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ABSTRACT: We report a template approach for the preparation of functional polymer replica particles via surface-
initiated polymerization in mesoporous silica templates. Subsequent removal of the template resulted in discrete polymer 
particles. Furthermore, redox-responsive replicas could be engineered to disassemble in a reducing environment. Parti-
cles, made of poly(methacryloyloxyethyl phosphorylcholine) (PMPC) or poly[oligo(ethylene glycol) methyl ether methac-
rylate] (POEGMA), exhibited very low association to human cancer cells (below 5%), which renders the reported charge-
neutral polymer particles a modular and versatile class of highly functional carriers with potential applications in drug 
delivery. 

INTRODUCTION 
Through combined efforts in nanotechnology 
and biomedicine, nanoengineered particles 
have emerged as potential candidates to en-
hance the diagnosis and treatment of various 
diseases.1-7 Polymer carriers with tailor-made 
properties and functionalities have received 
growing interest in nanomedicine.8,9 Polymer 
micelles, polymersomes,10-12 as well as dendritic 
polymers,13,14 and polymer capsules15,16 have 
demonstrated potential for biomedical applica-
tions, where delivery vehicles should preferen-
tially be made of low-fouling materials. Materi-
als made of zwitterionic- or poly(ethylene gly-
col) (PEG)-based polymers are known to exhibit 
low-fouling properties, and high resistance to 
nonspecific protein adsorption and cell associa-
tion. 17-22 These so called “stealth” materials allow 
for extended blood circulation times of drug 
carrier particles, which is in turn crucial, as this 
increases the bioavailability of the carriers to 
reach the site of action.  

Recently, we demonstrated a facile approach 
for the preparation of polymer replica particles, 

using mesoporous silica (MS) particles as sacri-
ficial templates. The MS particles are infiltrated 
with preformed synthetic or bio-polymers, 
which are then cross-linked. Subsequent tem-
plate removal produces polymer replica parti-
cles. Using this method, replica particles com-
posed of various polymers, such as polyelectro-
lytes,23-25 polyesters,26 polysaccharides,27 poly-
peptides,28,29 and proteins,30 have been reported. 
An advantage of this infiltration method is its 
applicability, where it becomes simple to pro-
duce materials with varying size, but also to tai-
lor their physicochemical and mechanical prop-
erties.24,31 However, the infiltration method is 
mainly based on electrostatic interaction. Con-
sequently, it becomes challenging to produce 
replica particles made of charge-neutral poly-
mers, such as PEG,32 or zwitterionic polymers 
which may have little interaction with silica. 
Their infiltration into template particles (due to 
minimal interaction with silica), and also the 
synthesis of highly functional and cross-linkable 
PEGs or zwitterionic polymers, is challenging. 
Additionally, the functional groups are often 
used for cross-linking which, as a result, reduces 
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the overall number of reactive sites for further 
post-modification, such as attaching therapeutic 
molecules.  

Besides the infiltration of preformed poly-
mers, polymerization in and on MS particles has 
been used to obtain functional hybrid materials 
or to produce porous carbon materials after heat 
treatment.33-37 Several studies on controlled rad-
ical polymerization inside porous silica (e.g., 
SBA-15) have been reported.38-44 In a recent ex-
ample, Mandal and co-workers used ATRP in-
side mesoporous silica nanospheres to prepare 
functional mesoporous polymer and carbon na-
nomaterials. Their templated poly(methyl 
methacrylate)-based particles showed potential 
in glucose sensing.44 However, the synthesis of 
stealthy polymers in MS particles and the fol-
lowing formation of replica particles have not 
been reported. 

