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Over the past decade, intensive research 
has focused on polymer-peptide conju-
gates and tumor-targeted drug delivery 
using carriers that are recognized and 
cleaved by proteinases. [ 4–17 ]  Matrix metallo-
proteinases (MMPs), such as MMP-2, are 
overexpressed at the invasive front of solid 
tumors relative to normal tissue and are 
relatively easy to access by passive accu-
mulation in tissue. By contrast, carriers 
having reducible or pH-sensitive linkages 
require transport through cell membranes 
or diffusion to acidic environments, what 
might be hard to accomplish. [ 6–10,18 ]  In 
comparison to target molecules such as 
antigens that are overexpressed only in 
a subset of tumors, MMPs are overex-
pressed in a variety of tumors, making 
them a more attractive target for broad-
spectrum diagnostic applications. [ 8,18 ]  

 MMP-2 overexpression can be exploited 
for selective targeting by using carrier sys-
tems which contain peptide sequences that 
are recognized and enzymatically cleaved 
by the enzyme. [ 9 ]  Specifi cally, the selective 
cleavability of the peptide sequence Pro-
Leu-Gly-Leu-Ala-Gly (PLGLAG) recognition 
site by MMP-2 has been extensively investi-

gated. [ 7,8,11 ]  For example, Jiang et al. linked two oppositely charged 
cell-penetrating peptides by an MMP-2 selectively cleavable pep-
tide, in which a payload was attached to the polycationic peptide. [ 8 ]  
Experiments with scrambled peptides as well as experiments 
where MMP-2 was knocked out demonstrated the selectivity of the 
PLGLAG sequence toward MMP-2 recognition and cleavage. [ 8,11 ]  
Subsequently, Harris et al. used a similar MMP-2 recognizable 
peptide as a linker between a hydrophilic polymer and a magneto-
fl uorescent nanoparticle. [ 9 ]  In their system, the cell-internalizing 
domain of the nanoparticle was veiled by the hydrophilic polymer. 
MMP-2-induced cleavage of the linker caused detachment of the 
hydrophilic block resulting in selective accumulation of the hydro-
phobic vehicle in tumor tissues. [ 9 ]  More recently, this concept 
was used by Matsumura et al. who similarly linked poly(ethylene 
glycol) (PEG) to a ferritin nanoparticle via a cleavable peptide 
(PLGLAG), which carried covalently attached doxorubicin. [ 19 ]  

 Despite the advances toward tumor-targeted carrier sys-
tems, challenges remain regarding selective and effi cient drug 
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  1.     Introduction 

 Nanoparticles have proven to be effi cient carriers for chemo-
therapeutics owing to the enhanced permeability of tumor vas-
culature, resulting in accumulation of nanocarriers in tumor 
tissues. [ 1–3 ]  To ensure effi cient and selective drug delivery, drug 
release from the nanocarrier must occur in response to the dys-
functional environment of the tumor or associated vasculature. 
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release. Besides functionality, carrier size is a key issue in effi -
cient drug delivery: a diameter of 100 nm for delivery systems 
is ideal, being suffi ciently small to prevent both recognition by 
Kupffer cells and drainage into blood capillaries, which is cor-
related with potential toxicity. [ 20–22 ]  For delivery systems, which 
selectively accumulate in tumor tissue after peptide cleavage, 
aggregation occurs as a consequence of polarity reversal from 
hydrophilic to hydrophobic. [ 19 ]  As a result, the carrier size 
increases, [ 19 ]  and the carriers can potentially be cleared from 
the blood stream by Kupffer cells. More importantly, drug 
release will also be affected by carrier aggregation and resulting 
local chemical changes, thereby limiting the effectiveness of the 
strategy. An alternative approach for nanoscale drug delivery is 
micellar carriers. Micellar carriers are typically less than 40 nm 
in diameter, which is signifi cantly below the optimal diameter 
of 100 nm. This small size promotes toxic mechanisms such 
as redox cycling, and formation of free radicals as well as the 
aforementioned drainage into blood capillaries. [ 20–22 ]  

 We recently introduced the moisture-sensitive formation 
of water-stable polylactide-polypeptide triblock copolymers in 
nonaqueous emulsion (NAE), resulting in poly(L-lactide)- block-
 peptide- block -poly(L-lactide) (PLLA- b- peptide- b -PLLA) triblock 
copolymer nanoparticles. These particles were readily trans-
ferred into an aqueous medium after nonaqueous formation 
and showed excellent retention of the original 100 nm particle 
size. [ 23 ]  

