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Abstract

The use of RNAi to suppress protein synthesis offers a potential way of reducing the level of 

enzymes or the synthesis of mutant toxic proteins but there are few tools currently available for 

their delivery. To address this problem, bioconjugated quantum dots (QDs) containing a 

hydrophobic component (N-palmitate) and a sequence VKIKK designed to traverse across cell 

membranes and visualize drug delivery were developed and tested on cell lines of brain origin. We 

used the Zn outer shell of the QD to bind HIS6 in JB577 (W•G•Dap(N-

Palmitoyl)•VKIKK•P9•G2•H6) and by a gel-shift assay showed that siRNAs would bind to the 

positively charged KIKK sequence. By comparing many peptides and QD coatings, we showed 

that the QD-JB577-siRNA construct was taken up by cells of nervous system origin, distributed 

throughout the cytosol, and inhibited protein synthesis, implying that JB577 was also promoting 

endosome egress. By attaching siRNA for luciferase in a cell line over-expressing luciferase, we 

showed 70% inhibition of mRNA after 24–48 h. To show more specific effects, we synthesized 

siRNA for neutral (NSMase2), acid (lysosomal ASMase) sphingomyelinase, and sphingosine 

kinase 1 (SK1), we demonstrated a dose-dependent inhibition of activity. These data suggest that 

QDs are a useful siRNA delivery tool and QD-siRNA could be a potential theranostic for a variety 

of diseases.
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Many neurodegenerative disorders are characterized by the accumulation of abnormal 

proteins, such as beta-amyloid peptide (Aβ) in Alzheimer’s, or super-oxide dismutase 

mutations in Amyotrophic Lateral Sclerosis (ALS) (Tiraboschi et al. 2004; Basso et al. 
2013). Small RNA interference is believed to suppress the activation of abnormal genes and 

may control normal neural development and maintenance. Endogenous miRNAs are 

secreted in extracellular vesicles by cells following sphingomyelinase activation (Trajkovic 

et al. 2008) and consist of 21–25 nucleotides that negatively regulate transcription, bind to 

the 3′-untranslated region of target mRNA and facilitate its degradation. miRNA has been 

found to play an important role in many neurodegenerative disorders. For example, the Aβ, 

an important factor in Alzheimer’s disease, is controlled in part by miRNA137/181c, 

implicating miRNA as a potential therapeutic target (Geekiyanage and Chan 2011). 

Furthermore, miRNAs are important in the development of oligodendrocytes from glial 

precursor cells and so have been suggested to be viable therapeutic agents (Dugas and 

Notterpek 2011). Thus, the administration of miRNA-219 to aging rats has been shown to 

increase myelination, and miRNA-219 could be useful for the treatment of multiple sclerosis 

(MS) (Pusic and Kraig 2014). Small interfering RNA (siRNA) is an miRNA analogue which 

is often used in the laboratory setting for gene silencing and is currently being explored as a 

potential therapeutic agent. siRNA could both treat diseases caused by miRNA 

misregulation and be therapeutic in instances where disease is caused by abnormal protein 

activity. However, the delivery remains a problem despite the potential advantages of short 

nucleic acid based drugs. siRNA can be delivered without a facilitating carrier/agent, such as 

an aerosolized siRNA, and most other delivery systems have employed direct injection of 

potentially toxic lipid nanoparticles (DeVincenzo et al. 2008). However, it is hard to deliver 

siRNA to the central nervous system (CNS) by these approaches and siRNA can be 

degraded by endogenous RNAses or filtered out by the kidney and removed by phagocytes 

post-injection (Whitehead et al. 2009). This limits the medical application of siRNA as a 

small molecule drug. Using bioconjugated quantum dots (QDs) which are florescent 

nanovectors and probes, we demonstrated the large potential for overcoming these 

limitations of drug penetration and safe delivery (Walters et al. 2012, 2015; Boeneman et al. 
2013; Xu et al. 2013).

We have previously shown that 6 nm CdSe QDs with a ZnS surface and solubilized by a 

specific dihydrolipoic acid (DHLA)-derived coating will bind a cell-penetrating peptide 

JB577 (W•G•Dap(N-Palmitoyl)•VKIKK•P9•G2•H6) in which P9G2 acts as a spacer) 

through (His)6-Zn tight association, and deliver H6-green fluorescent protein to either 

neurons or glia in the CNS (Walters et al. 2015). The usefulness of QDs for delivery is 

because of their high quantum yield, large physical cross-section, and their strong one-

photon and two-photon absorption over a broad fluorescence range without photobleaching 

effects (Algar et al. 2011). Their spectral properties make them perfect for long-term 

imaging and drug/peptide tracking, and QD emissions can be narrowly tuned as a function 

of their radius, meaning that many different wavelengths are possible (Murray and Kagan 

2000).

The large relative surface area of QDs available for conjugation means that we can display > 

50 different biomolecules in a controlled manner (Prasuhn et al. 2010a, b). This 

nanoscaffold could therefore be used to carry various biological materials, such as small 
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siRNAs, peptides (e.g., JB577), or even large proteins (such as H6-green fluorescent 

protein). Taking advantage of this, Li et al. (2012a,b) synthesized an amino-polyethylene 

glycol (PEG) complex for the CdSe/ZnS QDs, showed that negatively charged siRNAs were 

electrostatically adsorbed to the surface of QDs, and demonstrated that these nanocomplexes 

were taken up by SK-N-SH neuroblastoma cells. When the QD nanocomplex was bound to 

siRNA for β-secretase (BACE1), there was a 50% reduction in BACE1 expression. To 

improve delivery efficiency of QDs, we needed to attach a cell-penetrating peptide which 

promotes egress from the endosomal compartment, and lipopeptide JB577 uniquely provides 

this function (Delehanty et al. 2010a,b; Boeneman et al. 2013). Further, in order to work 

with brain tissue (Walters et al. 2012, 2015), we had to overcome two main obstacles to 

nanoparticle delivery, namely how to selectively target different neural cell types (Walters et 
al. 2012, 2015) and how to get to subcellular and target organelles without toxicity. We have 

previously shown JB577 functions as an endosomal release peptide/cytosolic delivery 

peptide and has neuronal selectivity in rat hippocampal slices (Walters et al. 2012) using 

negatively charged compact ligands to deliver to neurons and positively charged coats to 

deliver to glia. We therefore tested the hypothesis that the VKIKK sequence in JB577 could 

bind and deliver siRNA to intact cells. Our previous studies demonstrated that the coating of 

the nanoparticle affects the location of delivery, so that a negatively charged compact ligand 

