, these results also indicated that only the primary
amido group in EtTrp was involved in substitution reaction,
while the secondary amido group in themindole ring of
EtTrp did not take part in the nucleophilic reaction.

As can be observed from the UV/Vis spectra of EtTrp
and EtTrp-PPP shown in Figure S3, the polymer exhibits a
spectrum that is similar to that of EtTrp, in which there are
two absorbance peaks at 283 and 290 nm, respectively. In
addition, UV measurements indicated that ~85 % chlorine
was substituted with EtTrp under the reaction conditions
employed; this might be a result of the steric-hindrance
effect reported by Allcock and co-workers.?’]

Amino-terminated oligo-PNIPAAm (NH,-PNIPAAm)
with number-average molecular weight M, =of 1600, as de-
termined by S elemental analysis and titration in nonaqu-
eous solvent, was synthesized by radical polymerization.”'!
Our previous study suggested that PNIPA Am-substituted
polyphosphazene can be synthesized successfully.””! This
seems to be understandable considering the fact that there
is no group with strong steric hindrance near the NH, group
in NH,-PNIPAAm. On the other hand, EtTrp itself exhibits
a relatively strong steric hindrance as already mentioned.
Consequently, amphiphilic polyphosphazenes with both
EtTrp and PNIPAAm as side groups were synthesized by se-
quential replacement of [N=P(Cl,)], with EtTrp and NH,-
PNIPA Am, respectively, to ensure the complete substitution
of chlorine atoms in polyphosphazene backbone
(Scheme 1).”! Excess EtTrp and PNTPAAm were removed
by repeated precipitation using diethyl ether and dialysis
against deionized water, respectively. FT-IR spectra of PNI-
PAAm and copolymers are illustrated in Figure S1. In addi-
tion to the characteristic absorption at 1732 cm™' due to the
carbonyl in EtTrp, peaks at 1648 cm™ (amide I) and
1547 cm™" (amide II) could be also clearly observed in the
spectra of copolymers, indicating the successful substitution
of both EtTrp and PNIPAAm. Furthermore, the intensity of
absorption at 1732 cm™! was enhanced significantly as the
EtTrp content in copolymer was increased. '"H NMR spectra
and a brief assignment of copolymers containing EtTrp and
PNIPAAm are presented in Figure S4. *P NMR measure-
ment indicated the main peak was near 0 ppm for all these

copolymers (Table S1), sug-
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Scheme 1. Synthesis of intrinsically fluorescent polyphosphazenes with EtTrp, or EtTrp and oligo-PNI-

PAAm or PEG as side groups.
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Vis spectra of these copoly-
mers are shown in Figure S3.
In addition to the absorbance
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Table 1. Physicochemical properties of polymers.
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Polymers Molar ratio M, M, CAC/ Relative quantum yield (®)"
EtTrp PNIPAAm or PEG (g/D)¥
X y

EtTrp — - — — 0.176
PNIPAAmM — - 1600 — _
EtTrp-PPP 1.70 0.00 15000 6000 — 0.156
PNIPAAmM/EtTrp-PPP-1 1.21 0.79 27000 16900 0.022 0.097
PNIPAAmM/EtTrp-PPP-2 1.13 0.87 39000 31000 0.058 0.116
PNIPAAmM/EtTrp-PPP-3 0.79 1.21 41000 32000 0.102 0.145
PEG350/EtTrp-PPP 1.47 0.53 26000 18000 0.020 0.124
PEG1100/EtTrp-PPP 1.57 0.43 37000 28000 0.022 0.118
PEG2000/EtTrp-PPP 1.30 0.70 59000 46000 0.083 0.132

[a] Determined by fluorescent probe technique; [b] Tryptophan was used as standard.

at 283 and 290 nm due to the EtTrp group, a new peak at
about 400 nm can be also observed for these copolymers. At
present, we can not assign this absorbance, and further
study needs to be carried out to address this issue. The
molar content of EtTrp in copolymers was determined by
UV measurements at 283 nm with the calibration curve es-
tablished by concentration-dependent absorbance of EtTrp
at 283 nm in the same solvent, and the corresponding results
are presented in Table 1. Other physicochemical properties
of copolymers are also listed in the same table.

