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Templated Assembly of pH-Labile Polymer-Drug Particles 
for Intracellular Drug Delivery
 The preparation of pH-labile polymer-drug particles via mesoporous silica-
templated assembly for anticancer drug delivery into cancer cells is reported. 
The polymer-drug conjugate is synthesized via thiol-maleimide click chem-
istry using thiolated poly(methacrylic acid) (PMA SH ) and a pH-labile doxoru-
bicin (Dox) derivative. Drug-loaded polymer particles that are stable under 
physiological conditions are obtained through infi ltration of the conjugates 
into mesoporous silica particles, followed by cross-linking the PMA SH  chains, 
and subsequent removal of the porous silica templates. The encapsulated 
Dox is released from the particles through cleavage of the hydrazone bonds 
between Dox and PMA SH  at endosomal/lysosomal pH. Cell viability assays 
show that the assembled PMA SH  particles have negligible cytotoxicity to 
LIM1899 human colorectal cancer cells. In comparison, Dox-loaded PMA SH  
particles cause signifi cant cell death following internalization. The reported 
particles represent a novel and versatile class of stimuli-responsive carriers 
for controlled drug delivery. 
  1. Introduction 

 The convergence of nanotechnology and medicine for the 
treatment of diseases is a rapidly growing research fi eld. [  1  ,  2  ]  In 
recent years, polymer carriers with fi nely controlled and respon-
sive properties have received increasing interest for biomedical 
applications. [  3–5  ]  These carries include polymer micelles, poly-
mersomes, dendrimers, polymer brushes, polymer capsules 
and polymer particles. [  6–8  ]  Recently, we reported a facile and 
robust approach to prepare polymer replica particles via tem-
plating mesoporous silica (MS) particles. [  9  ]  Briefl y, polymers 
were infi ltrated into MS particles, followed by cross-linking 
the polymer chains and subsequent removal of the template, 
resulting in polymer replica particles. A suite of replica parti-
cles were prepared from different polymers, including polyelec-
trolytes, [  10  ]  polypeptides, [  11  ]  proteins, [  12  ]  polysaccharides, [  13  ]  or 
hydrophobic polyesters [  14  ]  by templating MS particles. The gen-
eral applicability of this technique not only affords particles of 
diverse chemical composition but also facilitates the design of 
key physicochemical properties, including size, nanostructure 
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and functionality, which are important for 
tailor-made drug delivery systems. [  9  ]  

 To achieve controlled drug release, 
polymer-based carriers require triggered 
release mechanisms. [  15     − 19  ]  Such mecha-
nisms can be used to prevent drug leakage 
and deactivation during circulation and 
allow triggered release of the therapeutics 
at targeted sites in the presence of spe-
cifi c physiological stimuli. [  17  ]  pH-triggered 
release is a frequently used mechanism 
to effect release of the active drugs after 
endocytosis, [  20  ]  as polymer carriers are 
subject to acidifi cation when internalized 
from the slightly alkaline extracellular 
conditions into acidic environments 
(pH 5–6) inside endosomal/lysosomal 
compartments. [  21  ]  Consequently, pH-
responsive mechanisms have been engi-
neered in a range of drug carriers, such 
as self-assembled polymer micelles [  22  ,  23  ]  
and polymer particles, [  24  ,  25  ]  for triggered release. Although 
in our previous work enzymatic and reductive mechanisms 
were exploited in polymer replica systems for triggered drug 
release, [  18  ,  19  ]  a delivery system that exploits the advantages of 
polymer replica particles and a pH-labile mechanism is yet to 
be reported. 