 In the current study, we demonstrate the potential of the 
NAE technique for the generation of carrier systems having 
defi ned bioresponsivity by variation of peptide initiator in the 
ring-opening polymerization (ROP) of lactide. In this way, a bio-
active, cleavable peptide is introduced into this system to act as 
a pre-determined breaking point for triblock copolymer nano-
carriers. As the peptide is centered between two PLLA chains, 
enzymatic cleavage of the triblock copolymer results in bisec-
tion of the molecular weight and coincidental reduction of the 
glass transition temperature (T g ). This physicochemical change 
of the polymer promotes increased chain mobility, providing a 
potential pathway for enzyme cleavage-dependent cargo release, 
without substantially altering particle morphology. Therefore, 
obstacles concerning encapsulated drug release and the afore-
mentioned aggregation phenomena are not expected here since 
these nanocarriers remain hydrophilic even after enzyme-trig-
gered cleavage of peptide. 

 We show MMP-2 cleavage-dependent cargo release and sub-
sequent cellular toxicity, confi rming the specifi city and utility 
of these triblock copolymer NAE nanocarriers as potential drug 
delivery vehicles. The nonaqueous and mild conditions for 
their preparation permit the usage of temperature- and mois-
ture-sensitive substances, which may not be used in carrier 
systems originating from aqueous medium such as micellar 
systems. [ 24–27 ]  This preparation method therefore substantially 

broadens the portfolio of permissible compounds for poly-
merization as well as encapsulation into drug carrier systems.  

  2.     Results and Discussion 

  2.1.     PLLA- block -Peptide- block -PLLA Copolymer Synthesis 
and Enzymatic Cleavage 

 To benefi t from physicochemical change of polylactide 
regarding enhanced cargo release after polymer cleavage, the 
peptide must be located near the center of a polylactide chain. 
Hence, a peptide Ac-Ser-Gly-Phe-Gly-Pro-Leu-Gly-Leu-Ala-
Gly-Gly-Phe-Gly-Ser-NH 2  (Ac-SGFG-PLGLAG-GFGS-NH 2 ) 
was designed, where the two terminal serine units initiate the 
lactide polymerization, catalyzed by a well-established  N -het-
erocyclic carbene, [ 28,29 ]  and lead to formation of PLLA- b -(Ac)
SGFG-PLGLAG-GFGS-NH 2 -b-PLLA copolymer, carrying a 
PLGLAG sequence in the center which is cleavable by MMP-2 
( Scheme    1  ). Gly and Phe units next to serine constitute spacer 
groups and allow facile determination of the molecular weight 
by end-group analysis via  1 H NMR spectroscopy.  

 In order to distinctively assign cleavage of the triblock copol-
ymer to MMP-2 enzyme activity, a comparison specimen having 
the exact same amino acids, but with a scrambled sequence 
(LALGPG instead of PLGLAG), was synthesized ( Table    1  ). This 
peptide was previously shown to not be recognized nor cleaved 
by MMP-2. [ 8 ]   

 PLLA- b- (Ac)SGFG-PLGLAG-GFGS(NH 2 )- b -PLLA copolymers 
originating from solution polymerization (Sample 1, Table  1 ) 
were exposed to MMP-2 for certain periods of time (0.5 h, 2 h, 4 h, 
4 days) and subsequently analyzed by MALDI-ToF MS in order to 
determine the cleavability of the polymer-peptide conjugate. The 
recognition site (PLGLAG) is known to be cleaved between gly-
cine and leucine. [ 8,19 ]  Hence, cleavage of peptide should lead to 
both PLLA- b -(Ac)SGFG-PLG-OH and LAG-GFGS(NH 2 )- b -PLLA 
copolymers, obviously having different end groups. MALDI-
ToF MS measurements of the polymer after exposure to MMP-2 
showed cleavage of PLLA- b -(Ac)SGFG-PLGLAG-GFGS(NH 2 )- b -
PLLA copolymer. The predicted polymer degradation by MMP-2 
was verifi ed by: 1) the decreasing signal-to-noise ratio of the 
triblock copolymer distribution with MMP-2 incubation time 
( Figure    1  , top) and 2) detection of both PLLA- b -(Ac)SGFG-PLG-
OH and LAG-GFGS(NH 2 )- b -PLLA with various repeating units 
( Figure    2  , top). To assure the assignment of observed signals to 
“broken” polymers, we compared the obtained signals after deg-
radation with those of the polymer before enzyme incubation 
(Figure  1  and Figure  2 , green).   