(CL4) delivered QDs to pyramidal neurons in the hippocampus but not to oligodendrocytes, 

astrocytes, or microglia. Conversely, if the compact ligand or PEG was positively charged or 

the extracellular matrix was enzymatically digested with chondroitinases (Walters et al. 
2015), the QDs were targeted more to oligodendrocytes. This makes QDs ideal multipurpose 

delivery vehicles because they not only facilitate specific cell-type delivery (Walters 2015) 

and are non-toxic, but also allow for real-time tracking of their location in vitro, eliminating 

the need for the addition of fluorescent tags to track progress. We chose sphingomyelinases 

to illustrate this delivery because of their importance to the nervous system and their 

potential role in exosome release (this is blocked by GW4869) (Pusic and Kraig 2014), and 

our long-term interest in their response to various stress-related neurochemicals (Testai et al. 
2004; Jana and Pahan 2007; Qin et al. 2009, 2012; Dawson and Qin 2011).

Material and methods

Quantum dots

CdSe/ZnS core-shell QDs with emission maxima centered at 625 nm were synthesized 

(Invitrogen, Carlsbad, CA, USA) and made hydrophilic by exchanging the native 

hydrophobic capping shell with DHLA PEG-based ligands or negatively charged/

zwitterionic DHLA-based compact ligands CL1, CL2, and CL4 as described previously 

(Mei et al. 2008; Algar et al. 2011; Susumu et al. 2011). This renders them soluble in 

physiological buffers and the resulting particle is about the size of a protein such as the 

maltose binding protein (Delehanty et al. 2010a,b).

Peptides

The palmitoylated peptide (JB577) sequence used was W•G•Dap(N-

Palmitoyl)•VKIKK•P9•G2•H6 where ‘Pal’ corresponds to a palmitate group that is 

covalently attached to a non-hydrolysable thiolresembling diaminopropionic acid residue 
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functionality synthesized into the peptide backbone (Sapsford et al. 2007). JB578 is AcWG 

(Pal)P9G2H6 (Boeneman et al. 2013). All peptides were synthesized using Boc (t-

butoxycarbonyl)-solid phase peptide synthesis, purified by HPLC, and purity verified by 

electrospray ionization MS (Dawson et al. 2010). All peptide sequences are written in the 

conventional N-to-C terminal orientation.

Sphingomyelinase assays

Lysosomal acid sphingomyelinase (ASMase) and neutral sphingomyelinase (NSMase) 

activities were determined with the fluorimetric substrate hexamethylumbelliferyl (HMU)-

phosphorylcholine as previously described (Testai et al. 2004). Briefly, cells were harvested 

and washed with phosphate-buffered saline (PBS), the pellets were resuspended and lysed in 

25 mM Tris-HCl, 150 mM NaCl, and 1% Triton X-100, pH 7.4. For ASMase activity assay, 

50 μg proteins were mixed with the fluorogenic substrate HMU-phosphorylcholine, the 

incubation was carried out at pH 4.5, and 150 mM sodium acetate buffer containing 1 mM 

EDTA was added to block any NSMase activity. Neutral sphingomyelinase 2 (NSMase2) 

assay was carried out at pH 7.4 reaction buffer (10 mM MgCl2, 100 mM Tris-HCl, pH 7.4 

and 0.1% Triton X-100) included 5 μM fresh dithiothreitol to inhibit any ASMase activity. 

The HMU released was followed fluorometrically in a 96-well FLX microplate reader. The 

enzyme activity was calculated from the slope of the graph of intrinsic fluorescence plotted 

against time and standardized to μg of protein.

RT-PCR for NSMase2 and ASMase mRNA expression in cells

Total RNA was extracted from cultured cells using a Qiagen total RNA extract kit (Valencia, 

CA, USA). RT-PCR was executed with a RT-PCR one-step kit (Qiagen) and primer pairs 

specific to mouse Smpd1 using forward: 5′-TGGTTCTGGCTCTGTTTGACTCCA-3′and 

backward: 5′-TCAGCTGATCTTGG CGAGACTGTT-3′; primer pairs specific to mouse 

Smpd3 using forward: 5′-ACATCGATT CTCCCACCAACACCT-3′and backward: 5′-
AATTCGCACAA TGCAGCTGTCC TC-3′; primer pairs specific to mouse SphK1 using 

forward: 5′-ATGGTCTGATGCATGAGGTGGTGA-3′and backward: 5′-
ATGGTCTGATGCATGAGGTGGTGA-3′and 18s rRNA as control, using forward: 5′-
CCAGAGCGA AAGCATTT GCCAAGA-3′and backward: 5′-
AATCAACGCAAGCTTATGA CCCG C-3′primers. Briefly, the reaction mixture was 

prepared in PCR tubes according to the kit menu and put into a Perkin Elmer GeneAMP 

PCR System 2400 (Perkin Elmer, Waltham, MA, USA). The programming RT-PCR 

procedure consisted of reverse transcription (50°C for 30 min), initial PCR activation (95°C 

for 15 min), then 35 cycles of 94°C for 30 s, 59°C for 30 s, and 72°C for 1 min, followed by 

a final extension at 72°C for 10 min, annealing temperature may change according to primer 

melting temperature. The RT-PCR amplified samples were visualized on 1.0% agarose gels 

using ethidium bromide.

