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 Amphiphilic diblock or triblock copolymers that are capable 
of self-assembling into thermodynamically stable nanostruc-
tures with a hydrophobic core and hydrophilic corona, referred 
to as micelles, have become increasingly important in phar-
maceutical applications. [  1–5  ]  The hydrophobic core can house 
hydrophobic drugs [  6  ]  and the hydrophilic corona functions as a 
steric barrier to prevent micelle aggregation ensuring micelle 
solubility in an aqueous environment. [  7  ]  To date, multiple syn-
thetic amphiphilic micelle systems (Genexol-PM, [  8  ,  9  ]  NK012, [  10  ]  
SP1049C, [  11  ,  12  ]  NC-6004, [  13  ]  and NK105) [  14  ,  15  ]  are under clinical 
evaluation for delivering hydrophobic anticancer drugs. The 
size of these micelles typically range from 10 to 100 nm in 
diameter, and are composed of a hydrophilic corona, which pre-
vents opsonization resulting in relatively long plasma retention 
times and reduced uptake by the reticuloendothelial system. [  16  ]  
The small size of these micelles allows them to accumulate in 
tumors through an enhanced permeability and retention effect 
via the leaky microvasculature of tumors, which are character-
ized by fenestration cutoffs or large gaps ranging from 380 nm 
up to 1.2  μ m. 

 In recent years, fl uorescent micelles have gained signifi cant 
attention at the forefront of theranostic (therapeutic  +  diag-
nostic) nanomedicine. [  4  ,  17  ,  18  ]  For example, fl uorescent micelles 
have been used as  in vivo  tracers for cancer detection [  19  ,  20  ]  and 
as probes for investigating the cellular internalization and 
intracellular traffi cking of particles, drugs, and genes. [  21  ]  The 
existing strategies to confer fl uorescent properties to micelles 
are centered on conjugating or encapsulating fl uorescent 
organic dyes (rhodamine, Cyanines, and fl uorescein), [  22–25  ]  
quantum dots (QDs), [  26  ]  or gold particles [  27  ,  28  ]  on or within the 

micelles. However, conjugation or encapsulation of these mate-
rials is often associated with low dye-to-micelle ratios, increased 
particle sizes, inferior photobleaching-resistance (organic dyes), 
and signifi cant cytotoxicity (QDs and other metallic particles), 
which are inevitable concerns for these fl uorescent micelle sys-
tems. [  29  ]  Furthermore, premature leakage of the dye molecules 
into surrounding tissues may interfere with the detection of 
samples of interest. [  30  ]  

 Recently, our group has made progress in the development 
of biodegradable photoluminescent polymers (BPLPs), which 
present intriguing fl uorescent properties without the conju-
gation of any organic dyes or QDs. [  31  ]  BPLPs display supe-
rior biocompatibility both in vitro and in vivo, high quantum 
yields (QYs) (up to 79%), photobleaching resistance, and tun-
able emission up to near infrared wavelengths. The monomers 
used in the synthesis of BPLPs, citric acid (a metabolite in the 
Krebs cycle), polyethylene glycol (PEG), aliphatic diols, and all 
20  α -amino acids, are all compounds used in many Food and 
Drug Administration-regulated devices. [  31  ,  32  ]  The use of dif-
ferent  α -amino acids results in photostable BPLPs with tunable 
fl uorescence properties in terms of their fl uorescent intensity, 
excitation, emission, QY, and so on. BPLPs are referred to as 
BPLP-Cys and BPLP-Ser when L-cysteine and L-serine are used 
in the syntheses, respectively. One noteworthy advantage of 
BPLPs over the traditional organic dyes or QDs is that BPLPs 
are implantable polymers, and can be fabricated into medical 
devices, such as nanoparticles and cellular scaffolds, while also 
functioning as imaging probes. In contrast, organic dyes and 
QDs are solely imaging probes, which have to be ancillary to 
other materials and devices. 

 Given the growing needs for theranostic micelle systems, we 
describe the synthesis and characterization of photostable fl uo-
rescent amphiphilic copolymers based on BPLPs, referred to 
as amphiphilic BPLPs (ABPLPs) ( Figure    1  A). Supporting infor-
mation, Scheme S1 shows the synthesis schematic of ABPLPs. 
BPLPs were used as the hydrophobic block and methoxy 
poly(ethylene glycol) (MPEG) (MW 750, 2000, and 5000) was 
used as the hydrophilic block due to its broad acceptance in 
many micelle systems. [  33–35  ]  In step 1, MPEG was fi rst con-
verted to MPEG-COOH by reacting with succinic anhydride. 
Characteristic bond vibrations illustrated in Fourier transform 
infrared spectra (Figure S1, Supporting Information) and 
chemical shifts observed in  1 H-NMR spectrum (Figures S2A,B, 
Supporting Information) confi rmed the successful modifi ca-
tion of MPEG to MPEG-COOH.  