Herein, we synthesized discrete polymer repli-
ca particles via surface-initiated atom transfer 
radical polymerization (SI-ATRP) in MS spheres 
and subsequent removal of the sacrificial tem-
plates (Scheme 1). Using this approach, it be-
comes feasible to produce replica particles com-

prised of charge-neutral polymers, such as 
poly(methacryloyloxyethyl phosphorylcholine) 
(PMPC) and poly[oligo(ethylene glycol) methyl 
ether methacrylate] (POEGMA). The replicas 
could be synthesized with various functionali-
ties and exhibited promising behavior for bio-
medical applications. This approach offers a 
number of distinct advantages: i) it represents a 
highly modular approach for the fabrication of 
functional polymer replica particles, where the 
composition of the replica is predetermined by 
the co-monomer mixture; ii) the formation of 
polymer networks via copolymerization pro-
ceeds in a ‘one pot’ reaction, where cross-linking 
and incorporation of functional groups occur 
simultaneously; and iii) the copolymerization of 
responsive cross-linkers allows disassembly of 
the replica particles with specific triggers. 

EXPERIMENTAL SECTION 

Materials. High purity (Milli-Q) water with a 
resistivity >18.2 MΩ·cm was obtained from an 
inline Millipore RiOs/Origin water purification 
system. Ammonia (28-30%), hydrofluoric acid 
(HF), trifluoroacetic acid (TFA, 99%), pyridine 

Scheme 1. Schematic illustration of the synthesis procedure: (A) An ATRP initiator-functionalized MS particle 
provides the template to produce (B) a polymer/silica hybrid after the surface-initiated polymerization of vari-
ous comonomers, which becomes a (C) polymer replica particle after template removal. 

 
Scheme 2. Reaction scheme for the ‘one pot’ infiltration of PMPC or POEGMA via SI-ATRP.  
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(anhydrous, 99.8%), deuterium oxide (D2O), 
copper(I) bromide (CuBr, 98%), L-glutathione 
(reduced GSH, 98%), methacryloyl chloride 
(97%), (3-aminopropyl)triethoxysilane (APTES, 
98%), tert-butyl carbamate (BOC)-
ethanolamine (98%), α-bromoisobutyryl bro-
mide (98%), di(ethylene glycol) dimethacrylate 
(DEGDMA, 95%), tert-butyl methacrylate 
(tBMA, 98%), poly(ethylene glycol) diacrylate 
(PEGDA, average Mn 575 g·mol-1), bis(2-
methacryloyl)oxyethyl disulfide, glycidyl meth-
acrylate (GMA, 97%), 2-hydroxyethyl methacry-
late (HEMA, 97%), oligo(ethylene glycol) methyl 
ether methacrylate (OEGMA, average Mn = 300 
g·mol-1), and N,N,N’,N”,N”-pentamethyl-
diethylenetriamine, (PMDETA, 99%) were ob-
tained from Sigma-Aldrich. 2-Methacryloyl-
oxyethyl phosphoryl-choline (MPC) was pur-
chased from HBCChem, Inc. Alexa Fluor 647 C2 
maleimide (Mal-AF647) and Alexa Fluor 647 
carboxylic acid succinimidyl ester (NHS-AF647) 
were purchased from Invitrogen (Australia). 2,3-
bis(2-methoxy-4-nitro-5-sulfo-phenyl)-2H-
tetrazolium-5-carbox-anilide inner salt (XTT) 
was obtained from Promega. BOC-protected 
ethanolamine methacrylate was prepared ac-
cording to literature.45 All chemicals were used 
as received, except for CuBr, which was purified 
by washing with glacial acetic acid, followed by 
absolute ethanol and diethyl ether, and dried 
under vacuum. All liquid monomers were 
passed through a short silica column to remove 
the inhibitor, except for GMA, which was freshly 
distilled prior to use.  

MS Preparation and Surface Modification. 
MS particles were synthesized according to a 
modified literature method.46 To attach the 
ATRP initiators onto the surface of the MS par-
ticles, the particles were first amino-
functionalized through reaction with APTES. In 
this process, the particles were dispersed in eth-
anol to a concentration of 30 mg·mL-1 by soni-
cation for 10 min, before ammonia and APTES 
were added to the suspension. The volume ratio 
of [ethanol]:[ammonia]:[APTES] was fixed at 
20:1:1 and the suspension was stirred overnight. 
APTES-modified silica particles were washed 
with ethanol and Milli-Q water. In a second 
step, the amino-functionalized particles were 

reacted with α-bromoisobutyryl bromide to at-
tach the ATRP initiators via amide bond for-
mation. The particles were washed twice with 
pyridine, and finally suspended into anhydrous 
pyridine. After the addition of α-
bromoisobutyryl bromide, the particles were 
stirred overnight, before being washed twice 
with ethanol and three times with Milli-Q water. 
The particles were then stored in ethanol in the 
fridge (~8 °C). 

