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INTRODUCTION:  
 
“Personalized medicine” is a goal for future medicine. However, many requirements need 
to be satisfied before “personalized medicine” can become a reality. In this new paradigm 
only those patients determined to have a high probability of responding to a particular 
therapeutic regimen will be given the selected treatment. This requires a diagnostic 
regime that can match the molecular characteristics of the patient and his/her specific 
diseased tissues with the treatment. In order to maximize therapeutic effects and 
minimize side effects the treatment should be targeted to modulate specific molecular 
pathways in specific tissues or cell types with high therapeutic index or target to 
background ratios. During the treatment phase, specific surrogate biomarkers will be 
needed to monitor the response of the diseased tissues to the treatment so that the 
treatment dose and regimen can be modified on a rational and ongoing basis. Since 
imaging can potentially be used to monitor molecular events in vivo in a spatially and 
temporally resolved manner non-invasively, a combined targeted imaging and therapy 
approach may be useful for achieving “personalized medicine”. Advances in 
nanotechnology are expected to lead to the development of new and improved therapeutic 
strategies, amenable to targeting, that may ultimately revolutionize treatment. The 
specific aims of this study is to develop a platform technology for a novel type of 
multiplex enzyme sensitive nanomedicine (ESNM). The developed ESNM could be 
applied to image disease associated enzyme activity, and to have enzyme dependent 
therapeutic efficacy.   
 
 
BODY:  
 
Aim 1: Model system to demonstrate the enzyme activation strategy.  
 
Severe invasive infections caused by highly virulent strains of group A Streptococcus 
(GAS) are serious medical problems in US. The GAS cysteine protease, SpeB 
(streptococcal pyrogenic exotoxin B), is one of the most important virulence factors 
produced by the organism. The critical roles of SpeB in early stage of infection have 
made them attractive targets for in vivo diagnosis and treatment. A molecular imaging 
probe could report their enzymatic activity would be extremely valuable in managing 
GAS caused infection. We have used the GAS system as a model to demonstrate the 
enzyme activation approach. The main goal of this aim is to show a SpeB sensitive 
peptide sequence which could potentially be used for GAS imaging and treatment. A 
peptide substrate sequence, AIKAGY, has been reported to be selective for SpeB.(1) We 
have applied this peptide sequence to prepare a SpeB specific imaging probe (Figure 1). 
Briefly, grafted D-polylysine copolymer (DPGC) was first functionalized by reacting 
iodoacetic anhydride with DPGC (1 mg, MW= 375 KDa) in basic condition, and then the 
prepared Iodoacetylated-DPGC was reacted with Cy5.5-peptide substrates (1 mg) in 
sodium acetate buffer (300 µl, 50 mM, pH 6.5) overnight at r.t in dark. The formed 
imaging probes were collected by membrane cutoff filtration (50KD) and quantified by 
measuring Cy5.5 molar absorbance at 681 nm. Peptide loadings on DPGC was calculated 
using the relative mole ratio of fluorochrome to DPGC. On average, 20-25 peptides were 
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Figure 1: Schematic diagram of SpeB probe activation. 
Fluorochromes are covalently coupled to a polylysine 
backbone sterically protected by methoxy-polyethylene-
glycol via a specific SpeB peptide substrate (green line). Due 
to the proximity of the fluorochromes, autoquenching occurs 
and no fluorescent signal can be detected in the non-
activated state. After SpeB cleavage of the peptide spacer, 
fluorochromes are released from the carrier and become 
brightly fluorescent. 

attached to each DPGC molecule. The quenching efficiency (94%) of the probes was 
quantified by measuring the fluorescence signal intensity of imaging probes to that of 
free equal-moled Cy5.5 dye.  
 
Since purified SpeB protease is not commercially available and repeated attempts to 
produce recombinant enzymatically active SpeB have been unsuccessful, we have used 
the bacterial culture 
supernatant from a wild-
type strain (Strain I, 
MGAS10870) of GAS, 
and its isogenic mutant 
strains (ΔSpeB), lacking 
SpeB protease to perform 
the evaluation. In a GAS 
culture supernatant, SpeB 
constitutes ~80% of the 
total protein, so that the 
assays could be conducted 
conveniently.  Probes (0.2 
nmole) in 150 uL of PBS 
buffer were mixed with 
concentrated culture 
supernatant (50 µL, 5X 
concentration). At 
different intervals, the 

 
Figure 2: SpeB probe validation using a SpeB positive (Wild) and negative (Mut) 
GSA strain. The SpeB probe prepared in Aim 1 was incubated with GAS culture soup 
in PBS buffer for 20 hours. The fluorescent signal was measured by 680 nm excitation 
and 720 nm emission. The wild type strand with SpeB activity was able to active the 
probe, while the mutant strain without SpeB couldn’t.  The negative control also 
showed great stability of the probe in PBS.  
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fluorescence intensity was measured with 680 nm excitation and 720 nm emission using 
a computer-controlled fluorescence plate reader (Safire II, TECAN, Durham, NC). A 
negative control experiment was done with incubating the probe in PBS buffer only. As 
expected, the probes were activated by SpeB positive strain, but not by its isogenic 
mutant strain (Figure 2). The fluorescent signal was increased more than 100%. In 
addition, without cell culture soup, the probe remained stable in the PBS buffer. This 
result suggests that the reported SpeB peptide substrate could be an excellent sequence 
for our imaging probe preparation. More validation will be conducted during the next 
period to confirm the specificity of this peptide sequence.    
 
The self-quenched SpeB imaging probe was then tested with different known GSA 
bacteria. Bacterial culture supernatants from a wild-type strain (Strain I, MGAS10870) of 
GAS, and its isogenic mutant strains, with different amount of SpeB protease, were 
collected for assays. Probes (0.2 nmole) in 150 uL of PBS buffer were mixed with 
concentrated culture supernatants (50 µL, 5X concentration). At different intervals, the 
fluorescence intensity was measured with 680 nm excitation and 720 nm emission using 
a computer-controlled fluorescence plate reader (Safire II, TECAN, Durham, NC). A 
negative control experiment was done with incubating the probe in PBS buffer only. As 
expected, the probes were activated by SpeB positive strains to different degree, but not 
by control strains (Figure 3). The fluorescent signal was increased more than 700%. In 
addition, without cell culture soup, the probe remained stable in the PBS buffer. And 
importantly, the intensity of fluorescent signal correlated well with the SpeB expression 
level. This result confirmed that the prepared SpeB peptide substrate is an excellent probe 
for SpeB imaging, and the activation concept is useful in imaging disease associated 
enzyme activity. 
 

 
Figure 3: Activation of SpeB specific probe using the various GSA strands. It was 
confirmed that the GSA strand had highest fluorescent signal did express highest level of 
SpeB.  
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Aim 2: ESNM fabrication for maximum imaging sensitivity and drug loading capacity. 
 
General assembling approach of ESNM 
 
Layering fabrication technology is a gentle assembly procedure to add multiple layers of 
thin film onto a surface or a particle (Fig. 4).(2) The assembly is based on charge-charge 
interaction between positively and negatively charged polymers. Onto a core particle the 
first layer of charged polymer is added by electrostatic adsorption, and then an opposite 
charged polymer is added onto the first layer by charge-charge interaction. By repeating 
cycles of centrifugation and resuspension, multiple layers of polymers can be assembled 
conveniently. The thickness of the layers is controlled by repeating fabrication cycles.  
 

 
 
 
 
 
 
 
 
 

 
Procedure of ESNM fabrication 
 
To assemble the proposed ESNM nanoparticle, we have developed a formulation 
protocol using positively charged poly-L-Lysine (PLL, MW = 15,000-30,000 Da), and 
negatively charged double stranded DNA (Herring sperm, <50 bp in length) as the charge 
paired polyelectrolytes. Onto an inert gold particle core (42 nm), polylysine was first 
added. The zeta-potential and particle size were found to be +51mV and 44 nm, 
respectively, after the first layer. The particles were washed thoroughly with deionized 
water at least 3 times before the deposition of next layer. DNA solution was then added 
to the polylysine coated nanoparticle for 60 min. As expected, the surface charge was 
changed from +51 mV to -33 mV.  
Three additional layers of polylysine 
and DNA were added sequentially 
following the same procedure. The 
alternative positive and negative zeta 
potential was indeed taking place 
when the outside surface was changed 
from polylysine and DNA (Fig. 5). 
The coating of each layer was 
confirmed by the changes of surface 
zeta potential. The particle size was 
increased from 40 nm to 208 nm after 
5 layers of PLL and 4 layers of DNA. 
It was found that the particle size 

 
Figure 4: Schematic diagram of multiple-layer fabrication. Layer 1 and layer 2 have 
opposite overall charges. 
 

 
Figure 5. Surface zeta-potential of gold nanoparticle 
after alternate layers of polylysine or DNA.  
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could be adjusted by adding different amount of PLL or DNA.  
 

Using this developed protocol, we prepared ESNM particles with five different types of 
single stranded nucleic acids, including polydeoxyadenylate (poly-dA), 
polydeoxythymidylate (poly-dT), polydeoxyinosinate (poly-dI) polydeoxycytidylate 
(poly-dC) Polydeoxygunaylic acid – polydeoxycytidylic acid (dC-dG). All particles were 
characterized as with double stranded model DNA, and their properties were indeed 
similar. The prepared particles were then treated with DNase 1 and trypsin to measure the 
release kinetics (Figure 6). Trypsin was required in this assay, because PLL was the 
positive component of the ESNM. The release of the fluorescent signal was measured 
using an automatic fluorescent plate reader. It was found that the dCdG gave the best 
kinetics during the 24 hours period. However, the contribution of DNase was not 
significant in all tested groups, suggesting PLL is the key component in holding all layers 
together.       
 
Formulation of enzyme activatable imaging nanoparticle 
 
Using the developed fabrication protocol, a novel type od ESNM was designed for 
enzyme imaging. In this formulation, the negatively charged polyelectrolyte used was 
polyacrylic acid (PAA), and the positively charged layer was PLL decorated with 
fluorescein isothiocyanate (FITC). Because the positively charged lysine residues in PLL 
can be degraded by many intracellular proteases, such as cathepsins B and L, PLL was 
selected as the backbone to provide a slow-release capability. When multiple FITC 
residues were loaded onto one PLL backbone, self-quenching occurred due to the close 
proximity of neighboring fluorochromes. Importantly, the quenched signal could be 
recovered after proteolytic degradation of the PLL backbone. The optimal loading ratio 
that provided a 34-fold signal amplification was found to be FITC/PLL = 10/1 (Figure 7). 
Importantly, when the protease degradable PLL was replaced with protease non-
degradable PDL, the added protease couldn’t change the fluorescence signal.  

 
Figure 6: in vitro activation of ESNM using trypsin and DNase 1.  Poly dCdG 
complex give the highest activation and fastest kinetics.  
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To assemble the multilayered fluorescent 
ESNM, the negatively charged AuNPs 
(40 nm) in water were dropped into the 
positively charged PLL-FITC solution 
(average Mw = 50 kDa) for the first layer 
of coating. The reaction mixture was 
incubated for 30 min, and then the coated 
particles were spun down by 
centrifugation. After three washes with 
sterilized water, the PLL-FITC-coated 
AuNPs (1L AuNPs) were added to the 
negatively charged PAA (Mw = 15 kDa) 
solution. By repeating these procedures, 
multilayered AuNPs – up to five layers of 
PLL-FITC and four layers of PAA (5L 
AuNPs) – were successfully fabricated by electrostatic interactions. The hydrodynamic 
diameter of the prepared AuNPs was measured by dynamic light scattering (DLS) after 
coating with each layer. The size of initial bare AuNPs was 40 nm and the prepared 
particle size increased steadily with the number of layers (1L: 63 nm; 3L: 112 nm; 5L: 
144 nm) (Figure 8a). When treated with protease, the fluorescence signal change was 
layer-dependent. The optimal formulation was 5L AuNPs (five layers of PLL and four 
layers of PAA), the fluorescence of which changed by 195-fold. The fluorescence signal 
change of 7L AuNPs, however, was similar to that of 5L AuNPs despite the two 
additional layers of PLL-FITC added to the particles (Figure 8b). 