 In step 2, the hydrophobic blocks were synthesized similar 
to the procedures reported in our previous publication. [  31  ]  Citric 
acid was reacted with poly(propylene glycol) (PPG) to form a 
polyester backbone and further condensed with L-cysteine via 
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the pendent carboxyl group and germinal hydroxyl group of the 
citrate units to create a six-membered ring. The six-membered 
planar rings pendant on the BPLP polymer backbones are com-
posed of amide and ester bonds with different R groups from 
the various amino acids, which is believed to cause the polymer 
fl uorescence through the hyperconjugation theory. [  31  ]  The R 
groups pendant to the  α -C in the amino acids likely infl uence 
the degree of hyperconjugation, propensity for cyclization, and 
provide slight perturbations in the associated energy levels 
resulting in the different emission maxima and QYs observed 
for the BPLP-amino acids. 

 In step 3, the –COOH terminal hydrophilic MPEG chains 
were conjugated with the –OH terminal hydrophobic BPLP 
chains through DCC/DMAP chemistry to form ABPLPs. Var-
ious molecular weights of PPG (425, 725, and 2000 Da) and 
MPEG (750, 2000, and 5000) were used in the synthesis pro-
tocol to understand variation of chain lengths on the properties 
of ABPLP copolymer. 

 As amphiphilic copolymers, ABPLPs have the ability to self-
assemble into nanosized micelles (Figure  1 B,C) in an aqueous 
medium. ABPLPs can be dissolved in solvents such as acetone, 
tetrahydrofuran (THF), dimethylformamide, methyl chloride, 
and dimethylsulfoxide. Under TEM, ABPLP-3 micelles were 
spherical in shape and 60 nm in diameter, which was in an 
agreement with the size measurements from dynamic light 
scattering (an average diameter of 68 nm and a polydispersity 

index of 0.17) (Figure  1 D). No particle aggregation was 
observed, and ABPLPs synthesized using low molecular weight 
PPG, as in the case of ABPLP-1 and ABPLP-2, demonstrated 
higher particle sizes of 178 and 107 nm, respectively. However, 
ABPLPs synthesized with high molecular weight PPG, as in the 
case of ABPLP-3, exhibited smaller particle sizes of 68 nm. In 
addition, particle size can be further reduced with an increase 
in the hydrophilic block molecular weight as in the case of 
ABPLP-4 (53 nm) and ABPLP-5 (48 nm). 

 The thermodynamic stability of micelles can be determined 
by the CMC. A low CMC is important in maintaining micelle 
stability and integrity since a major difference between in vitro 
and in vivo conditions is the effect of dilution after intravenous 
administration. [  36  ,  37  ]  It is well known that the CMC values are 
mainly dictated by the relative lengths of hydrophobic and 
hydrophilic blocks. Typically, when the length of the hydro-
philic block is held constant, an increase in the length of 
the hydrophobic blocks results in decreased CMC values. [  38  ]  
CMC values of 0.012, 0.006, and 0.004 mg mL  − 1  for ABPLP-1, 
ABLP-2, and ABPLP-3, respectively, in aqueous solution were 
seen to decrease as the fraction of the PPG hydrophobic block 
in the amphiphilic copolymers increased (Figure S4, Sup-
porting Information). [  39  ]  On the other hand, the CMC values 
for ABPLP-3, ABPLP-4, and ABPLP-5 were calculated as 0.004, 
0.005, and 0.010 mg mL  − 1 , respectively (Figure  1 F). When the 
length of the hydrophobic block remained constant, the CMC 