SI-ATRP Polymerization. In a typical exper-
iment, the molar ratio of the reactants was as 
follows: [initiator]:[monomer mixture]:[CuBr]: 
[PMDETA] = 1:1000:2:2. The monomer mixture 
itself had a ratio of different comonomers: [pri-
mary monomer]:[cross-linker monomer] 
:[functional monomer] = 87:10:3. The ‘primary 
monomer’, such as methacryloyloxyethyl phos-
phoryl-choline (MPC), endowed the replica par-
ticles with their main properties. The cross-
linker monomer prevented the replica particle 
from disassembly after template removal, and 
the functional monomer added chemical moie-
ties within the polymer replica particle for sub-
sequent functionalization. The synthesis proce-
dure was the same for all polymerizations, how-
ever for simplification, will only be explained for 
the example of PMPC-grafted MS particles. 1 mg 
of ATRP initiator-functionalized MS particles 
(100 µL of 10 g·L-1 ATRP-particles stock solution; 
initiator content: 0.26 mg, 0.91 µmol) was added 
to a Schlenk flask containing a mixture of MPC 
(237 mg, 0.8 mmol), DEGDMA (22 mg, 0.09 
mmol), HEMA (2.3 mg, 0.01 mmol) and 
PMDETA (0.31mg, 1.82 µmol) in 1.5 mL ethanol. 
Depending on the monomer solubility, other 
solvents such as DMSO or anisole were used for 
the polymerization. After three freeze-pump-
thaw cycles, CuBr (0.26 mg, 1.82 µmol) was in-
troduced and the polymerization was left to stir 
for 15 h at 50 °C. After polymerization, the pol-
ymer-grafted hybrid particles were isolated by 
centrifugation at 2,000 g for 3 min and then 
thoroughly washed with methanol and acetone 
by repeated cycles of re-
dispersion/centrifugation. A vortex mixer was 
used to aid redispersion. The isolated hybrids 
were stored in methanol. Different functional 
polymer replica particles were prepared via this 
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synthesis route (see Supporting Information 
S3). 

Labeling and Template Removal. To pro-
duce fluorescently-labeled replica particles, hy-
brid particles bearing -OH groups were reacted 
with NHS-activated dyes. The hybrid particles 
were dispersed into anhydrous DMSO and 
slightly vortexed after the addition of 3 µL of 
NHS-dye (in anhydrous DMSO, 1 g·L-1). After 
shaking for 12 h, the particles were washed with 
methanol several times before redispersion into 
Milli-Q water. The polymer hybrids could be 
readily labeled after polymerization and purifi-
cation. When protected monomers were used, a 
deprotection step was required before further 
modification (refer to Table S3 in the Support-
ing Information). To remove the silica template, 
buffered HF solution (pH 5, 200 µL of a 5 M HF 
solution and 400 µL of a 13 M NH4F solution) 
was added and left to incubate for 5 min. Cau-
tion! HF is highly toxic. Care should be taken 
when handling HF solution and only small quan-
tities should be prepared. The resultant polymer 
particles were centrifuged (6 min, 3800 g) and 
washed three times with Milli-Q water.  
Characterization Methods. ζ-potential meas-
urements were carried out in Milli-Q water ad-
justed to pH 7.4 containing 10 mM NaCl using a 
Zetasizer Nano ZS (Malvern). Thermo-
gravimetric analysis (TGA) was conducted on a 
PerkinElmer Diamond instrument in an air at-
mosphere. The measurements were scanned in 
the temperature range 50 − 700 °C at a heating 
rate of 10 K·min-1. The surface areas and porosi-
ties of the MS particles were measured by a Mi-
cromeritics Tristar surface area and porosity 
analyzer at 77 K, using nitrogen (N2) as the ad-
sorption gas. The pore size distributions were 
derived from the desorption curve using the 
Barrett-Joyner-Halenda (BJH) method. Nuclear 
magnetic resonance (1H NMR) spectra were rec-
orded in D2O using a 400 MHz Varian INOVA 
system at 25 °C. Polymer replica particles were 
imaged on an Olympus IX71 inverted fluores-
cence microscope (100×1.40 oil objective, Olym-
pus). Transmission electron microscopy experi-
ments (TEM, Philips CM120 BioTWIN, operated 
at 120 kV) were performed by placing samples 
dispersed in water onto Formvar-coated copper 