 
 
Formulation of bifunctional ESNM for cell viability imaging 
 

 
Figure 7. Protease-assisted cleavage of PLL or 
PDL conjugated with FITC. After incubation 
of PLL-FITC or PDL-FITC with or without 
trypsin in PBS, the fluorescence intensity was 
examined for 3 h. 
 

 
Figure 8: Characterization of ESNM. (a) Diameter of bare AuNPs and polyelectrolyte-
coated AuNPs. (b) Protease-assisted fluorescence release from various AuNPs. 
Multilayered fluorescent AuNPs were incubated with or without trypsin in PBS and the 
fluorescence intensity was examined to 8 h. 
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The nanoprobe for cell viability imaging was prepared by assembling multiple layers of 
polyelectrolytes on an inert AuNP, based on charge-charge interaction (Figure 9). The 
negatively charge layers are PAA and the positively charged layers are a biodegradable 
poly-L-lysine (PLL) tagged with cy5.5 as a live cells reporter, and/or a poly-D-lysine 
(PDL) labeled with fluorescein isothiocyanate (FITC) as a dying cell reporter. Because 
the positively charged PLL can be degraded by many intracellular proteases, such as 
cathepsins B and L, while PDL can only be degraded under severe circumstance, such as 
apoptosis and necrosis.  
 
 

 
Figure 9. Preparation process for multilayered nanoprobe using PDL-FITC / PLL-cy5.5 
and PAA as the charged polyelectrolytes.  
 
Optimization of L3 nanoparticle: A series of PLL-Cy5.5 (PLL-C) was prepared by 
reacting PLL (0.2 mg) with different amount of cy5.5 (0.0125, 0.025, 0.05, 0.1, or 0.2 mg) 
in NaHCO3 (1 mM, 100 μL) in the dark at room temperature for 30 min. The reaction 
products were separated using molecular-weight-cutoff membrane filters (10 kDa). The 
resulting PLL-C were collected and washed several times with sterilized water until all 
free dye was removed. To measure the quenching/dequenching effect, the prepared PLL-
C (0.2 nmol in 5 μL) in PBS was incubated with trypsin–ethylenediamine tetraacetic acid 
(EDTA; 10 μL, 0.25%) in a 96-well culture plate at 37 °C, and the increase in the cy5.5 
fluorescence signal was assessed using a fluorescent plate reader with 665 nm excitation 
and 700 nm emission for 15 h. According to the changes of the fluorescence intensity, the 
optimal loading was determined to be PLL-C7 which had 7 cy5.5 molecules per PLL 
molecule (Figure 10a). A greater than 6-fold change in fluorescence signal was observed. 
PLL-C6 with 6 Cy5.5 showed 3 fold increase in fluorescent intensity. While other PLL 
with lower loading, such as PLL-C3, PLL-C2 and PLL-C1, all suffered from poor 
dequenching effect. 
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Figure 10. Protease-assisted cy5.5 release from PLL conjugated with different 
concentration of cy5.5 (a) or three layers of PLL-cy5.5 coated NPs (b). After incubation 
of different concentration of PLL-cy5.5 (a) or NP-(PLL-C)3 (b) with or without trypsin in 
PBS, the fluorescence intensity was examined until 15 h or 24 h. 
 
 
To further confirm the activation effect, all PLL-C were used to prepare nanoprobes. 
AuNP solution (40 nm, 3.15 × 109 particles in 700 µL) was added dropwisely to a PLL-C 
solution (PLL, 1.8 nmol in 500 µL). After incubating for 30 min in the dark with gentle 
shaking, the solution was centrifuged (30 min at 16,100 g) and the supernatant was 
collected. After a further wash, the gel-like deep blue pellet were added to the polyacrylic 
acid (PAA) solution (23.3 mM , 500 µL). The reaction solution was kept in the dark for 
30 min with gentle shaking, followed by three washes. The deposition procedures were 
repeated twice with PLL-C layers. The prepared particles were then treated with trypsin 



 12 

to measure the activation. As shown in Figure 2b, particles were stable in phosphate 
buffered saline (PBS), but when treated with protease the fluorescence signal increased. 
The optimal formulations with 256-fold increases were NP(PLL-C6)3 and NP(PLL-C7)3. 
Other formulations offered much smaller changes.  
 
Preparation of D3 and DL2nanoparticles: The D3 and DL2 nanoparticles with 3 layers 
of PDL-FITC, and one layer of PDL-FITC/2 layers of PLL-C6 were prepared using the 
same protocol.  
 
 
Preparation of therapeutic ESNM 
 
To prepare the multilayered siRNA-coated AuNPs (sRAuNPs) which have long-lasting 
controlled release and gene silencing effects, we have developed a fabrication method to 
prepare multilayer siRNA delivery system (Figure 11). The negatively charged AuNPs 
(size: 40 nm) in water were dropped into the positively charged poly-L-lysine (PLL) 
solution (average Mw = 22.5 KDa). After a 30-min incubation at room temperature with 
shaking and several washes with sterilized water, the positively charged PLL-coated 
AuNPs were added to the negatively charged siRNA solution. After incubation, free 
unbound siRNAs were removed by centrifugation and an additional PLL layer was added 
so the resulting positively charged AuNPs (sR1P) had one layer of siRNA and two layers 
of PLL. By repeating this procedure again, AuNPs (sR2P) with two layers of siRNA and 
three layers of PLL were successfully fabricated by electrostatic interactions. A zigzag 
pattern of the surface zeta-potential of each layer supported the success of the layering 
(Figure 12). The final particle size, determined by dynamic light scattering (DLS) 
measurement, was found to be approximately 150 nm (Figure 12).   
 
 
 

 
Figure 11: The process of preparing multilayered siRNA-coated AuNPs by electrostatic 
interaction. 
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Figure 12: The average size (orange bar) and zeta potential (black circle) of multilayered 
sRAuNPs. 
 
 
Fabrication of the targeting ESNM 
 
To add a targeting capability to the previously developed siRNA delivery system. To 
achieve this goal, we have developed a fabrication method to prepare multilayer siRNA 
delivery system with a surface coating of targeting polymer (Figure 13). Hyaluronic acid 
(HA) is a naturally occurring liner polysaccharide in the body which is biodegradable, 
cytocompatible, nontoxic, and nonimmunogenic. It has high affinity to the cell surface 
adhesion molecule CD44 which interacts with other ligands, such as osteopontin, 
collagens, and matrix metalloproteinases (MMPs). It has been intensively investigated for 
HA-specific drug delivery system via CD44-mediated endocytosis due to its polyanionic 
characteristics and negligible nonspecific interaction with serum components. CD44 also 
has been identified as the determinant of progression to the metastatic breast cancer 
because it is rarely found in healthy tissue but is highly expressed in tumor cells with 
metastatic pheonotype. Taking advantage of the negatively charged HA, the CD44 
targeting particles were packed using the developed layering technology. The siRNA 
containing nanomedicines were first prepared as previously described. After the last 
cycle, HA (Average Mw = 50 KDa) was added to the particle and the surface charge was 
converted from the positive to negative quickly (Figure 14). Zigzag pattern of the surface 
zeta-potential of each layer supported the success of the layering. The final particle size, 
determined by dynamic light scattering (DLS) measurement, was found to be 
approximately 100 nm (Figure 14).   
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Figure 13: The electrostatic assembling process of preparing multilayered siRNA-coated 
AuNPs for targeted delivery. 
 
 
 

 
Figure 14: The average size (yellow bar) and zeta potential (red line) of multilayered HA-
sR1P which has one layer of PLL, one layer of siRNA, one layer of PLL and then one 
more layer of targeting HA. 
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Aim 3: To demonstrate the imaging and therapeutic efficacy of ESNM in biological 
models.  
 
Long-term cell imaging 
 
The usage ESNM to image live cells was investigated by comparing the nanoprobe with 
commercially available cell labeling reagents CMTMR using fluorescence microscopy. 
When incubated with CMTMR, the fluorescence signal was strong at short time points 
but decreased quickly and lasted only for 2 days. However, a prolonged fluorescence 
signal was found with 5L AuNPs. A high fluorescence signal was maintained for more 
than 14 days with negligible background. To investigate the sub-localization of 
multilayered nanoprobes, HeLa cells were stained with Hoechst and LysoTracker after 
treatment with 5L AuNPs (Figure 15). Merged fluorescence signal of FITC and 
LysoTracker clearly showed the lysosomal delivery of multilayered fluorescent 
nanoprobes. Two hours after incubation, the merged image of FITC and LysoTracker 
signals in some cells showed significant overlapping, indicating the particles were located 

 
Figure 15. Subcellular localization of the multilayered ESNM. HeLa cells were incubated 
without (a) or with (b) 5L AuNPs (FITC 2.7 nmole) for 12 h and washed three times with 
PBS. At each time point (2 h, 1 day and 3 day), cells were stained with LysoTracker (1 
mM) for 1 h, Hoechst (1 mM) for 5 min and then fluorescence signal was investigated with 
fluorescence microscopy (magnification : 40 X) using different filter sets (Hoechst : blue / 
5L AuNPs : green / LysoTracker : red). 
 



 16 

and activated in lysosomes. While in some other cells, FITC fluorescent signal was 
distributed evenly in whole cells. It suggested that somehow the nanoprobes could flee 
the lysosomes.  At day 3, high FITC signal was found in nucleus. Further supported the 
hypothesis that the particles were able to escape from lysosomes and continued to release 
fluorescent signals. 
 
To gain a better understanding of signal retention after cell division, a suspension of the 
Jurkat T cell line was tested with 5L AuNPs (Figure 16a) or the commercially available 
cell tracking agents, CM-DiI and CMTMR (Figure 16b,c). After incubation with various 
labels, aliquots of cells were collected and analyzed by flow cytometry (Figure 17). The 
initial fluorescence intensity of each label was controlled to a similar level for a fair 
comparison. Similar retention patterns were seen with the CM-DiI and CMTMR cell 
trackers. The intensity in CM-DiI- and CMTMR-treated cells had declined to 8 % and 3 
% of the original intensity, respectively, after 4 days of incubation. At day 7, the labels 
were largely gone, and the signal had declined to a background level. As the doubling 
time of the Jurkat T cell line is approximately 48 h, this result suggested the label lasted 
for about three divisions. In contrast, the 5L AuNPs offered a much longer signal 
duration. At day 4, the signal intensity was still 24 %. At days 7 and 14, the signal had 
declined to 12 % and 7 %, respectively. Even after 21 days, the 4 % remaining signal was 
still detectable by FACS. These results suggest that the slow release mechanism 
prolonged the duration of action of the cell labels and that the ESNM are suitable for 
labeling dividing cells.  

 
Figure 16. Fluorescence retention through generations in Jurkat cells. After treatment 
with 5L AuNPs (FITC 13.6 nmole), CM-DiI (1 µM), or CMTMR (2 µM), fluorescence 
intensity was evaluated by flow cytometry (a-c) for 21 days.  
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Figure 17. Cell population and fluorescence intensity of Jurkat cells. After treatment with 
5L AuNPs (FITC 13.6 nmole) (a), CM-DiI, 1 mM (b) or CMTMR, 2 mM (c) to Jurkat 
cells, fluorescence intensity was measured by flow cytometry with time course. Inserted 
number in each column shows the average fluorescence intensity value and the 
percentage, the intensity at 0 Day was set as 100 %.   
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Bifuncational ESNM for cell viability imaging. 
 