Complex formation and delivery of QD-peptide-siRNA

A quantity of 100 μM solution of JB577 peptide suspended in 10% dimethylsulfoxide, 90% 

1×PBS was mixed with 10 μM siRNA for 1 h. siRNA for ASMase and sphingosine kinase 1 

(SK1) were purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA and NSMase2 

siRNA was purchased from Invitrogen/Life Technologies, Grand Island, NY, USA. 
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Subsequently, a 12–500 μM solution of QD coated with various ligands was added and left 

to self-assemble for 30 min. QDs were diluted in Dulbecco’s modified Eagle media 

(DMEM) to a final concentration of 30–50 nM. Human oligodendroglioma (HOG) cells, 

human cerebral epithelial cells (HCEC) (Dasgupta et al. 2011), mouse fibroblasts (102R), 

human colorectal carcinoma cells expressing luciferase (HCT-116) and mouse 

neuroblastoma cells (NB2a) were cultured for 24 h in DMEM supplemented with 10% fetal 

bovine serum and 1% gentamycin DMEM at 37°C in a humidified atmosphere containing 

5% CO2 Cells were treated with QD-JB577-siRNA complex for 24–48 h in serum free 

DMEM. All experiments with lipofectin were performed according to the manufacturer’s 

instructions.

Electrophoretic mobility shift assay (EMSA)

For gel mobility shift assays, 0.1 nmol of siRNA was incubated with peptides at 1:X (where 

X = 0.1, 1, 10, 20, 30 molar ratio of siRNA to peptide) for 30 min, subjected to 

electrophoresis on 1.5% agarose gels and stained with ethidium bromide. When QDs were 

incorporated into complexes, JB577 and QD were complexed in a 1: X ratio for 1 h. 

Subsequently, siRNA was complexed as described above, to produce conjugate with 1: X: 1 

molar ratio of QD: JB577: siRNA and subjected to electrophoresis.

Cell lines used in study and cell viability assays

We have previously reported the properties of a cell line derived from an HOG and the 

characteristics of its sphingomyelinases (Testai et al. 2004). We established stable cell lines 

from mouse skin fibroblasts which constitutively expressed the SMPD3 gene for neutral 

sphingomyelinase2 (NSMase2) and the SMPD1 gene for acid sphingomyelinase (Qin and 

Dawson 2012). HCT-116 cells were a generous gift from Dr. Tong Chuan, University of 

Chicago, and were designed to express the luciferase protein. HCEC cells were derived from 

human brain endothelium (Dasgupta et al. 2011) and were a generous gift from Dr. RK Yu. 

Cells were plated in 24-well culture plates for 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide assay, which was carried out as described previously (Wiesner 

et al. 1997).

All experiments were approved by the Institutional Biosafety Committee at the University of 

Chicago (protocol number 829 on 10/09/14).

Cellular luciferase assay for the functional gene silencing effect

Upon 24 or 48 h of incubation after transfecting luciferase siRNA, the HCT-116 luciferase-

expressing cells were washed with PBS and lysed in a passive lysis buffer (Promega, 

Madison, WI) for 15 min. A sample of 20 μL of the lysates were transferred to a black 96-

well plate and 100 μL of luciferase assay reagent (Promega) was added per well. After 

mixing, total luminescence intensity was quantified using a synergy H1 multimode reader, 

following luciferase assay manufacturer’s instructions. The total protein amount was 

quantified by a bicinchoninic acid assay to correct the luminescence intensity per milligram 

of protein.
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Cell staining and microscopy image analysis

Monolayer cultures of cells were fixed to gel-coated slides using Prolong Gold Antifade 

(Invitrogen) containing 4′,6-diamidino-2-phenylindole, a nuclear stain that binds strongly to 

A–T-rich regions in DNA. siRNA was labeled with Cy3 according to the manufacturer’s 

instructions (Thermo Fisher Scientific Inc, Skokie, IL), and was transfected as per the 

previously described protocol. The intracellular distribution of QDs was analyzed by 

fluorescence microscopy using a Marianas fully automated Yokogawa-type spinning disc 

confocal microscope equipped with ×40 and ×100 oil immersion lenses.

Statistical analysis

All experiments were repeated at least three times and sample run in triplicate to sufficient to 

attain statistical significance. The statistical data is expressed as mean ± standard errors and 

was statistically analyzed by conducting an ANOVA followed by Tukey–Kramer method 

with a post-hoc analysis (*p < 0.01).

Results

JB577 binds to siRNA with high affinity in vitro

Based on the routine use of polyhistidine-tags on protein purification by tightly binding to 

Ni or Zn affinity resins, we used an aniline-catalyzed hydrazine coupling to link 

hexahistidine sequences to peptides, such as JB577 (Prasuhn et al. 2010a,b), so that they 

would bind to Zn on the surface of our QDs (Fig. 1). We had previously shown that the 

lipopeptide JB577 (W•G•Dap(N-Palmitoyl)•VKIKK•P9•G2•H6), based on the C-terminal 

KRas4A structure and designed to be a competitive inhibitor of palmitoyl-protein 

thioesterase1 (Cho and Dawson 1998), was stable and uniquely able to promote egress from 

endosomal compartments in cultured cells (Dele-hanty et al. 2010a, b), in effect functioning 

as a cell-penetrating peptide. Since we demonstrated that JB577 on the surface of CL4-QDs 

was targetedto neuronalcytosol, we sought to further demonstrate that siRNA could be 

electrostatically associated/complexed with the VKIKK section of JB577. It has been 

previously shown that negatively charged nucleic acids can be bound to positively charged 

amino acids by electrostatic interaction, suggesting that this linkage might possibly hold 

long enough to facilitate QD-mediated siRNA delivery (Li et al. 2012a,b). Thus, negatively 

charged siRNA could bind to positively charged lysine residues in the VKIKK sequence of 