As can be seen from many studies on polymeric assem-
blies used as imaging agents or drug-delivery systems, poly-
(ethylene glycol) (PEG) is probably the most commonly
used hydrophilic block to synthesize amphiphilic copoly-
mers, due to its strong hydration and high conformational
flexibility, its low toxicity, and weak immunogenecity.>
This is especially true for nanocarriers that require intrave-
nous administration. Consequently, in addition to PNI-
PAAm, we synthesized intrinsically fluorescent amphiphilic
polyphosphazenes with PEG as the hydrophilic segment.
Exactly the same synthesis and purification procedures were
adopted to synthesize amphiphilic polyphosphazenes with
PEG of different molecular weights (350, 1100, 2000) as hy-
drophilic segments. FT-IR and 'H NMR spectra and the re-
lated assignment of PEG-containing copolymers are illus-
trated in Figure S5 and S6. *'P NMR results are presented in
Table S1. Similar to that of PNIPAAm-containing copoly-
mers, an absorbance at 400 nm was also observed for co-
polymers with PEG as hydrophilic segment (Figure S7). The
intensity of this absorbance is proportional to copolymer
concentration. The molar content of EtTrp in copolymer, as
quantified by UV methods, is presented in Table 1. Howev-
er, care should be taken when comparing the molecular
weight of amphiphilic copolymers with PNIPAAm and PEG
hydrophilic segments since these two series of copolymers
were synthesized using poly(dichlorophosphazene) of differ-
ent batches.

2.2. Polymer Fluorescence

Tryptophan, an intrinsic fluorophore with high quantum
yield, is usually used as a probe for protein structural inves-
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tigation;} it has a major emission peak (Aun,m) at 340 nm
corresponding to an excitation wavelength (4..) at 280 nm
and a Stokes shift A1=60 nm. Tryptophan ester, tryptophan
octyl ester for instance, was also used as the hydrophobic
fluorescence probe for the study of membrane proteins, lip-
osomes, and micelles.”! A red-shift effect was observed
for both excitation and emission spectra of tryptophan ethyl
ester (EtTrp), as shown in the isometric projections of the
emission—excitation data matrix (EEM) of tryptophan and
EtTrp (Figure 1a and b). The A, was shifted to 500 nm
with A.,.=410nm, and the Stokes shift was increased to
about 90 nm; this is consistent with literature in which a
very large Stokes shift was also found for tryptophan ana-
logues.’” This suggests that EtTrp-based polymers might be
excited by visible light, blue or green light for instance, and
radiate visible light concomitantly. On the other hand, al-
though tryptophan residue is widely distributed in many
proteins, its short excitation wavelength (UV region) limits
fluorescence imaging in many studies. This is why many
studies concerning fluorescence imaging were carried out by
fluorescent-probe-labeling techniques, fluorescein 5(6)-iso-
thiocyanate (FITC) or green fluorescent protein (GFP) la-
beling for instance.!'>¥)

By introducing the fluorophore group EtTrp into poly-
phosphazene backbone, intrinsically fluorescent polymers
were synthesized. Fluorescent properties of the synthesized
copolymers were investigated by fluorescence spectropho-
tometry. The isometric projections of the EEM of EtTip-
substituted homopolymer (EtTrp-PPP) and amphiphilic co-
polymers (PNIPAAm/EtTrp-PPPs) containing PNIPAAm
are shown in Figure 1. EtTrp-PPP exhibits a fluorescent pro-
file similar to that of EtTrp. As for amphiphilic copolymers,
in addition to the EtTrp related peak, another peak at lower
wavelength appeared, which was dramatically enhanced
with decreased EtTrp substitution (Figure 1d-f). Since
almost no significant fluorescence was observed for amphi-
philic polyphosphazenes with ethyl glycinate or ethyl 4-ami-
nobenzoate and PNIPAAm as hydrophobic and hydrophilic
substitutes, respectively (Figure S8), the peak at lower-exci-
tation emission could be attributed to EtTrp groups locating
in different microenvironments in the polymer backbone.
As reported, the emission spectra of tryptophan residues
are highly dependent on their environment in many pro-
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Figure 1. The isometric projections of the EEM of a) tryptophan, saturated in DMF; b) EtTrp, c) EtTrp-PPP, d) PNIPAAm/EtTrp-PPP-1, €) PNIPAAmM/

EtTrp-PPP-2, and f) PNIPAAm/EtTrp-PPP-3; 10 mgmL™" in DMF.

teins. For example, the emission spectra of tryptophan resi-
dues in human serum albumin and azurin are blue shifted
relative to that of tryptophan in water, which might be due
to the shielding of the tryptophan residues from the aqueous
phase by the protein itself.*! As for the copolymers studied
here, the distribution of EtTrp in copolymer should have
some influence on fluorescent characteristics, and this struc-
ture-fluorescence correlation will be elucidated in our
future research. In aqueous media, no EtTrp-related fluores-
cent peaks could be observed for all the amphiphilic copoly-
mers as a result of strong Tyndall scattering and Rayleigh
scattering since polymeric micelles were assembled in this
case.