The ability of D3 (three layers of PDL-FITC) nanoparticle to sense apoptosis was 
investigated by comparing the images of healthy and apoptotic cells. MDA-MD231 
breast cancer cells were labeled with D3 NP for 12 hr, and then a commercially available 
apoptosis reporter, Annexin V-cy3, was added to the cells. After washes, the cells were 
monitored under FITC (green) and cy3 (Red) channel. As expected, cells are healthy and 
happy, therefore D3 nanoprobe remained silent and Annexin V stain was also negative 
(Figure 18a). While cells were treated with an apoptosis inducer, staurosporine, 
fluorescent signal was observed in both FITC and cy3 channel (Figure 18b). The cy3 
signal caused by Annexin V indicated an early event of apoptosis -- externalization of 
phosphatidylserine (PS). Importantly, fluorescent signal generated by D3 NP was also 
seen in cy3 positive cells, suggesting that D3 NP was activated under apoptotic condition, 
but silent in normal healthy cells.   
 

 
 
Figure 18. Apoptotic cell imaging with D3 NPs and Annexin V-cy3 in MDA-MB231 
cells. After incubation for 12 h with D3, cells were stained with Annexin V-cy3 after 
washing with PBS. Fluorescence signal were assessed using fluorescence microscopy 
(magnification: 40 X) (a) without or (b) with apoptosis induction with staurosporine (4 
mM) for 4 h.  
 
 
Based on our design, all layers with optimized number of fluorochromes are optically 
silent (quenched). The fluorescent signal can only be seen when it is degraded 
(dequenched). PLL-C6 is consisted of normal Poly-L-lysine, so that several intracellular 
proteases, such as cathepsin B and L, could degraded it. While PDL-FITC is consisted of 
unusual Poly-D-lysine, most proteases cannot hydrolyze it. The previous experimental 
results showed that under the extreme condition, i.e. dying, PDL was degraded quickly 
(Figure 18b). Therefore a new nanoprobe was designed to report the viability of the cells. 
The DL2 NPs have one inner layer of PDL-FITC and two outer layers of PLL-C6, 
assuming the PLL outer layers will report the normal condition, and the PDL inner layer 
will report the apoptosis, if it happened. MDA-MB231 cells were treated with DL2 NP. 
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Without inducing apoptosis, only red signal (PLL-C6 degradation) was observed in all 
healthy cells (Figure 19a). No green signal (dying cells) was seen even after 4 days of 
incubation in normal media. However, immediately after apoptosis induction, green 
apoptosis signal was seen (Figure 19b). In comparison, D3 NPs, which only have PDL-
FITC, showed no cy5.5 signal as expected. These results support our hypothesis that the 
hybrid NPs could report cell viability in real time. This type of viability imaging probe 
would be very useful in tracking cell therapy, and evaluating anticancer treatment effect.          
 
 

 
 
Figure 19. Viability imaging with DL2 NP and D3. MDA-MB231 cells incubated with 
DL2 NPs for 12 hrs, washed, cultured for 4 d, and then fluorescence images were 
acquired using FITC and cy5.5 filters (a). At day 4, cells were incubated with 4 mM of 
staurosporine for 4 h to induce apoptosis and imaged. A separate well of cells were 
treated the same but with D3 NP (b).  
 
 
The gene silencing efficacy of ESNM in biological models. 
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Short interfering RNAs (siRNAs)-mediated gene regulation in mammalian cells was first 
discovered about two decades ago and siRNA has since shown immense potential in 
treating various diseases by silencing abnormally up-regulated genes. However, 
delivering the highly charged siRNA to the targeted cells and enabling the specific target 
gene silencing effect to persist remains challenging. To obtain a consistent silencing 
effect in vivo, it usually requires repetitive administration of the agent. However, such 
repeated injections have resulted in a substantial impediment to patient treatment, as 
evidenced by decreased enrollment in clinical trials and decreased patient compliance. 
Complete and prolonged gene silencing with a single treatment would offer enormous 
benefits for chronic diseases, scaling down the administration frequency in dosing 
schedule. 
 
Two reported siRNA sequences, termed siLuc-Na and siLuc-Ba, against two different 
regions of the luciferase gene were used because maximal gene silencing effect has been 
reported with simultaneously applied multiple siRNAs. sRAuNPs were fabricated with 
one or two siRNAs. sR2P (Ba + Na) was prepared with siLuc-Ba on the first layer and 
siLuc-Na on the second layer, and the order of siRNA in sR2P(Na + Ba) was reversed. A 
scramble siRNA (siLuc-Sc), which has the same length but randomly sequenced of 
siLuc-Na, was included as a negative control.  
 

 
Figure 20. Cellular uptake of multilayered sRAuNPs. Images of released siRNA from 
various sRAuNPs were visualized using fluorescence microscopy with different filters 
after 24 h incubation in the absence (a) or presence of sR1P (Ba-cy5) (b), sR1P (Na-cy3) 
(c), and sR2P (Ba-cy5 + Na-cy3) (d) in MDA-MB231-luc2 cells. 

!
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To demonstrate the success of packing and intracellular delivery of sRAuNPs, the two 
siRNAs, siLuc-Ba and siLuc-Na, were labeled with cy5 and cy3 fluorescent reporters, 
respectively. Various sRAuNPs (1.58 × 108 particles), including sR1P (Ba-cy5), sR1P 
(Na-cy3), and sR2P (Ba-cy5 + Na-cy3), were incubated for 24 h with MDA-MB231-luc2 
cells. The presence of siRNA in cells was investigated using fluorescence microscopy 
(Figure 20). Because a cy3 or cy5 reporter was anchored to each siRNA, the fluorescence 
images using cy3 and/or cy5 channels reveal the location of the released siRNA. We 
observed a spotty fluorescence signal diffused into the cytoplasm (Figure 20b-d). The 
images of both cy5 and cy3 fluorescence signals after treatment with sR2P (Ba + Na) 
clearly indicated the presence of two kinds of siRNA (Figure 20d). These cellular-uptake 
data indicate that sRAuNPs enter cells without a transfection agent. Once they are 
internalized, the siRNA could be freed from the particles by intracellular proteolysis.  
 
 

 
Figure 21. In vitro gene-silencing effect of multilayered sRAuNPs. The luminescence 
signal and the luminescence intensity (photons s−1) in MDA-MB231-luc2 cells (a, b) or 
LNCap-luc2 (c, d) after incubation for 2 days with various sRAuNPs. The luminescence 
intensity of each cell line without treatment was set as 100 %. The results are 
representative of three independent experiments. 
 
An initial gene-silencing screening experiment was performed by incubating MDA-
MB231-luc2 cells with sR1P (Na), sR1P (Ba), sR2P (Na + Na), sR2P (Ba + Ba), sR2P 
(Na + Ba), and sR2P (Ba + Na) for 2 days (Figure 21a, b). A control sR2P prepared with 
two layers of scrambled siRNA, termed as sR2P (Sc + Sc), was also used as a negative 
specificity control. After incubation, the particles were washed away, and MDA-MB231-
luc2 cell luminescence was measured immediately after addition of luciferin. It was 

!
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determined that the luminescence was decreased to approximately 54 % by sR1P (Na) 
(siLuc-Na 0.2 nmole; 1.58 × 108 particles) and 48 % by sR1P (Ba) (siLuc-Ba 0.2 nmole; 
1.58 × 108 particles) when the luminescence of untreated cells was set as 100 %. With the 
same number of particles (1.58 × 108), the luminescence intensities of sR2P (Na + Na), 
sR2P (Ba + Ba), sR2P (Na + Ba), and sR2P (Ba + Na) were reduced to 46 %, 44 %, 38 
%, and 30 %, respectively. As shown in Figure 4c and d, similar results were observed 
with LNCaP-luc2 cell lines (sR1P (Na) : 50 % / sR1P (Ba) : 49 % / sR2P (Na + Na) : 46 
% / sR2P (Ba + Ba) : 40 % / sR2P (Na + Ba) : 33 % / sR2P (Ba + Na) : 22 %). When the 
specific siRNA was replaced with the scrambled siRNA (total siLuc-Sc 0.4 nmole), the 
silencing effect was insignificant. These data reveal the sequence specific silencing effect 
of the luciferase gene in two different cancer cell lines and show both sequences have 
similar inhibition effects.  
 

 
Figure 22. Prolonged gene-silencing effect of multilayered sRAuNPs. (a, b) The 
prolonged gene silencing effect was also evaluated by measuring the luminescence signal 
for up to 10 days after treatment with sR2P (Ba + Na) in MDA-MB231-luc2 cells. The 
luminescence intensity without treatment at day 1 was set as 100%. The results are 
representative of three independent experiments. 
 
MDA-MB231-luc2 cells were treated for 2 days with sR2P (Ba + Na) in a 6-well plate 
(each siRNA 2.0 nmole; 1.58 × 109 particles). The cells were washed and aliquoted into 
separate 96-well plates for the time course study (up to 10 days). As shown in Figure 22a 
and b, the efficiency of gene silencing after treatment with sR2P (Ba + Na) on day 1 was 
14 % when the initial luminescent intensity of control cells was set as 100 %. This 
significant gene silencing effect was sustained for at least 10 days (48 %). In contrast, the 
luminescent signal increased with time as the control untreated cells divided. The 
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luminescent signal of the untreated cells was approximately 400 %, but the signal of the 
treated cells was less than 50 % of the original signal. The experiment was forced to end 
at day 10, because of the physical constraint of the wells. 
 
Although toxicity of surface modified AuNPs decorated with other polycationic polymers 
has been reported, cytotoxicity of the prepared particles was not observed. As shown in 
Figure 23, no significant toxicity was detected in any sR1P or sR2P-treated MDA-
MB231-luc2 or LNCaP-luc2 cells, indicating silencing of the luciferase gene does not 
cause of non-specific cytotoxicity. In contrast, some toxicity was observed with 
Lipofectamine 2000 in both cell lines and less than 80 % cells were viable.  
 
 

 
Figure 23. Cytotoxicity of multilayered sRAuNPs. Cell viability was evaluated after 
treatment with various multilayerd sRAuNPs or Lipofectamine 2000 using CellTiter 
solution in (a) MDA-MB231-luc2 and (b) LNCaP-luc2 cell lines. Results are 
representative of three independent experiments.  
 
Targeted ESNM in cell culture 
 
To validate the cell targeting efficiency, particles sR1P, which contain siRNA against 
luciferase, with or without HA layer were prepared. The siRNA was label with a 
fluorochrome, cy3, for easy tracking. Three breast cancer cell lines, MDA-MB231, 
MDA-MB436 and MCF-7, with different amount of CD44 were chosen for this delivery 
study. The prepared particles (1.58 × 108 particles), including sR1P, and HA-sR1P, were 
incubated for 24 h with cells. The presence of siRNA in cells was investigated using 
fluorescence microscopy (Figure 24). Because a cy3 reporter was anchored to each  
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Figure 24. Cellular uptake of sR1P with (Right) or without HA (Left) coating. Images of 
released siRNA from various particles were visualized using fluorescence microscopy 
after 24 h incubation in MDA-MB231 (CD44+), MDA-MB436 (CD44+), and MCF-7 
(CD44-) cells. 
 
siRNA, the fluorescence images reveal the location of the released siRNA. We observed 
a spotty fluorescence signal diffused into the cytoplasm. As expected, HA-sR1P only 
labels the high CD44 expressing cells (MDA-MB231, MDA-MB436), not the low CD44 
expressing cells (MCF-7). Interesting, different from the HA-sR1P treated cells, the 
siRNA fluorescent signal was found in all tested cells when the final HA targeting layer 
was not included in the particle. These cellular-uptake data indicate that the positively 
charged sR1P particles were picked up by all cells without selectivity, while the HA 
coated particles were only uptaken by CD44 expressing cells. CD44 targeted delivery 
could be achieved using this simple approach.   
 