 In this study, we combine pH-labile polymer-drug conjugates 
and MS templating to prepare pH-responsive particles for intra-
cellular drug delivery. Submicrometer-sized MS particles with 
larger mesopores (15–30 nm) were used as templates and thi-
olated poly(methacrylic acid) (PMA SH ) was chosen as the host 
polymer for polymer-drug conjugate synthesis. The anticancer 
drug (i.e., doxorubicin) was functionalized with a pH-labile 
linker and conjugated to PMA SH  polymers. The resultant 
polymer-drug conjugates were then infi ltrated into MS particles, 
followed by cross-linking the PMA SH  chains and subsequent 
removal of the template, resulting in polymer-drug particles 
( Scheme    1  ). This approach offers a number of distinct advan-
tages. Firstly, drug-loaded polymer particles with pH-dependent 
release properties are obtained by a single-step macromolecular 
assembly step. Secondly, this facile method is versatile and 
applicable to systems with different polymer-drug conjugates. 
Thirdly, submicrometer-sized mesoporous silica particles with 
large mesopores (15–30 nm) are used for the preparation of 
polymer particles, which offers a new approach to assemble 
polymer particles with large molecular weight macromolecules 
for biological applications. The drug-loaded particles showed 
signifi cant cytotoxicity to cultured colorectal cancer cells. To 
our knowledge, this is the fi rst report where MS particles have 
eim Adv. Funct. Mater. 2012, 22, 4718–4723
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    Scheme  1 .     Schematic illustration of the modular assembly of drug-loaded polymer particles 
and pH-dependent drug release after endocytosis in a cancer cell. The structure of the polymer-
drug conjugate is also shown. The labile hydrazone bond, which facilitates drug release, is 
shaded.  
been used to prepare pH-labile polymer-drug particles for drug 
delivery.    
    Scheme  2 .     Synthesis of a) MAL-Dox via hydrazone chemistry and b) PMA SH -Dox via thiol-
maleimide chemistry.  
 2. Results and Discussion  

 2.1. Templated Assembly of Polymer-Drug 
Particles 

 For the preparation of polymer-drug parti-
cles, we designed a pH-cleavable polymer-
drug conjugate as the building block. 
Firstly, PMA SH  was synthesized via  N -(3-
dimethylaminopropyl)- N ′  -ethylcarbodiimide 
hydrochloride (EDC)-mediated amide 
bond formation between the carboxyl 
groups of PMA and amine groups of pyri-
dine dithioethylamine (PDA), followed by 
removal of the pyridine-2-thione groups. [  26  ]  
Thiol modifi cation was used to effect both 
drug conjugation and particle assembly 
in the MS templates. The degree of thiol 
functionalization was characterized by 
measuring the absorbance of the released 
pyridine-2-thione ( λ  max   =  343 nm), and then 
quantifi ed from a calibration curve of PDA, 
which corresponded to 13.5 mol% modifi ca-
tion. A “clickable” and pH-sensitive doxo-
rubicin (Dox) derivative (MAL-Dox) was 
synthesized by introducing maleimide and 
hydrazone groups into the compound while 
maintaining the quinine ring intact for drug 
activity ( Scheme    2  a). [  27  ]  Next, MAL-Dox was 
conjugated onto PMA SH  via thiol-maleimide 
chemistry to form polymer-drug conjugates 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 4718–4723
(PMA SH -Dox, Scheme  2 b). The degree of Dox 
functionalization was characterized by using 
the absorbance ( λ  max   =  480 nm) of PMA SH -
Dox and a Dox standard curve, corresponding 
to 4 mol% modifi cation, leaving 9.5 mol% of 
free thiol groups on the polymer backbone 
for further cross-linking to form polymer 
particles.  

 To prepare polymer-drug particles, 
submicrometer-sized MS particles with large 
mesopores were used as templates, which 
were synthesized according to a modifi ed 
literature method. [  28  ]  Transmission electron 
microscopy (TEM) and scanning electron 
microscopy (SEM) reveal that the size of the 
MS particles is 700–900 nm ( Figure    1  a,b). The 
particles have a surface area of 893 m 2  g  − 1 , 
smaller mesopores in the 2–3 nm range and 
larger mesopores between 15–30 nm, as 
measured by nitrogen sorption experiments. 
Interstitial pores are clearly observed from 
both TEM and SEM images (Figure  1 ).  