grids and allowed to air-dry. Scanning electron 
microscopy (SEM, Philips XL30, operated at 10 
kV) was used to examine the silica particle mor-
phology. SEM samples were prepared on silicon 
wafers and allowed to air-dry prior to gold sput-
ter-coating. Non-contact mode atomic force mi-
croscopy (AFM) imaging was performed in air 
using a JPK Nanowizard II (JPK Instruments AG, 
Berlin, Germany) with tapping-mode cantilevers 
(40 N·m-1, Tap300-G, Budget Sensors, Bulgaria). 
Images were post-treated using JPK image pro-
cessing software and algorithms. Prior to AFM 
measurement, glass substrates were immersed 
in isopropanol and treated with ultrasound for 
15 min. A dispersion of replica particles was then 
placed onto the glass slide and allowed to dry 
under a nitrogen stream. To determine the par-
ticle concentration of the replica particle disper-
sions, flow cytometry analysis was performed on 
an Apogee A50-Micro Flow System. Cellular in-
teractions were studied using a DeltaVision 
(Applied Precision, USA) microscope with a 60× 
1.52 NA oil objective for deconvolution fluores-
cence microscopy with a standard 
FITC/TRITC/CY5 filter set. Images were pro-
cessed with Imaris (Bitplane) using the maxi-
mum intensity projection. Furthermore, the in-
teraction between polymer particles and HeLa 
cells was studied using flow cytometry. More 
than 104 cells were counted for each experiment. 

Cell Culture. HeLa cells were cultured in reg-
ular growth medium consisting of high glucose 
DMEM supplemented with 10% fetal bovine se-
rum (FBS) and 1% Glutamax at 37 °C, in a 5% 
CO2 humidified incubator. The cells were rou-
tinely passaged until 80 − 90% confluence. Cells 
were trypsinized and plated into 24-well plates 
(6 × 104 cells per well). The cells were allowed to 
adhere overnight. Subsequently, the cells were 
incubated with replica particles for up to 24 h. 
After incubation, the cells were gently washed 
twice with DPBS before being trypsinized and 
investigated by flow cytometry. 

Cell Fixation and Staining. HeLa cells were 
plated at 3 × 103 cells per well into 8-well Lab-
Tek I chambered coverglass slides (Thermo 
Fisher Scientific, Rochester) and allowed to ad-
here overnight. Cells were then incubated with 
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polymer replica particles at a cell-to-particle ra-
tio of 1:100 for 5 h (37 °C, 5% CO2). Subsequent-
ly, cells were gently washed with PBS three times 
and fixed with 3% paraformaldehyde (PFA) for 
10 min at 37 °C. The cell membrane was stained 
with Alexa Fluor 488 wheat germ agglutinin 
(WGA) (3 μL, 2.5 mg·mL-1) incubated at room 
temperature for 30 min.  

Cell Viability Assays. XTT assays were con-
ducted to examine the cytotoxicity of the poly-
mer replica particles. 1 × 104 cells per well were 
plated into 96-well plates. HeLa cells were then 
incubated with replica particles at various parti-
cle-to-cell ratios for 48 h (37 °C, 5% CO2). The 
cell-to-particle ratios used were 1:10, 1:100, and 
1:500. Experiments were performed in tripli-
cates. No significant changes in cell proliferation 
were observed. Normalizing the viability of un-
treated cells as 100% indicates that the polymer 

replica particles (PMPC, POEGMA or PMAA) 
exhibit negligible cytotoxicity. 