The specific gene silencing effect was further examined in MDA-MB231 cell (CD44+). 
To confirm that the gene silencing effect is sequence dependent, a scramble siRNA, 
which has the same length but randomized sequence, was formulated the same and 
included in the study as a negative control.  Using the above described protocol, a clear 
gene silencing effect was observed with the HA targeted particle, 60% inhibition (Figure 
25). When the specific siRNA was replaced with the scrambled siRNA, the silencing 
effect was insignificant (<15%). These data reveal that the HA could assist the delivery 
of siRNA to achieve sequence specific silencing of the luciferase gene. 
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Figure 25. In vitro gene-silencing effect of sR1P. The luminescence signal and the 
luminescence intensity (photons s−1) in MDA-MB231-luc2 cells (a) after incubation for 
2h hrs with various particles. The luminescence intensity of untreated cells was set as 
100 %. The results are representative of three independent experiments. 
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KEY RESEARCH ACCOMPLISHMENTS: Bulleted list of key research 
accomplishments emanating from this research. 
 

• Identified a peptide substrate sequence for SpeB  
• Developed a SpeB activatable fluorescent probe for bacterial imaging and 

detection 
• Developed an assembling protocol for ESNM preparation 
• Optimized the signal amplification ratio. 
• Developed a long-lasting fluorescence imaging probe for cell tracking study. 
• Developed a novel bifunctional ESNM to report cell viability. 
• Developed an enzyme dependent siRNA delivery system with a persistent gene 

silencing effect.  
• Developed a targeting approach to direct ESNM delivery  
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REPORTABLE OUTCOMES:  
 
Publication:  
Lee SK, Han MS, Tung CH 
Layered nanoprobe for long-lasting fluorescent cell label 
Small, 2012, 8, 3315-3320. 
 
Lee SK, Tung CH 
A fabricated siRNA nanoparticle for ultralong gene silencing in vivo 
Adv Funct Mater, 2013, 23, 3488-3493. 
 
 
Abstract: 
A fabricated siRNA nanoparticle capable of ultra-long gene silencing in vivo. 
Oligonucleotide therapy society, Boston, MA, 10/2012 
 
 
 
 
Presentation: 
In vivo molecular imaging. Southern Biomedical Engineering Conference, Houston, TX. 
5/2012. 
 
Making tumors glow in the dark – Enzyme responsive probes for tumor imaging. Weill 
Cornell Brain and Spine Center, New York, NY. 06/2012 
 
Enzyme responsive constructs for imaging and treatment. Roswell Park Cancer Institute, 
Buffalo, NY. 08/2012 
 
Enzyme responsive nanomedicine for imaging and treatment. Department of Chemistry, 
Chinese University of Hong Kong, Hong Kong, 10/2012  
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CONCLUSION:  
 
Recent advances in cell therapies, such as T-cell, islet cell, myocyte, and stem cell 
therapies, have opened new possibilities in various clinical applications (3-5). To further 
improve their therapeutic value, information about the location, functionality, and fate of 
injected cells is vital (6-8). Conventional techniques, such as histology, do provide clear 
evidence but require biopsies and thus, cannot provide real-time information. Imaging is 
the best and only non-invasive way to track injected cells in vivo. To follow the injected 
cells, they were labeled with the developed long-lasting imaging ESNM. The tightly 
packed polyelectrolytes showed slow intracellularly proteolytic degradation, so that the 
attached fluorochromes were not released at once, and this slow-release process resulted 
in a persistent supply of fluorochromes, maintaining the intracellular fluorescence signal 
at a high level for a prolonged period. Potentially the release kinetics could be controlled 
by varying polyelectrolytes with different properties, such as length, ionic strength and 
bond stability.  A systemic evaluation of the negatively charged polyelectrolytes is 
currently under study for a better-controlled probe. Because each particle acts as a 
reservoir, the developed nanoprobe also worked well with dividing cells. During division, 
the nanoprobes could be distributed into daughter cells, and then refilled the daughter 
cells with newly released fluorochromes. When FITC reporter was replaced by an near-
infrared reporter, the developed long-lasting labeling strategy could have enormous 
potential in in vivo tracking of cells, because the intracellular fluorescence signal lasts for 
weeks, much longer than current labeling approaches.   
 
The PLL and PDL containing bifuncational ESNM is also an exciting development. This 
is the first report that a single ESNM could report two health conditions of cells. After 
labeling, all healthy cells show one color, but, when the status of the cells is changed 
from healthy to apoptosis, the dying cells give a second color. This color indicator would 
be extremely useful in accessing the fate of injected cells.  
 
Short interfering RNAs (siRNAs)-mediated gene regulation in mammalian cells was first 
discovered about two decades ago and siRNA has since shown immense potential in 
treating various diseases by silencing abnormally up-regulated genes.(9-12) However, 
delivering the highly charged siRNA to the targeted cells and enabling the specific target 
gene silencing effect to persist remains challenging.(13) Although huge efforts have been 
invested to develop effective non-viral siRNA delivery systems, including polyplexes, 
micelleplexes, and exosome nanoparticles,(14, 15) various physiological limitations still 
hinder the successful clinical translation.(16, 17) The main drawbacks of gene silencing 
using synthetic siRNA are transient silencing due to the biodegradation of siRNA, siRNA 
dilution upon cell division, and its nonrenewable-nature.(18) To obtain a consistent 
silencing effect in vivo, it usually requires repetitive administration of the agent.(19) 
However, such repeated injections have resulted in a substantial impediment to patient 
treatment, as evidenced by decreased enrollment in clinical trials and decreased patient 
compliance.(20) Complete and prolonged gene silencing with a single treatment would 
offer enormous benefits for chronic diseases, scaling down the administration frequency 
in dosing schedule.(21)  
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To achieve long-lasting controlled release and gene silencing effects, various groups have 
developed novel delivery systems for slow and sustained release of the oligonucleotide or 
siRNA.(13, 21, 22) Several trials have also extended into primary T lymphocytes and 
human stem cells for prolonged gene silencing.(23, 24) Although promising cell culture 
results were obtained in those studies, the actual in vivo efficiency remains to be 
demonstrated. By using the layering deposition technology, we successfully fabricated 
ESNM by electrostatic interaction, which contain multi-layers of protease degradable 
PLL and synthetic siRNA. The positively charged ESNM and the targeted ESNM were 
taken up by cells efficiently, and, once inside the cells, the PLL was gradually degraded 
by intracellular proteases, resulting in the continuous release of siRNA. These 
intracellular ESNMs act as siRNA reservoirs, providing siRNA to inhibit their target 
genes. Upon cell division, the nano-reservoirs were distributed to daughter cells and 
continued to release siRNA for an extended period of time. Due to extraordinary 
persistent gene silencing effect, functionalized multilayered ESNM are expected to have 
great potentials in the areas of cancer therapy, in case luciferase siRNA replaced with 
siRNA of oncogenes which are predominantly overexpressed in various tumors.  
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Fluorescent Probes
Layered Nanoprobe for Long-Lasting Fluorescent 
Cell Label

  Seung Koo   Lee  ,     Myung Shin   Han  ,     and   Ching-Hsuan   Tung   *   
 A long-lasting particle-based fl uorescent label is designed for extended cell imaging 
studies. This onion-like nanoprobe is constructed through layer-by-layer fabrication 
technology. The nanoprobes are assembled with multiple layers of optically quenched 
polyelectrolytes, the fl uorescence signal of which can be released later by intracellular 
proteolysis. Upon incubation with cells, the assembled nanoprobes are taken up 
effi ciently. The tight packing and layered assembly of the quenched polyelectrolytes 
slow subsequent intracellular degradation, and then result in a prolonged intracellular 
fl uorescence signal for up to 3 weeks with no noticeable toxicity. 
  1. Introduction 

 Layer-by-layer fabrication technology has been used to 

develop biomaterials for various biological applications. [  1–5  ]  

One major advantage of this fabrication technology is that 

materials with different properties could be layered sequen-

tially, thereby resulting in a multifunctional assembly. Recent 

advances in cell therapies, such as T-cell, islet cell, myocyte, 

and stem cell therapies, have opened new possibilities in var-

ious clinical applications. [  6–9  ]  To further improve their thera-

peutic value, information about the location, functionality, and 

fate of injected cells is vital. [  10–12  ]  Monitoring cell traffi cking 

inside the body is important, and conventional techniques, 

such as histology, do provide clear evidence but require biop-

sies, and thus cannot provide real-time information. 

 Imaging is the best and only noninvasive way to track 

injected cells in vivo. To follow injected cells, they must be 

labeled with appropriate imaging reporters that offer bright 

signals for extended periods of time with no cytotoxicity. 

Ineffective labeling approaches would reduce the sensitivity 

and limit the duration of studies. Several transgenic reporters, 

such as green fl uorescent protein, luciferase, and thymidine 

kinase, can satisfy these prerequisites; however, introducing 

a foreign gene into therapeutic cells is a concern in clinical 
© 2012 Wiley-VCH Verlag Gmb
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applications. [  13–15  ]  Chemical reporters, including organic fl uor-

ochromes and inorganic nanocrystals, have been used, [  16  ,  17  ]  

but most chemical reporters provide only transient signals, 

especially in dividing cells. Recently, we found that multilay-

ered small interfering RNA (siRNA)-coated gold nanoparti-

cles (AuNPs) show extended gene silencing effects in various 

tumor cells. [  5  ]  Based on this observation, we designed a long-

lasting imaging nanoprobe for live cell labeling.   

 2. Results and Discussion 

 A labeling nanoprobe was prepared with multiple layers of 

polyelectrolytes, sequentially assembled on an inert AuNP, by 

using alternating charged polymers ( Figure    1  a). AuNPs were 

selected as the core of the multilayered fl uorescent nano-

probe for their uniform size, shape-dependent optical and 

electronic features, as well as feasibility for surface modifi ca-

tion. [  18  ,  19  ]  The negatively charged polyelectrolyte used was 

poly(acrylic acid) (PAA), and the positively charged layer was 

biodegradable poly- l -lysine (PLL) decorated with fl uorescein 

isothiocyanate (FITC). [  20  ,  21  ]  Because the positively charged 

lysine residues in PLL can be degraded by many intracellular 

proteases, such as cathepsins B and L, PLL was selected as 

the backbone to provide a slow-release capability. [  22–24  ]  When 

multiple FITC residues were loaded onto one PLL backbone, 

self-quenching occurred due to the close proximity of neigh-

boring fl uorochromes. Importantly though, this quenched 

signal could be recovered after proteolytic degradation of the 

PLL backbone. The optimal loading ratio (FITC/PLL  =  10/1) 

that provided the maximum quenching/dequenching effect 

and protease accessibility was determined from a series of 
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     Figure  1 .     Preparation and characterization of multilayered fl uorescent AuNPs. a) Preparation 
process of multilayered fl uorescent AuNPs using PLL-FITC and PAA as the charged 
polyelectrolytes. b) Zeta potential after each coating of polyelectrolytes. c) Diameter of bare 
AuNPs and polyelectrolyte-coated AuNPs. d) Protease-assisted FITC release from various 
AuNPs. Multilayered fl uorescent AuNPs (1L: FITC 4.5 nmol, 3L: FITC 6.5 nmol, 5L: FITC 
8.5 nmol, 7L: FITC 10.5 nmol, 5D: FITC 11 nmol) were incubated with or without trypsin (Try) 
in PBS and the fl uorescence intensity was examined for up to 8 h.  
PLL conjugates with differing amounts of FITC. A greater 

than 34-fold change in fl uorescence signal was observed upon 

treatment with a model protease, trypsin (Figure S1a, Sup-

porting Information). Higher loading of FITC provided no 

further benefi t. For comparison, FITC was also loaded on a 

nondegradable poly- d -lysine (PDL) at the same ratio (FITC/

PDL  =  10/1) and treated in the same way. As expected, the 

fl uorescence signal was not increased (Figure S1b), which 

suggests that proteolysis is required to release the quenched 

fl uorescence signal.  