As for the emission at about 400 nm with an excitation
at 800-900 nm, it can be attributed to two-photon excitation.
Multiphoton excitation (MPE) refers to the simultaneous
absorption of two or more long-wavelength photons to
excite a fluorophore to the first excited singlet state.-*
Indeed, two- and three-photon excitation processes have al-
ready been observed for tryptophan derivatives and proteins
containing tryptophan residues.*** In the case of the co-
polymers studied here, they exhibit a shift in the absorption
and excitation spectra between one- and two-photon pro-
cess, as shown in Figure 1. This phenomenon has been also
observed for tryptophan and tyrosine residues in pro-
teins. >4

The isometric projections of the EEM of PEG contain-
ing copolymers are illustrated in Figure 2. In addition to the
strong excitation-emission peak due to EtTip, relatively sig-
nificant two-photon excitation could be observed in the iso-
metric projection images of PEG-based copolymers
(Figure 2) compared with that of PNIPA Am-containing co-
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polymers (Figure 1d, e, and f). The different microenviron-
ment for EtTrp groups might be partly responsible for this
result, and the MPE of PNIPAAm containing copolymers
might be partly quenched by PNIPAAm chains, since it has
been reported that the fluorescence of tryptophan residues
in proteins could be quenched by acrylamide.™*”!

The relative quantum yields of EtTrp and various poly-
mers were determined using tryptophan (@g,=0.14) as
standard, and the results are listed in Table 1. The @ of
EtTrp in Table 1 is significantly larger than that obtained by
Eftink and co-workers,?? which should be due to the differ-
ent solvents employed. DMF was used as the solvent for all
the samples to determine quantum yield in this study,
whereas aqueous solution (pH 5.0) was used by Eftink
et al.”? The dramatic effect of solvent and pH on the quan-
tum yield of tryptophan analogues has been well document-
ed.F**1 The quantum yield of polymers containing EtTrp is
smaller than that for EtTrp itself. In addition, for PNIPAAm
containing amphiphilic copolymers, the quantum yield in-
creased as the EtTrp content decreased. These differences
might be also attributed to the specific architecture of indi-
vidual polymer. As reported by Singh et al., the microenvir-
onment has significant influence on the quantum yield of
tryptophan and its derivatives.*"!

2.3. Preparation and Characterization of Microparticles
Based on EtTrp-PPP

Microspheres based on EtTrp-PPP were prepared by an
oil-in-water emulsion solvent-evaporation technique.*”’ The

average particle size (by number) of microspheres, as deter-

small 2007, 3, No. 12, 2081-2093
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Figure 2. The isometric projections of the EEM of a) PEG350/EtTrp-
PPP, b) PEG1100/EtTrp-PPP, and c¢) PEG2000/EtTrp-PPP.

mined by laser particle-size analyzer, was about 35 um. Con-
focal laser scanning microscopy (CLSM) was employed to
evaluate the fluorescence character of these microspheres.
As show in Figure 3a and b, bright green and red micro-
spheres could be observed with the excitation at 488 and
543 nm, respectively, and an overlay image is bright yellow
(Figure 3c¢). This result suggests that microspheres based on
polyphosphazene homopolymer containing EtTrp can be ex-
cited by visible light (blue or green light for instance) and
radiate bright fluorescence. Since through sophisticated
techniques such as the emulsion solvent-evaporation
method adopted in this study and the coacervation method,
microparticles with particle size ranging from hundreds of
nanometers to several millimeters can be successfully pre-
pared.””"! Considering the excellent biodegradability and
biocompatibility of polyphosphazenes with amino acid
esters as side groups, as studied by Allcock’s group and
other researchers,”'™ a novel type of biodegradable and

small 2007, 3, No. 12, 2081-2093
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biocompatible “visible microparticles” of various sizes can
be produced based on intrinsically fluorescent polymer
EtTrp-PPP.

