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 Of all the much hyped and pricy cancer drugs, the benefi ts from the promis-
ing siRNA small molecule drugs are limited. Lack of effi cient delivery vehicles 
that would release the drug locally, protect it from degradation, and ensure 
high transfection effi ciency, precludes it from fulfi lling its full potential. This 
work presents a novel platform for local and sustained delivery of siRNA 
with high transfection effi ciencies both in vitro and in vivo in a breast cancer 
mice model. siRNA protection and high transfection effi ciency are enabled 
by their encapsulation in oligopeptide-terminated poly(β-aminoester) (pBAE) 
nanoparticles. Sustained delivery of the siRNA is achieved by the enhanced 
stability of the nanoparticles when embedded in a hydrogel scaffold based on 
polyamidoamine (PAMAM) dendrimer cross-linked with dextran aldehyde. 
The combination of oligopeptide-terminated pBAE polymers and biodegrad-
able hydrogels shows improved transfection effi ciency in vivo even when 
compared with the most potent commercially available transfection reagents. 
These results highlight the advantage of using composite materials for suc-
cessful delivery of these highly promising small molecules to combat cancer. 

fulfi llment of RNAi clinical potential. [ 6–9 ]  
Much effort focused on the development 
of vectors, either viruses or synthetic mate-
rials, capable of effi ciently delivering thera-
peutic siRNAs into target cells. [ 10–13 ]  While 
in vitro performance of vectors showed 
promising results, in vivo outcomes fol-
lowing systemic administration of such 
compounds have been modest, high-
lighting the limitations of such systems. 

 Local delivery of siRNA may overcome 
some of the limitations associated with sys-
temic administration, with the intention 
of increasing anti-tumor activity and mini-
mizing systemic toxicity. [ 3,9,14–17 ]  Several 
approaches based on local and sustained 
delivery of active agents through hydrogel 
matrices have proved therapeutic benefi ts in 
vivo, including tumor suppression in mela-
noma and breast cancer models, [ 18 ]  and angi-
ogenesis promotion within tissue defects. [ 19 ]  
Poly(β-aminoester) (pBAE) polymers have 

emerged as effi cient and biocompatible materials for the delivery 
of nucleic acids in gene therapy applications. [ 20,21 ]  Recently, a new 
family of pBAE polymers containing terminal oligopeptides has 
been reported. [ 22 ]  Nanoparticles prepared from nucleic acids and 
oligopeptide-terminated pBAE polymers achieve higher transfec-
tion effi ciency and better cellular viability than other pBAE poly-
mers and commercial transfection agents. This new family of 
pBAE polymers is promising for gene delivery due to their ability 
to condense nucleic acids into discrete nanoparticles facilitating 
cellular uptake, and to buffer the endosome allowing for endo-
somal escape. However, these polymers have limited applicability 
owing to rapid degradation via hydrolytic cleavage of ester bonds 
and thus cannot provide sustained delivery. 

 Injectable or implantable hydrogel scaffolds are increasingly 
used to locally and sustainably deliver therapeutic siRNAs, 
to increase the applicability of RNAi technology in cancer 
therapy. [ 19,23–25 ]  Local administration of such systems, either 
in non-resectable tumors or in the tumor bed after surgical 
resection in combination with adjuvant regimens may be a 
superior alternative for providing increased survival rates of 
cancer patients. [ 26 ]  Several hydrogel formulations based on chi-
tosan, [ 11,18 ]  fi brin, [ 27–29 ]  hyaluronic acid, [ 4,28 ]  gelatin [ 30 ]  PEG, [ 31 ]  
or collagen [ 32 ]  among others have been used as scaffolds for 
sustained delivery of DNA and siRNA nanoparticles. Although 
such systems have proved the feasibility of local and sustained 
delivery of nucleic acids, there are still several issues that need 
to be addressed, such as low siRNA stability, low transfection 
effi ciency, and material-related toxicities. 

  1.     Introduction 

 RNA interference (RNAi) is a powerful tool for specifi c and 
effi cient gene silencing of disease-related genes, which inhibits 
gene expression at the post-transcriptional level. [ 1 ]  Therefore, 
RNAi has potential applications in biomedical research, in 
the treatment of cancer, skin disorders, infectious diseases or 
regenerative medicine. [ 1–5 ]  New targets for RNAi-based cancer 
therapy have recently emerged, including specifi c RNAs tar-
geting genes involved in proliferation, invasion, angiogenesis, 
metastasis, and chemo- and radiotherapy resistance. However, 
the delivery of siRNA is still an obstacle limiting the use and 
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 We hypothesized that the encapsulation of oligopeptide-
terminated pBAE nanoparticles in a polymeric scaffold would 
provide siRNA protection, stabilization, and enhanced transfec-
tion. Particles fate would be extended and in large determined 
by the programmed degradation rate of the scaffold, enabling 
controlled siRNA release kinetics. 

 Recently, a novel hydrogel formulation with tissue-spe-
cifi c adhesion properties was developed based on poly(amido 
amine)-dextran aldehyde chemistry. [ 33 ]  PAMAM:Dextran hydro-
gels can be easily obtained by spontaneous Schiff-base reac-
tion between aldehyde groups of oxidized dextran and terminal 
amines of PAMAM dendrimers and serve as a scaffold for the 
embedment of siRNA-loaded particles. This adhesive hydrogel 
formulation has proved to be highly compatible, easy to obtain, 
injectable and tunable, making it an attractive material for local 
drug delivery applications. 

 In this work, a novel platform for local and sustained delivery 
of siRNA based on oligopeptide-terminated pBAE nanoparticles 
and PAMAM:Dextran hydrogel scaffolds was developed. We 
found that embedding of siRNA-pBAE nanoparticles in hydrogel 
scaffolds facilitates high and prolonged silencing effi ciency both 
in vitro and in vivo in a murine breast cancer mouse model. 
The obtained results indicate that combination of oligopeptide-
terminated pBAE polymers and biodegradable hydrogels is a 
powerful strategy to improve local administration of siRNA.  