JB577 via such electrostatic interaction. The VKIKK sequence has a similar affinity to the 

polyarginine motif of RGD-9R (Kumar et al. 2007). However, the RGD-9R sequence did not 

confer the endosomal escape observed with JB577 (Boeneman et al. 2013) so there must be 

something unique about JB577. We propose that the VKIKK part of JB577 is required for 

both the siRNA binding and the endosomal membrane penetration. We observed the 

complex to be distributed throughout the cytoplasm (Walters et al. 2012; Boeneman et al. 
2013), although we do not have data on how long the complex stays associated, the 

subsequent suppression of specific RNA was very clear.

In order to confirm that the lysine residues of JB577 could effectively bind siRNA, we 

performed an EMSA, in which the amount of unbound siRNA remaining in the front of 

migration (Fig. 2a) and the siRNA: JB577 complex running close to gel well were visualized 
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by ethidium bromide staining (Fig. 2a, lane 3; Fig. 2b, lane 7). As a control, we showed that 

JB578 which lacks VKIKK sequence did not bind to the siRNA (Fig. 2b, lanes 8 and 9) 

(Boeneman et al. 2013). These results suggest the interaction between negatively charged 

siRNA and positively charged VKIKK on JB577. The ratio of siRNA to peptide was varied 

with the goal of generating a formulation capable of high cell uptake as well as the ability to 

carry a significant payload of siRNA. Subsequently, we repeated EMSA with JB577 

conjugated with PEG900-QD before siRNA complex assembly over a range of 

concentrations of JB577 and confirmed that conjugation of JB577 to QD had no effect on 

the affinity of the VKIKK sequence for siRNA (Fig. 2c). When QD conjugated with JB577: 

siRNA complex, QD: JB577: siRNA complex bands staying close to gel well (Fig. 2b, lanes 

11 and 12) and is much more bright than the band of siRNA: JB577 complex alone (Fig. 2b, 

lane 7), at the same time free QD smear on agarose gel will be reduced or disappeared (Fig. 

2b). The QD concentration used was equimolar to the concentration of siRNA in each group. 

We determined empirically that 1: 20 was the optimal siRNA to cellpenetrating peptide 

(CPP) molar ratio, and that there was no benefit to be derived from increasing the peptide 

concentration beyond this ratio (Fig. 2a and c). Thus, the most advantageous molar ratio of 

components for our QD conjugates is 1: 20: 1, QD: JB577: siRNA. This is consistent with 

previous studies in which a transferrin receptor-targeting peptide bound siRNA at a 1: 20 

molar ratio, and an RGD peptide with a polyarginine motif bound siRNA at a 1: 10 molar 

ratio (Kumar et al. 2007; Furgeson et al. 2014). We utilized both CdSe/ZnS core/shell QD’s 

that were solubilized with PEG-DHLA, which emit at a wavelength of 625 nm, and Cy3 

labeled siRNA (Life Technologies) that emitted at a wavelength of 570 nm. Studies have 

suggested that ~ 50 peptides could be displayed on 530–550 nm QDs functionalized with 

DHLA-based ligands. Thus, the larger diameter of the 625 nm QDs (~ 10 nm) suggests a 

capacity to display a greater number of peptides and so easily display the 20 peptides needed 

for our delivery complex (Delehanty et al. 2009).

QD-JB577 delivers siRNA into cytosol and facilitates endosomal escape in multiple cell 
lines

As previously described (Delehanty et al. 2009, 2010a,b; Boeneman et al. 2013), the 

addition of the CPP, JB577, was able to facilitate cellular uptake and endosomal escape. 

Moreover, elements, such as charge and lipid content, have been shown to have an effect on 

the efficiency of delivery (Boeneman et al. 2013). Although QDs have been extensively 

studied, no one has definitively shown a functional effect by delivering a biological signal 

with QDs. We confirmed that the QD-PEG900-JB577-siRNA conjugates were able to 

facilitate endosomal escape in transfecting cells after 24 h. In images taken with a confocal 

microscope at both 100×(Fig. 3a) and 40×(Fig. 3b) magnification, both siRNA (green) and 

QD(red) appeared well dispersed throughout the cytosol in variety of cells and occupying 

the entire cell volume, indicating successful endosomal escape (Fig. 3a, Panels (i–iv) and 

Fig. 3b Panels (i–iii)). QD-PEG900-JB577-siRNA exhibited delivery efficiency in allowing 

QDs to access the cytosol of different cell lines representing several tissue types: namely, 

HOG cells, HCEC, mouse skin fibroblast (102R), and human colorectal carcinoma cells 

expressing luciferase (HCT-116). QDs appeared evenly distributed in colonic cell lines 

HCT-116 and HCEC (Fig. 3a and b) and somewhat localized in 102R and HOG cells. This 

could be because of either aggregation in the media or incomplete escape from endosomal 
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compartments. However, the siRNA (Cy3) does appear to be evenly distributed throughout 

the cytosol [Fig. 3a panels (i and ii) and 3b, panel (i)], suggesting that siRNA is detaching 

from JB577 during delivery and that there is robust endosomal escape of siRNA. It is also 

possible that QD localization is as a result of slower uptake in HOG and 102R cells, as 

nanoparticle kinetics can vary greatly in different cells lines (Doiron et al. 2011).