     Figure  1 .     Syntheses and characterization of ABPLP particles. A) Chemical structure of ABPLP polymer chain. B) ABPLP copolymers composed of fl uo-
rescent hydrophobic blocks can self assemble into core–shell (micelle) structures encapsulating hydrophobic drugs within their core in an aqueous 
solution. Camera photograph of ABPLP-3 solution (in acetone) and ABPLP micelle (in water) taken under ultraviolet lamp demonstrating their bright 
fl uorescence. C) Representative transmission electron microscopy (TEM) image of ABPLP-3 micelles in aqueous solution. D) Sizes of ABPLP-3 micelles 
measured by dynamic light scattering. E) Size comparison of ABPLP micelles with BPLP nanoparticles at concentration below (2 mg L  − 1 ) and above 
(200 mgL  − 1 ) critical micelle concentration (CMC). F) Summary of composition and particle properties of ABPLP.  
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values increased in relation to an increasing hydrophilic block 
(MPEG) length due to enhanced hydrophilicity. [  40  ]  These CMC 
values are lower than other amphiphilic polymeric micelles 
reported (1.1 mg mL  − 1  for PEO-b-PHB-b-PEO, [  41  ]  0.07 mg mL  − 1  
for PDMAEMA-b-PTHF-b-PDMAEMA, and 0.03 mg mL  − 1  for 
PDMAEMA-b-PBD-b-PDMAEMA). [  42  ]  The lower CMC values 
for ABPLPs suggest that the ABPLP micelles are potentially 
more stable after intravenous administration. Based on the “salt 
out” effect, [  43  ]  an even lower CMC value may be expected for 
micelles in ionic blood solution. To verify the micelle formation, 
the sizes of ABPLP micelles were measured by DLS at concen-
trations above and below the CMC for various ABPLP micelles 
and compared with the nanospheres of BPLPs. Upon dilu-
tion below the CMC (0.002 mg mL  − 1 ), all the ABPLP micelles 
completely disassembled and the sizes could not be detected 
by DLS, whereas BPLP nanospheres displayed stable solid col-
loidal solutions even at very low concentrations (Figure  1 E). In 
addition, ABPLP micelles displayed a negative zeta potential 
in deionized water in the range of  − 20 to  − 27 mV (Figure  1 F), 
which also contributes to the micelle stability since the strong 
electrostatic repulsion minimizes micelle aggregation. [  44  ]  

 ABPLP micelles are a unique biomaterial system due to 
their unique fl uorescent properties inherited from the hydro-
phobic BPLP blocks. [  31  ]  In this study, we primarily investi-
gated the fl uorescent properties of a representative ABPLPs, 
ABPLP-Cys (0.2 molar ratio). As compared with BPLP-Cys, 
ABPLP-Cys also showed a strong fl uorescence emission within 
the range of 390–550 nm with a peak wavelength at 446 nm 
( Figure    2  A). Interestingly, the fl uorescent intensity of ABPLP-
Cys was signifi cantly reduced in micelle form when compared 
with that of polymer solution in 1,4-dioxane (Figure  2 B). This 
was further evidenced by the QYs measured for all ABPLP 
copolymers (Figure  2 C,G). For example, the QYs of ABPLP-1, 
ABPLP-2, ABPLP-3, ABPLP-4, and ABPLP-5 were 0.453, 0.443, 
0.447, 0.434, and 0.424, respectively, in a 1,4-dioxane solution. 
In micelle form, the QYs signifi cantly reduced to 0.046, 0.072, 
0.158, 0.256, and 0.266, respectively (Figure  2 G). This might 
be due to the fact that the random chains of amphiphilic block 
copolymers were fully solvated in the organic solvent system 
for polymer solutions. In contrast, the fl uorescent hydrophobic 
blocks (fl uorophore) of the polymeric chains were drawn 
together through hydrophobic interactions in micelles, which 
brings a possibility of fl uorescence quenching. This potential 
fl uorescence quenching may contribute to a signifi cant reduc-
tion in their QYs. On the other hand, the molar absorption coef-
fi cients were found to be signifi cantly higher for all ABPLPs in 
micelle form when compared with that in 1,4-dioxane solution. 
This result indicates that ABPLPs have a high capacity for light 
absorption even though they exhibit relative low QYs when in a 
micelle form.  

 The photostability of ABPLP micelles was also investigated 
and compared with the widely used organic fl uorescent dye, 
rhodamine-B. The fl uorescent intensity of the ABPLP micelle 
solution reduced by only 1% of the initial intensity after con-
tinuous UV excitation for 3 h, which indicates excellent photo-
stability (Figure  2 D) where as rhodamine-B lost almost 10% 
of initial fl uorescent intensity within the same experimental 
period. Furthermore, a family of ABPLP polymers was syn-
thesized using different alpha-amino acids. For example, 

ABPLP-Ser, when synthesized with L-serine, exhibits different 
fl uorescent colors ranging from blue to red by varying the exci-
tation wavelength (Figure  2 E) similar to BPLP-Ser. The excita-
tion-dependent emission of ABPLP-Ser was ascribed to a well-
known Red-Edge Effect where polar and rotatable fl uorophores 
embedded in rigid and highly viscous medium can generate 
variable fl uorescence emission. [  45  ,  46  ]  In our BPLP or ABPLP 
structure, the polymer backbones can be treated as a viscous 
medium for the pendent six-membered ring fl uorophores. The 
R group (–CH 2 OH) on the six-membered ring of ABPLP-Ser 
is highly rotatable, which allows ABPLP-Ser to display excita-
tion dependence. However, we have previously demonstrated 
that an easy H 2 S elimination occurs during the BPLP-Cys or 
ABPLP-Cys formation, which results in a double bond forma-
tion to extend the conjugation system of the six-membered ring 

     Figure  2 .     Photoluminescent properties of ABPLPs. A) Excitation and emis-
sion spectra of ABPLP- 3 micelles in water. B) Emission spectra of ABPLP 
solution in 1,4-dioxane and ABPLP micelles in water excited at 350 nm. 
C) Intensity–absorbance curve of ABPLP-1, ABPLP-2, and ABPLP-3 for 
QY measurements. D) Photostability evaluation of ABPLP-1, ABPLP-2, 
and ABPLP-3 and control organic dye rhodamine, E) emission spectra of 
ABPLP-Ser, and F) fl uorecent intensity of ABPLP-1, ABPLP-2, and ABPLP-3 
at various time periods when incubated in phosphate buffer solution (pH 
7.4). G) Summary of fl uorescent properties of ABPLP micelles ( ε : molar 
absorption coeffi cient).  