  2.     Results and Discussion 

 To overcome the limitations of systemic administration of 
nanoparticle-mediated siRNA, local delivery approach based 

on pBAE polymers embedded in an adhesive hydrogel was 
designed, as shown in  Figure    1  .  

 Arginine-terminated pBAE nanoparticles condense all the 
loaded siRNA (Figure S1, Supporting Information), and enable 
controlled release of the complexed-siRNA in a local and sus-
tained manner as the hydrogel degrades. 

  2.1.     In Vitro Transfection of Breast Cancer Cells 
with pBAE Nanoparticles 

 The silencing effi ciency of siRNA nanoparticles fabricated 
with arginine-modifi ed pBAE polymers was evaluated using 
MDA-MB-231 breast cancer cell line, stably expressing green 
fl uorescent protein (GFP), using a specifi c anti-GFP siRNA 
(siGFP). 

 Transfection of MDA-MB-231 cells with arginine-modifi ed 
pBAEs (R3C-C32-CR3) achieved higher silencing effi cien-
cies compared with INTERFERin and Lipofectamine positive 
controls. Arginine-modifi ed pBAEs showed 54% reduction in 
GFP fl uorescence, and is the only group that exhibited statis-
tical signifi cant difference from untreated cells. In contrast, 
both commercial reagents showed 13% and 14% reduction 
in GFP fl uorescence compared with untreated cells, respec-
tively ( Figure    2  a). Cell viability analysis of positive controls, 
INTERFERin and Lipofectamine, showed cell survival of 
100% and 75%, respectively, in agreement with the values 
provided by the supplier. Notably, arginine-modifi ed pBAE 
polymers showed excellent cytocompatibility with cell via-
bility of 96% (Figure  2 b), in agreement with previously pub-
lished data. [ 22 ]    
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 Figure 1.    Schematic representation of sustained siRNA release from siRNA-loaded nanoparticles embedded in a polymeric scaffold: a) Oligopeptide-
end-modifi ed pBAEs condense siRNA into discrete nanoparticles, b) Hydrogel formation and in situ loading of siRNA nanoparticles, c) Hydrogel/
nanoparticle disintegration with time, and transfection process: 1) cellular uptake of nanoparticles by endocytosis, 2) buffering capacity and 3) subse-
quent endosomal escape, and 4) siRNA dissociation from the nanoparticle.



FU
LL P

A
P
ER

3wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

  2.2.     Incorporation of Nanoparticles into the Hydrogel 

 Given the excellent silencing effi ciency and cytocompatibility 
of siRNA-pBAE nanoparticles, particles were encapsulated in 
biodegradable PAMAM:Dextran hydrogels via in situ loading 
into dextran solution prior to injection and hydrogel formation. 
Different concentrations of siRNA nanoparticles loaded into 
the hydrogels did not signifi cantly affect hydrogel properties, 
including hydrogel gelation time and morphology (Figure S2, 
Supporting Information). Alexafl uor-647-labeled siRNA and 
fl uorescein-labeled PAMAM were used to fl uorescently image 
the nanoparticles in the hydrogel ( Figure    3  ).  

 Fluorescence microscopy images showed homogeneous 
distribution of the siRNA nanoparticles in the hydrogel net-
work. The dual labeling reveals colocalization of the nanopar-
ticles and the polymeric matrix along with particles distributed 
within the pores. These results suggest that in addition to the 
physical entrapment of the nanoparticles within the hydrogel 
matrix, chemical interaction between aldehyde groups from 

oxidized dextran and amine groups present on the nanoparticle 
surface takes place. 

  2.2.1.     siRNA Release Kinetics is Sustained when Embedded 
in the Hydrogel 

 In order to understand the mechanisms that govern siRNA 
release kinetics from the scaffold, both nanoparticle and 
hydrogel degradation were studied. Fluorescein-labeled nano-
particles were incorporated into the hydrogel and then incu-
bated in phosphate buffer saline (PBS) solution at 37 °C for 
13 d. Nanoparticles degradation was followed by tracking the 
loss of fl uorescence intensity over time, and stability assessed 
by nanoparticle tracking analysis (NTA) ( Figure    4  a). Nano-
particles alone were fast degrading via hydrolytic cleavage of 
the ester groups of pBAE polymers. In the fi rst 7 h, approxi-
mately 60% of nanoparticles were degraded and full degrada-
tion occurred by 24 h, precluding these particles from clinical 
use. In contrast, the rate of nanoparticle degradation inside the 
hydrogel was signifi cantly reduced. Nanoparticles release and 
degradation followed two phases. The fi rst phase comprised 
of rapid release of approximately 50% of the particles, fol-
lowed by a more sustained release reaching 100% after 12 d. 
The initial fast nanoparticle release results from the wash out 
of physically entrapped nanoparticles upon material swelling, 
providing the fi rst bolus release. This is followed by sustained 
release of the particles upon hydrogel degradation, which is 
more gradual. This phenomenon indicates that immobiliza-
tion of nanoparticles onto the hydrogel network was benefi -
cial to nanoparticle stabilization, promoted by the caging and 
cross-linking effect of the oxidized dextran, which provided 
stabilization of siRNA-pBAE polyplexes, similarly as described 
in earlier studies. [ 27,34,35 ]  To further prove that the aminated 
particles interact with dextran aldehyde and in that way pro-
vide retention in the hydrogel, we allowed the nanoparticles 
to interact with the dextran solution for 5 min prior to injec-
tion and hydrogel formation upon mixing with PAMAM den-
drimer, instead of immediately injecting the hydrogel. This 
enables the aminated particles to interact with aldehyde groups 
on the dextran while removing the competing reaction of den-
drimer amines with dextran aldehydes. This indeed results in 
slower release of the particles from the hydrogel (Figure S3, 
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 Figure 2.    Gene silencing and cell viability of MDA-MB-231-GFP cells, 
transfected with different pBAE polymer nanoparticles. MDA-MB-
231-GFP cells were transfected with siGFP pool at a fi nal concentration 
of 25 × 10 −9   M  of siGFP/well. i) Untreated cells, ii) Polyplus, iii) Lipo-
fectamine, and iv) Arginine-modifi ed pBAEs. a) GFP silencing was ana-
lyzed 48 h post-transfection by fl ow cytometry. Numbers above each bar 
represent the average percentage of GFP expression relative to a control 
of untreated cells.b) Cell viability assay was performed 48 h post-transfec-
tion using MTS assay. Viability was plotted as percentage of viable cells 
relative to a control of untreated cells. Results are shown as mean and 
standard deviation of triplicates. Statistical signifi cance was determined 
using untreated cells as control, * p  < 0.05.