 As illustrated in Scheme  1 , PMA SH -Dox 

with a molecular weight of  ∼ 20 kDa was fi rstly infi ltrated into 
the nanopores of the amine-modifi ed MS particles. Here, 
4719wileyonlinelibrary.comheim



FU
LL

 P
A
P
ER

4720

www.afm-journal.de
www.MaterialsViews.com

    Figure  1 .     a) TEM and b) SEM images of MS particles. The inset in (b) is a 
higher-magnifi cation image of the surface of a MS particle. c) TEM image, 
d) size distribution, and e,f) CLSM images of PMA SH -Dox particles after 
removal of the MS spheres.  

    Figure  2 .     In vitro Dox release from PMA SH -Dox particles in pH 7.2 phos-
phate buffer and pH 5.5 acetate buffer, respectively.  
MS particles were incubated in a PMA SH -Dox solution for 
1 h, resulting in a red pellet after isolation of the particles. To 
obtain polymer particles that are stable at physiological condi-
tions (pH 7.2), covalent cross-linking of the polymer chains 
was required. [  9  ]  In our approach, chloramine T was used to 
convert the free thiol groups on PMA SH -Dox into bridging 
disulfi de linkages. After removal of the MS templates, PMA SH -
Dox particles were obtained. TEM images showed that the 
resultant PMA SH -Dox particles remained intact with a diam-
eter of  ∼ 500 nm (Figure  1 c), representing about 30% shrinkage 
from the original template size. This particle size is consistent 
with the results from dynamic light scattering measurements 
(Figure  1 d). Confocal laser scanning microscopy (CLSM) 
revealed that the PMA SH -Dox particles were well dispersed in 
aqueous solution (Figure  1 e,f). The red fl uorescence arising 
from the immobilized Dox confi rmed that PMA SH -Dox was 
loaded in the particles. To determine the amount of Dox loaded, 
we examined the particles by fl ow cytometry and UV–vis spec-
trophotometry. The number of PMA SH -Dox particles was deter-
mined by fl ow cytometry. The PMA SH -Dox particles were then 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
exposed to a dithiothreitol (DTT) solution (pH 8) and kept at 
pH 4 overnight. Using a UV–vis absorbance calibration curve, 
we deduced that the drug loading in each particle was approxi-
mately 5.4  ×  10  − 15  g.   

 2.2. Intracellular Drug Delivery 

 As an initial test to verify the utility of the obtained PMA SH -Dox 
particles for drug release, we monitored the drug release at pH 
7.2 and 5.5 using fl uorescence spectrophotometry. Drug release 
under physiological conditions (pH 7.2) was signifi cantly lower 
than that under acidic conditions (pH 5.5) ( Figure    2  ). There 
was approximately 80% release at pH 5.5 within the fi rst 24 h, 
indicating that Dox release from the particles was largely pH-
dependent due to the pH-labile linker between the polymer and 
drug.  

 The cytotoxicity of PMA SH -Dox particles in LIM1899 human 
colorectal cancer cells was investigated using the 3-(4,5-dimethy-
lthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell 
viability assay ( Figure    3  ). For the MTT assay, the drug-loaded 
particles were incubated with adherent LIM1899 cells at various 
particle to cell ratios (from 1:1 to 1000:1) for 43 h. As a control, 
LIM1899 cancer cells were also treated with an equal number 
of PMA SH  particles (T2, T3, T4, and T5). The results indicated 
that the PMA SH  particles have a negligible effect on cell viability, 
even at high particle to cell ratios (1000:1). This is consistent 
with cell viability results obtained using PMA SH  capsules. [  29  ]  
However, as shown in Figure  3 , a signifi cant decrease in the cell 
viability with increasing number of PMA SH -Dox particles was 
observed, exhibiting dose-responsive behavior (T6, T7, T8, and 
T9). The IC 50  value of PMA SH -Dox particles is  ∼ 28.5 nM, which 
is lower than the IC 50  value of free Dox (62.1 nM). [  30  ]  This indi-
cates that PMA SH -Dox particles enhanced drug effi cacy.  