Adv. Healthcare Mater. 2014, 3, 182–186



www.MaterialsViews.com

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 185

C
O

M
M

U
N

IC
A
TIO

N

www.advhealthmat.de

(Figure S5, Supporting Information). The double bond may 
restrict the rotation of the fl uorophore. Therefore, ABPLP-Cys 
does not show excitation dependence for its emission. 

 Finally, the long-term fl uorescent stability of ABPLP micelles 
in an aqueous system was monitored for a 6-week period 
(Figure  2 F). In the fi rst week, the fl uorescent intensity of the 
micelles was nearly constant for all micelle systems, followed 
by an increase in the fl uorescent intensity at 2 weeks, and then 
a continuous decrease thereafter. This result strongly suggests 
that ABPLP micelles maintained their thermodynamic stability 
in the fi rst week and then displayed a higher fl uorescent inten-
sity due to dissociation of the polymeric chains after week 2. 
The continuous decrease in fl uorescent intensity afterwards 
was due to the degradation of the BPLP chains of ABPLPs, 
which is also in agreement with the degradation profi le of fl uo-
rescent blocks of the previously published BPLPs. [  31  ]  

 To demonstrate the potential of ABPLP micelles for imaging 
applications, the cellular uptake and fl uorescent imaging of 
the micelles both in vitro and in vivo were conducted. ABPLP 
micelles were used to label NIH 3T3 fi broblasts with fl uores-
cence colors after 3 h of incubation ( Figure    3  A,B). The micelles 
may have only accumulated on the cell surfaces at 3 h thus the 
entire cell bodies seem fl uorescent. When cells were imaged 

at 9 h, cell nuclei were obvious and the cytoplasm was labeled 
with a blue color suggesting the micelles were uptaken by 
the cells. When incubated with NIH 3T3 fi broblasts for 24 h, 
ABPLP micelles did not show signifi cant cytotoxicity to the cells 
at concentrations ranging from 1 to 1000  μ g mL  − 1 . It was also 
noted that ABPLPs with smaller micelle size (as in the case of 
ABPLP-3, ABPLP-4, and ABPLP-5) were noncytotoxic even at 
high concentrations ( > 500  μ g mL  − 1 ) (Figure  3 C). To verify the 
potential for in vivo imaging, ABPLP micelle solutions of var-
ious concentrations were subcutaneously injected in a mouse 
through a 27-gauge needle. ABPLP micelles were detected 
using a noninvasive in vivo imaging system. As illustrated in 
Figure  3 D, the signal intensity doubled when the concentration 
was increased from 0.0625 to 1 mg mL  − 1 . Upon closer topical 
observation of the surrounding tissue at the injection sites, the 
ABPLP micelles did not induce redness or obvious irritation. 
These in vitro and in vivo studies suggest that ABPLP micelle 
systems possess great potential for in vitro cell labeling and in 
vivo tissue imaging.  

 To demonstrate the utility of ABPLP micelles for cancer 
drug delivery, [  47  ,  48  ]  Paclitaxel (PTX) was used as a model cancer 
drug for in vitro drug delivery and cell culture studies. [  49  ]  It was 
observed that all ABPLP micelles have high drug (PTX) loading 

and encapsulation effi ciencies of 20.6%–
22.78% and 81.57%–91.12%, respectively, as 
shown in Figure S6A (Supporting Informa-
tion). The PTX release profi les from various 
ABPLP micelles (Figure S6B, Supporting 
Information) showed an initial burst release 
( ≈ 50% of the initial loading amount) in the 
fi rst stage up to 10 h followed by a sustained 
release period of up to 96 h as similar to other 
micelle drug delivery systems. [  50  ,  51  ]  When 
incubated with a human prostrate cancer cell 
line (PC-3) (Figure S6C, Supporting Informa-
tion), no sign of cellular toxicity was observed 
for cells incubated with media containing 
0.5 mg mL  − 1  of drug-free micelles. How-
ever, PTX-loaded ABPLP micelles resulted in 
delayed cell toxicity with the fi nal toxicity at 
24 h comparable to free PTX. These results 
support that ABPLP micelles may potentially 
serve as a viable cancer drug carrier to release 
a signifi cant amount of drugs after reaching 
the targeting sites through the circulation in 
vivo. 