 Figure 3.    siRNA nanoparticles are well distributed within the hydrogel 
scaffold. a) 6 mm diameter, 3 mm thick fl uorescently-labeled hydrogel. 
b) Amplifi ed fl uorescent microscopy image of hydrogel doped with 
siRNA encapsulated into arginine-modifi ed pBAEs nanoparticles (1.2 µg 
siRNA/100 µL hydrogel). PAMAM is labeled with fl uorescein (green) and 
siRNA is labeled with Alexafl uor-647 (red). Pore size is 45 ± 6 µm.
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Supporting Information), proving that the particles react with 
the adhesive scaffold. To examine the release in the absence 
of chemical interaction, we embedded in the scaffold control 
polystyrene beads, with identical size to that of our synthe-
sized siRNA-containing nanoparticles, but incapable of chem-
ical binding to the hydrogel, and followed their release. In the 
absence of chemical interaction, the particles burst out almost 
immediately (Figure S3, Supporting Information).  

 The infl uence of nanoparticle incorporation into the 
hydrogel on scaffold degradation kinetics was evaluated. 
Hydrogel degradation profi les were determined for hydrogel 
alone, hydrogel containing either free or encapsulated siRNA 
abbreviated as hydrogel-siRNA and hydrogel-NP-siRNA, respec-
tively. PAMAM:Dextran hydrogels degradation was followed 
by tracking the loss of fl uorescence intensity with time using 
fl uorescently-labeled dextran (Figure  4 b). Hydrogel degradation 
was not affected by nanoparticle incorporation as degradation 
profi le for both hydrogel-siRNA and hydrogel-NP-siRNA exhib-
ited the same degradation kinetics. In the fi rst 24 h, hydrogel 
degradation was rapid with 65% erosion, followed by a slower 
degardation that is completed after 12 d. 

 Finally, siRNA release from the hydrogel for either free 
siRNA or siRNA nanoparticles was determined by tracking the 
fl uorescent intensity of fl uorescently-labeled siRNA over time 
(Figure  4 c). Free uncomplexed siRNA showed rapid release of 
90% within 24 h, in agreement with literature reports. [ 23,24,36,37 ]  
Interestingly, these results were similar to the stability observed 
for siRNA nanoparticles alone, where complete siRNA release 
occurred within 24 h. 

 In contrast, siRNA nanoparticles embedded in the scaffold 
showed a signifi cantly slower release. In the fi rst 24 h, 30% of 
siRNA was released, followed by more gradual release reaching 
90% by day 6 of physically entrapped and covalently attached 
particles, respectively.  

  2.2.2.     Deciphering the Mechanism of siRNA Release when 
Hydrogel Embedded 

 To understand the mechanism that controls the release of 
both uncomplexed- and complexed-siRNA from the scaffold, 
siRNA release versus hydrogel degradation was graphically 
represented. Uncomplexed siRNA encapsulated inside the scaf-
fold showed fast siRNA release profi le; by the time 55% of the 
hydrogel degraded, over 81% of siRNA was released from the 
scaffold in contrast to 33% of complexed-siRNA release. When 
over 60% of the hydrogel degraded, siRNA release kinetics 
was enhanced, due to the loss of hydrogel structural integrity. 
siRNA release from the nanoparticles was slower than that in 
the hydrogel alone, as the former follows nanoparticles sur-
face erosion while the latter occurs immediately upon hydrogel 
swelling ( Figure    5  ).  

 Given that hydrogel degradation profi les with and without 
siRNA are identical, the fast release obtained when uncom-
plexed-siRNA was incorporated to the hydrogel suggests that 
siRNA was only physically entrapped in the hydrogel, there-
fore it could easily diffuse out upon hydrogel swelling. In con-
trast, complexed-siRNA embedded in the scaffold showed a 
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 Figure 4.    In vitro release kinetics of siRNA embedded in hydrogel matrices. a) In vitro degradation profi le of nanoparticles based on oligopeptide-
modifi ed pBAEs in phosphate buffer saline 1× at 37 °C. Nanoparticles were labeled with fl uorescein and degradation was followed by tracking the loss 
of fl uorescence with time. b) In vitro degradation profi le of PAMAM:Dextran (6.25%:5%, w/v) hydrogel followed by tracking the loss of fl uorescence 
with time (Alexafl uor-594). c) In vitro release of siRNA-Alexafl uor-647 from the hydrogel, the nanoparticles, or their combination. Results are shown 
as mean and standard deviation of triplicates. 
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sustained release over a longer period of time compared with 
uncomplexed-siRNA a result of: 1) higher retention and sta-
bility of nanoparticles when embedded in the hydrogel matrix 
due to chemical interaction between the nanoparticles and the 
hydrogel matrix, 2) higher retention and stability of siRNA 
when encapsulated by the nanoparticles that provides protec-
tion from degradation, and 3) slow diffusion rate of the large 
unbound polyplexes compared with free siRNA and need for 
chemical degradation to occur when the particles are bound to 
dextran. Hence, the biphasic release of siRNA encapsulated in 
the particles and in the hydrogel suggests that during the fi rst 
phase, physically entrapped nanoparticles are quickly released 
upon polymer swelling, resulting in a fast release of siRNA in 
the fi rst phase, followed by a second phase of release of the 
particles that are chemically bound to the hydrogel following 
imine bond cleavage between dextran aldehyde and nanopar-
ticles surface amines. The integrity of the released siRNA was 
confi rmed by gel retardation assay of the complexed particles in 
the medium (Figure S4, Supporting Information).   