RESULTS AND DISCUSSION 

We synthesized MS particles with a diameter 
of ~1.1 µm and bimodal pore sizes (smaller mes-
opores in the 2-4 nm range and larger meso-
pores between 15-40 nm). Scanning electron mi-
croscopy (SEM) and N2-physisorption meas-
urements highlighted the porous morphology of 
the silica spheres (Supporting Information S1).46 
Subsequent modification with APTES yielded 
aminated silica spheres, which could in turn be 
reacted with α-bromoisobutyryl bromide to co-
valently attach an ATRP initiator. Thermogravi-
metric analysis (TGA) of the amine- and ATRP 
initiator-functionalized particles revealed a 
mass increase after each subsequent modifica-
tion step (see Supporting Information S2). The 

 
Figure 1. TEM images of (A,C) ATRP initiator-functionalized MS template spheres and (B,D) polymer-grafted hybrids. (E) shows 
the resulting PMPC polymer replica particles after template removal. 

 
Figure 2. (A,B) AFM height and (C) phase images of the air-dried PMPC replica particles on glass slides. (D) Height pro-
file of the replica particles along the dashed black line in (A). Z-values are 100 nm (A) and 90 nm (B). 
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ATRP initiator-functionalized spheres provided 
a homogeneous template for the modular prepa-
ration of various polymer replica particles. The 
polymerizations were performed as a ‘one pot 
reaction’ in polar or nonpolar solvents, such as 
ethanol, DMSO or anisole, depending on the 
solubility of the monomer mixture. Various 
monomer mixtures were polymerized to 
demonstrate the universal applicability of this 
method, resulting in polymer replica particles 
with different properties and functionalities (see 
Supporting Information S3) after template re-
moval. However, in this study, we focused on the 
fabrication of replica particles that mainly con-
sist of charge-neutral polymers, such as PMPC 
or POEGMA. Scheme 2 illustrates the infiltra-
tion of charge-neutral copolymers into pores via 
SI-ATRP. The successful ‘one pot’ polymeriza-
tion can be observed in TEM images in Figure 1A 
and C. Before polymerization, the template 
spheres appeared porous, which can be seen as 
inhomogeneous shades of grey. After polymeri-
zation, the resulting hybrid spheres appeared 
homogeneously darker, indicating that the pores 
were filled with polymer (Figure 1B and D). Sub-
sequent treatment of the hybrids with HF re-
moved the silica templates, yielding replica pol-
ymer particles. The HF conditions used in our 
study are sufficient for effective removal of sili-
ca.26 The replicas appeared much smoother after 
template removal (Figure 1E). TGA of the 
PMPC/silica hybrid particles revealed an organic 
material content of about 52%, including the 
ATRP initiator (see Supporting Information S2).  

Atomic force microscopy measurements 
(AFM) in tapping mode were performed to 
study the morphology of the PMPC replica par-

ticles in the ‘dry state’ (Figure 2A). AFM high-
lighted the homogeneity in size of the produced 
polymer particles, and that the particles collapse 
upon drying after template removal. Figure 2B 
and 2C reveal the porosity in the particles, 
which was retained from the initial silica tem-
plate, confirming that the particles are replicas. 
These replicas have different morphologies to 
hollow polymer particles, such as polymer cap-
sules prepared using layer-by-layer template as-
sembly. Polymer capsules exhibit creases and 
folds in their membrane when air-dried, indicat-
ing their hollow core.24 However, this phenome-
non is not observed here, which suggests that 
the interior is also filled with polymer, as op-
posed to polymer that has only been grown on 
the outer surface of the template spheres. How-
ever, the replica particles do spread on the glass 
substrate upon drying. Initially polymerized in-
to a 1.1 µm template with a low cross-linker con-
tent of 10 mol%, the diameter of the replicas ex-
pands to about 3 µm. The height, as measured 
by AFM (dashed line in Figure 2A and resulting 
height profile 2D), drops over 90% to approxi-
mately 100 nm. This is further evidence that the 
silica template has been removed. 