 The major mechanism of Dox toxicity to cells is believed to be 
the inhibition of the action of topoisomerase II or intercalation 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4718–4723
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    Figure  3 .     Cell viability of LIM1899 human colorectal cancer cells in the 
absence of any external agent (T1), in the presence of PMA SH  particles 
(T2, T3, T4, T5) and PMA SH -Dox particles (T6, T7, T8, T9) after 43 h 
incubation. The ratios (particles to cells) used for each treatment are 
1 (T2, T6), 10 (T3, T7), 100 (T4, T8), and 1000 (T5, T9), respectively. The 
cell viability has been normalized by setting the viability of untreated cells 
as 100%. The results shown represent the mean of three independent 
experiments, each performed in triplicate.  

    Figure  4 .     Representative deconvolution microscope images of LIM1899 
cells treated with PMA SH -Dox particles at a particle to cell ratio of 1000:1. 
a-c) Focal plane microscopy images. a) Red fl uorescence corresponds to 
Dox; b) nuclei were stained blue with Hoechst 33342; c) merged image 
of Dox, Hoechst, and bright fi eld, showing the localization of Dox in the 
nucleus; and d) blended 3D image showing the distribution of Dox in the 
entire cells. The circles and arrows in (c,d) highlight the Dox-associated 
fl uorescence present in the cytoplasm and concentrated in vesicles at the 
perinuclear region. All scale bars are 10  μ m.  
of DNA strands, leading to DNA double-strand breaks and 

inhibition of DNA replication and transcription. [  31  ]  This means 
that nucleus location of Dox results in maximal drug effi cacy. 
Consequently, we evaluated the intracellular distribution of 
Dox using deconvolution fl uorescence microscopy.  Figure    4   
shows the representative images of LIM1899 cells treated with 
PMA SH -Dox particles at a particle to cell ratio of 1000:1. After 
incubation for 24 h, accumulation of red fl uorescence in the 
cell nuclei was apparent, with nearly all of the nuclei containing 
Dox (Figure  4 a). Dox-associated fl uorescence was also present 
in the cytoplasm, and largely concentrated in vesicles at the 
perinuclear region (see the circles and arrows in Figure  4 c,d). 
This suggests that Dox was released from the PMA SH -Dox par-
ticles in the acidic intracellular environment of endosomal/
lysosomal compartments, [  32  ]  and that the released Dox was 
further translocated to the nuclei. It is worth noting that the 
internalized PMA SH -Dox particles may also be degraded in the 
process of endocytosis, as studies have suggested that a number 
of disulfi de reduction sites are present within a cell, such as 
the exofacial thiols on the cell membrane [  33  ]  and redox enzymes 
in endosomes/lysosomes. [  34  ]  The negligible cytotoxicity of the 
carrier system and the pH-dependent release of drug from 
polymer particles make this polymer-drug carrier interesting 
for drug delivery applications.     

 3. Conclusions 

 In summary, we have presented a facile method for the 
assembly of drug-loaded polymer particles using pH-cleavable 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4718–4723
polymer-drug (PMA SH -Dox) conjugates. Submicron-sized parti-
cles were obtained by preloading polymer-drug conjugates into 
MS particles, followed by cross-linking the polymer chains and 
subsequent removal of the templates. The drug-loaded particles 
were stable at physiological conditions and allowed the trig-
gered release of the encapsulated Dox at low pH via cleavage 
of the hydrazone bonds between the polymer and Dox. Cell via-
bility assays showed that Dox was effectively released from the 
PMA SH -Dox particles after internalization by LIM1899 human 
colorectal cancer cells, resulting in signifi cant cell death. These 
particles could potentially be used for the controlled release of 
drugs in acidic subcellular organelles.   