  2.3.     In Vitro Silencing Effi ciency of GFP Expression with 
Hydrogel Embedded siRNA-pBAE Nanoparticles 

 To determine the potential of hydrogels to deliver bioactive 
nanoparticles, gene silencing and cell viability were assessed 
in vitro. Silencing capacity of anti-GFP siRNA toward MDA-
MB-231 breast cancer cells stably expressing green fl uorescent 
protein was evaluated for hydrogels loaded with siRNA nano-
particles, siRNA nanoparticles alone or free siRNA entrapped 
in hydrogel. Polyplus, a commercial reagent, was used as a pos-
itive control, while negative controls included untreated cells 
and cells embedded within hydrogels. Both GFP silencing effi -
ciency and cell viability were determined at 3 d post-transfection 
by fl ow cytometry and MTS assay, respectively ( Figure    6  a,b).  

 Analysis of cell fl uorescence revealed that incubation of GFP-
expressing cells with hydrogels containing siRNA nanoparticles 

achieved a signifi cant GFP silencing, up to 
55% knockdown in fl uorescence. However, 
gene silencing was not observed in hydro-
gels embedded with uncomplexed siRNA, 
which confi rmed that siRNA from nanopar-
ticle--hydrogel formulations was released in 
the form of active nanoparticles capable of 
transfecting cells. Knock-down effi ciency of 
free nanoparticles suspension compared with 
nanoparticles entrapped within the hydrogel 
matrix was 76% versus 55%, respectively. 
Taking into account that the siRNA released 
from nanoparticle-loaded hydrogels after 
72 h reached approximately 70% of the total 
siRNA loaded in the scaffold (see Figure  4 c), 
the obtained results are in agreement with 
the amount of siRNA released and available 
in the culture medium. 

 Assessment of cell viability after transfec-
tion revealed that our hydrogel is cytocom-
patible, since cells incubated with either 
hydrogel or hydrogel-containing siRNA show 

cell viabilities greater than 85%, when compared with untreated 
cells. Hydrogel scaffolds containing siRNA nanoparticles 
had satisfactory cell viability, over 65%, when compared with 
untreated cells. The modest decrease in cell viability seen when 
hydrogels are loaded with siRNA nanoparticles compared with 
hydrogel or siRNA-pBAE nanoparticles alone may result from 
the transfection itself.  

  2.4.     In Vivo Silencing of Luciferase-Expressing Tumors 
via Sustained siRNA Delivery from Hydrogel Scaffolds 

 The performance of hydrogel scaffolds loaded with anti-lucif-
erase siRNA nanoparticles (siLuc nanoparticles) was tested 
in vivo in xenograft mouse model of human breast cancer. [ 38 ]  
Luciferase-expressing MDA-MB-231 tumor cells were injected 
into the mammary fat pad of SCID mice and tumors were 
allowed to develop. Once tumors reached a desired volume 
(150 mm 3 ), fl uorescently-labeled scaffolds loaded with siLuc 
nanoparticles were implanted adjacent to the mammary fat 
pad tumor. Silencing effi ciency of luciferase expression and 
hydrogel stability were determined at different time points 
by bioluminescence imaging and fl uorescence monitoring, 
respectively. Control sample of JetPEI-siLuc was injected 
intratumorally. Tumor-associated luciferase expression was 
monitored over a period of 6 days following luciferin injection 
( Figure    7  ).  

 All mice maintained healthy appearance after scaffold 
implantation and infl ammation was not observed at the sur-
gical site, suggesting that hydrogels did not exert material-
related toxicity. Bioluminescence imaging of mice revealed that 
scaffolds were able to promote effi cient and sustained lucif-
erase silencing over the course of the study, reaching up to 70% 
reduction in luciferase expression after 6 d. In contrast, nano-
particles injected intratumorally achieved a maximum reduc-
tion in luciferase expression of 20% during the same period of 
time. Statistical analysis confi rmed that reduction of luciferase 
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 Figure 5.    In vitro siRNA release as a function of hydrogel degradation. Gradual siRNA release 
is obtained when siRNA is encapsulated and embedded in the hydrogel, compared with the 
fast release when either embedded (PAMAM:dextran 6.25%:5%, w/v) or encapsulated. Results 
are shown as mean and standard deviation of triplicates.
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expression achieved with hydrogel scaffold was signifi cantly 
different compared with negative control and Jet-PEI (commer-
cial reagent). These in vivo results confi rmed that the released 
nanoparticles were bioactive, allowing luciferase silencing over 
prolonged periods of time (Figure  7 a,b). 