QD ligand coatings facilitate cellular siRNA uptake

It has been previously demonstrated (Walters et al. 2012, 2015) that the charge of QD 

coating selectively influences the cell type in which the QD will be delivered. Therefore, 

negatively charged CL4 ligand has been shown to selectively target neurons over glial cells 

(Walters et al. 2012). A recent study by us (Walters et al. 2015) shows that the more 

zwitterionic CL2 and CL1 coating ligands showed declining preferential uptake by neurons, 

and that QDs coated with a positively charged PEG-600-NH2 was preferentially taken up by 

oligodendrocytes. We tested four different coatings: the positively charged PEG900, CL1, 

the zwitterionic CL2, and the negatively charged CL4 to ensure that all QD-polymer 

coatings could deliver siRNA to the cytosol of HOG cell (Delehanty et al. 2010a,b). 

Compact ligands CL1, CL2, and CL4 are all based on DHLA with the main difference being 

charge, whereas PEG900 is less compact (Susumu et al. 2011). Initial results showed robust 

delivery of QD evenly distributed throughout the cytosol with coatings PEG900 and CL1 

(Fig. 4c and d), but not so well with CL2 and CL4 QD (Fig. 4a and b). Subsequently, Cy3 

siRNA was attached to QD-JB577 conjugates and used to transfect HCT-116 cells. We 

showed that PEG, CL1, and CL2 QD appeared well dispersed throughout the cytosol, 

whereas CL4 appeared to be aggregated (Fig. 5). However, the siRNA was evenly 

distributed throughout the cytosol, again indicating that siRNA is detaching from JB577 

during delivery (Fig. 5a–d). In each case, siRNA was efficiently delivered to the cytosol of 

cells.

siRNA-JB577 QD conjugates facilitate robust enzyme knockdown

We investigated whether the internalized siRNA leads to efficient enzyme knockdown in 

HCT-116 cells which constitutively express luciferase. A luciferase reporter assay was 

previously used to demonstrate functional gene silencing in a human glioma cell line and 

primary murine neurons/astrocytes (Furgeson et al. 2014). The HCT-116 cells were treated 

with siRNA targeted to luciferase at various concentrations as well as scrambled siRNA. All 

transfections were 24–48 h and used 1: 20: 1 molar ratios of QD: JB577: siRNA. QD was 

coated with PEG-ligand in order to prevent any adherent interactions or interference by QD 

aggregation (Fig. 3a and b). Luminescence was measured to determine knockdown 

efficiency (Fig. 6), 80 picomoles of siRNA delivered via the QD-siRNA conjugate reduced 

luciferase activity to 28.0 ∓ 12.0% of control compared to only 56.5 ∓ 7.5% with 60 

picomoles of siRNA. A baseline luminescence (10.9 ∓ 7.2%) was determined by a 

luminescence assay on HCEC cells which do not express luciferase. Neither of the control 

groups, the scrambled siRNA-QD-JB577 conjugate or the siRNA without QD or JB577, 

differed in a statistically significant manner from the untreated HCT-116. The results suggest 

robust knockdown of luciferase in vitro compared to control groups. The knockdown 

efficiency reported here exceeds the 50% reported in previous studies (Derfus et al. 2007; Li 

et al. 2012a,b), indicating an advancement in QD-siRNA delivery technology.

Getz et al. Page 8

J Neurochem. Author manuscript; available in PMC 2017 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



QD-siRNA conjugates facilitate knockdown of NSMase2 and ASMase with similar 
efficiency to lipofection

In order to confirm knockdown efficiency, we demonstrated that our QD-siRNA constructs 

are a viable method of sphingomyelinase knockdown in vitro. We attempted knockdown of 

ASMase and NSMase2 proteins in 102R and HOG cells, respectively. The high activity of 

SMases in these cells makes them ideal targets for siRNA-QD knockdown detection. 

ASMase is abnormal in Niemann-Pick types A and B, and is a target of antidepressive drug 

treatments. It has been suggested that ASMase knockdown protects against ischemic injury 

in murine models as it reduces ceramide levels and caspase 3 activation (Llacuna et al. 
2006). NSMase2 responds to oxidative and other neurological stresses; more intriguingly, 

NSMase2 has been shown to induce exosomal secretion and miRNA regulation in many 

cells (Trajkovic et al. 2008; Kosaka et al. 2013). Additionally, NSMase2 derived ceramide 

has been implicated in neuronal cell death, and oxidized phosphatidylcholine can activate 

NSMase2, which converts sphingomyelin into ceramide, causing downstream activation of 

caspases 3 and 8, which have proapoptotic effects in oligodendrocytes (Qin et al. 2009). In 

order to demonstrate a practical efficiency, QD transfection results were compared with a 

standard siRNA lipofection delivery method (Santa Cruz Biotechnologies). After 

lipofection, RT-PCR indicated that ASMase RNA was reduced to 63.4% of original levels in 

102R cells (Fig. 7b), and ASMase activity was 41.0 ∓ 11.2% of the untreated control values 

(Fig. 7a and b). Unlike QD-siRNA conjugates, the knockdown efficiency was invariant with 

regard to the amount of siRNA added above 20 picomoles, the minimum according to the 

manufacturer’s instructions (Fig. 7a). After 60 picomoles of siRNA against either ASMase 

or NSMase2 siRNA-QD treatment, ASMase activity was to 45.0 ∓ 13.5% and NSMase2 

was 41.2 ∓ 12.5% (Fig. 7c). Similarly, lipofection of ASMase siRNA yielded knockdown to 

41.0 ∓ 11.2% of control activity, indicating that there is no significant difference between 

siRNA delivery efficiency between QD and lipofection (Fig. 7c). In contrast to the > 50% 

significant cell death which occurred during lipofection treatment, there was no statistically 

significant difference in cell viability at any concentration of QD-siRNA constructs after 24 

h of treatment (Fig. 8). In addition, when compared to unaffected cell growth following 

knocking down of ASMase, we observed an inhibition of cell proliferation in neuroblastoma 

NB2a cells by a QD-siRNA complex targeting SK1 (Figure S1). SK1 is a key enzyme 

catalyzing phosphorylation of the metabolite of ceramide sphingosine to form S1P, the cell 

proliferation stimulator (Ogretmen and Hannun 2004; Pyne and Pyne 2010; Maceyka et al. 
2012). Figure 9 is a scheme summarizing how QD delivered siRNA can reduce the 

expression of SMases.