 4. Experimental Section 
  Materials : Tetraethyl orthosilicate (TEOS), (3-aminopropyl)-

triethoxysilane (APTES), cetyltrimethylammonium bromide (CTAB), 
poly(acrylic acid) (PAA,  M  w   ∼ 250 kDa, 35 wt% solution in water), 
 N -(3-dimethylaminopropyl)- N ′  -ethylcarbodiimide hydrochloride 
(EDC),  N -chloro- p -toluenesulfonamide sodium salt (Chloramine T), 
dithiothreitol (DTT), 2-( N -morpholino)ethanesulfonic acid hydrate 
(MES), 3-( N -morpholino)propanesulfonic acid (MOPS), trifl uoroacetic 
acid (TFA), and ammonia (28–30%) were obtained from Sigma-Aldrich 
(Australia). Poly(methacrylic acid, sodium salt) (PMA,  M  w  15 kDa, 
30 wt% solution in water) was from Polysciences, Inc. (USA). Pyridine 
dithioethylamine (PDA) was purchased from Shanghai SpeedChemical 
Co. Ltd. (China).  N -(  ε  -Maleimidocaproic acid) hydrazide (EMCH) 
4721wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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was obtained from Pierce Biotechnology, Inc. (Australia). Doxorubicin 
hydrochloride (Dox, purity  ∼ 99%) was from OChem Inc. (USA). 
Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine 
serum (FBS), Dulbecco’s phosphate-buffered saline (DPBS) and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were 
purchased from Invitrogen (Australia). The chemicals above were used 
without further purifi cation. All other chemicals were analytical reagents 
unless otherwise stated. The water used in all experiments was prepared 
in a three-stage Millipore Milli-Q Plus 185 purifi cation system and had a 
resistivity greater than 18.2 M Ω  cm. 

  Synthesis of PMA PDA  : PMA PDA  was synthesized via EDC-mediated 
amide bond formation between the carboxyl groups of PMA and amine 
groups of PDA. [  26  ]  In a typical experiment, a PMA solution (360 mg of 
30 wt% solution, 1 equiv. of MA) was diluted into 5 mL of phosphate 
buffer (0.1 M, pH 7.2). The resulting solution was incubated with 
EDC (76.7 mg, 0.4 equiv.) with stirring for 15 min. Subsequently, PDA 
(44.5 mg, 0.2 equiv.) in phosphate buffer was added to the mixture 
and the pH was adjusted to 7.2. The reaction was allowed to proceed 
overnight. The resulting mixture was placed inside a dialysis membrane 
(molecular weight cut-off 7000, Thermo) and dialyzed extensively against 
water, fi ltered with a 0.2  μ m syringe fi lter, and isolated via lyophilization. 

  Synthesis of Maleimide-Modifi ed Doxorubicin (MAL-Dox) : Dox 
was modifi ed with EMCH via hydrazone chemistry to introduce 
maleimide groups at the 13-keto position, as described in literature 
(Scheme  2 a). [  35–37  ]  Firstly, 24 mg of Dox (4.14  ×  10  − 5  mol, 1 equiv.) 
and 28 mg of EMCH trifl uoroacetate salt (1.242  ×  10  − 4  mol, 3 equiv.) 
were dissolved in 12 mL of dry methanol in a 50 mL round-bottomed 
fl ask. Then, 40  μ L of TFA was added to catalyze the reaction, which was 
protected from light and stirred overnight. The resultant solution was 
concentrated to 1 mL by rotary evaporation and precipitated in dry ethyl 
acetate three times. The product was collected by centrifugation and 
dried in vacuum. The dry methanol and ethyl acetate were prepared by 
drying with a molecular sieve, followed by distillation. 