As a fluorescence tracer polymer, it is very important to
maintain its structure integrity for an appropriate time
period to ensure the related study can be performed suc-
cessfully and to avoid artifact due to polymer degradation.
Consequently, it is necessary to investigate the degradability
of fluorescent polymer EtTrp-PPP. In vitro degradation
study on EtTrp-PPP based microspheres was carried out in
0.1m PBS (pH 7.4). Figure 4 shows the changes in molecular
weight with degradation time. Clearly, almost no change in
molecular weight was observed within the first two months.
A slight decrease in molecular weight was found after deg-
radation for about 80 days. During this time, M, was de-
creased from 15 to ~14 kDa. However, even after 6 months
of degradation, M,, decrease was still not significant, with a
reduction of ~3 kDa. In addition, the fluorescence of micro-
spheres was also traced during degradation study using fluo-
rescence microscopy. As illustrated in the inset images in
Figure 4, bright green microspheres could be observed
during the whole degradation experiment, suggesting almost
no fluorescence loss in this process, which is consistent with
M, determination.

2.4. Critical Association Concentration (CAC) of Amphiphilic
Copolymers in Aqueous Solution

As a measure of the micellization onset of amphiphilic
copolymer in aqueous solution, CAC is a very important pa-
rameter for copolymers. Steady-state fluorescence tech-
niques using pyrene as a probe is probably the most widely
used method to determine the CAC of amphiphilic copoly-
mers. As shown in Figure S10, since the fluorescence of co-
polymer itself has no significant influence on the excitation
(emission at 390 nm) and emission (excitation at 339 nm)
spectra of pyrene, a probe technique was also employed to
determine the apparent CAC of copolymers of interest. As
reported by Wilhelm et al., the I334/153; ratio from pyrene ex-
citation spectrum is sensitive to an onset of micellization,
which takes the value characteristic of pyrene in water at
low polymer concentrations, while at high concentrations it
takes the value of pyrene in the hydrophobic microdomains.
The value of the I;;4/l33; ratio increased significantly with
the transfer of pyrene molecules from a polar microenviron-
ment to a more hydrophobic one. As seen in Figure 5, the
plots of I334/153; versus log C are flat at low copolymer con-
centrations and sigmoidal in the crossover region. CAC was
determined from the intersection of straight-line segments,
drawn through the points at the lowest polymer concentra-
tions, going through the points on the rapidly rising part of
the plot. CACs calculated for various copolymers are listed
in Table 1. As can be found for PNIPA Am-containing co-
polymers, the value of CAC decreased significantly as the
molar content of EtTrp group increased, which is consistent
with our previous results for amphiphilic polyphosphazenes
with ethyl glycinate and PNIPAAm as side groups.?
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Figure 3. CLSM images of a, b) EtTrp-PPP-based microspheres; c) an overlay of (a) and (b), scale bar=50 um; d, ) PNIPAAm/EtTrp-PPP-1-based
assemblies prepared by dialysis, THF as solvent; f) an overlay of (d) and (e), scale bar=20 pm; g) PNIPAAm/EtTrp-PPP-1-based assemblies
prepared by dialysis, DMSO as solvent; h) PNIPAAm/EtTrp-PPP-2-based assemblies prepared by dialysis at 30°C, DMSO as solvent; i) assem-
blies at 37°C; the same sample as (h) was employed.

2.5. Assembled Nanoparticles from Amphiphilic Copolymers
(PNIPAAm/EtTrp-PPPs)

A dialysis method was adopted to prepare polymeric as-
semblies based on PNIPAAm-containing copolymers that
are not soluble in water, including PNIPAAm/EtTrp-PPP-1
and —2. Various organic solvents were used to modulate the
particle size and morphology of assemblies based on our
previous results.”>*! A set of TEM images of PNIPAAm/

www.small-journal.com
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EtTrp-PPP-1-based nanoparticles prepared by dialysis using
N, N-dimethylformamide (DMF), dimethylsulfoxide
(DMSO), N, N-dimethylacetamide (DMAc), methanol, N,
N-dimethylpropionamide (DMP), and tetrahydrofuran
(THF), are illustrated in Figure 6. Depending on dialysis
solvent, well-defined spherical nanoparticles with signifi-
cantly different sizes can be prepared. The average particle
size for nanoparticles prepared using DMF, DMSO, DMAc,
and methanol was 60, 71, 85, and 450 nm, respectively. In

small 2007, 3, No. 12, 2081-2093
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Figure 4. Changes in weight-averaged molecular weight of EtTrp-PPP
as a function of degradation time. Inset images show the green fluo-
rescence of EtTrp-PPP-based microspheres at various time points
during in vitro degradation.

addition, wormlike micelles were obtained when DMP was
employed as solvent. As evidenced by Discher’s group most
recently, filament-like micelles, known as filomicelles by au-
thors, exhibited significantly longer circulation time com-
pared with their spherical counterparts after intravenous in-