Discussion

A key challenge to the therapeutic potential of siRNA-technology is the need for safe and 

effective delivery methods. To activate the RNAi pathway, siRNA molecules must be 

delivered to the interior of target cells and be incorporated into the RNAi machinery. siRNA 

molecules alone are too hydrophilic to diffuse across cell membranes (Whitehead et al. 
2009); meanwhile, the unmodified siRNA is unstable when administered into blood vessels, 

naked RNA can be degraded by serum nucleases in the bloodstream and does not readily 

cross membranes to enter cells (Layzer 2004; Jackson and Linsley 2010; Nguyen 2012). 
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Therefore, some protective encapsulation or chemical modification is required to assist the 

uptake of siRNA by target cells (Whitehead et al. 2009). To date, various delivery platforms 

for siRNA have been explored in order to address the challenges of in vivo delivery, 

including lipid nanoparticles, dynamic polyconjugates, triantennary GalNAc-siRNA, and 

oligonucleotide nanoparticles etc. (Li et al. 2012a,b; Kanasty et al. 2013). Of these, 

liposomes have been widely used for siRNA delivery because they can carry a relatively 

large payload, but their usefulness has been limited by their complicated construction and 

their poor performance in vivo because of uptake by non-specific tissues (Elbayoumi and 

Torchilin 2009). As a new approach to siRNA delivery, we believe that QDs, with their 

exclusive characteristics of high, stable intrinsic fluorescence, and low toxicity, allow for 

both specific delivery and the ability to follow their cellular fate after administration.

The treatment of disease often requires the separate use of both diagnostic tools and 

therapeutics in order to ensure treatment efficacy. Multipurpose delivery vehicles, such as 

luminescent nanoparticles could potentially unify these steps, enabling both drug delivery 

and diagnostic imaging in a single ‘Theranostic’ package. The chemical characteristics of 

QD-JB577-siRNA complexes make them well suited for the delivery of siRNA. QD-JB577 

was found to electrostatically self-assemble with siRNA at an optimal ratio of 1: 20: 1/QD: 

JB577: siRNA, which is consistent with previous literature values of peptide-siRNA binding 

affinity (Kumar et al. 2007; Furgeson et al. 2014). Confocal images of four different cell 

types (HOG, HCT-116, HCEC, and 102R) showed that siRNA was evenly distributed 

throughout the cytosol of cells. We propose that QD localization is as a result of differences 

in uptake speed across cells, and nanoparticle kinetics may vary in different cells derived 

from the nervous and other tissues (Doiron et al. 2011). Endosomal egress is mediated by 

JB577, and we have previously published optimum conditions for PC12 cells (Boeneman et 
al. 2013). Our results support the hypothesis that QD-JB577 can effectively bind and deliver 

siRNA intracellularly to brain-derived cells and that binding depends on the VKIKK 

sequence. The ability of QD-JB577 to egress endosomes may also depend on the VKIKK 

sequence since the IKK motif in tree frog Aurein has recently been reported be able to 

promote endosomal egress (Li et al. 2015).

Likewise, confocal imaging also demonstrated delivery of siRNA utilizing four different QD 

ligand coatings (PEG, CL1, CL2, and CL4). PEG900, CL1, and CL2 (Fig. 1) all appeared to 

be distributed throughout the cell volume, while CL4 aggregation could be as a result of 

effects of negatively charged carboxyl groups on ligand, or lack of endosomal escape and/or 

clustering in lysosomes. Regardless, siRNA seems to have detached from JB577 and 

dispersed throughout the cells, indicating that siRNA is able to reach the targeted area. The 

ligand coating which is needed to solubilize the QD is primarily important because it allows 

for cell-type specific targeting (Minami et al. 2012; Walters et al. 2012, 2015), and it also 

might protect siRNA from digestion of intracellular RNase. Furthermore, QD-siRNA 

constructs demonstrated robust knockdown of 72.0 ∓ 12.0% luciferase, which is similar or 

better than commercial transfection reagents. The significant knockdown by siRNA-QDs 

complexes suggests that the siRNA was protected from RNases digestion by the QD coating 

and multiconjugated JB577 on QDs. This is consistent with other reports (Li et al. 2012a,b). 

Subsequent treatment with QD-siRNA constructs carrying SMases siRNA resulted in 

knockdown efficiencies of 45% for ASMase and 41% for NSMase2, respectively. This is 
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comparable to the levels recorded using a commercial lipofection kit. Finally, at the 

proposed QD and siRNA concentration, there was no observed toxicity in contrast to the 

toxicity observed with lipofectamines (> 50%). These cationic lipids appear to irreversibly 

damage the cell surface and cause the DNA to become blobby, stringy, and clump in 

endosomes (the ‘nasty fuzzballs’ as described by Heuser 2014). The imaging and the 

transfection results support our claim that these complexes are viable for targeted cellular 

uptake and functional siRNA release into the cytosol.