 In contrast to these observations, the matrix-assisted 
laser desorption/ionization-time-of-fl ight mass spectrometry 
(MALDI-ToF MS) spectrum of the polymer bearing a scrambled 
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 Scheme 1.    Reaction scheme of L-lactide polymerization initiated by bioactive peptide.
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  Table 1.    Experimental conditions and results of the preparation of PLLA- b -polypeptide- b -PLLA copolymers in solution and nonaqueous emulsion.  

Sample Sequence M/Cat/I a) M n  b)  
[kDa]

PDI D h  c)  (Water) 
[nm]

D h  d)  (Serum) 
[nm]

D h  e)  (NAE) 
[nm]

ee f)  
[%]

1 g) PLGLAG 17:2:1 2.7 1.17 - - - -

2 h)i) PLGLAG 70:2:1 10.0 1.19 98 ± 23 - 92 ± 18 99

3 h)j) PLGLAG 70:2:1 8.0 1.07 112 ± 23 176 ± 11 69 ± 3 68

4 g) LALGPG 17:2:1 4.7 1.10 - - - -

5 h)i) LALGPG 70:2:1 8.0 1.18 107 ± 6 - 106 ± 7 81

6 h)j) LALGPG 70:2:1 13.8 1.08 103 ± 14 - 73 ± 5 66

   a)  monomer/catalyst/initiator ratio (n(L-lactide)/n(SIMes)/n(peptide));     b  number-averaged molecular weight determined via GPC vs. polystyrene standards;     c  hydrody-
namic diameter of particles in aqueous dispersion determined via DLS;     d  hydrodynamic diameter of particles in 20 vol% blood serum determined via DLS;     e  hydrodynamic 
diameter of particles in nonaqueous emulsion determined via DLS;     f  encapsulation effi ciency determined via HPLC;     g  solution polymerization;     h  nonaqueous emulsion 
polymerization;     i  loaded with PMI dye;     j  loaded with 5-fl uorouracil.   

 Figure 1.    MALDI ToF MS spectra: PLLA- b -(Ac)SGFG-PLGLAG-GFGS(NH 2 )- b -PLLA copolymer sample before (top, green) and after 4 days of incuba-
tion with MMP-2 (top, blue); PLLA- b -(Ac)SGFG-LALGPG-GFGS(NH 2 )- b -PLLA copolymer sample before (bottom, green) and after 4 days of incubation 
with MMP-2 (bottom, blue).

 Figure 2.    Exemplary PLLA- b -(Ac)SGFG-PLG-OH (left) and LAG-GGFGS(NH 2 )- b -PLLA copolymer fragments (right) before (green) and after 4 days of 
incubation with MMP-2 (blue).
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peptide sequence (LALGPG, Sample 4, Table  1 ) looked iden-
tical before and after 4 days of exposure to MMP-2 (Figure  1 , 
bottom). Furthermore, no cleavage products for this scrambled 
sequence were detected. This clearly demonstrates the enzy-
matic cleavability of the polymer with the PLGLAG linker 
peptide. 

 The observation of the expected copolymer fragments after 
degradation in MALDI-ToF MS corroborates the presumed 
hypothesis of peptide incorporation between two PLLA chains. 
This result is further supported by diffusion ordered NMR 
spectroscopy (DOSY) measurements showing covalent attach-
ment of peptide and the narrow polydispersity (PDI), strongly 
suggesting that initiation occurred by initiating groups having 
equal nucleophilicity.  

  2.2.     Loaded PLLA- block -Peptide- block -PLLA Nanoparticles in 
Nonaqueous Emulsion 

 To impart bioactivity of the polymer for selective drug 
release from a nanocarrier, we created nanoparticles in 
nonaqueous emulsion (NAE), wherein acetonitrile was 
dispersed in cyclohexane and stabilized by a poly(isoprene)-
 block -poly(ethylene oxide) (PI- b -PEO) copolymer (DP PI  = 
441, DP PEO  = 357). L-lactide was polymerized in the pres-
ence of a cargo molecule (dye or chemotherapeutic agent, 
Table  1 ) with either Ac-SGFG-PLGLAG-GFGS-NH 2  or 
Ac-SGFG-LALGPG-GFGS-NH 2  as initiator resulting in 
nanoparticles bearing triblock copolymers (Figure  2 ). 