SmG" R

jection in rodents.’”’l Due to the same reason, these worm-
like micelles might be also long-circulating vehicles, which
might be a potential agent for blood-pool imaging consider-
ing the possibility of extending the imaging window. Howev-
er, these nanoparticles can not be observed directly by fluo-
rescent microscopy, since the lateral (x—y) resolution of the
confocal microscope with a high numerical aperture oil im-
mersion objective is about 250 nm.****) As shown in Fig-
ure 3g, only scattered points from background scattering
were observed. Interestingly, as can be seen from Figure 6f,
large vesicles were obtained by dialysis of PNIPAAm/
EtTrp-PPP-1 using THF as solvent, and the sedimented par-
ticles could be easily observed by CLSM (Figure 3d, e, and
f). Green and red fluorescence could be observed when it
was excited at 488 and 543 nm, respectively, and an overlay
image showed a yellow picture.

As for PNIPAAm/EtTrp-PPP-2, nanoparticles with di-
ameter less than 100 nm could be produced when the prepa-
ration temperature was near or above 32°C. At tempera-
tures below 32°C, however, only networklike assemblies
were formed.” In addition, the nanoparticles formed at
higher temperature were also beyond the resolution of
CLSM (Figure 3 h). However, as the temperature of the
sample stage increased above the lower critical solution
temperature (LCST) of PNIPAAm, interparticle aggregates

resulted from the phase tran-
sition of PNIPAAm shell,

1.7
1.351 (a) 16l ® ’ were clearly observed by
1.30¢ 15 / CLSM (Figure 3i). A similar
2 122 214 // phenomenon was observed
< 115l S 131 / for PNIPAAm/EtTrp-PPP-3-
$ 110l 81.2¢ / based assemblies. These re-
1.05 | 1(1) ,/7 -1.24 sults further suggest that the
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jm . .
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< 14f <4, / tometry or microscopy.
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Figure 5. Plots of the intensity ratios /335//535, which were obtained from the excitation spectra of pyrene
in aqueous solutions with amphiphilic copolymer of various concentrations, as a function of log C;
a) PNIPAAmM/EtTrp-PPP-1, b) PNIPAAm/EtTrp-PPP-2, ¢) PNIPAAmM/EtTrp-PPP-3, d) PEG350/EtTrp-PPP,

€) PEG1100/EtTrp-PPP, and f) PEG2000/EtTrp-PPP.
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amphiphilic copolymer and
homopolymer have an EtTrp
side group, we could expect
good compatibility between

www.small-journal.com

2087



s full papers

s N L KR R ok

2088

Micro- and Nanoscale Fluorescent Particles

]
200 nm

Figure 6. Polymeric assemblies of PNIPAAm/EtTrp-PPP-1 prepared by dialysis using various organic solvents: a) DMF, b) DMSO, c¢) DMAc,

d) methanol, €) DMP, and f) THF.

the core of micelle based on PNIPAAm/EtTrp-PPP and
EtTrp-PPP homopolymer, which is prerequisite for the for-
mation of hybrid micelles. Figure 7 shows TEM images of
hybrid assemblies based on PNIPAAm/EtTrp-PPP-2 and
EtTrp-PPP of various weight ratios. For a formulation of
0.5/10, both spherical nanoparticles and networklike assem-
blies were observed (Figure 7a). The latter is a characteris-
tic structure for assemblies based on pure PNIPA Am/EtTrp-
PPP-2 at lower temperature, as studied in our previous
work.”** This suggested that the mass of homopolymer is
insufficient to completely form spherical assemblies. As the
weight ratio of EtTrp-PPP to PNIPAAm/EtTrp-PPP-2 in-
creased to 2.5/10, spherical particles with an average size of
650 nm were obtained, as shown in Figure 7b. Further in-
crease in EtTrp-PPP content, however, results in the aggre-
gation of hybrid assemblies, as illustrated in Figure 7c. For
the observation of this type of assemblies through CLSM,
the settled particles based on the formulation of 2.5/10 were
employed. As can be seen from Figure 8, bright green and
red fluorescence was observed when excited at 488 and
453 nm, respectively. These results indicate that fluorescent
nanoparticles can be also engineered from homopolymer
and amphiphilic copolymer of appropriate weight ratio by
the dialysis method.
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2.7. Assembled Micelles Based on Amphiphilic Copolymer
with EtTrp and PEG as Side Groups