The modularity of the presented method to 
obtain uniform and functional polymer particles 
is demonstrated by post-labeling the particles 
with dyes after polymerization. The fluorescent 
tags can hereby either be seen as a model com-
pound for drugs or targeting molecules, or simp-
ly demonstrate the accessibility of the functional 
moieties. Figure 3 shows fluorescence microsco-
py images of NHS-AF647-labeled PMPC replica 
particles. The copolymer used here is depicted 
in Scheme 2. Briefly, HEMA (3 mol%) and MPC 

 
Figure 3. (A) Fluorescence and (B) DIC microscopy images of PMPC replica particles labeled with NHS-AF647, dispersed in Mil-
li-Q water. 
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(87 mol%) were copolymerized in the presence 
of 10 mol% PEG9-diacrylate as a cross-linker to 
produce cross-linked PMPC replica particles 
with pendant hydroxyl groups for further func-
tionalization. Subsequently, the OH groups 
were reacted with N-hydroxysuccinimide 
(NHS)-activated molecules to form an ester 
bond, in this case with an AF647 dye. The DIC 
image (Figure 3B) shows that replica particles 
keep their integrity in an aqueous suspension. 
The size of the particles increased only margin-
ally to about 1.2 µm, indicating the effective 
cross-linking during polymerization of the 
monomer mixture.  

By choosing the appropriate monomer mix-
ture, functional polymer particles with different 
charges and properties were produced (see Sup-
porting Information S3). It was possible to in-
troduce additional functionalities, such as 
amines and epoxy groups for post-
functionalization. Various (meth-) acrylate-
based cross-linkers could be used to stabilize the 
replica particles after template removal. Howev-
er, the use of a disulfide-containing cross-linker 
allowed disassembly of the particles in a reduc-
ing environment (Supporting Information S4). 
PMPC particles cross-linked with only 3 mol% 
of bis(2-methacryloyl)oxyethyl disulfide com-
pletely disassembled in PBS buffer containing 10 
mM GSH within three hours. It was further pos-
sible to vary the template size to obtain differ-
ent-sized replica particles (Supporting Infor-

mation S5).  
A 1H NMR of non-labeled PMPC replicas in 

D2O is shown in Figure 4. While the NMR shows 

the relevant signals for PMPC, it does not re-
solve the presence of the cross-linker or OH 
functionality. The amount of DE GDMA  (10 
mol%) and HEMA (3 mol%) repeating units is 
presumably not high enough to be distinctively 
seen in NMR. The PEG-based cross-linker over-
laps with the PMPC spectra at 3.6 ppm. 

A straightforward modification and labeling 
method was of importance, as we intended to 
study the interaction of these particles with bio-
logical systems. Therefore, we produced three 
different types of replica particles, namely (A) 
PMPC, (B) POEGMA, and (C) poly(methacrylic 
acid) (PMAA), and labeled them with AF647 
dyes. Their chemical structures are shown in 
Figure 5. (Their composition is as described in 
the Experimental Section). The PMAA particles 
were used as a control, as it is known that 
charged materials are readily internalized and 
interact with the cells in vitro.47 ζ-potential 
measurements at pH 7.4 indicated neutral 
charges for both PMPC (0.2 ± 3.5 mV) and 
POEGMA (1.4 ± 3.4 mV) particles. In contrast, 
PMAA particles exhibited a negative ζ-potential 
(-28.3 ± 3.8 mV) at pH 7.4. The cytotoxicity of 
these three types of particles in human cervical 
cancer cells (HeLa) was investigated using a XTT 
cell viability assay. The results indicated that all 
replica particles have a negligible effect on cell 
viability, even at a high particle-to-cell ratio 
(500:1). 