 In this work, we reported photobleaching 
resistant ABPLPs that can be self-assembled 
into fl uorescent micelles. ABPLP micelles 
could label NIH 3T3 fi broblasts without 
inducing signifi cant cellular toxicity. PTX-
loaded ABPLP micelles could delay the 
release of payload to kill prostrate cancer PC3 
cells. In vivo imaging studies showed that 
ABPLP micelles emitted strong fl uorescence 
in vivo when injected subcutaneously. It is 
the fi rst time to report biodegradable amphi-
philic photoluminescent polymers without 
conjugating any conventional fl uorescent 

     Figure  3 .     In vitro cellular uptake and in vivo fl uorescence imaging of ABPLP micelles. ABPLP-3 
micelle-uptaken 3T3 fi broblasts observed under fl uorescent microscope with DAPI fi lter (4 × ) 
at A) 3 h and B) 9 h. C) Cytotoxicity evaluation (MTT assay) of ABPLP micelles against 3T3 
fi broblast at various concentrations (1–1000  μ g mL  − 1 ). Values were normalized to the viability 
of cells cultured in micelle-free medium. D) Fluorescence image of ABPLP micelles injected in 
a nude mouse at various concentrations (0.0625–1 g L  − 1 ).  
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organic dyes or QDs. ABPLP micelles may serve as an ideal 
vector in theranostic nanomedicine.  

 Experimental Section 
 The detailed experimental procedures are available in the Supporting 
Information.  

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.   
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Experimental Section 

Polymer synthesis and characterization: Carboxylic acid-terminated methoxy poly(ethylene 

glycol) (MPEG-COOH) was prepared via an esterification process (Figure 1). Briefly, MPEG 

(20 mmol) was dissolved with anhydrous toluene (200 mL) in a 500 mL round bottom flask. 

Succinic anhydride (40 mmol) was added, and the reaction mixture was refluxed at 150 °C for 

10 h. After the solution cooled, the residue was filtered out, and the remaining toluene was 

distilled under reduced pressure. Next, the polymer was dissolved in hot water (20 ml, 70 ºC). 

The collected organic phase was then dried with anhydrous Na2SO4, stirred overnight, 

filtered, and distilled under vacuum. Dry ethyl ether (20 ml) was then added drop wise into 

the CHCl3 polymer solution (3 ml), and the top layer of ethyl ether was discarded. This 

extraction process was repeated three times, and the collected organic phase was finally dried 

under vacuum. In order to study the effect of the hydrophilic segment size on the resulting 

micelle properties, PPGs of various molecular weights (750, 2000, and 5000 Da) were used.  

 In the next step, BPLP was synthesized as previously reported 
[31]

 except with a few 

modifications. Briefly, PPG, citric acid, and L-cysteine with molar ratios of 1.1:1.0:0.2, 

respectively, were added to a 100 mL round bottom flask, and melted by continuous stirring at 

160 ºC. After melting the mixture, the temperature of the system was lowered to 140 ºC, and 

allowed to condense for 4 hours. Next, the polymer was dissolved in 1,4-dioxane, and 

precipitated by drop-wise addition into deionized water under constant stirring. Finally, the 

purified BPLP was collected and dried using lyophilization. In order to study the effect of the 

hydrophobic segment size on the resulting micelle properties, PPG of various molecular 

weights (425, 725, and 2000 Da) were used.  
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 Finally, conjugation of hydrophobic BPLP segment and hydrophilic MPEG segment 

was performed by DMAP/DCC chemistry. Briefly, BPLP (2.5 mmol), MPEG-COOH (2.5 

mmol), N-dimethyl aminopyridine (DMAP) (0.5 mmol), and dicyclohexyl carbodiimide 

(DCC) (10 mmol) were added to a 100 mL round bottom flask containing 1,4-dioxane at 

room (10 ml) temperature while stirring and maintained for 24 h. After 24 h, the precipitated 

dicyclohexylurea (DCU) was filtered out and the filtrate was concentrated under reduced 

pressure and quickly poured into a large amount of cold diethyl ether with vigorous stirring. 

After filtering under reduced pressure, the product was further placed in a dialysis bag 

(molecular weight cut-off 2 kDa) to remove any unreacted segments. After 72h of dialysis, 

the purified product was collected via lyophilization. 