 The particles were transferred from the nonaqueous into an 
aqueous phase and were stabilized with a PEG based surfactant 
(Lutensol AP20) in order to investigate bioactivity of these nano-
carriers. According to dynamic light scattering (DLS) measure-
ments, the particles had an approximate diameter of 100 nm 
(Table  1 ), which was similar to that inferred from scanning elec-
tron microscopy (SEM) micrographs ( Figure    3  ). A monomodal 

distribution in the DLS measurements provided evidence of well-
dispersed, non-aggregated nanocarriers in the aqueous solution. 
Even in 20 vol% blood serum only a single monomodal peak was 
observed demonstrating that, on average, no aggregation occurs 
under physiological conditions. The cargo encapsulation effi cien-
cies (Table  1 ) exhibited values as high as 99%, as determined 
by high-performance liquid chromatography (HPLC), demon-
strating the high loading capacity of this carrier system.   

  2.3.     Cleavage and Release Studies of Loaded Nanoparticles 

  2.3.1.     Dye-Loaded Nanoparticles 

 To test for enzymatic specifi c cleavage of the nanocarrier system 
and subsequent cargo release, dye-loaded nanoparticles were 
incubated with MMP-2 for 4 days. After incubation, particle 
suspensions were centrifuged to pellet the nanocarriers and 
isolate the released dye from that still contained in the parti-
cles. The dye concentration in the supernatant was determined 
via fl uorometry and compared to control samples not incubated 
with MMP-2. Signifi cantly higher dye release was observed for 
nanocarriers having an MMP-2 recognition site in the polymer 
chain ( Figure    4  ).  

 This experiment demonstrates that nanocarriers having the 
MMP-2 recognition sequence (PLGLAG) in the polymer chain 
undergo selective cargo release owing to the bioactive polymer 
constitution of the nanoparticle. 

 In addition to the fl uorometry dye release study, the MMP-2 
degraded polymer nanoparticles (containing PLGLAG, sample 
3) were further analyzed using gel permeation chromatog-
raphy (GPC), differential scanning calorimetry (DSC) and 
DLS. GPC results confi rmed that bisection of the original tri-
block copolymer was accomplished with polymer nanoparti-
cles (Figure S1). DSC measurements of triblock copolymers 
showed a clear decrease in the glass transition temperature 
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 Figure 3.    Scheme for preparation of nanoparticles bearing the triblock structure and a typical SEM image of the nanoparticles.
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(T g ) from 39 °C before degradation to 31 °C after degradation 
( Figure    5  a). This decrease is expected based on the severing of 
longer triblock chains into shorter fragments. DLS measure-
ments revealed a slight increase in particle size (∼10%) before 
and after enzymatic cleavage (Figure  5 b).  

 The change in T g  is well-suited for promoting enhanced 
mobility of cleaved chains within a physiological context to 
enable diffusion of water molecules into the particles and sub-
sequent cargo release via the concentration gradient. Taken 
together with the dye release results, these data demonstrate 
enzymatic cleavage is robust in our NAE particles and suggest a 
potential cargo-release mechanism based on enhanced polymer 
chain mobility due to reduced molecular weight after cleavage.  

  2.3.2.     Drug-Loaded Nanoparticles 

 Based on selective cargo release, we incubated fl uores-
cent PLGLAG-particles with C2C12 cells expressing MMP-
2 [ 30 ]  and noted strong interaction between the cells and 

particles (Figure S2). To determine the applicability of the 
triblock nanoparticles for specifi c drug delivery, we synthesized 
nanocarriers with 5-fl uoruracil (5-FU) as the cargo molecule. 
5-FU is an extensively investigated chemotherapeutic agent that 
disrupts RNA transcription and is known to prohibit cell prolif-
eration and cause cell death. [ 31–33 ]  Both PLGLAG and LALGPG 
nanocarriers containing 5-FU were synthesized and incubated 
with C2C12 cells in order to examine cytotoxicity (and speci-
fi city) as a response to the bioactive domain ( Figure    6  ). Figure  6  
shows increased metabolic senescence, decreased cell density, 
and more pronounced cell death after C2C12 incubation with 
MMP-2 degradable nanocarriers loaded with 5-FU. The cytotoxic 
effect of PLGLAG particles was slightly higher than that of free 
5-FU (∼17%). By comparing this value with the maximum drug 
content in the particles, calculated from the original sample 
weight, a high drug release effi ciency of greater than 35% within 
3 days of incubation was determined. To further verify where the 
drug molecules are exactly located within the cell after incuba-
tion and degradation, it is conceivable to encapsulate molecules 
which become fl uorescent upon activation by specifi c cell-asso-
ciated enzymes, as described in previous works. [ 16 ]   

 Incubation of non-degradable nanocarriers with C2C12 
cells showed no enhanced cytotoxicity, even at extended times 
(Figure S3). This experiment demonstrates selective drug 
release and associated cytotoxicity owing to MMP-2 cleavage 
of non-leaching defi ned bioactive polymer-peptide conjugates 
within the PLGLAG nanocarrier.    