We further incubated all three types of the 
replica particles (separately) with HeLa cells at a 
cell-to-particle ratio of 1:100 to study their inter-
action with cells. Cellular internalization and 
association were investigated using deconvolu-
tion microscopy and flow cytometry. Whereas 
PMAA replicas (control) were internalized rela-
tively quickly, the POEGMA and PMPC replicas 
showed very low signs of internalization. De-
convolution microscopy revealed that the cells 
treated with PMPC particles appeared pristine 
after incubation for about 5 h (Figure 5A) at 37 
°C. Similar to PMPC, POEGMA particles (Figure 
5B) were internalized to a lesser extent than 
PMAA particles (Figure 5C) after 5 h at 37 °C. 
The white arrows in Figure 5 indicate the respec-
tive fluorescently-labeled (red) polymer parti-
cles. Cell membranes were fixed and stained 

 
Figure 4. 1H NMR of the PMPC replica particle dispersion in 
D2O. 

http://en.wikipedia.org/wiki/N-Hydroxysuccinimide
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(green) prior to the measurements. Additional 
microscopy images are given in Supporting In-
formation S6. 

Flow cytometry experiments underlined the 
observations made with deconvolution micros-
copy, and was subsequently used to quantify 
HeLa cell association of the replica particles 
(Figure 5D-F). More than 1 × 104 cells (per-
formed in triplicates) were counted after being 
incubated with AF647-labeled polymer particles 
at a cell-to-particle ratio of 1:100 for 24 h at 37 °C. 
Compared to the PMAA particles (control, Fig-
ure 5F), POEGMA (Figure 5E) and PMPC (Fig-
ure 5D) particles showed about 15 times lower 
association to cancer cells. The association with 
HeLa cells was 25 times lower compared to pre-
viously reported replica particles made from 
PMAA-derived polymers, such as PMASH, which 
showed 95% cell association after 24h (at com-
parable reaction conditions).48 The remarkably 
low interaction of charge-neutral polymer repli-
ca particles with cancer cells render them prom-
ising candidates for targeted drug delivery ap-

plications, where a low background interaction 
of the pristine carrier systems is desired. 

CONCLUSIONS 

Different copolymer replica particles were 
prepared utilizing surface-initiated ATRP in MS 
templates followed by subsequent template re-
moval. The modular approach describes a ra-
tional and versatile method for the fabrication 
of hydrophilic polymer particles with control 
over physicochemical properties, size, and func-
tionality. Utilizing redox-responsive cross-
linkers allowed the disassembly of particles in a 
reducing environment. The low association of 
the charge-neutral replica particles to cancer 
cells makes these replica particles promising 
candidates in drug delivery applications. Future 
studies will include the utilization of these 
particles in drug delivery, using cargoes and 
targeting molecules to investigate their po-
tential in biomedical applications. 

ASSOCIATED CONTENT  

 
Figure 5. (A-C) Representative deconvolution microscopy images of HeLa cells treated with AF647 fluorescently-labeled 
replica particles (A) PMPC, (B) POEGMA, or (C) PMAA at cell-to-particle ratios of 1:100 for 5 h. Cell membranes were 
stained using WGA488. (D-F) Quantitative flow cytometry analysis (number of cells versus fluorescence intensity (loga-
rithmic scale)) of cells incubated with (a) PMPC, (b) POEGMA, or (c) PMAA replica particles, after 24 h incubation at 37 
°C at cell-to-particle ratios of 1:100. At least 1 × 104 cells were counted per measurement. (G-I) Representative copolymer 
structures used (OH group was reacted with NHS-AF647 prior to incubation with cells). 
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Supporting Information. Additional experimental data 
containing a SEM image and pore size distribution of MS 
template particles, TGA analysis of amine- and ATRP-
modified MS particles, as well as PMPC-grafted hybrid parti-
cles. Furthermore, an overview of various copolymer struc-
tures of copolymer replica particles, including a degradation 
profile of redox-responsive replica PMPC particles measured 
via flow cytometry, a fluorescence microscopy image of 500 
nm-sized PMPC replica particles, and additional deconvolu-
tion microscopy images of the cell studies. This information 
is available free of charge via the Internet at 
http://pubs.acs.org/. 
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