  Synthesis of Polymer-Drug Conjugates (PMA SH -Dox) : To expose 
thiol groups, 20 mg of PMA PDA  was dissolved at a concentration of 
50 mg mL  − 1  with 0.25 M of DTT solution in MOPS buffer (10 mM, pH 8) 
for 20 min at 37  ° C, which resulted in thiol-functionalized PMA (PMA SH ). 
The mixture was diluted with MES buffer (50 mM, pH 6.5) and purifi ed 
with a NAP-25 Sephadex column, which was pre-equilibrated with MES 
buffer. The resultant PMA SH  in MES buffer was mixed with 6 mg of 
MAL-Dox under stirring and then incubated for 2 h. The product was 
purifi ed with a Sephadex column and lyophilized to obtain a red powder 
of PMA SH -Dox (Scheme  2 b). 

  Synthesis of Mesoporous Silica Particles : MS particles were synthesized 
according to a modifi ed literature method. [  28  ]  Briefl y, 1.1 g of CTAB was 
completely dissolved in 50 mL of water with stirring. Subsequently, 
4.28 g of PAA solution (250 kDa, 35 wt% solution) was added with 
vigorous stirring at room temperature (25  ° C) until a clear solution was 
obtained. Next, 3.5 mL of ammonia (28−30%) was added to the above 
solution with vigorous stirring, resulting in a milky suspension. After 
further stirring for 20 min, 4.46 mL of TEOS was added to the above 
solution. The mixture was stirred for 48 h at room temperature (25  ° C). 
The as-synthesized particles were washed with Milli-Q water twice and 
ethanol three times, and fi nally dispersed in ethanol. 

 The PAA and surfactants were removed by extraction with ethanol/
HCl solution. Typically, 900 mg of MS particles were dispersed in a 
mixture of 100 mL of ethanol and 10 mL of HCl (37%), which was kept 
refl uxing (80  ° C) for 16 h. The particles were then washed with water and 
ethanol three times. The extraction step was repeated three times. 

 The MS templates were then functionalized with a layer of primary 
amine groups by APTES modifi cation. In this process, the MS particles 
were dispersed in ethanol with a concentration of 20 mg mL  − 1  by 
sonication (Bransonic 1510E-DTH ultrasonic cleaner) for 20 min before 
ammonia and APTES were added to the suspension. The volume ratio 
of ethanol:ammonia:APTES was fi xed at 20:1:1, and the suspension was 
allowed to stir overnight. 

  Templated Assembly of PMA SH -Dox Particles : Approximately 3 mg of 
MS particles were dispersed in 5 mg mL  − 1  of PMA SH -Dox solution at 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
pH 6.5 (400  μ L of MES buffer, 50 mM) under constant shaking for 1 h. 
Subsequently, the particles were isolated by centrifugation and washed 
twice with MES buffer. The pellet was dispersed in 50  μ L of MES buffer 
and exposed to a 10 mM solution of Chloramine T in MES buffer (pH 
6.5, 50 mM) for 2 min. After two washing cycles with PBS buffer, the MS 
templates were dissolved with a 0.5 M HF/8 M NH 4 F solution (pH  ∼ 7). 
 Caution! HF is highly toxic. Extreme care should be taken when handling 
HF solution and only small quantities should be prepared . Details of this 
process are given in Scheme  1 . The resultant PMA SH -Dox particles were 
centrifuged and washed three times with PBS buffer. 

  Dox Release from PMA SH -Dox Particles : Drug release experiments were 
performed at pH values of 7.2 and 5.5 (37  ° C) respectively ( λ  ex   =  470 nm; 
 λ  em   =  560 nm). Time-dependent release of Dox from the particles was 
studied for 48 h. The supernatant was obtained by centrifuging the 
samples and the fl uorescence intensity was measured at pH 5.5 with a 
fl uorometer at various time points. 