Can QDs ever become a viable way of reducing the synthesis of a specific mutant brain 

protein and thus reversing diseases such as AD, PD, HD, and ALS? Much of the work in this 

area has been done to image or treat brain tumors. Derfus et al. (2007) previously 

demonstrated that QDs functionalized with CPP may be conjugated to siRNA via disulfide 

linkages and targeted to metastatic tumors. However, this study was unable to show targeting 

properties and a good knockdown efficiency (Derfus et al. 2007). We have recently reported 

that QDs functionalized and solubilized with CL4 and can specifically target neurons over 

astrocytes and microglia, and can deliver cargo intracellularly all over the brain when 

combined with a CPP (Walters et al. 2012, 2015; Boeneman et al. 2013; Agarwal et al. 
2015). When injected into the intact developing chick brain, the QD-JB577 conjugates 

appear in neural precursor cells of developing chick embryo. Migration of QDs are cleared 

from the choroid plexus of developing chick embryos at days 15–19 with minimal toxicity, 

suggesting in vivo application could likely be successful (Agarwal et al. 2015). Similar QD 

studies have shown success when delivering siRNA for matrix-degrading 

metalloproteinase-9 and siRNA for BACE1 to achieve high transfection efficiency of 

siRNAs (Bonoiu et al. 2009; Li et al. 2012a,b). In addition, gold nanoparticles have been 

used to demonstrate transfection agent-free delivery of siRNA (Zheng et al. 2012), and 

preliminary studies utilizing a TAT-derived CPP claimed successful siRNA delivery to 

mouse brains (Kumar et al. 2007). The delivery vehicle we used is capable of cellspecific 

delivery and can be replaced with biodegradable QDs if necessary. Thus, we believe that this 

study represents a significant neurochemical approach to siRNA delivery, and further 

suggests that using QD-DHLA PEG900-coated peptide complexes with electrostatically 

linked siRNA could act as superior delivery vehicles in vivo.

The blood–brain barrier (BBB) is a major obstacle to applying a basic neurochemical 

approach to clinical situations. It has been previously reported that QD-TAT conjugates 

intraarterially delivered to a rat brain and were able to pass over the endothelial cell line and 

reached the brain parenchyma, allowing for successful labeling of some brain tissue regions 

(Santra et al. 2005). Likewise, some nanoparticles coated with polysorbate 80 could 

transport a peptide across the BBB after intranasal administration (Ruan et al. 2012). 

Further, a recent study had also shown that transferrin (Tf) -conjugated QDs traversed across 

on artificial BBB model (Mahajan et al. 2012). Our previous study has shown QD-JB577 

complexes extensively label all parts in the chicken brain when injected into the spinal canal 

(Agarwal et al. 2015). More promising for the nervous system delivery is our finding that 

functionalized QD-peptide complexes can track neural cells when they migrate and are 

cleared from the brain of developing chick embryos with minimal toxicity, and are thus 

capable of delivery of drugs to brain cells (Agarwal et al. 2015).
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In conclusion, the QD-JB577-siRNA complex shows stable self-assembly, and siRNA does 

not interfere with the ability of the QD-JB577 construct to facilitate either cellular uptake or 

endosomal escape. Moreover, siRNA was delivered in sufficient quantities as to effect a 

substantial change in enzyme expression as shown by luciferase and sphingomyelinase 

assay. We chose SMases knockdown to demonstrate the utility of the QD approach because 

they are enzymes activated in the CNS following various kinds of stress (Qin et al. 2009, 

2012, 2015; Qin and Dawson 2012). Knockdown efficiency by QD-siRNA was roughly 

comparable to a commercially siRNA delivery lipofection kit but without the cytotoxicity. 

Our work may ultimately provide a promising strategy for therapeutic siRNA delivery and 

potential useful for treating variety of diseases in the future.

Acknowledgments

We thank Vitas Bindokas and Christine Labno in the Microscopy Core of University of Chicago for help and advice 
with the interpretation of images. This work was supported by United States Public Health Service (USPHS), grant 
numbers NS36866–40 to G.D.; GM098871 to P.D.; I.M. was supported by Naval Research Laboratory (NRL), the 
Naval Research Laboratory Nanoscience Institute (NRL NSI), Office of Naval Research (ONR), Defense Advanced 
Research Project Agency (DARPA), Defense Threat Research Agency (DTRA), Joint Science and Technology 
Office (JSTO), and Military interdepartmental Purchase Request (MIPR) [grant number B112582M].

All experiments were conducted in compliance with the ARRIVE guidelines.

Abbreviations used

ASMase acid sphingomyelinase

CL compact ligand

CNS central nervous system

CPP cell-penetrating peptide

DAPI 4′,6-diamidino-2-phenylindole

DHLA dihydrolipoic acid

EM electron microscopy

GFP green fluorescent protein

HCEC human cerebral epithelial cells

HOG human oligodendroglioma

JB577 WG (Dap [Palmitoyl] VKIKK P9 GG His6

miRNA microRNA

NSMase2 neutral sphingomyelinase 2

PEG polyethylene glycol

PPT1 palmitoyl: protein thioesterase 1

QD quantum dot
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RNAi RNA interference

siRNA small interfering RNA

SK1 sphingosine kinase 1
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Fig. 1. 
Structure of siRNA conjugated JB577 peptide bound to the surface of the QD via a His6 

(Histidine) sequence. siRNA is conjugated to the positively charged VKIKK sequence by 

positive/negative charge interaction. The CdSe/ZnS QD is coated in negatively charged CL4 

ligand occupying less space than polyethylene glycol (PEG)-derived ligands used by other 

investigators. WG is added to monitor the peptide during purification by HPLC and the 

palmitoyl group is N-linked to a modified cysteine (Dap) to mimic the native thiol linkage. 

Theoretical calculations for pH7.4 suggest the following properties of the different 

solubilizing coatings used: CL1 = +0.61−1.00 + 0 = −0.39 charge (one full negative charge) 

and a partially protonated amine complicated by the piperazine ring. CL2 = −0.04 net 

charge. Almost a full zwitterion, the amine is partially deprotonated. CL4 = +1.00−2.00 = 

−1.00 net charge. Two negative charges, one fully protonated amine, positive charge. 