 Characteristic bond vibrations and chemical shifts of the various protons associated 

with respective structures of all the three segments (hydrophilic, hydrophobic, and 

amphiphilic) were analyzed using Nicolet 6700 Fourier Transform Infrared (FTIR) 

spectrometer (Thermo Fisher Scientific) and 300 MHz JNMECS 300 (JEOL, Tokyo, Japan) 

respectively.  For FTIR analysis, purified polymer was dissolved in acetone to make a 5.0 wt.-

% solution. The polymer solution was then cast onto potassium bromide pellets, and the 

solvent was allowed to evaporate overnight. For 
1
H-NMR analysis, polymer (5.0 mg) was 

dissolved in deuterated dimethyl sulfoxide (DMSO-d6) (1.0 ml). 
1
H-NMR spectra of proton 

chemical shifts were collected at room temperature with tetramethylsilane used as internal 

reference. 

Micelle preparation and characterization: To prepare ABPLP micelle solutions, ABPLP (100 

mg) was dissolved in acetone (5.0 ml) to make a 2.0% w/v solution. Then, the 2.0% w/v 

polymeric solution (500 µL) was added drop wise into deionized water (20 mL) under gentle 

stirring. The acetone was allowed to evaporate at room temperature for several hours to 

produce an aqueous solution of micelles. 
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The critical micelle concentration (CMC) of amphiphilic copolymer in aqueous 

solution was determined by a fluorescence probe technique where pyrene was used as a 

hydrophobic flourecent probe. The fluorescence spectra of the samples was acquired using a 

Shimadzu RF-5301 PC fluorospectrophotometer at room temperature. The pyrene-loaded 

micelle solution was prepared as described elsewhere.
[52]

 Briefly, a known amount of pyrene 

in acetone was added into 10 mL vials and the acetone was allowed to evaporate. Next, 

aqueous ABPLP solutions at various concentrations (1×10
-4

 to 10 mg/mL) with the final 

concentration of pyrene as 6.0×10
-7

 M were prepared for further analysis. Excitation and 

emission spectra of pyrene were recorded at room temperature and the ratios of the peak 

intensities at 338 and 333 nm (I338/I333) of the spectra were analyzed as a function of polymer 

concentration. The CMC value was taken from the intersection of the tangent to the curve at 

the inflection with the horizontal tangent through the point at the low concentrations. 

Hydrodynamic diameter, polydispersity, and surface charge of the ABPLP micelles 

and BPLP particles was measured at concentration below and above CMC values using a zeta 

potential analyzer (ZetaPALS, Brookhaven Instruments, Holtsville, NY) equipped with 

dynamic light scattering (DLS) detector. The morphology of the block copolymer micelles 

was characterized by transmission electron microscope (TEM, JEOL 1200 EX, Tokyo, 

Japan). TEM image of the micelles was operated at an acceleration voltage of 80 kV. Samples 

for TEM observation were prepared by depositing a drop of polymeric micelles onto a mesh 

copper grid coated with carbon. After the deposition, the aqueous solution was blotted away 

with a strip of filter paper and allowed to dry. Video files of ABPLP micelles moving under 

Brownian motion at high (1.0 mg/mL) and low (0.2 mg/mL) concentrations were observed 

with a NanoSight LM10SH (NanoSight, Amesbury, United Kingdom) equipped with a 

sample chamber with a 532-nm laser. 
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Fluorescence studies: Photoluminescent spectra of BPLP and ABPLP polymers and micelle 

solutions were acquired on a Shimadzu RF-5301 PC fluorospectrophotometer. The optimal 

excitation wavelength for each type of the micelle solution emission test was determined as 

the wavelength that generated the highest emission intensity. In this study, BPLPs and 

ABPLPs were excited at 360 nm, and the excitation and the emission slit widths were both set 

at 1.5 nm for all samples unless otherwise stated.  

The fluorescent quantum yields of the ABPLP in both solvent and in micelle form 

were measured using the Williams method. The solutions were scanned at optimal excitation 

wavelength. Then, the UV-vis absorbance spectrum was collected with the same solution and 

the absorbance at the optimal excitation wavelength was noted. Next, a series of solutions 

were prepared with gradient concentrations. The absorbance of the each solution was 

controlled within the range of 0.01–0.1 Abs units. The fluorescence spectrum was also 

collected for the same solution in the 10 mm fluorescence cuvette. The fluorescence intensity, 

which is the area of the fluorescence spectrum, was calculated and noted. Polymer solutions 

with different concentrations were measured and the graphs of integrated fluorescence 

intensity vs. absorbance were plotted. The quantum yields of the ABPLPs were calculated 

according to equation (1) where, Φ = quantum yield; slope = gradient of the curve obtained 

from the plot of intensity versus absorbance; η = refractive index of the solvent; x = subscript 

to denote the sample, and ST = subscript to denote the standard. 

(1) 

 

Anthracene (Φ= 0.27 in ethanol) was used as a standard. The ABPLP polymers were 

dissolved in 1,4-dioxane and anthracene was dissolved in ethanol. The slit width was kept 

similar for both the standard and samples. Absorbance was measured using a SHIMADZU 
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UV-2450 spectrophotometer. The molar absorption coefficient (ε, L·mol
−1

·cm
−1

) of the 

BPLPs and ABPLPs was calculated according to the Beer-Lambert law, where A = εCL. All 

the experiments were carried out in triplicate. 