 In addition, hydrogel degradation was followed in vivo to 
study whether hydrogel fate drives luciferase gene silencing. 
Hydrogel degradation was calculated from fl uorescence signals 
in the region of interest around the tumor (Figure S5, Supple-
mentary Information). 
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 Figure 6.    In vitro assessment of gene silencing effi ciency and cell viability of hydrogels containing embedded siRNA-pBAE nanoparticles. In vitro transfec-
tion using siGFP was performed using MDA-MB-231-GFP cells stably expressing green fl uorescent protein. Negative controls: untreated MDA-MB-231-GFP 
cells and hydrogel; Hydrogel + siRNA: hydrogel containing free siRNA at 2 µg siRNA/disc; Positive control: polyplus at siGFP concentration of 25 × 10 −9   M  
per well; NP(siRNA): nanoparticles (CR3-C32-CR3:siGFP at ratio 200:1 w/w) at concentration of 25 × 10 −9   M  siGFP per well; Hydrogel-NP(siRNA): hydrogel 
doped with nanoparticles (CR3-C32-CR3:siGFP at ratio 200:1 w/w). a) GFP silencing was analyzed after 72 h post-transfection by fl ow cytometry. Percentage 
values above each bar represent the average percentage of EGFP expression relative to a control of untreated cells. Results are shown as mean and standard 
deviation of triplicates. Statistical signifi cance was determined using MDA-MB-231-GFP cells as control group, * p  < 0.05. b) Cell viability assay was per-
formed at 72 h post-transfection using MTS assay. Cell viability was calculated as percentage of viable cells relative to a control of untreated cells. Results 
are shown as mean and standard deviation of triplicates. Statistical signifi cance was determined using polyplus as control group, * p  < 0.05.
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 Interestingly, in vivo hydrogel degradation showed good cor-
relation with luciferase silencing as release of siLuc nanoparticles 
increased with hydrogel degradation. In the fi rst 72 h, hydrogel 
scaffolds were degraded approximately 43% and luciferase expres-
sion was reduced to 54%, when compared with negative con-
trol. After 72 h, hydrogel degradation increased, while luciferase 
expression further decreased and its low expression maintained 
over time. The highest value of luciferase silencing coincided 
with the highest value of hydrogel degradation at day 6, achieving 
values over 70% and 60%, respectively (Figure  7 c). During the 
fi rst 6 h, high silencing effi ciency was observed, where only 3% of 
hydrogel was degraded, possibly due to a burst release of physically 
entrapped siRNA-encapsulated nanoparticles from the scaffold. 

 To the best of our knowledge, previous reports showed 
effi cient in vivo knockdown only following two consecutive 
applications of siRNA and when accompanied by commercial 
transfection reagents like Lipofectamine 2000 [ 39 ]  or PEI [ 40 ]  to 
improve cell uptake. Previous studies did not exhibit signifi cant 
silencing effi ciencies after 7 d post-scaffold implantation. [ 19 ]  
Future work will examine the ability to further tune the release 
kinetics of the particles from the hydrogel, especially the initial 
rapid release, by tuning hydrogel formulation. We will then uti-
lize this versatile platform to deliver specifi c siRNAs like EGFR, 
along with chemotherapeutic agents.   

  3.     Conclusions 

 Development of local delivery systems would increase the 
applicability of RNAi technology in multiple localized or 

compartmentalized diseases. The availability of a vast number 
of polymeric scaffolds that are biocompatible and whose deg-
radation kinetics can be programmed should be exploited for 
siRNA local delivery. This will facilitate high concentration of 
siRNA at the target site while minimizing off-target effects. 
Here, a new delivery platform has been developed by embed-
ding siRNA-encapsulated nanoparticles capable of transfection 
and endosomal escape in an adhesive hydrogel scaffold that 
provides siRNA protection and sustained release. The cell com-
patibility and tunability of the hydrogel scaffold together with 
the high transfection effi ciency of the oligopeptide-modifi ed 
poly(β-aminoester) nanoparticles make it an attractive platform 
that can either complement or in some cases replace systemic 
delivery. The results obtained in this work have demonstrated 
effi cient and sustained release of siRNA in a breast cancer 
model and represent an opportunity for further development of 
cancer RNAi therapeutics.  

  4.     Experimental Section 
  Synthesis of Oligopeptide-modifi ed pBAEs Polymers : Poly(β-aminoester)

s were synthesized following a two-step procedure previously described 
in the literature. First, an acrylate-terminated polymer was synthesized 
by addition reaction of primary amines with diacrylates (at 1:1.2 molar 
ratio of amine:diacrylate). Briefl y, 5-amino-1-pentanol (3.44 g, 33 mmol) 
and 1,4-butanediol diacrylate (7.93 g, 40 mmol) were polymerized at 
90 °C for 24 h. Oligopeptide-modifi ed pBAEs were obtained by end-
capping modifi cation of the resulting acrylate-terminated polymer with 
thiol-terminated oligopeptide at 1:2.1 molar ratio in dimethyl sulfoxide. 
The mixture was stirred overnight at room temperature and the resulting 
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 Figure 7.    Prolonged in vivo silencing of luciferase-expressing tumors using hydrogel scaffold loaded with siLuc nanoparticles. a) Silencing of luciferase-
expressing tumors was achieved 24 h post-treatment and maintained until 6 d post-treatment. Negative control: tumor alone; Positive control: tumor 
treated with siLuc encapsulated with a commercial reagent (Jet-PEI, Polyplus) at a dose of 10 µg siRNA/tumor; Hydrogel-NP-siLuc: tumor treated with 
hydrogel doped with nanoparticles containing siLuc at a dose of 10 µg siRNA/tumor.b) Quantifi cation of luciferase expression in tumors treated with 
siLuc. Results are shown as mean and standard deviation of replicates ( n  = 5). Statistical signifi cance was determined between sets of measurements, 
* p  < 0.05. Hy-NP-siLuc signal was signifi cantly different from both negative and positive controls.c) Relationship between luciferase expression in 
tumors and hydrogel degradation in mice treated with Hy-NP-siLuc.
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polymer was obtained by precipitation in a mixture of diethyl ether and 
acetone (1:1). Synthesized structures were confi rmed by  1 H NMR and 
FTIR analysis. NMR spectra were recorded in a 400 MHz Varian (Varian 
NMR Instruments, Claredon Hills, IL, USA) and methanol- d  4  was used 
as solvent. IR spectra were obtained using a Nicolet Magna 560 (Thermo 
Fisher Scientifi c, Waltham, MA, USA) with a KBr beamsplitter, using 
methanol as solvent in evaporated fi lm. Molecular weight determination 
was conducted using a Hewlett-Packard 1050 Series HPLC system 
equipped with two GPC Ultrastyragel columns, 10 3  and 10 4  Å (5 µm 
mixed, 300 mm × 19 mm, Waters Millipore Corporation, Milford, MA, 
USA) and THF as mobile phase. The molecular weight was calculated by 
comparison with the retention times of polystyrene standards. 