  3.     Conclusion 

 We have introduced biocompatible, triblock copolymer nano-
particles with enzyme-specifi c cleavage and tunable func-
tionality. These particles have excellent loading capability that 
shows targeted drug release in response to MMP-2 enzymatic 
cleavage. The carrier was generated by ROP of L-lactide with 
a bioactive, bifunctional peptide initiator in nonaqueous emul-
sion. The nanoparticles were readily transferred into aqueous 
medium with 100 nm size retention. The peptide between two 
PLLA chains acted a predetermined breaking point for the tri-
block copolymer nanocarriers, which after cleavage by MMP-2 
created hydrophilic end groups on each PLLA fragment. The 
reduced molecular weight of the polymer as well as the end 
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 Figure 4.    Dye release from nanocarriers bearing either the cleavable 
sequence (PLGLAG) or the scrambled sequence (LALGPG) in the polymer 
chain after 4 day incubation time. Each measurement is presented as% 
released relative to control specimens not incubated with MMP-2. Error 
bars are standard deviation from three experiments and *marks statisti-
cally signifi cant differences between samples with P < 0.05.

 Figure 5.    a) Glass transition temperatures of PLGLAG triblock copolymers before (red) and after peptide cleavage (blue) by MMP-2; b) DLS graph of 
PLGLAG nanoparticles before (non-degraded) and after (degraded) MMP-2 incubation (sample 3, Table  1 ).
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group addition cooperate to reduce the T g  compared to the 
non-degraded polymer. Under physiological conditions (37 °C), 
decrease of T g  (to 31 °C) results in higher mobility of the con-
stituent polymers in the particle, which is likely responsible for 
triggered diffusion of the cargo out of the carrier. This triggered 
physicochemical change of polymer is most likely imparted 
to other polyester or even polyurethane systems by using the 
bifunctional peptide as initiator or co-monomer within this 
facile method. 

 Selective cleavage and drug release resulting in cell-death 
and hampered mitosis was demonstrated by comparing cellular 
effects using nanocarriers having a scrambled peptide sequence 
as a linker. Hence, drug release is selectively imparted by 
polymer cleavage of the carrier with an enzyme overexpressed 
in tumor tissues, showing that drug release can be tuned with 
polymer constitution alone. Changing the linking peptide per-
mits custom-designed bioresponsivity, making this a highly 
promising platform for targeted drug delivery. The current 
study demonstrates the versatility of our NAE/peptide-initiated 
polymerization method to construct stable, well-loaded, and 
selectively-cleavable nanoparticles.  

  4.     Experimental Section 
  General Remarks : All solvents and reagents were purchased from Sigma 

Aldrich if not stated otherwise. The poly(isoprene)- block -poly(ethylene 
oxide) (PI- b -PEO) copolymer was prepared using a sequential anionic 
polymerization technique. [ 34 ]  L-lactide and 1,3-bis(2,4,6-trimethylphenyl)-
2-ididazolidinylidene (SIMes) were used as received. SIMes was stored 
under inert atmosphere at −20 °C. Lutensol AP 20 was obtained 
from BASF SE in Ludwigshafen. Peptides (Ac-SGFG-PLGLAG-
GFGS-NH 2  and Ac-SGFG-LALGPG-GFGS-NH 2 ) were obtained from 
Genosphere Biotechnologies in Paris. 9-bromo- N- (2,5,8,11,15,18,21,24-
octaoxapentacosan-13-yl)perylene-3,4-dicarboxy monoimide (PMI) was 