 To assemble the multilayered fl uorescent AuNPs, the 

negatively charged AuNPs (40 nm) in water were dropped 

into the positively charged PLL-FITC solution (average 

 M  w   =  50 kDa) for the fi rst layer of coating. The reaction mix-

ture was incubated for 30 min, and then the coated particles 

were spun down by centrifugation. After three washes with 

sterilized water, the PLL-FITC-coated AuNPs (1L AuNPs) 

were added to the negatively charged PAA ( M  w   =  15 kDa) 
316 www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA
solution. By repeating these procedures 

(Figure  1 a), multilayered AuNPs—up to 

fi ve layers of PLL-FITC and four layers of 

PAA (5L AuNPs)—were successfully fab-

ricated by electrostatic interactions. The 

alternating layers of charged polyelectro-

lytes were evidenced by the zigzag pattern 

of the surface zeta potentials (Figure  1 b). 

The PLL coating brought the surface 

charge from negative to positive, whereas 

the PAA coating switched it from positive 

to negative. The hydrodynamic diameter 

of the prepared AuNPs was measured 

by dynamic light scattering (DLS) after 

coating with each layer. The size of the 

initial bare AuNPs was 40 nm and the 

prepared particle size increased steadily 

with the number of layers (1L: 63 nm; 3L: 

112 nm; 5L: 144 nm; Figure  1 c). 

 AuNPs prepared with different num-

bers of layers were then subjected to pro-

tease activation. As shown in Figure  1 d, 

particles were stable in phosphate-

buffered saline (PBS), but when treated 

with protease the fl uorescence signal 

change was layer-dependent. The optimal 

formulation was 5L AuNPs (fi ve layers of 

PLL and four layers of PAA), the fl uores-

cence of which changed by 195-fold. The 

fl uorescence signal change of 7L AuNPs, 

however, was similar to that of 5L AuNPs 

despite the two additional layers of PLL-

FITC added to the particles. Under the 

same conditions, when protease-resistant 

PDL-FITC was used in the assembly, no 

fl uorescence change was seen with the 

PDL-FITC-coated AuNPs (5D AuNPs, fi ve 

layers of PDL and four layers of PAA), as 

observed with the free PDL-FITC peptide 

(Figure S1b), again suggesting that pro-

tease degradation is required to release 
the packed fl uorochromes. Comparing the protease-induced 

fl uorescence changes between free PLL-FITC and assembled 

particles, a much larger change was seen with the assembled 

particles. This was presumably caused by the layer-by-layer 

packing, because fl uorescence quenching could occur not 

only within each PLL molecule but also between layers, and 

the plasmonic resonance of the Au core. [  25,26  ]  Additionally, 

the kinetics of the fl uorescence release of the nanoprobes 

was much slower than that of free PLL-FITC molecules, 

which suggests that the protease required more time to digest 

the tightly packed layers. 

 The ability of the multilayered fl uorescent nanoprobe to 

label live cells was investigated by comparing the nanoprobe 

with commercially available cell labeling reagents, CM-DiI 

and CMTMR, using fl uorescence microscopy. HeLa cells were 

incubated with cell trackers and various multilayered fl uores-

cent nanoprobes ( Figure    2  ). When incubated with CMTMR, 

the fl uorescence signal was strong at short time points but 
, Weinheim small 2012, 8, No. 21, 3315–3320
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     Figure  2 .     Live cell imaging and cytotoxicity in HeLa cells. After 
incubation for 30 min with cell tracker CMTMR (a) or incubation for 
12 h with various multilayered fl uorescent AuNPs, such as 3L (FITC 
2.1 nmol) (b), 5L (FITC 2.7 nmol) (c), 5D (FITC 3.6 nmol) (d), and non-
treated control (e), fl uorescence signals were assessed by fl uorescence 
microscopy (magnifi cation:20 × ). Cell viability (f) was evaluated after 
incubation for 24 h with various multilayered fl uorescent AuNPs using 
CellTiter solution.  
decreased quickly and lasted only for 2 days (Figure  2 a). 

When incubated with 3L AuNPs, the intracellular fl uorescence 

signal was sustained for approximately 3 days (Figure  2 b). 

However, a prolonged fl uorescence signal was found with 5L 

AuNPs. A high fl uorescence signal was maintained for more 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 21, 3315–3320
than 14 days with negligible background (Figure  2 c). CM-DiI, 

PLL-FITC without AuNPs, and 1L AuNPs were also tested 

with HeLa cells; however, their signal strengths were much 

weaker than that of the 5L AuNPs (Figure S2). As expected, 

there was no signal when nondegradable 5D AuNPs were 

used (Figure  2 d). 

 To investigate the sublocalization of multilayered nano-

probes, HeLa cells were stained with Hoechst 33342 and 

LysoTracker after treatment with 5L AuNPs ( Figure    3  ). 

Merged fl uorescence signals of FITC and LysoTracker clearly 

showed the lysosomal delivery of multilayered fl uorescent 

nanoprobes. Two hours after incubation, the merged image of 

FITC and LysoTracker signals in some cells showed signifi -

cant overlapping, thus indicating the particles were located 

and activated in lysosomes, whereas in other cells, the FITC 

fl uorescence signal was distributed evenly in whole cells. This 

suggested that somehow the nanoprobes could fl ee the lyso-

somes. At day 3, a high FITC signal was found in the nucleus, 

which further supported the hypothesis that the particles 

were able to escape from lysosomes and continue to release 

fl uorescence signals.   

 Similar signal patterns were seen with MDA-MB231 

cells using either commercially available cell trackers or our 

multilayered fl uorescent nanoprobes (Figure S3). However, 

in MDA-MB231 cells, the fl uorescence signal could only be 

followed for 5 days, because of the fast-growing nature of 

MDA-MB 231 cells. Among the probes tested, only 5L AuNPs 

could maintain a strong fl uorescence signal to day 5 in MDA-

MB231 cells. The cytotoxicity of the prepared multilayered 

fl uorescent nanoprobes was evaluated in HeLa (Figure  2 f) 

and MDA-MB231 (Figure S3g) cells. No signifi cant toxicity 

was detected in any nanoprobe-treated cells. 

 To gain a better understanding of signal retention after 

cell division, a suspension of the Jurkat T-cell line was tested 

with 5L AuNPs ( Figure    4  a) or the commercially available cell 

tracking agents, CM-DiI and CMTMR (Figure  4 b,c). After 

incubation with various labels, aliquots of cells were collected 

and analyzed by fl ow cytometry (Figure S4). The initial fl uo-

rescence intensity of each label was controlled to a similar 

level for a fair comparison. Similar retention patterns were 

seen with the CM-DiI and CMTMR cell trackers. The inten-

sity in CM-DiI- and CMTMR-treated cells had declined to 

8 and 3% of the original intensity, respectively, after 4 days 

of incubation. At day 7, the labels were largely gone, and the 

signal had declined to a background level. As the doubling 

time of the Jurkat T-cell line is approximately 48 h, this result 

suggested that the label lasted for about three divisions. In 

contrast, the 5L AuNPs offered a much longer signal dura-

tion. At day 4, the signal intensity was still 24%. At days 7 and 

14, the signal had declined to 12 and 7%, respectively. Even 

after 21 days, the 4% remaining signal was still detectable by 

fl uorescence-activated cell sorting (FACS). These results sug-

gest that the slow release mechanism prolonged the duration 

of action of the cell labels and that the nanoparticles were 

suitable for labeling dividing cells.  

 The potential toxicity of the nanoprobes in Jurkat cells 

was further assessed by monitoring a T-cell-specifi c sur-

face marker. Specifi cally, after treatment with 5L AuNPs, 

cells were stained with an anti-CD3-phycoerythrin (PE) 
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     Figure  3 .     Subcellular localization of the multilayered nanoprobes. HeLa cells were incubated without (a) or with (b) 5L AuNPs (FITC 2.7 nmol) for 
12 h and washed three times with PBS. At each time point (2 h, 1 day, and 3 days), cells were stained with LysoTracker (1  μ  M ) for 1 h, Hoechst 
33342 (1  μ  M ) for 5 min and then the fl uorescence signal was investigated by fl uorescence microscopy (magnifi cation:40 × ) using different fi lter sets 
(Hoechst 33342:blue; 5L AuNPs:green;LysoTracker: red).  
antibody and SYTOX Blue to confi rm cell phenotypic 

integrity and viability, respectively. No signifi cant difference 

between 5L AuNPs-treated and nontreated cells was seen up 

to 7 days ( Figure    5  ). Near identical FACS scatter plots of the 
8

     Figure  4 .     Fluorescence retention through generations in Jurkat cells. After treatment with 5L 
AuNPs (FITC 13.6 nmol), CM-DiI (1  μ  M ), or CMTMR (2  μ  M ), fl uorescence intensity was evaluated 
by fl ow cytometry (a–c) for 21 days.  
5L AuNPs-treated and nontreated cells 

also supported the fi nding that 5L AuNPs 

caused no cell damage 21 days after treat-

ment (Figure S51, thereby indicating the 

safety of this long-lasting nanoprobe.    

 3. Conclusion 

 In summary, the tightly packed polyelec-

trolytes showed slow proteolytic degrada-

tion, so that the attached fl uorochromes 

were not released at once, and this slow-

release process resulted in a persistent 

supply of fl uorochromes, which main-

tained the intracellular fl uorescence signal 

at a high level for a prolonged period. 

Potentially the release kinetics could be 

controlled by varying polyelectrolytes 

with different properties, such as length, 

ionic strength, and bond stability. A sys-

temic evaluation of the negatively charged 

polyelectrolytes is currently under way 
www.small-journal.com © 2012 Wiley-VCH V
for a better-controlled probe. Because each particle acts as 

a reservoir, the developed nanoprobe also worked well with 

dividing cells. During division, the nanoprobes could be dis-

tributed into daughter cells, and then the daughter cells were 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 21, 3315–3320
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     Figure  5 .     a–c) Cell phenotype and viability after treatment with 5L AuNPs in Jurkat cells. 
CD3 expression (PE) and cell viability (4 ′ ,6-diamidino-2-phenylindole, DAPI) without staining 
(a) and double staining without treatment (b) or treatment with 5L AuNPs (c) were assessed 
for 7 days using fl ow cytometry. d) Illustration of cellular uptake and signal release from 
multilayered fl uorescent AuNPs through generations.  
refi lled with newly released fl uorochromes (Figure  5 d). When 

FITC reporter was replaced by a near-infrared reporter, the 

developed long-lasting labeling strategy could have enormous 

potential in  in vivo  tracking of cells, because the intracellular 

fl uorescence signal lasts for weeks, much longer than current 

labeling approaches.   

 4. Experimental Section  

 Chemicals and Materials : Poly- L -lysine (PLL,  M  w   =  30 000–70 
000), poly- D -lysine (PDL,  M  w   =  30 000–70 000), poly(acrylic acid) 
(PAA, 35 wt% solution, average  M  w   =  15 000), fl uorescein 5(6)-iso-
thiocyanate (FITC), and the monoclonal anti-CD3-PE antibody were 
obtained from Sigma–Aldrich (St. Louis, MO). Bare AuNPs (40 nm) 
were purchased from BB International (Cardiff, UK). SYTOX Blue, 
CM-DiI, CMTMR, Hoechst 33342, and LysoTracker were from Invit-
rogen (Carlsbad, CA). Amicon Ultracel membranes (10 kDa) were 
from Millipore (Billerica, MA), and CellTiter aqueous one solution 
was from Promega (Madison, WI).  