  R3C-C32-CR3  IR (Evaporated Film) :  ν  = 721, 801, 834, 951, 1029, 1133 
(C O), 1201, 1421, 1466, 1542, 1672 (C O, from peptide amide), 1731 
(C O, from ester), 2858, 2941, 3182, 3343 (N H, O H) cm −1 . 1 H 
NMR (400 MHz, CD 3 OD, TMS) (ppm):  δ  = 4.41–4.33 (br, NH 2 C(
O) C H NH C( O) C H NH C( O) C H NH C ( O) C H 
CH 2 , 4.11 (t, CH 2 C H  2 O), 3.55 (t, CH 2 C H  2 OH), 3.22 (br, NH 2 
C( NH) NH C H  2 , OH (CH 2 ) 4 C H  2 N ), 3.04 (t, CH 2 C H  2 
N ), 2.82 (dd, C H  2 S C H  2 ), 2.48 (br, N CH 2 C H  2 C( O)
O), 1.90 (m, NH 2 C( NH) NH (CH 2 ) 2 C H  2 CH ), 1.73 (br, 
O CH 2 C H  2 C H  2 CH 2 O), 1.69 (m, NH 2 C( NH) NH CH 2 
C H  2 CH 2 ), 1.56 (br, C H  2 CH 2 C H  2 CH 2 OH), 1.39 (br, N
(CH 2 ) 2 C H  2 (CH 2 ) 2 OH). 

  K3C-C32-CK3  IR (Evaporated Film) :  ν  = 721, 799, 834, 1040, 1132, 
1179 (C O), 1201, 1397, 1459, 1541, 1675 (C O, from peptide amide), 
1732 (C O, from ester), 2861, 2940, 3348 (N H, O H) cm −1 .  1 H NMR 
(400 MHz, CD 3 OD, TMS) (ppm):  δ  = 4.38–4.29 (br, NH 2 (CH 2 ) 4 
C H ), 4.13 (t, CH 2 C H  2 O ), 3.73 (br, NH 2 C H CH 2 S ), 3.55 
(t, CH 2 C H  2 OH), 2.94 (br, CH 2 C H  2 N , NH 2 C H  2 (CH 2 ) 3 CH ), 
2.81 (dd, C H  2 S C H  2 ), 2.57 (br, N CH 2 C H  2 C( O) O), 1.85 
(m, NH 2 (CH 2 ) 3 C H  2 CH ), 1.74 (br, O CH 2 C H  2 C H  2 CH 2 
O), 1.68 (m, NH 2 CH 2 C H  2 (CH 2 ) 2 CH ), 1.54 (br, C H  2 CH 2 
C H  2 CH 2 OH), 1.37 (br, N (CH 2 ) 2 C H  2 (CH 2 ) 2 OH). 

  H3C-C32-CH3  IR (Evaporated Film) :  ν  = 720, 799, 832, 1040, 1132, 
1201, 1335, 1403, 1467, 1539, 1674 (C O, from peptide amide), 1731 
(C O, from ester), 2865, 2941, 3336 (N H, O H) cm −1 .  1 H NMR (400 
MHz, CD 3 OD, TMS) (ppm):  δ  = 8.0–7.0 (br, N( C H ) NH C( C H )

), 4.61–4.36 (br, CH 2 C H ), 4.16 (t, CH 2 C H  2 O ), 3.55 (t, 
CH 2 C H  2 OH), 3.18 (t, CH 2 C H  2 N , 3.06 (dd, C H  2 CH ), 2.88 
(br, OH (CH 2 ) 4 C H  2 N ), 2.82 (dd, C H  2 S C H  2 ), 2.72 (br, 
N CH 2 C H  2 C( O) O), 1.75 (br, O CH 2 C H  2 C H  2 CH 2 
O), 1.65 (m, NH 2 CH 2 C H  2 (CH 2 ) 2 CH ), 1.58 (br, C H  2 CH 2 
C H  2 CH 2 OH), 1.40 (br, N (CH 2 ) 2 C H  2 (CH 2 ) 2 OH). 

  Formation of Polymer/siRNA Nanoparticles : Polyplexes were freshly 
prepared before use. Stock solutions of pBAEs in DMSO (100 mg 
mL −1 ) were diluted with water and appropriate amounts of polymer 
solution were added to siRNA solution in equal volumes to obtain 
polymer/siRNA polyplexes at 200:1 ratio (w/w). Polyplexes were mixed 
under vigorous vortexing for a few seconds, and incubated at room 
temperature for 30 min. 