Micelles based on PEG350/EtTrp-PPP and PEG1100/
EtTrp-PPP were also prepared by dialysis using various or-
ganic solvents. As shown in Figure 9, PEG350/EtTrp-PPP-
derived polymeric micelles with a mean size of 320, 180,
and 60 nm were prepared when DMF, acetone, and DMAc
employed as solvent, respectively. As for PEG1100/EtTip-
PPP, assemblies with a mean size of 66 and 45 nm could be
prepared using DMF and DMAc as solvent, respectively
(Figure 9d and e). In the case of PEG2000/EtTrp-PPP, as-
semblies were obtained by directly dissolving copolymer
into water, and micelles of 50 nm were thus prepared (Fig-
ure 9 f). These results suggested that depending on the type
of dialysis solvent or copolymer composition, sphere-shaped
nanoparticles ranging from hundreds to tens of nanometers
could be obtained from PEG containing amphiphilic copoly-
mers. On the one hand, for a specific copolymer, particle
size can be modulated by dialysis organic solvent (Fig-
ure 9a—e), while on the other hand, size of assemblies can
be controlled by the chain length of hydrophilic segment
(Figure 9a,d, and f).

Due to the same resolution limitation, assemblies shown
in Figure 9 can not be directly observed through CLSM.

small 2007, 3, No. 12, 2081-2093
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Figure 7. TEM images of hybrid assemblies based on EtTrp-PPP and Figure 8. CLSM images of settled hybrid assemblies based on EtTrp-
PNIPAAmM/EtTrp-PPP-2 with different weight ratios: a) 0.5/10, b) 2.5/ PPP and PNIPAAm/EtTrp-PPP-2 with the weight ratio of 2.5/10, which
10, and c) 5.0/10. were prepared by the dialysis method using DMF as organic solvent:
a) excited at 488 nm, b) excited at 543 nm, and c) an overlay of (a)
and (b).

However, for polymeric assemblies from PEG350/EtTip-  particle size. As shown in Figure 10, strong green and red
PPP using DMF as dialysis solvent, the settled aggregates emission can be observed directly.
can be observed by CLSM since they have relatively larger
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Figure 9. TEM images of assemblies based on PEG containing copolymers: a) PEG350/EtTrp-PPP, DMF;
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. . (b) achieving selective delivery
. of drugs at the subcellular
level. As a preliminary study,
we selected human osteosar-
coma cell line MG-63 to in-
vestigate the uptake and cel-
lular distribution of assem-
® 2 blies based on PEG2000/
EtTrp-PPP. Figure 11 shows
microscopy images of MG-63
cells that were incubated in
culture medium with or with-
. out polymeric micelles based
on PEG2000/EtTrp-PPP. The
fluorescent image in Fig-

ure 11b indicates the cellular
distribution of polymeric as-
semblies. The absence of
green fluorescence in the nu-

cleus of MG-63 cells as illus-

4 | trated by the white arrows
CE s . ea reveals the localization of
] micelles in cytoplasm organ-
elles but not in the nucleus.
; - This result is consistent with
. " that reported recently by
: - Savié¢ etal. ' which was

. S . based on a study using tetra-
& methylrhodamine-5-carbonyl
oh el v azide labeled amphiphilic co-
® polymer polycaprolactone-b-

poly (ethylene oxide). On

the other hand, for control

cells in culture medium with-

out amphiphilic copolymer,

no fluorescence is observed

(Figure 11d). As for the in-

ternalization of micelles, it

should be mainly mediated

by endocytosis as reviewed

by Torchilin,®! which is simi-

. lar to the intracellular uptake

g ) i of other nanoparticles."!
—

250 nm

3. Conclusions

b) PEG350/EtTrp-PPP, acetone; c¢) PEG350/EtTrp-PPP, DMAc; d) PEG1100/EtTrp-PPP, DMF; ) PEG1100/

EtTrp-PPP, DMAc, and f) PEG2000/EtTrp-PPP.

2.8. Intracellular Uptake of Micelles Based on PEG2000/
EtTrp-PPP

As demonstrated by many studies, polymeric micelles
are water-soluble biocompatible nanocarriers, which have
great potential for delivering bioactive substances, such as
hydrophobic drugs, metal complexes, photosensitizers,
genes, and siRNA.*'l Consequently, an understanding of the
cellular distribution of polymeric micelles is essential to

www.small-journal.com
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In summary, a series of
intrinsically fluorescent poly-
phosphazenes has been syn-

thesized. Depending on polymer composition and prepara-
tion procedure, particles varying from micro- to nanoscale
can be engineered, which might be used as potential visible
tracers in vitro or in vivo, in drug or gene-delivery systems,
and in other biomedical studies such as diagnostic medicine
and brain research. Most importantly, depending on poly-
mer structure a wide range of fluorescent polymers can be
produced with proper molecular design. Intracellular uptake
of “visible micelles” based on PEG-containing amphiphilic

small 2007, 3, No. 12, 2081-2093
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copolymer PEG2000/EtTrp-PPP by tumor cells indicated
that polymeric micelles assembled by this type of amphiphil-
ic copolymer might be used as visible tracers to study the in-
tracellular fate and other in vitro and in vivo processes of
micelles and other nanoparticles. In addition, imaging of
micro- or nanoparticles based on these fluorescent poly-
phosphazenes through multiphoton fluorescence microscopy
of in vitro or in vivo studies will be carried out in our lab,
and the related results will be published elsewhere.