prepared according to the literature. [ 23 ]  To determine the molecular 
weight and the molecular weight distribution (MWD) of the polylactide-
peptide conjugate a gel permeation chromatography (GPC) was carried 
out at 30 °C using MZ-Gel SDplus 10E6, 10E4 and 500 columns in 
tetrahydrofuran (THF) as eluent vs. polystyrene standards. The detector 
was an ERC RI-101 differential refractometer. The composition of 
the block copolymers was determined by  1 HNMR spectroscopy in 
deuterated dichloromethane (DCM-d2) via peak analysis, using a Bruker 
Avance III spectrometer operating at 700 MHz. The structure of the 
polylactide-peptide conjugate was investigated via  1 HNMR spectroscopy, 
diffusion ordered spectroscopy (DOSY) in deuterated dimethylsulfoxide 
(DMSO-d6) and MALDI-ToF MS. For a  1 HNMR spectrum 128 transients 
were used with an 13.8 µs long 90° pulse and a 12600 Hz spectral width 
together with a recycling delay of 5 s. The temperature was kept at 
298.3 K and regulated by a standard  1 H methanol NMR sample using 
the Topspin 3.1 software (Bruker). The DOSY experiments were done 
with a 5 mm BBI  1 H/X z-gradient probe and a gradient strength of 
5.516 [G/mm] on the 700 MHz spectrometer. In this work, the gradient 
strength was 32 steps from 2% to 100%. The diffusion time d20 was 
optimized to 80 ms and the gradient length p30 was kept at 1.4 ms. For 
MALDI-ToF MS measurements the polymer was dissolved in THF and 
analyzed with alpha-cyano-4-hydroxycinnamic acid as matrix. Scanning 
electron microscopy (SEM) images were taken using a Zeiss Gemini 
912 microscope. The SEM sample preparation proceeded the following 
way: the nanoparticles were dispersed in cyclohexane and drop casted 
on a silica wafer. The average diameters of the particles visualized 
in SEM images were determined by diameter measurements of 
100 randomly chosen particles. Dynamic light scattering (DLS) was 
used to determine the mean size of generated polylactide-peptide 
nanoparticles (number distribution). The DLS measurements were 
performed on a Malvern Zetasizer 3000 with a fi xed scattering angle of 
90° and on an ALV/LSE-5004-correlator using a He/Ne-laser operating 
at 632.8 nm. The glass transition temperature (T g ) of polymers was 
determined by peak analysis of differential scanning calorimetry (DSC) 
graphs using a DSC822e differential scanning calorimeter. The initial 
temperature of −100 °C was raised to +180 °C with a heating rate of 
10 K/min. 

  Typical Preparation of Poly(L-lactide)-b-polypeptide-b-poly(L-lactide) 
Copolymer : L-lactide (37.5 mg, 0.26 mmol), SIMes (9.36 mg, 30.6 µmol) 

Adv. Funct. Mater. 2014, 24, 4026–4033

 Figure 6.    Cytotoxicity by 5-FU-encaspulated nanocarriers bearing the PLGLAG sequence or the LALGPG sequence. Quantitative analysis reveals cyto-
toxicity for cleavable particles is comparable to soluble 5-FU (10 µg/mL) whereas LALGPG-5-FU and PLGLAG without 5-FU particles show similarly 
limited toxicity as untreated cells. Images show more living cells retaining calcein-AM (green) and fewer dead cells containing ethidium homodimer 
(red) in the LALGPG-5FU particles. Error bars are standard deviation from three experiments, *marks statistically signifi cant differences between 
samples and untreated with P < 0.05.
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and the peptide (9.30 mg, 7.36 µmol) were dissolved in acetonitrile 
(0.203 g, 4.94 mmol) and stirred for 15 min at room temperature. After 
removal of the solvent in vacuo, the triblock copolymer was analyzed 
with  1 H NMR spectroscopy, DOSY, GPC and MALDI-ToF MS. 

  Typical Preparation of Poly(L-lactide)-b-polypeptide-b-poly(L-lactide) 
Nanoparticles Loaded with either Dye or Chemotherapeutic Agent : PI-b-PEO 
copolymer (0.050 g) was magnetically stirred in cyclohexane (14.4 g, 
171 mmol) at room temperature. L-lactide (76.0 mg, 0.53 mmol) and 
PMI (0.30 mg, 0.39 µmol) or 5-fl uorouracil (5-FU) (2.6 mg, 0.02 mmol), 
respectively, were dissolved in acetonitrile (0.230 g, 5.59 mmol). The 
emulsion was formed by dropwise addition of the monomer/cargo 
solution to the cyclohexane/PI-b-PEO dispersion and subsequent 
treatment with sonication for 15 min using a Bandelin Sonorex RK255H 
ultrasonic bath operating at 640 W. SIMes (9.36 mg, 30.6 µmol) and the 
peptide (9.30 mg, 7.36 µmol) were dissolved in acetonitrile (0.176 g, 
4.29 mmol) and added dropwise to the emulsion under inert atmosphere. 
The emulsion was stirred for 15 min at room temperature to produce 
poly(L-lactide)-block-peptide-block-poly(L-lactide) (PLLA-b-peptide-b-
PLLA) nanoparticles. A sample was taken out of the emulsion in order to 
analyze the particle size and morphology via DLS and SEM. 5 ml of the 
emulsion were precipitated in methanol, separated by centrifugation and 
dried in vacuo. The polymer was investigated via NMR spectroscopy and 
via GPC. Furthermore, this solid was dissolved in dioxane and investigated 
by HPLC analysis in order to determine the encapsulation effi ciency. 