  Synthesis and Formation of PAMAM:Dextran Hydrogels : The synthesis 
of dextran aldehyde as well as the PAMAM:Dextran hydrogel formation 
have been previously described. [ 3 ]  Briefl y, generation fi ve polyamidoamine 
(PAMAM) dendrimer with 25% amine surface groups (Dendritech Inc.) 
was dissolved in water to obtain a 12.5% (w/v) aqueous solution. Linear 
dextran (10 kDa) was oxidized with sodium periodate to yield dextran 
aldehyde (50% oxidation of glucose rings, two aldehydes groups per 
oxidized glucose ring), which was also prepared as an aqueous solution 
(10%, w/v). The two homogeneous polymer solutions were mixed 
in equal volumes by pipetting and network formation occurred within 
seconds by Schiff-base reaction between the constituent reactive groups 
(aldehydes and amines). 

  Formation of PAMAM:Dextran Hydrogels Doped with Free siRNA and 
Hydrogel Doped with Nanoparticles Encapsulating siRNA:  PAMAM and 
dextran aqueous solutions were prepared as described before. In a 
sterile tube, dextran aldehyde solution (40 µL, 12.5%, w/v) was mixed 
with an siRNA solution or with nanoparticle solution (20 µL in water, at 

the desired concentration of siRNA), by gentle pipetting. Next, PAMAM 
solution (40 µL, 15.6%, w/v) was added and mixed by pipetting and 
subsequently loaded into rubber mold sandwiched between two glass 
slides (6 mm diameter, 3 mm thick disk) to obtain hydrogel doped 
with free siRNA or hydrogel doped with siRNA encapsulated into the 
nanoparticles, respectively. 

  Pore Size Analysis : Fluorescently-labeled dendrimer:dextran solutions 
were injected using a dual-barrel syringe into a mold to form a labeled-
hydrogel disk doped with siRNA nanoparticles. Dextran solution (40 µL, 
12.5%, w/v) was mixed with Alexafl uor-647-labeled-siRNA nanoparticle 
solution (20 µL). PAMAM aqueous solution containing 2% fl uorescein-
labeled dendrimer (40 µL, 15.6%, w/v) was loaded to the second barrel. 
Following injection, the two solutions mixed and formed a gel. The gel 
was allowed to freeze overnight and then was cryosectioned (16 µm 
section) for visualization using fl uorescence microscopy (LEICA DMRA2 
epifl uorescence microscope coupled with a Hamamatsu CA 4742–95 
camera). Hydrogel pore size was determined using image analysis 
software (Fiji software) of the fl uorescent images. 

  In Vitro Release Study of Alexafl uor-647-Labeled siRNA from 
PAMAM:Dextran Hydrogel : Hydrogel doped with free Alexafl uor-647-
labeled siRNA (QIAGEN) or doped with Alexafl uor-647-labeled siRNA 
encapsulated into the nanoparticles was prepared as described before 
at a dose of 2 µg siRNA/disk. Disks were incubated with PBS solution 
in 48 well plates at 37 °C for 10 d. At predetermined time points, the 
supernatant was completely removed (250 µL) and replaced with 
fresh PBS solution (250 µL). The fl uorescent signal of the labeled 
siRNA (siRNA-Alexafl uor-647) was used to quantify siRNA release. The 
percentage was calculated based on the amount released at a given time 
point relative to the amount loaded. 

  In Vitro Degradation Study of Nanoparticles Encapsulated into the 
PAMAM:Dextran Hydrogels:  Fluorescein-labeled nanoparticles were 
formed by mixing a pBAEs solution containing 10% fl uorescein-labeled 
pBAEs with siRNA (siGFP pool) as described before. Fluorescein 
nanoparticles were incorporated into the hydrogel as describe before at 
a dose of 2 µg siRNA/disk. Disks were incubated with PBS at 37 °C in 
48 well plates for 10 d. At predetermined time points, the supernatant 
was completely removed (250 µL) and replaced with fresh PBS 
solution (250 µL). The fl uorescent signal of the labeled nanoparticles 
(fl uorescein) was used to quantify nanoparticles degradation using an 
excitation wavelength of 490 nm and emission wavelength of 530 nm. 
The percentage was calculated based on the amount released at a given 
time point relative to the amount loaded. 

  In Vitro Degradation Study of PAMAM:Dextran Hydrogels : Dextran 
was labeled with Alexafl uor-594 hydrazide (Invitrogen). Briefl y, dextran 
(26 mg) was dissolved in distilled water and Alexafl uor-594 hydrazide 
(2 mg) was added to the solution. The mixture was stirred at room 
temperature overnight in the dark. The solution was dialyzed (2 kDa 
molecular weight cutoff) and lyophilized. Dextran solutions containing 
2%-labeled dextran were used to obtain fl uorescent hydrogels doped 
with free siRNA or nanoparticles-encapsulated siRNA at a dose of 2 µg 
siRNA/disk. Disks were incubated with PBS at 37 °C in 48 well plates for 
10 d, and at different time points, the solution was removed (250 µL) 
and replaced with fresh PBS. The collected solutions were analyzed 
by measuring the fl uorescence intensity of Alexafl uor-594 using an 
excitation wavelength of 590 nm and emission wavelength of 617 nm. 

  In Vitro Degradation of Nanoparticles : Nanoparticles-encapsulated 
siRNA were prepared as described before and were diluted in PBS (1 mL) 
and analyzed by Nanoparticle Tracking Analysis (NTA). This technique 
measures particle size and particle concentration by video tracking 
many individual particles simultaneously. Nanoparticle concentration 
was followed for 3 d at different time points and was indicative of 
nanoparticle degradation. 

  In Vitro Release of Alexafl uor-647-Labeled siRNA from Nanoparticles : 
Alexafl uor-647 siRNA (2 µg) was encapsulated into the nanoparticles 
as described before. Nanoparticles were diluted in PBS (1 mL) and 
were added to a dialysis bag with 2 kDa molecular weight cutoff, and 
incubated at 37 °C for 3 d. The fl uorescent signal of released labeled 
siRNA (siRNA-Alexafl uor-647) in 100 µL aliquots that were then replaced 
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with PBS was used to quantify siRNA release. The percentage was 
calculated based on the amount released at a given time point relative to 
the amount loaded. 