Drug loading and release study: Paclitaxel (PTX) loaded ABPLP micelles were prepared 

using the solvent evaporation method. In particular, ABPLP (100 mg) polymer in DMF (5 

mL) was mixed with PTX (25 mg, a hydrophobic anti-cancer drug used widely in 

pharmaceutical research). The mixture was stirred for 2 h in a closed container. the 

polymer/drug solution (500 L)  was added drop wise under gentle stirring to deionized water 

(20 mL)  . Thereafter, the mixture was dialyzed against deionized water using dialysis tubing 

molecular weight cut-off 500 Da for 24 h. In order to determine the drug loading (DL) and 

encapsulation efficiency (EE), drug loaded micelles were centrifuged at 12000 rpm. Then, the 

PTX in the supernatant was assayed by a SHIMADZU UV-2450 spectrophotometer at a 

wavelength of 227 nm. The DL was defined as percentage of PTX to micelle and EE was 

defined as the percentage of actual amount of PTX encapsulated to the original amount of 

PTX. 

After dialysis, in vitro drug release studies were performed in phosphate buffer saline 

(100 mL, PBS; pH 7.4) as a releasing medium at 37 °C.  PTX-loaded ABPLP micelles (10 

mL) was placed in a dialysis bag (Mw cut-off of 500 Da). The dialysis bag was then 

immersed in the release medium and kept in a horizontal laboratory shaker at a constant 

temperature (37 °C). In order to measure the drug release content, samples (1 mL) were 

removed periodically and the fresh PBS replaced an equivalent volume. The amount of 

released PTX was analyzed with a UV-visible spectrophotometer at 227 nm. Absorbance was 

measured using a SHIMADZU UV-2450 spectrophotometer. The experiments were 

performed in triplicate for each of the samples. 

http://en.wikipedia.org/wiki/Beer-Lambert_law
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Cytotoxicity and bio-imaging studies: The relative cytotoxic effects of ABPLP were evaluated 

using colorimetric MTS assays (CellTiter 96
®
 AQueous One Solution Cell Proliferation Assay, 

Promega Corp., Madison, WI)) against NIH-3T3 fibroblasts cells   according to the 

manufacture protocol. Briefly, 100 μL of 3T3 mouse fibroblasts (5×10
4
 cells/mL) in DMEM 

supplemental medium, 10% fetal bovine serum, and 1% of penicillin/streptomycin (100 U/mL 

penicillin and 100 g/mL streptomycin) were cultured in a 96-well plate (Costar
®
, Corning 

Inc., Corning, NY) for 24 h at 37º C, 5% CO2. The culture medium was then removed and 

replaced with ABPLP micelles solutions at different concentrations (0–1 mg/mL) in complete 

DMEM media. After 24 h of incubation, the medium was replaced by  fresh media (100 μL) 

and MTS stock solution (20 μL) . The cultures were incubated for another 4 h, and the 

absorbance of the dissolved tetrazolium salt solution was measured at 490 nm using a 

microplate reader. The relative cell viability was calculated by the following equation: relative 

cell viability (%) = (ODtreated/ODcontrol)×100, where ODcontrol was obtained in the 

absence of copolymers and ODtreated was obtained in the presence of copolymers. The 

percentage of relative cell survival to the control (cells exposed to regular culture media) was 

estimated. 

 The pharmacological activity of PTX loaded ABPLP micelles was evaluated against 

PC3 cells using MTS assay as described above. 200 L of various dilutions of PTX (0.01 to 

0.25 mg/mL)-loaded ABPLP-3 micelles were incubated with PC3 cells (5x10
4
) cultured in a 

96-well plate. MTS assay was performed at various time points (4, 12, 24, and 48 h) to 

understand the pharmacological effect of the drug loaded ABPLP micelles. Drug free 

ABPLP-3 (0.5 mg/mL) and PTX (0.25 mg/mL) were used as positive and negative controls, 

respectively. The percentage of relative cell survival to the control (cells exposed to regular 

culture media) was estimated. 
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Amphiphilic block copolymer ABPLP-3 was used as representative micelles for 

cellular imaging studies since it demonstrated the lowest CMC (0.004 mg/mL) compared the 

other ABPLPs. 3T3 mouse fibroblasts were pre-seeded on sterile glass cover slips at a density 

of 5,000 cells per mL. After the cells grew to approximately 60% confluency, the cover slip is 

washed with PBS, transferred to new a petri dish, and incubated with a solution of ABPLP-3 

micelles at 0.5 mg/mL. After 3h incubation at 37 °C, the cells were washed by PBS and 

observed under fluorescence microscope. For longer cell uptake studies (after 3h of 

incubation of cell with micelle solution), the micelle solution was replace with culture media 

and incubated for the desired duration and observed under fluorescence microscope. 