 The remaining emulsion was mixed with a 20 mL of a 0.05 wt% 
Lutensol AP 20 solution in order to disperse the obtained particles 
in aqueous medium. The organic solvents were evaporated and the 
aqueous dispersion was dialyzed against deionized water for 5 days 
in order to remove unreacted components and organic solvents. Two 
samples were taken out of the dispersion: one sample was diluted with 
water and investigated via DLS and SEM to study the morphology. The 
other sample was dried in vacuo and the resulting solid was analyzed 
via GPC and NMR spectroscopy. The remaining aqueous dispersion was 
used for cargo release and cell toxicity studies. 

  Cleavage Study of the Polymer : PLLA- b -peptide- b -PLLA copolymer 
(0.5 mg) was dissolved in 1 mL buffer (100 mM Tris, 10 mM calcium 
chloride, and 150 mM sodium chloride, pH 8.0). The buffer solution was 
agitated at 37 °C under 300 revolutions per minute. From a stock solution 
of MMP-2 (100 µg/mL), 25 µL were incubated with DMSO-solution of 
APMA ( p -aminophenylmercuric acetate, 1 mM of APMA) over 2 h at 37 °C 
under 300 revolutions per minute agitation. After activation, MMP-2 was 
added to the buffer solution. After certain periods of time (0.5 h, 2 h, 4 h, 
4 days) 5 µL of the buffer solution was collected and mixed with 15 µL of 
CHCA solution (THF) for analysis via MALDI-ToF MS. 

  Cleavage Study of Particle Dispersions : 250 µL of PMI-loaded particle 
dispersion was mixed with 250 µL of buffer solution (100 mM Tris, 
10 mM calcium chloride, and 150 mM sodium chloride, pH 8.0). From 
a stock solution of MMP-2 (100 µg/mL in 100 mM Tris, 10 mM calcium 
chloride, 150 mM sodium chloride, pH 8.0), 15.6 µL was activated with 
1mM APMA for 2 h at 37 °C under 300 revolutions per minute agitation. 
After activation, MMP-2 was added to the particle dispersions in a 
ratio of 150 µL particles: 250 ng of activated MMP-2. This reaction was 
incubated in a 300 µL total volume of TCNB buffer (50 mM Tris, 10 mM 
calcium chloride, 150 mM sodium chloride, pH 7.5) for 4 days at 37 °C 
under 300 revolutions per minute agitation. Following this incubation, 
the reaction was centrifuged at 13.4 rpm for 20 min. 200 µL of the 
supernatant was analyzed via fl uorescence spectroscopy in order to 
determine the concentration of released dye during incubation. Control 
reactions in which no MMP-2 was used were run in parallel and analyzed 
in the same way. 

  Encapsulation Effi ciency through High-Pressure Liquid Chromatography 
(HPLC) : The HPLC analysis was carried out with a reversed phase 
HD C8 column (Macherey-Nagel) using a series 1100 pump (Hewlett 
Packard). The components, containing in the particles, were detected 
by a UV-Vis detector S-3702 (Soma). The encapsulation effi ciency was 
calculated by determination of the concentration of either PMI or 5-FU 
in the solid and its comparison to the applied amount of encapsulated 
species before the polymerization. 