 Preparation of PLL-FITC and PDL-FITC : Different amounts of FITC 
(0.1, 0.2, 0.4, 0.6, 0.8, or 1.0 mg) in dimethylformamide (DMF) solu-
tion (500  μ L) were reacted with PLL or PDL (1 mg) in NaHCO 3  (1 m M , 
500  μ L) with constant shaking in the dark at room temperature for 
2 h. The reaction products were separated using molecular-weight-
cutoff membrane fi lters (10 kDa, Millipore). The resulting PLL-FITC 
and PDL-FITC were collected and washed several times with sterilized 
water until the color was clear.  

 Proteolytic Activation of PLL-FITC : To measure the dequenching 
effect, the prepared PLL-FITC (PLL 0.2 nmol in 5  μ L) and PDL-FITC 
(PDL 0.2 nmol in 5  μ L) in PBS were incubated with trypsin–ethyl-
enediamine tetraacetic acid (EDTA; 10  μ L, 0.25%, Sigma–Aldrich) 
in a 96-well culture plate at 37  ° C, and the increase in the FITC 
fl uorescence signal was assessed using a Spectramax M2 plate 
reader (Molecular Devices, Sunnyvale, CA) at 480 nm excitation 
and 530 nm emission for 3 h.  

 Preparation of Multilayered Fluorescent AuNPs : AuNP solu-
tion (40 nm, 3.15  ×  10 9  particles in 700  μ L) was added dropwise 
to a PLL-FITC solution (PLL, 1.8 nmol in 500  μ L). After incubating 
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2012, 8, No. 21, 3315–3320
for 30 min in the dark with gentle shaking, 
the solution was centrifuged (30 min at 16 
100  g ) using a microcentrifuge (Eppendorf, 
Hauppauge, NY). The supernatant was 
removed, and the gel-like deep red pellet was 
suspended in pure water and centrifuged again 
(30 min at 16 100  g ). After a further wash, 
PLL-FITC-coated AuNPs were resuspended in 
pure water (500  μ L). Next, the PLL-FITC-coated 
AuNPs were added to a PAA solution (23.3 m M , 
500  μ L). The reaction solution was incubated 
in the dark for 30 min with gentle shaking, fol-
lowed by three washes. The deposition proce-
dures were repeated for a total of nine layers 
of polyelectrolyte (fi ve layers of PLL-FITC and 
four layers of PAA). Zeta potentials of prepared 
AuNPs in water were measured using a Zeta-
PALS apparatus (Brookhaven, Holtsville, NY) 
and sizes were measured using a Zetasizer 
Nano-ZS instrument (Malvern, Worcestershire, 
UK) according to the manufacturer’s protocol.  
 Protease-Assisted Fluorescence Release from Multilayered 

AuNPs : The protease-induced fl uorescence change of the multilay-
ered fl uorescent AuNPs was determined by incubating various for-
mulated particles (7.88  ×  10 8  particles) in a 96-well culture plate 
with or without trypsin (25  μ L) in PBS at 37  ° C. The increase in 
the FITC fl uorescence signal was analyzed using a Spectramax M2 
plate reader (Molecular Devices) at 480 nm excitation and 530 nm 
emission for 8 h.  

 Cell Lines : HeLa cells and MDA-MB231 human breast cancer 
cells were cultured in Dulbecco’s modifi ed Eagle’s medium (DMEM; 
Mediatech Inc., Manassas, VA), and Jurkat cells were cultured in 
RPMI 1640 medium (Thermo Scientifi c, Rockford, IL). All culture 
media were supplemented with 2 m M  L -glutamine, 100 U mL  − 1  pen-
icillin, 100 mg mL  − 1  streptomycin, and 10% heat-inactivated fetal 
bovine serum (Sigma–Aldrich) in a humidifi ed atmosphere with 
5% CO 2  at 37  ° C.  

 Live Cell Imaging Using Fluorescence Microscopy : Fluorescence 
images of live cells were acquired using a fl uorescence microscopy 
system (Olympus, Tokyo, Japan). Briefl y, HeLa and MDA-MB231 
cells were collected by trypsinization, counted, and plated in a 
96-well black clear-bottom culture plate (Corning Life Sciences, 
Pittston, PA) at a density of 1  ×  10 3  cells per well. After 1 day, 
AuNPs (2.52  ×  10 8  particles) were added and incubated for 12 h. 
Cells were then washed three times with PBS, cultured in phenol 
red-free medium, and imaged with a fl uorescence microscope at 
the time points indicated. In a separate set of experiments, cells 
were treated with cell trackers CM-DiI (2  μ  M ) or CMTMR (7.5  μ  M , Inv-
itrogen). One day after cell seeding, HeLa and MDA-MB231 cells 
were incubated with CM-DiI for 5 min at 37  ° C and then further 
incubated at 4  ° C for an additional 15 min according to the manu-
facturer’s protocol. For CMTMR studies, cells were incubated with 
CMTMR for 30 min at 37  ° C, the medium was replaced with fresh 
medium, and incubation was performed for a further 30 min. After 
labeling with CM-DiI or CMTMR, cells were washed three times with 
PBS, cultured in phenol red-free medium, and imaged under a fl u-
orescence microscope as indicated. 

 For the sublocalization of multilayered nanoprobes, HeLa cells 
were collected by trypsinization, counted, and plated in a 96-well 
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black clear-bottom culture plate (Corning Life) at a density of 
1  ×  10 3  cells per well. After 1 day, AuNPs (2.52  ×  10 8  particles) 
were added and incubated for 12 h. Cells were then washed 
three times with PBS and cultured in phenol red-free medium. At 
each time point (2 h, 1 day, and 3 day), cells were stained with 
LysoTracker (1  μ  M , Invitrogen) for 1 h and Hoechst 33342 (1  μ  M , 
Invitrogen) for 5 min at 37  ° C according to the manufacturer’s pro-
tocol. After three washes with PBS, cells were imaged under a fl uo-
rescence microscope.  

 Cytotoxicity Assessment of the Multilayered Fluorescent AuNPs : 
A cell proliferation assay was performed to assess the cytotoxicity 
of the various treatments. Briefl y, HeLa and MDA-MB231 cells 
were collected by trypsinization, counted, and plated in a 96-well 
culture plate at a density of 5  ×  10 3  cells per well. One day after 
seeding, AuNPs (2.52  ×  10 8  particles) were added and the cells 
were cultured for a further 24 h. At day 2, CellTiter solution (20  μ L, 
Promega) was added to each well, incubation was performed for 
an additional 3 h, and then the absorbance of the solution was 
measured at 490 nm using a Spectramax M2 plate reader (Molec-
ular Devices).  

 Fluorescence Retention in Jurkat Cells : Jurkat cells (1.0  ×  10 6  
cells) were seeded in a 12-well culture plate (BD Falcon, San Jose, 
CA) together with 5L AuNPs (1.26  ×  10 9  particles) in RPMI 1640 
medium (400  μ L) and cultured for 24 h in the dark at 37  ° C in a 5% 
CO 2  atmosphere. Cells (4  ×  10 5 ) were then transferred to a FACS 
tube after three washes with PBS, and the FITC fl uorescence signal 
inside the cells was measured using a BD LSR II fl ow cytometer (BD 
Biosciences, San Jose, CA). The remaining cells were cultured in 
six-well culture plates (BD Falcon) in RPMI 1640 medium (4 mL) .  
The procedure was repeated at different time points, up to 21 
days. In a separate set of experiments, Jurkat cells (1.0  ×  10 6 ) were 
incubated with CM-DiI (1  μ  M ) or CMTMR (2  μ  M ) following the manu-
facturer’s instructions. On the designated day, the fl uorescence 
signal of CM-DiI or CMTMR was measured using a PE fi lter set by a 
BD LSR II fl ow cytometer.  

 Assessment of CD3 Expression Profi les and Cytotoxicity after 
Treatment with 5L AuNPs : One day after incubating Jurkat cells 
(1.0  ×  10 6 ) with 5L AuNPs (1.26  ×  10 9  particles) in a 12-well cul-
ture plate in RPMI medium (400  μ L), a fraction of the cells (4  ×  
10 5 ) was moved to a FACS tube, followed by three PBS washes. 
Anti-CD3 antibody (3  μ L, Sigma–Aldrich) and SYTOX Blue (2  μ L, 
Invitrogen) in PBS (1 mL) were added according to the manufac-
turer’s instructions. PE fl uorescence for CD3 expression and DAPI 
for cytotoxicity in Jurkat cells were measured for up to 7 days using 
a BD LSR II fl ow cytometer.     

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.    
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Figure S1. Protease-assisted cleavage of PLL or PDL conjugated with FITC. After incubation 
of different concentration of PLL-FITC (a) or PDL-FITC (b) with or without trypsin in PBS, 
the fluorescence intensity was examined until 3 h. 
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Figure S2. Live cell imaging in HeLa cells with time course . After incubation with CM-DiI, 
2 µM (a) for 30 min, PLL-FITC (b) for 4 h, or 1L AuNPs (FITC 1.4 nmole) (c) for 12 h, 
fluorescence signal was investigated with fluorescence microscopy (magnification : 20 X) in 
HeLa cells.  
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Figure S3. Live cell imaging and cytotoxicity in MDA-MB231 cells. After incubation with 
cell tracker, CMTMR, 7.5 µM (a) for 15 min, CM-DiI, 2 µM (b) for 30 min, or various 
multilayered fluorescent AuNPs, such as 3L (FITC 2.1 nmole) (c), 5L (FITC 2.7 nmole) (d) 
and 5D (FITC 3.6 nmole) (f) for 12 h, fluorescence signal was investigated with fluorescence 
microscopy (magnification : 20 X). Cell viability (g) was also evaluated after incubation for 
24 h with various multilayered fluorescent AuNPs using CellTiter solution in MDA-MB231 
cells. 
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Figure S4. Cell population and fluorescence intensity of Jurkat cells. After treatment with 5L 
AuNPs (FITC 13.6 nmole) (a), CM-DiI, 1 µM (b) or CMTMR, 2 µM (c) to Jurkat cells, 
fluorescence intensity was measured by flow cytometry with time course. Inserted number in 
each column shows the average fluorescence intensity value and the percentage, the intensity 
at 0 Day was set as 100 %.   
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Figure S5. Cell population of Jurkat cells after treatment with 5L AuNPs. After treatment 
without (a) or with (b) 5L AuNPs (FITC 13.6 nmole), cell population was measured by flow 
cytometry for 21 days. Inserted number in each column shows the percentage of cells. 
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A Fabricated siRNA Nanoparticle for Ultralong Gene 
Silencing In Vivo
 Persistent gene silencing is crucially required for the successful therapeutics 
of short interfering RNA (siRNA). Here, a nanoparticle-based delivery system 
is presented which assembles by layering siRNAs between protease degra-
dable polypeptides to extend the therapeutic window. These tightly packed 
nanoparticles are effi ciently taken up by cells by endocytosis, and the fabri-
cated siRNAs are gradually released following intracellular degradation of the 
polypeptide layers. During cell division, the particles are distributed to the 
daughter cells. Due to the slow degradation through the multiple layers, the 
particles continuously release siRNA in all cells. Using this controlled release 
construct, the in vivo gene silencing effect of siRNA is consistent for an 
ultralong period of time ( > 3 weeks) with only a single treatment. 
  1. Introduction 