  Cell Viability Assay : LIM1899 cells were cultured in RPMI 1640 media 
containing 10% FBS and ADDS (10.8 g mL  − 1  thioglycerol, 0.025 U mL  − 1  
insulin, 1 g mL  − 1  hydrocortisone) at 37  ° C in a humidifi ed atmosphere 
containing 5% CO 2 . Cell viability was measured by reduction of MTT, as 
described previously. [  38  ]  Briefl y, LIM1899 cells were seeded at 1  ×  10 4  cells 
per well in 96-well plates and incubated with particles at various particle-
to-cell ratios in 200  μ L growth media for 43 h. After treatment, cells were 
further incubated with fresh medium containing MTT (0.5 mg mL  − 1 ) 
for 4 h. The resulting blue formazan was solubilized using 150  μ L of 
acidifi ed isopropanol (0.04 N HCl) and the absorbance at 570 nm was 
measured with a plate reader (Multiskan Ascent, Thermo Scientifi c). The 
cell viability of treated cells was normalized as a percentage of untreated 
cells. Data are shown as the mean  ±  the standard error from three 
independent experiments performed in triplicate. 

  Intracellular Drug Release : LIM1899 cells were plated at 8  ×  10 4  cells/
well into 8-well Lab-Tek I chambered coverglass slides (Thermo Fisher 
Scientifi c, Rochester) and allowed to adhere overnight. Cells were then 
incubated with PMA SH -Dox particles at a particle-to-cell ratio of 1000:1 
for 24 h (37  ° C, 5% CO 2 ), followed by three washes with DPBS. Cells 
were fi xed with 4% paraformaldehyde for 20 min at 25  ° C, and incubated 
with Hoechst 33342 (2  μ g mL  − 1 ) for 20 min at 25  ° C to counterstain the 
nucleus. 

  Characterization Methods : Transmission electron microscopy (TEM, 
Philips CM120 BioTWIN, operated at 120 kV) and scanning electron 
microscopy (SEM, Philips XL30, operated at 10 kV) were used to examine 
the particle morphologies. The TEM samples (1  μ L) were placed onto 
Formvar-coated copper grids and allowed to air-dry. The SEM samples 
(2  μ L) were placed onto silicon wafers and allowed to air-dry prior to 
gold sputter-coating. Size distributions of the PMA SH -Dox particles were 
measured with a Malvern High Performance Particle Sizer (HPPS). 
Each measurement was run 10 times. The surface areas and porosities 
of the MS particles were measured by a Micromeritics Tristar surface 
area and porosity analyzer at 77 K, using nitrogen as the adsorption 
gas. The surface area was calculated using the Brunauer-Emmett-Teller 
(BET) method, and the pore diameter distributions were derived from 
the desorption branch by the Barrett-Joyner-Halenda (BJH) method. 
Confocal microscopy images were obtained using a Leica TCS-SP2 
confocal laser scanning microscope (CLSM). Deconvolution fl uorescence 
microscopy was performed on a DeltaVision (Applied Precision, USA) 
microscope with a 60 ×  1.42 NA oil objective with a standard FITC/
TRITC/CY5 fi lter set. Images were processed with Imaris (Bitplane) 
using the maximum intensity projection. The drug amount loaded in 
the polymer particles was determined using an Agilent 8453 diode-array 
UV–vis spectrophotometer (Agilent Technologies, CA). The degree 
of PDA functionalization was quantifi ed via absorbance readings at 
343 nm using a NanoDrop 1000 spectrophotometer (Thermo Scientifi c, 
Australia). Polymer particle counting was performed using CyFlow 
Space (Partec GmbH) fl ow cytometer. pH-dependent drug release was 
monitored using a Horiba Fluorolog-3 Model FL3-22 spectrofl uorometer 
(Jobin Yvon Inc., USA) equipped with a HgXe lamp (increment size, 
1 nm; excitation and emission slit widths, 5 nm). The pH of solutions 
was measured with a Mettler-Toledo MP220 pH meter.  
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4718–4723
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