  Cellular Interaction Imaging : The interaction of nanoparticles with 
living cells was done with immortalized C2C12 myogenic cells cultured 
in chamber slides having coverglass (Thermo Scientifi c™ Nunc Lab-Tek) 
bottoms. Cells were allowed to attach to the glass surface and grown 
to near confl uence in growth medium (DMEM low glucose, Gibco) 
supplemented with 10% fetal bovine serum (Gibco). Directly before 
imaging, cells were washed 3 times with PBS and PLGLAG particles 
loaded with the fl uorescent dye (9-bromo- N -(2,5,8,11,15,18,21,24-
octaoxapentacosan-13-yl)perylene-3,4-dicarboxy monoimide, PMI) 
suspended in growth medium were added. The chambered coverglass 
was then transferred to a stage-top incubation chamber (Ibidi) mounted 
on a Leica SP 5 II TCS CARS (Leica Microsystems GmbH) microscope 
equipped with transmitted and refl ected light photomultiplier tubes 
(PMT). The interior of the incubation chamber was maintained at 37 °C 
and gassed with ambient air with 5% CO 2 . Nanoparticles were detected 
using laser-based, multiphoton fl uorescence in the refl ected (epi) PMT 
while the transmitted PMT was used for forward, label-free coherent 
anti-Stokes Raman scattering (CARS) microscopy. Briefl y, CARS is a 
multi-photon coherent Raman microscopy that derives contrast from 
the chemistry of the sample itself without any labels. Using this imaging 
system, we targeted the CH 2  symmetric vibration in CARS (2845 cm −1 ) 
to image the cell borders, intracellular membranes, lipid deposits 
while imaging the multiphoton fl uorescence of PMI in the epi PMT. 
The excitation source for CARS was two picosecond lasers at 1064 nm 
and 817 nm (energy difference equal to 2845 cm −1 ) while multiphoton 
fl uorescence excitation was the 817 nm laser alone (picoEmerald, 
Angewandte Physik & Eletronik GmbH). 

 The epi-detection path contained a shortpass fi lter (750 nm, Chroma 
Technology) to exclude excitation laser light (and pass PMI two-photon 
fl uorescence) while the forward detection path was equipped with a 
750 nm shortpass and additional narrow bandpass fi lter (660 nm/8 nm 
bandwidth, Omega Optical) to exclude any two photon fl uorescence 
signal and pass only the CH 2  symmetric CARS signal. Images were 
acquired every 5 min for 24 h. All images were acquired with a 60X 
1.49 NA TIRF objective(Nikon) and subsequently analyzed with ImageJ. 
Individual time points are shown below (Figure S2). 

  Cytotoxicity with 5-FU : Cytotoxicity analysis of nanoparticles was done 
using the immortalized myogenic cell line C2C12. This line has been 
previously shown to express MMP-2 but not the similar MMP-9. [ 30 ]  Cells 
were cultured in growth medium supplemented with 10% fetal bovine 
serum and grown to ∼70% confl uence in 96-well plates. To determine 
particle toxicity, cells were incubated with nanoparticle dispersions 
bearing either PLGLAG or LALGPG sequence with 5-FU loading (fi nal 
concentrations of ∼8–35 µg/mL) prepared in fresh growth medium. 
Negative control experiments were done using standard growth medium, 
and positive control experiments were done using growth medium 
supplemented with soluble 5-FU at 10 µg/mL. At indicated times, 
metabolic activity was quantifi ed with standard 3-[4,5-dimethylthiazol-
2-yl]-2,5- diphenyltetrazolium bromide (MTT) assays. Briefl y, MTT 
was added directly to each well to a fi nal concentration of 0.7 mg/mL. 
Cells were then incubated for 3 h at 37 °C. After centrifugation, the 
supernatant was removed, and the cells were allowed to dry for at 
least 1h before lysing with 200 µL isopropanol. Formation of formazan 
crystals was analyzed via the optical density at 560 nm using 670 nm as 
reference in a spectrophotometer (Tecan). Each experiment was taken 
out as quintet of wells and repeated three times. Statistical analysis 
(one-way ANOVA) was performed with Origin 8.5 for Windows, p-Values 
≤ 0.05 were considered statistically signifi cant. 

  Live/Dead Staining : Cells were grown in growth medium in Lab-Tek 
Chamber Slides (Thermo Scientifi c Nunc Lab-Tek) to near-confl uence 
similar to cytotoxicity assays. Cells were then incubated for 3 days 
with PLGLAG or LALGPG nanoparticles with 5-FU loading at a fi nal 
concentration between 8–35 µg/mL in fresh growth medium. Plain 
growth medium and medium supplemented with 5 FU (10 mg/
mL) served as negative and positive controls, respectively. Following 
incubation, the medium was exchanged with 2 µM calcein-AM and 
4 µM ethidium homodimer (Invitrogen) dissolved in PBS at room 
temperature. After 30 min of incubation, cells were directly imaged in the 
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chamber slides on an IX81 inverted microscope (Olympus). Images were 
collected using the green (excitation BP472/30, emission BP520/35) and 
red (excitation BP540/20, emission LP590) channels with a 20X, 0.4 NA 
objective (Olympus). Images were processed with ImageJ.  
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from the author.  
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