 Short interfering RNAs (siRNAs)-mediated gene regulation in 
mammalian cells was fi rst discovered about two decades ago 
and siRNA has since shown immense potential in treating var-
ious diseases by silencing abnormally up-regulated genes. [  1–4  ]  
However, delivering the highly charged siRNA to the targeted 
cells and enabling the specifi c target gene silencing effect to 
persist remains challenging. [  5  ]  Although huge efforts have been 
invested to develop effective non-viral siRNA delivery systems, 
including polyplexes, micelleplexes, and exosome nanoparti-
cles, [  6  ,  7  ]  various physiological limitations still hinder the suc-
cessful clinical translation. [  8  ,  9  ]  The main drawbacks of gene 
silencing using synthetic siRNA are transient silencing due to 
the biodegradation of siRNA, siRNA dilution upon cell division, 
and its nonrenewable-nature. [  10  ]  To obtain a consistent silencing 
effect in vivo, it usually requires repetitive administration of the 
agent. [  11  ]  However, such repeated injections have resulted in a 
substantial impediment to patient treatment, as evidenced by 
decreased enrollment in clinical trials and decreased patient 
compliance. [  12  ]  Complete and prolonged gene silencing with 
a single treatment would offer enormous benefi ts for chronic 
diseases, scaling down the administration frequency in dosing 
schedule. [  13  ]  

 To achieve long-lasting controlled release and gene silencing 
effects, various groups have developed novel delivery systems for 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhewileyonlinelibrary.com
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slow and sustained release of the oligonu-
cleotide or siRNA. [  14–18  ]  Several trials have 
also extended into primary T lymphocytes 
and human stem cells for prolonged gene 
silencing. [  19  ,  20  ]  Although promising cell 
culture results were obtained in those 
studies, the actual in vivo effi ciency 
remains to be demonstrated. Viral vec-
tors have shown great effi ciency in in vivo 
siRNA delivery, [  21  ]  however, introducing a 
foreign gene into patients is also a clinical 
concern. [  22  ,  23  ]  Recently we have developed 
a fabrication method to prepare multilayer 
siRNA delivery nano-vector and a long-
lasting nanoparticle-based fl uorescent 
label for extended cell imaging. [  24  ,  25  ]  Onto 
an inert gold nanoparticles (AuNPs), negatively charged siRNAs 
were layered between the oppositely charged polypeptide layers 
which are sensitive to proteases. The initial results with this 
multi-layered siRNA delivery vector suggest several advantages 
over other non-viral delivery systems, including uniform size, 
effi cient cell translocation, and enhanced siRNA stability. In 
this study, we further optimized this nanodelivery system and 
determined its exceptional gene silencing effect was persistent 
for more than three weeks in vivo.  

  2. Results and Discussion 

 To prepare the multilayered siRNA-coated AuNPs (sRAuNPs), 
the negatively charged AuNPs (size: 40 nm) in water were 
dropped into the positively charged poly-L-lysine (PLL) solution 
(average M w   =  22.5 kDa;  Figure    1  a). After a 30-min incubation 
at room temperature with shaking and several washes with 
sterilized water, the positively charged PLL-coated AuNPs were 
added to the negatively charged siRNA solution. After incuba-
tion, free unbound siRNAs were removed by centrifugation and 
an additional PLL layer was added so the resulting positively 
charged AuNPs (sR1P) had one layer of siRNA and two layers 
of PLL. By repeating this procedure again, AuNPs (sR2P) with 
two layers of siRNA and three layers of PLL were successfully 
fabricated by electrostatic interactions. A zigzag pattern of the 
surface zeta-potential of each layer supported the success of 
the layering (Figure  1 b). The fi nal particle size, determined by 
dynamic light scattering (DLS) measurement, was found to be 
approximately 150 nm (Figure  1 b).  

 Two reported siRNA sequences, termed siLuc-Na and siLuc-
Ba, [  1  ,  26  ]  against two different regions of the luciferase gene were 
used because maximal gene silencing effect has been reported 
with simultaneously applied multiple siRNAs. [  27  ,  28  ]  sRAuNPs 
im Adv. Funct. Mater. 2013, 23, 3488–3493
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     Figure  1 .     Preparation of the sRAuNPs. a) The process of preparing multilayered siRNA-coated 
AuNPs by electrostatic interaction. b) The average size (orange bar) and zeta potential (black 
circle) of multilayered sRAuNPs.  
were fabricated with one or two siRNAs. sR2P (Ba  +  Na) was 
prepared with siLuc-Ba on the fi rst layer and siLuc-Na on the 
second layer, and the order of siRNA in sR2P(Na  +  Ba) was 
reversed. A scramble siRNA (siLuc-Sc), which has the same 
length but randomly sequenced of siLuc-Na, was included as a 
negative control. 

 To demonstrate the success of packing and intracellular 
delivery of sRAuNPs, the two siRNAs, siLuc-Ba and siLuc-Na, 
were labeled with cy5 and cy3 fl uorescent reporters, respec-
tively. Various sRAuNPs (1.58  ×  10 8  particles), including sR1P 
(Ba-cy5), sR1P (Na-cy3), and sR2P (Ba-cy5  +  Na-cy3), were incu-
bated for 24 h with MDA-MB231-luc2 cells. The presence of 
siRNA in cells was investigated using fl uorescence microscopy 
( Figure    2  ). Because a cy3 or cy5 reporter was anchored to each 
siRNA, the fl uorescence images using cy3 and/or cy5 channels 
reveal the location of the released siRNA. We observed a spotty 
fl uorescence signal diffused into the cytoplasm (Figure  2 b–d). 
The images of both cy5 and cy3 fl uorescence signals after 
treatment with sR2P (Ba  +  Na) clearly indicated the presence 
of two kinds of siRNA (Figure  2 d). These cellular-uptake data 
indicate that sRAuNPs enter cells without a transfection agent. 
Once they are internalized, the siRNA could be freed from the 
particles by intracellular proteolysis.  

 An initial gene-silencing screening experiment was per-
formed by incubating MDA-MB231-luc2 cells with sR1P (Na), 
sR1P (Ba), sR2P (Na  +  Na), sR2P (Ba  +  Ba), sR2P (Na  +  Ba), 
and sR2P (Ba  +  Na) for 2 days ( Figure    3  a,b). A control sR2P 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 3488–3493
prepared with two layers of scrambled 
siRNA, termed as sR2P (Sc  +  Sc), was also 
used as a negative specifi city control. After 
incubation, the particles were washed away, 
and MDA-MB231-luc2 cell luminescence was 
measured immediately after addition of luci-
ferin. It was determined that the lumines-
cence was decreased to approximately 54% 
by sR1P (Na) (siLuc-Na 0.2 nmole; 1.58  ×  10 8  
particles) and 48% by sR1P (Ba) (siLuc-Ba 
0.2 nmole; 1.58  ×  10 8  particles) when the 
luminescence of untreated cells was set as 
100%. With the same number of particles 
(1.58  ×  10 8 ), the luminescence intensities of 
sR2P (Na  +  Na), sR2P (Ba  +  Ba), sR2P (Na  +  
Ba), and sR2P (Ba  +  Na) were reduced to 46%, 
44%, 38%, and 30%, respectively. As shown 
in Figure  3 c,d, similar results were observed 
with LNCaP-luc2 cell lines (sR1P (Na): 50%/ 
sR1P (Ba): 49%/sR2P (Na  +  Na): 46%/sR2P 
(Ba  +  Ba): 40%/sR2P (Na  +  Ba): 33%/sR2P 
(Ba  +  Na): 22%). When the specifi c siRNA 
was replaced with the scrambled siRNA (total 
siLuc-Sc 0.4 nmole), the silencing effect was 
insignifi cant. These data reveal the sequence 
specifi c silencing effect of the luciferase 
gene in two different cancer cell lines and 
show both sequences have similar inhibition 
effects. For comparison, commercially avail-
able and widely used Lipofectamine 2000, 
which is used in nucleic acid delivery, was 
tested in both cell lines. However, the gene 
silencing effect was not as remarkable as those treated with 
sRAuNPs even in the presence of same amount of siRNA (each 
siRNA 0.2 nmole; Supporting Information Figure S1). Addi-
tionally, similar luciferase signals were observed in cells treated 
with Lipofectamine 2000 alone and Lipofectamine 2000 for-
mulated with siRNA. From these initial short-term inhibition 
results, sR2P (Ba  +  Na) was selected as the construct to be used 
in long-term gene silencing studies.  

 MDA-MB231-luc2 cells were treated for 2 days with sR2P 
(Ba  +  Na) in a 6-well plate (each siRNA 2.0 nmole; 1.58  ×  10 9  
particles). The cells were washed and aliquoted into sepa-
rate 96-well plates for the time course study (up to 10 days). 
As shown in  Figure    4  a,b, the effi ciency of gene silencing after 
treatment with sR2P (Ba  +  Na) on day 1 was 14% when the 
initial luminescent intensity of control cells was set as 100%. 
This signifi cant gene silencing effect was sustained for at least 
10 days (48%). In contrast, the luminescent signal increased 
with time as the control untreated cells divided. The lumines-
cent signal of the untreated cells was approximately 400%, but 
the signal of the treated cells was less than 50% of the original 
signal. The experiment was forced to end at day 10, because of 
the physical constraint of the wells.  

 Although toxicity of surface modifi ed AuNPs decorated with 
other polycationic polymers has been reported, [  29  ,  30  ]  cytotox-
icity of our prepared sRAuNPs was not observed. As shown 
in Supporting Information Figure S2, no signifi cant toxicity 
was detected in any sRAuNPs-treated MDA-MB231-luc2 or 
3489wileyonlinelibrary.comeim
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     Figure  2 .     Cellular uptake of multilayered sRAuNPs. Images of released siRNA from various 
sRAuNPs were visualized using fl uorescence microscopy with different fi lters after 24 h incuba-
tion in a) the absence or presence of b) sR1P (Ba-cy5), c) sR1P (Na-cy3), and d) sR2P (Ba-cy5  +  
Na-cy3) in MDA-MB231-luc2 cells.  
LNCaP-luc2 cells, indicating silencing of the luciferase gene 
does not cause of non-specifi c cytotoxicity. In contrast, some 
toxicity was observed with Lipofectamine 2000 in both cell lines 
and less than 80% cells were viable. 

 This 10-day experiment indicated that gene silencing was 
effective even after cell division. With an average doubling time 
of 31 h for MDA-MB231 cells, [  31  ]  the sRAuNPs must effectively 
inhibit both the mother and daughter cells, otherwise the total 
luminescence should rise quickly with time. Because the unpro-
tected siRNA is subjected to rapid nuclease degradation in cells, 
a persistent gene silencing effect in the daughter cells should 
be the result of gradually released siRNAs. Presumably, the 
loaded particles were re-distributed evenly to the cells during 
division, and the multi-layered assembly and charge-charge 
interaction might contribute to the prolonged gene silencing. 
Re-distribution of the loaded particles during cell division has 
recently confi rmed using a similar particle which was labeled 
with layers of fl uorescence tags. [  25  ]  The intracellular fl uorescent 
signal was found evenly distributed to all cells and persisted for 
21 days. 

 The in vivo gene silencing potential was evaluated further by 
inoculating MDA-MB231-luc2 cells (3.5  ×  10 6 ) and sR2P (Ba  +  
Na) treated MDA-MB231-luc2 cells (3.5  ×  10 6 ) in both fl anks 
490 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
nude mice. The real-time gene silencing 
effect was investigated non-invasively by com-
paring the luminescence between the inocu-
lated tumors ( Figure    5  a). The observed gene 
silencing was extremely effective throughout 
the tested period. The relative inhibition effi -
ciency at day 1 was 23% and was sustained 
until day 20 (39%). Maximal inhibition 
was observed at day 7 (9%). All mice tested 
revealed similar gene silencing effi cien-
cies at all indicated time points (Supporting 
Information Figure S3), except at day 20, one 
mouse showed large variation (Figure  5 b). As 
expected, there were no differences in tumor 
size between the untreated and sRAuNP, 
which targeting luciferase gene, treated 
tumors (Figure  5 c). This data clearly show 
the inhibition of luciferase intensity is not 
caused by cytotoxic effect. These long-term 
inhibition results further suggest that the 
loaded siRNAs were able to silence its target 
gene in primary treated cells as well as their 
daughter cells for an extended period.   