For micelle in vivo bioimaging studies, ABPLP micelle solutions at various 

concentrations (0.0625 to 1g/L) were sterilized by filtering through a syringe filter (0.22 μm) 

and injected into C57BL/6 mice, purchased from Taconic Farms (Germantown, NY). After 30 

minutes, the mice were imaged using Kodak In-Vivo FX Pro system (Carestream Health Inc., 

New Haven, CT, USA) with excitation wavelength of 510 nm and emission wavelength of 

535 nm. The region of interest was drawn after background correction over the injected site, 

and the mean fluorescence intensities for all pixels in the flourecent images were calculated 

using Carestream Molecular Imaging Software, Network Edition 4.5 (Carestream Health). 

Animals were cared for in compliance with the regulations of the animal care and use 

committee (IACUC) of The University of Texas at Arlington. 
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Scheme S1. Schematic representation of amphiphilic biodegradable photoluminescent 

polymer syntheses. Step 1: MPEG was reacted with succinic anhydride at 150 C in toluene 

solvent system to terminate MPEG with carboxylic acid functional group. Step 2:  citric acid, 

poly (propylene glycol) and L-cysteine were polycondensed at 140 C to create biodegradable 

photoluminescent polymer. Step 3: carboxylic acid terminated MPEG (Hydrophilic block) of 

various molecular weight (400, 750, and 2000 Da) was polymerized with hydroxyl terminated 

BPLP (Hydrophobic block) with various molecular weight of PPG ( 425, 725, and 2000 Da) 

into ABPLP (MPEG-b-PPG-cys). 
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Figure S1. FTIR spectra of hydrophilic block (MPEG-COOH), hydrophobic block (BPLP), 

and amphiphilic ABPLP. (carbonyl (C=O) peak at 1690–1750 cm
-1

, hydroxyl (OH) peak 3400 

cm
-1

 from succinic acid, methylene (CH2) peak at 2877 cm
-1

, and ether (C–O–C) peak at 1112 

cm
-1

 from PEG). 
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Figure S2. 

1
H-NMR spectra of A) hydroxyl terminal MPEG; B) carboxylic acid terminal 

MPEG (MPEG-COOH). The characteristic peaks (a and b) of MPEG located at 3.2 and 3.6 

ppm assigned to -CH3 and -CH2-, respectively, were shown at the same chemical shift for both 

MPEG and MPEG-COOH. However, the peak (c) at 4.6 ppm assigned to CH2-OH of MPEG 

shifted to 4.1 ppm due to the conversion of MPEG to MPEG-COOH. Protons (d and e) of 

methylene groups from succinic acid at 2.8 and 2.2 ppm and protons (f) of COOH groups at 

12.1 ppm were observed only on MPEG-COOH confirming the successful termination of 

MPEG with carboxylic acid. 

 

 

 

 

 

A) 

B) 
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Figure S3. 

1
H-NMR spectra of  A) hydroxyl terminal BPLP; The chemical shifts were in 

close agreement with the previously reported BPLPs with an additional peak of methyl group 

from poly(propylene glycol) at 1.1 ppm; B) BPLP conjugated to MPEG-COOH. All 

characteristic peaks from both hydrophobic and hydrophilic blocks were present in the 

copolymers absent of a COOH peak located at 12.1 ppm. It should be noted that proton e 

(Figure S2B) located at 2.3 ppm shifted to 3.1 ppm (d in Figure S3B) to confirm the 

successful modification of the neighboring carboxylic groups into ester groups. Furthermore, 

a significant reduction in the hydroxyl peak was also observed in the FTIR spectrum of 

amphiphilic block copolymers when compared to the hydrophobic block spectrum alone 

(Figure S1). 

 

A) 

B) 



   Submitted to  

 12 

 

 

 
Figure S4. Plot of the intensity ratios I338/I333 pyrene vs. log of concentrations (C) of ABPLP-

3 in aqueous medium.  
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Figure S5. Detection of H2S elimination using H2S test strip in ABPLP-Cys synthesis. 
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Figure S6. Drug loading and release studies of ABPLP micelles. A) Summary of Drug 

Loading efficiency of ABPLP Micelles. B) Drug release profile of ABPLP micelles within 96 

hours. C) Pharmacological activity of PTX-encapsulated ABPLP over a period of 48 hr 

against prostate cancer cell lines (PC3) at various dilutions of PTX- loaded ABPLP-3 

micelles. Drug free micelles (0.5 mg/ml) and PTX (0.25 mg/ml) were used as negative and 

positive control respectively. PTX was dissolved in 1% DMSO. 

 

 

 
 

A) 

B) C) 