  In Vitro Transfection with Nanoparticles Encapsulated siGFP : Cellular 
transfection was performed on MDAMB231 cells stably expressing green 
fl uorescent protein (GFP) using anti-GFP siRNA (Accell siGFPpool, 
Thermo Scientifi c). Cells were seeded at a density of 10 000 cells per 
well on 96 well plates, and incubated overnight to roughly 80%–90% 
confl uence prior to conducting the transfection experiments. Polymer/
siRNA nanoparticles were prepared as described before at a 200:1 ratio 
with RNAse-free water (Sigma). Nanoparticles were diluted in serum-
free EMEM medium (ATCC) and added to cells a fi nal concentration 
of 25 × 10 −9   M  per well. Cells were incubated for 3 h at 37 °C in 5% 
CO 2  atmosphere. Subsequently, cells were washed once with PBS and 
complete EMEM medium was added. Cells were harvested after 48 h 
and analyzed for GFP silencing by fl ow cytometry (BD LSRFortessa cell 
analyzer). GFP expression was compared against a negative control 
(untreated cells), INTERFERin Polyplus (VWR), and Lipofectamine 
RNAiMAX (Invitrogen) commercial transfection reagents as positive 
controls. 

  In Vitro Transfection with Hydrogel Doped with Nanoparticles 
Encapsulated siGFP : Cellular transfection was performed on MDA-MB-
231 cells stably expressing GFP using anti-GFP siRNA (Accell siGFPpool, 
Thermo Scientifi c). Cells were seeded at a density of 50 000 cells/
well on 24 well plates, and incubated overnight to roughly 80%–90% 
confl uence prior to conducting the transfection experiments. Polymer/
siRNA nanoparticles were prepared and used as described previously. 
Hydrogel doped with free siRNA and hydrogel doped with nanoparticles-
encapsulated siRNA (Accell GFP pool) were formed as described before 
at a fi nal concentration of 2 µg siRNA/disk. The disks were transferred 
to cell culture inserts (3 µm pore size), while cells were seeded at 
the bottom. After washing with PBS once, 500 µL of fresh completed 
medium was added to the wells and 300 µL of completed medium to 
the insert. Cells were harvested after 3 d and analyzed for GFP silencing 
by fl ow cytometry (BD LSRFortessa cell analyzer). GFP expression was 
compared with a negative control (untreated cells), and to INTERFERin 
Polyplus (VWR) commercial transfection reagents as positive controls. 

  Cell Viability Assays Post-Transfection : Cell viability assay of transfected 
cells was performed using the MTS assay (CellTiter 96 AQueous One 
Solution Cell Proliferation Assay, Promega Corporation, USA) at 48 h 
post-transfection with nanoparticles and 3 d post-transfection with the 
hydrogel as instructed by the manufacturer. Briefl y, cells were transfected 
with Accell siGFP pool as previously described. At 48 h or 3 d post-
transfection, the medium was removed, cells were washed once with 
PBS and complete medium supplemented with 20% MTS reagent (v/v) 
was added. Cells were incubated at 37 °C and absorbance was measured 
at 490 nm using a microplate reader (Varioskan Flash Multimode Reader, 
Thermo Scientifi c). Cell viability was expressed as relative percentage 
compared with untreated cells. 

  Mammary Fat Pad Tumor Models : Tumors in the mammary fat pad 
were induced in SCID mice by inoculation of MDA-MB-231 cells stably 
expressing fi refl y luciferase (Luc) (5 × 10 6  cells), suspended in 50 µL of 
HBBS solution into the mammary fat pad following a surgical incision. 
For determination of tumor growth, individual tumors were measured 
using caliper and tumor volume was calculated by: Tumor Volume 
(mm 3 ) = width × (length 2 ) × 2 −1 . Treatments began when tumor volume 
reached about 150 mm 3 . All experimental protocols were approved by 
the MIT Animal Care and Use Committee and were in compliance with 
NIH guidelines for animal use. 

  Treatment of Tumors with Anti-Luciferase siRNA:  In vivo gene 
silencing effi cacy was determined in SCID mice mammary fat pad 
tumors after injection of anti-luciferase siRNA at a dose of 10 µg per 
tumor. Sterile solutions, passed through 0.2 µm fi lters, were used to 
prepare fl uorescent PAMAM:Dextran hydrogels (2% Alexafl uor-594-
Dextran) doped with nanoparticles, as described before, containing 
10 µg of anti-Luc siRNA in the shape of disks (6 mm diameter, 3 mm 
thick). Disks were implanted next to the mammary fat pad tumor of 
anesthetized SCID mice. As a negative control, 100 µL of 5% glucose 

solution was injected directly into the tumor and as a positive control, 
10 µg of anti-Luc siRNA was encapsulate with 1.6 µL JetPEI (VWR) in 
100 µL 5% glucose solution and also injected intratumorally. Luciferase 
silencing was determined by bioluminescence measurements upon 
intraperitoneal (IP) luciferin administration using the Xenogen IVIS 
device. All experimental protocols were approved by the MIT Animal 
Care and Use Committee and were in compliance with NIH guidelines 
for animal use. 

  Statistical Analysis:  All values are expressed as mean ± standard 
deviation. Statistical differences were analyzed with GraphPad Prism 
5. The unpaired Student’s  t -test was used to test statistical difference 
between two measurements. One-way ANOVA test was used to test 
statistical difference between sets of measurements.  p -Values below 0.05 
were considered signifi cant.  
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