Experimental Section

Materials: Hexachlorocyclotriphosphazene (Strem Chemicals)
was purified by recrystallization from hexane and subsequent
sublimation at 80-90°C. N-isopropylacrylamide (NIPAAm) (Acros
Organics) was recrystallized twice from hexane before use. N, N-
Azobis (isobutyronitrile) (AIBN) was purified by recrystallization
in a benzene/hexane mixture and in ethanol, respectively.
2-Aminoethanethiol hydrochloride (AET-HCl) obtained from Acros
Organics was used as received. 4-Nitrophenyl chloroformate
(97 %) was purchased from Acros Organics (Geel, Belgium). Mon-
omethyl ether polyethylene glycol (MPEG) of various molecular
weights (350, 1100, and 2000) was purchased from Fluka
Chemie GmbH (Germany). Ethyl tryptophan (EtTrp) was synthe-
sized according to literature.®? Poly(vinyl alcohol) (PVA) (M, =8,
8000, 88% hydrolyzed) was purchased from Acros Organics
(Geel, Belgium). Unless stated otherwise, all reagents and sol-
vents were commercially available and dried just before use.

Polymer synthesis: Amino-terminated NIPAAm oligomer (PNI-
PAAmM) was synthesized according to the literature.?"! Monometh-
yl ether PEGs with terminal amino group at the other end were
synthesized by the method previously reported by Hoffman
et al.®? Poly(dichlorophosphazene) was synthesized by thermal
ring-opening polymerization of hexachlorocyclotriphosphazene in
the presence of 5.0% AICl; at 250°C.*"» Amphiphilic polyphos-
phazenes with PNIPAAm or PEG and EtTrp as hydrophilic seg-
ment and hydrophobic group were synthesized according to our
previously established method.” Briefly, an appropriate amount
of EtTrp was first introduced by nucleophilic substitution, and
then excess amount of PNIPAAm or PEG were added to complete-
ly substitute all the P-Cl bonds in polyphosphazene backbone.
After precipitating from diethyl ether, copolymers were further
purified by dialysis (MCWO:12 kDa) in distilled water and lyophi-
lized. Hydrophobic polyphosphazene totally substituted with
EtTrp was synthesized with the same procedure by using excess
amount of EtTrp in the substitution reaction. Detailed synthesis
procedure can be found in the Supporting Information.

Polymer characterization: FT-IR spectra were measured on a
Bruker VECTOR 22 spectrometer. 'H NMR spectra were recorded
on an Avence DMX500 spectrometer at 20 °C. *'P NMR spectra of

Figure 10. CLSM images of settled polymeric aggregates assembled polymers w?re acqfnred on Varian .INOVAZ‘OO spectrometer in
from PEG350/EtTrp-PPP using DMF as organic solvent a) excited at [Ds]DMSO with no either external or internal standard employed.

488 nm, b) excited at 543 nm, and c) an overlay of (a) and (b). The molecular weight of all the polymers was determined using
gel permeation chromatography (GPC) equipped with a Waters
515 HPLC Pump and a Waters 2410 refractive index detector.
THF was used as eluent solvent with a flow rate of 1.5 mLmin~!
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Figure 11. Intracellular uptake of PEG2000/EtTrp-PPP micelles by MG-63 tumor cells a) MG-63 cells were
cultured in the medium containing 2.5 mgmL™" PEG2000/EtTrp-PPP, bright-field image; b) excited with
blue light, white arrows indicate the nucleus of MG-63 cells; c) control cells incubated in the medium

without copolymer, bright-field image, and d) excited with blue light.

at 40°C and narrowly dispersed polystyrene as calibration stand-
ards. The molar content of EtTrp in copolymer was quantified by
UV/Vis Spectrophotometer (TU-1800PC, Beijing Purkinje General
Instrument Co., Ltd., China).