  3. Conclusion 

 In summary, an ultra-long siRNA gene 
silencing effect was achieved both in vitro and 
in vivo using a functionalized nano-reservoir, 
which is consisted of multiple siRNA and 
degradable polypeptide layers. By adopting 
a layering deposition technology, [  24  ,  32–34  ]  we 
successfully fabricated sRAuNPs by electro-
static interaction, which contain multi-layers 
of protease degradable PLL and synthetic 
siRNA. The positively charged sRAuNPs were effi ciently taken 
up by cells and once inside the cells, the PLL was gradually 
degraded by intracellular proteases, resulting in the continuous 
release of siRNA. These intracellular sRAuNPs act as siRNA 
reservoirs, providing siRNA to inhibit its target genes. Upon 
cell division, the nano-reservoirs were distributed to daughter 
cells and continued to release siRNA for an extended period 
of time. Due to extraordinary persistent gene silencing effect, 
functionalized multilayered sRAuNPs are expected to have 
great potentials in the areas of cancer therapy, in case luciferase 
siRNA replaced with siRNA of onco-genes which are predomi-
nantly overexpressed in various tumors. Although this in vivo 
siRNA effect was performed using pretreated cells, this simple 
experiment demonstrated that a well-defi ned nanoconstruct 
can achieve ultra-long gene silencing effects in vivo. Currently, 
we are optimizing the fabrication for systemic treatment.  

  4. Experimental Section 
  Chemicals and Materials : All siRNA and poly-L-lysine (PLL) 

( M  w   ≈ 15 000–30 000 g mol  − 1 ) were obtained from Sigma-Aldrich (St. 
Louis, MO). Bare AuNPs (40 nm) particles were purchased from BB 
inheim Adv. Funct. Mater. 2013, 23, 3488–3493
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     Figure  3 .     In vitro gene-silencing effect of multilayered sRAuNPs. The luminescence signal and the luminescence intensity (photons s  − 1 ) in a,b) MDA-
MB231-luc2 cells or c,d) LNCap-luc2 after incubation for 2 days with various sRAuNPs. The luminescence intensity of each cell line without treatment 
was set as 100%. The results are representative of three independent experiments.  
International (Cardiff, UK), Lipofectamine 2000 was from Invitrogen 
(Carlsbad, CA), D-Luciferin was from Regis Technologies (Morton Grove, 
IL), Matrigel (phenol red-free) was from BD Biosciences (San Jose, CA) 
and CellTiter aqueous one solution was from Promega (Madison, WI). 
© 2013 WILEY-VCH Verlag G

     Figure  4 .     Prolonged gene-silencing effect of multilayered sRAuNPs. a,b) T
luminescence signal for up to 10 days after treatment with sR2P (Ba  +  Na
at day 1 was set as 100%. The results are representative of three independe

Adv. Funct. Mater. 2013, 23, 3488–3493
  Preparation and Characterization of Multilayered sRAuNPs : 
Using layer by layer (LbL) fabrication method, multilayers of 
siRNA and PLL were successfully deposited on Au surface. The 
sequences of siLuc-Ba [  26  ]  against luciferase are sense strand: 
3491wileyonlinelibrary.commbH & Co. KGaA, Weinheim

he prolonged gene silencing effect was also evaluated by measuring the 
) in MDA-MB231-luc2 cells. The luminescence intensity without treatment 
nt experiments.  
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     Figure  5 .     In vivo gene-silencing effect of multilayered sRAuNPs. a) The luminescence signal 
and b) the luminescence intensity of non-treated (left fl ank) or sR2P (Ba  +  Na) treated MDA-
MB231-luc2 cells (right fl ank) were collected up to 20 days after implantation by IVIS-200. The 
luminescence intensity (photons s  − 1 ) of non-treated cells (left fl ank) at each time point was set 
as 100%. c) Comparison of the tumor size of control versus the sR2P (Ba  +  Na) treated group 
during 20 days. Data represent the tumor volume (mean  ±  SEM) for each group.  
5 ′ -UUAAUCAGAGACUUCAGGCGGUdTdT-3 ′ , antisense strand: 
5 ′ -ACCGCCUGAAGUCUCUGAUUAAdTdT-3 ′ , siLuc-Na [  1  ]  are sense 
strand: 5 ′ -CGUACGCGGAAUACUUCGAdTdT-3 ′ , antisense strand: 5 ′  
UCGAAGUAUUCCGCGUACGdTdT-3 ′ , and of control nonsnese siRNA 
(siLuc-ctrl) are sense strand: 5 ′ -AGCUUCAUAAGGCGCAUGCdTdT-3 ′  
and antisense strand: 5 ′ -GCAUGCGCCUUAUGAAGCU-3dTdT-3 ′ ). AuNPs 
solution (3.15  ×  10 9  particles in 0.7 mL) was added dropwisely onto a 
PLL solution (0.5 mL of 5 mg mL  − 1 ) in pure water. After incubating for 
30 min in the dark with gentle shaking, the solution was centrifuged for 
30 min at 16,100 g using a micro centrifuge (Eppendorf, Hauppauge, 
NY). The supernatant was removed, and the gel-like deep red pellet was 
re-suspended with pure water and centrifuged for 30 min at 16,100 g. 
PLL coated AuNPs were stored in pure water after additional wash. Next 
polyelectrolyte layer was deposited by adding PLL coated AuNPs (in 
0.5 mL pure water) to siRNA solution (4.0 nmole, 0.5 mL). The reaction 
solution was incubated in the dark for 30 min with gentle shaking, 
followed by three washes. The deposition procedures were repeated to 
have total 5 layers of polyelectrolytes (3 layers of PLL and 2 layers of 
siRNA). Sizes and zeta potentials of AuNPs in water were measured 
by Zetasizer Nano-ZS (Malvern, Worcestershire, UK) according to the 
manufacturer’s instruction. 

  Cell Lines : The human breast cancer cell line stably expressing fi refl y 
luciferase (MDA-MB231-luc2) and the human prostate cancer cell line 
stably expressing fi refl y luciferase (LNCaP-luc2) were purchased from 
Caliper (Alameda, CA). MDA-MB231-luc2 cell line were cultured in 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
DMEM medium (Mediatech Inc., Manassas, VA), 
while LNCaP-luc2 cell line were cultured in RPMI 
1640 medium (Thermo Scientifi c, Rockford, IL) 
and both cell lines were supplemented with 2 mM 
L-glutamine, 100 U mL  − 1  penicillin, 100 mg mL  − 1  
streptomycin, and 10% heat-inactivated fetal bovine 
serum (Sigma-Aldrich) in a humidifi ed atmosphere 
of 5% CO 2  at 37  ° C. 

  Live Cell Imaging for Cellular Uptake of sRAuNPs : 
A cy5 fl uorochrome was tagged on the 5 ′  end 
of the sense siLuc-Ba and a cy3 fl uorochrome 
was tagged on the 5 ′  end of the sense siLuc-Na. 
Fluorescence images of live cells were acquired 
using a fl uorescence microscopy system (Olympus, 
Tokyo, Japan). Briefl y, MDA-MB231-luc2 cells were 
seeded on a 96-well black clear-bottom culture 
plate (Corning Life Sciences, Pittston, PA) at a 
density of 5.0  ×  10 3  cells per well. After 1 day, the 
culture medium was replaced with sR1P (Ba-cy5), 
sR1P (Na-cy3) or sR2P (Ba-cy5  +  Na-cy3) AuNPs 
(1.58  ×  10 8  particles) containing medium, and 
further cultured for 24 h. Cells were then washed 
twice with phosphate buffered saline (PBS) and 
cultured in the phenol red-free medium and imaged 
with a fl uorescence microscopy. 

  Cytotoxicity Assessment of sRAuNPs : A cell 
proliferation assay was performed to assess the 
cytotoxicity of Lipofectamine 2000 (Invitrogen) 
and the preparations of sRAuNPs. Briefl y, MDA-
MB231-luc2 cells were collected by trypsinization, 
counted, and plated in a 96-well culture plate at 
a density of 5  ×  10 3  (or 2.5  ×  10 4  of LNCaP-luc2) 
cells per well. One day later, sRAuNPs (1.58  ×  
10 8  particles) or Lipofectamine 20000 (0.2  μ L) were 
added and the cells were further cultured for 48 h. 
For Lipofectamine 20000, due to toxicity issue, fresh 
complete medium were replaced after incubation 
with Lipofectamine 2000 for 4 h and further cultured 
for additional 44 h. At day 3, 20  μ L CellTiter solution 
(Promega) was added to each well after replacing 
with fresh medium and incubated for an additional 
3 h, and then the absorbance of the solution was 
measured at 490 nm using a Spectramax M2 plate 
reader (Molecular Devices). 
  In Vitro Gene Silencing Effect : For the examination of the gene 

silencing effect in vitro, bioluminescence measurement was performed 
after incubating with various multilayered AuNPs. Briefl y, MDA-MB-
231 cells were seeded in a 96-well black clear bottom culture plate at 
a density of 5  ×  10 3  (or 2.5  ×  10 4  of LNCaP-luc2) cells per well. One 
day later, different sRAuNP (1.58  ×  10 8  particles) were added to 
each well and cultured for additional 48 h and replaced with fresh 
medium. Manufacturer’s instruction was followed for transfection with 
Lipofectamine 2000. Bioluminescence measurement was performed 
using IVIS-200 (Caliper) immediately after addition 125  μ g mL  − 1  of 
D-Luciferin (Regis). To investigate in vitro long-term gene silencing 
effects, MDA-MB231-luc2 cells were seeded in a 6-well culture plate (BD 
Falcon, San Jose, CA) at a density of 2.0  ×  10 5  cells per well. One day 
later, sR2P (Ba  +  Na) (1.58  ×  10 9  particles) were added to each well and 
cultured for additional 48 h. sRAuNPs treated MDA-MB231-luc2 cells in 
6-well plate were collected by trypsinization, counted, and re-plated in a 
96-well black clear bottom culture plate at a density of 1.5  ×  10 3  cells per 
well. Bioluminescence measurement of each well appropriate from day 
1 to day 10 was performed using IVIS-200 (Caliper) immediately after 
addition 125  μ g mL  − 1  of D-Luciferin (Regis). 

  In Vivo Gene Silencing Effect : All animal studies were performed 
in compliance with the approved animal protocols and guidelines 
of Institutional Animal Care and Use Committee at The Methodist 
Hospital Research Institute. To evaluate gene silencing effect in vivo, 
inheim Adv. Funct. Mater. 2013, 23, 3488–3493
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bioluminescence measurement was performed after implantation 
of sR2P (Ba  +  Na) treated or non-treated MDA-MB231-luc2 cells to 
female nude (nu/nu) mice. MDA-MB-231 cells were seeded in a 6-well 
culture plate (BD Falcon) at a density of 2.0  ×  10 5  cells per well. One 
day later, sR2P (Ba  +  Na) (1.58  ×  10 9  particles) were added to each 
well and cultured for additional 48 h. sRAuNPs treated or non-treated 
MDA-MB231-luc2 cells were collected by trypsinization, counted, and 
implanted bilaterally (3.5  ×  10 6  cells in 200  μ L of PBS including 50  μ L 
of Matrigel) in the posterior fl anks of mice. Bioluminescence imaging 
was carried out with a group of 3 mice. Bioluminescence of tumor-
bearing mice was imaged using a small animal optical imaging system 
(IVIS-200, Caliper) immediately after injecting 2 mg (in 150  μ L of PBS) 
of D-Luciferin (Regis) per mouse up to 20 days after cell implantation. 
Tumors were measured at the indicated time with digital calipers, and 
volumes were calculated according to the formula [  35  ]  as 0.5  ×  (length)  ×  
(width) 2 .  

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