PEGNH2 = +0.9 net charge. One positive charge mostly fully protonated.
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Fig. 2. 
Gel-shift assays to show siRNA binding to JB577 requires VKIKK. (a) Gel shift mobility 

assay displaying migration of free or peptide complexed siRNA. Peptide is free and not QD 

complexed. Three concentrations of siRNA: peptide were tested to determine optimal 

linkage concentrations on a 2% agarose gel. (b) Gel mobility shift assay showing the relative 

affinities of JB578, JB577, and QD: JB577 to siRNA. The lane assignments are as follows: 

1: siRNA, 2: JB577, 3: JB578, 4: QD, 5: JB577:siRNA/3:1, 6: JB577:siRNA/6:1, 7: 

JB577:siRNA/9:1, 8: JB578:siRNA/6:1, 9: JB578:siRNA/9:1, 10: Blank, 11: 

siRNA:JB577:QD/1:6:1, 12: siRNA:JB577:QD/1:9:1. (c) Gel shift mobility assay displaying 

mobility of free or QD-peptide complexed siRNA. Peptide was assembled to QD prior to 

treatment with siRNA. Five concentrations of siRNA: peptide: QD were tested to determine 

optimal linkage concentrations on a 1.5% agarose gel.
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Fig. 3. 
Confocal microscopy evidence for delivery of siRNA conjugated JB577 QD into cytosol. (a) 

Cells were transfected with polyethylene glycol (PEG) QD-JB577-siRNA constructs for 24 

h, siRNA was labeled with Cy3 (green), quantum dots are shown as red and nuclei stained 

with 4′,6-diamidino-2-phenylindole (DAPI) (blue). The cells were then confocal imaged 

with a 100× oil immersion lens. The cell types were as follows (i) 102R fibroblasts (ii) 

human oligodendroglioma (iii) human cerebral epithelial cells (HCEC) (iv) HCT-116. (b) 

Cells were transfected with PEG QD-JB577-siRNA constructs for 24 h, siRNA was labeled 

with Cy3 (green), quantum dots are shown as red and nuclei stained with DAPI (blue). The 
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cells were then imaged with a 40× oil immersion lens. The cell types were as follows (i) 

102R (ii) HCT-116 (iii) HCEC.
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Fig. 4. 
Effect of differently charged compact ligands on QD-JB577 uptake. QDs (red) with different 

coatings were uptaken by Human oligodendroglioma cells. (a) QDs with CL2 coating. (b) 

QDs with CL4 coating. (c) QDs with polyethylene glycol coating and (d) QDs with CL1. 

Nuclei stained with 4′,6-diamidino-2-phenylindole (blue).
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Fig. 5. 
QDs coated with polyethylene glycol (PEG), CL1, or CL2 and siRNA are evenly distributed 

throughout the cytosol of HCT-116 cell, indicating that siRNA is efficiently delivered to the 

cytosol and detached from JB577. Scrambled siRNA labeled with Cy3 (green) was attached 

to QD-JB577 (red) with coating (a) PEG (b) CL1 (c) CL2 (d) CL4. Cells were transfected 

for 24, labeled with 4′,6-diamidino-2-phenylindole to visualize the nuclei (blue), then 

imaged with a 100×oil immersion lens.

Getz et al. Page 22

J Neurochem. Author manuscript; available in PMC 2017 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Expression of luciferase in HCT cells is reduced by QD-siRNA. QD-siRNA uptake was 

monitored through the Promega luciferase assay system. All cells were treated with QD-

siRNA constructs for 24 h, and luciferase expression was protein normalized. QD-siRNA 

significantly reduced luciferase activity through a doseresponse manner. Control siRNA 

(second column) is 80 picomoles. Data is expressed as mean ± standard errors and was 

statistically analyzed by conducting an ANOVA followed by Tukey–Kramer HSD post-hoc 
analysis (*p < 0.01, **p = 0.05).
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Fig. 7. 
Expression of SMases is reduced by QD-siRNA treatment. (a) Acid sphingomyelinase 

(ASMase) activity in cells that were transfected with siRNA using a commercial lipofection 

kit. Column 1 and 2 using 20 and 60 picomoles siRNA to knock down Smpd1 in mouse 

fibroblasts, and column 3 showing enzyme activity from Smpd1 (ASMase) knock out mouse 

fibroblasts. (b) Left Panel: RT-PCR electrophoresis showing levels of mRNA in cells treated 

by lipofectin transfected siRNA. Baseline knockdown efficiency varied between 50% and 

63.4% by RT-PCR and fluorometric activity assays. Right Panel: Showing relative 

percentage of control. (c) Sphingomyelinases activity after 24 h treatment with QD-siRNA 

constructs. Human oligodendroglioma (HOG) cells and HOG cells over-expressing Neutral 

sphingomyelinase 2 were treated with QD-JB577-siRNA complexes at a molar ratio of 1 

QD: 20 JB577: 1 siRNA, and activity was measured by a fluorometric assay. Lipofection 

was performed with Santa Cruz commercial lipofection kit using 60 picomoles of siRNA. 

All results were compared to untreated control. (*p = 0.05).
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Fig. 8. 
Lack of change in survivability after 24 h of QD-siRNA treatment in this study. Viability 

was measured via the mitochondrial integrity (3-(4,5-dimethylthiazol-2-yl)-2,5-di 

phenyltetrazolium bromide) assay.

Getz et al. Page 25

J Neurochem. Author manuscript; available in PMC 2017 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
A scheme to explain QD delivered siRNA knocking down the synthesis of SMases.
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