Fluorescence studies: 3D fluorescence spectra were acquired
at 15°C on a fluorescence spectrophotometer (Hitachi F-4500,
Japan). The slit width for excitation and emission was 5 and
10 nm, respectively, and the scan speed was 12000 nmmin~".
Fluorescence quantum vyields, @, were determined relative to L-
tryptophan (@;,,=0.14), using the relationship ®/®;,=(5/Sx,) x
(Arp,/A), where S is the integrated fluorescence intensity of the
test sample and A is its absorbance at the excitation wave-
length.P? All the samples were measured in DMF, with an excita-
tion wavelength of 280 nm. The emission peak from 294 to
500 nm was integrated for the calculation of quantum yield.

CAC measurement: CAC of amphiphilic copolymer in aqueous
solution was determined by a fluorescence probe technique.!®*
Sample solutions for CAC measurement were prepared as de-
scribed previously.*” Steady-state fluorescent spectra were ac-
quired using an F-4500 fluorescence spectrophotometer (Hitachi
F-4500, Japan) with a slit width of 2.5 nm for both excitation and
emission. For the fluorescence measurements, 1 mL of solution
was placed in a 1.0-cm square quartz cell. All spectra were run
on air-equilibrated solutions. For fluorescence excitation spectra,
the emission wavelength was set at 390 nm. Spectra were accu-
mulated with scan speed of 240 nmmin~?,

Microparticle preparation: EtTrp-PPP-based microspheres
were prepared by oil-in-water (o/w) emulsion solvent evapora-
tion method using PVA as emulsifier.“? A dialysis method was
employed to prepare aggregates of amphiphilic copolymers that
can not be directly dissolved into water, which including PNI-
PAAmM/EtTrp-PPP-1, PNIPAAmM/EtTrp-PPP-2, PEG350/EtTrp-PPP,

www.small-journal.com
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and PEG1100/EtTrp-PPP. As for
PNIPAAm/EtTrp-PPP-3 and
PEG2000/EtTrp-PPP,  polymeric
assemblies were obtained by
dissolving copolymer into water.
Hybrid assemblies were pre-
pared by dialyzing DMF solution
containing both EtTrp-PPP and
PNIPAAmM/EtTrp-PPP-2 of differ-
ent weight ratios in deionized
water.

Microparticle ~ morphology
observation: TEM images were
obtained using a JEM 1200EX
operating at an acceleration
voltage of 60 kV. Copper grids
were precoated with a thin film
of Formvar. Dialyzed or dis-
solved sample solutions were
observed without further treat-
ment. Samples for TEM were
prepared at 15°C by dipping a
copper grid into the copolymer
solution, and extra solution was
blotted with filter paper. CLSM
images were taken with a Leica
TCS SP Spectral Confocal Microscope (Leica, Germany) equipped
with a 100 (or 20) x oil immersion objective.

Particle-size determination: The particle size of microspheres
based on EtTrp-PPP was determined by coulter LS-230 laser par-
ticle size analyzer (Miami, America), while Dynamic Light Scatter-
ing (DLS) (90 Plus Particle Size Analyzer, Brookhaven Instru-
ments Co.) was adopted to measure the particle size of assem-
blies derived from amphiphilic copolymers.

Degradation study of EtTrp-PPP microspheres: Preweighed
(about 10 mg)EtTrp-PPP microspheres were dispersed in individ-
ual test tubes containing 1.0 mL PBS (0.1 M, pH 7.4). The tubes
were kept in an incubator maintained at 37 °C. At predetermined
time intervals, the microspheres were collected by centrifuga-
tion, washed four times with distilled water, and lyophilized. The
molecular weight was measured by GPC as described above. To
evaluate the effect of degradation on polymer fluorescence, mi-
crospheres were also observed with fluorescence microscopy
(Olympus CKX41) at specific time points.

Intracellular uptake experiment: Human osteosarcoma cell
line MG-63 was purchased from the Institute of Biochemistry
and Cell Biology (Shanghai, P.R. China). MG-63 cells were main-
tained in DMEM cell culture medium (3 x10* cellswell™) supple-
mented with 10% FBS, 50 unitsmL™" penicillin, and 50 ugmL™*
streptomycin, and incubated in a humidified atmosphere with
5% CO, at 37°C for 24 h. The growth medium was replaced with
fresh medium that contained the desired amount of micelles
based on PEG2000/EtTrp-PPP. After incubation for 2 h, the wells
were washed twice with Hanks solution to remove micelles in
culture medium, and then fluorescence microscopy (Olympus
CKX41) was adopted to observe the intracellular uptake of poly-
meric micelles by MG-63 cells.

small 2007, 3, No. 12, 2081-2093
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