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Abstract

Nanoparticles (NP) interact with complex protein milieus in biological fluids, and these 

interactions have profound effects on NP physicochemical properties and function. Surprisingly, 

most studies neglect the impact of these interactions, especially with respect to NP-mediated 

siRNA delivery. Here, the effects of serum on colloidal stability and siRNA delivery of a pH-

responsive micellar NP delivery system were characterized. Results show cationic NP-siRNA 

complexes aggregate in ≥ 2% serum in buffer, but are stable in serum-free media. Furthermore, 

non-aggregated NP-siRNA delivered in serum-free media result in 4-fold greater siRNA uptake in 
vitro, compared to aggregated NP-siRNA. Interestingly, pH-responsive membrane lysis behavior, 

which is required for endosomal escape, and NP-siRNA dissociation, necessary for mRNA 

knockdown, are significantly reduced in serum. Consistent with these data, non-aggregated NP-

siRNA in serum-free conditions result in highly efficient gene silencing, even at doses as low as 5 

nM siRNA. NP-siRNA diameter was measured at albumin and IgG levels mimicking biological 

fluids. Neither albumin nor IgG alone induces NP-siRNA aggregation, implicating other serum 

proteins in NP colloidal instability. Finally, as a proof-of-principle that stability is maintained in 

established in vivo models, transmission electron microscopy reveals NP-siRNA are taken up by 

ductal epithelial cells in a non-aggregated state when injected retroductally into mouse salivary 

glands in vivo. Overall, this study shows serum-induced NP-siRNA aggregation significantly 

diminishes efficiency of siRNA delivery by reducing uptake, pH-responsive membrane lysis 

activity, and NP-siRNA dissociation. Moreover, these results highlight the importance of local NP-

mediated drug delivery, and are broadly applicable to other drug delivery systems.
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Graphical Table of Contents

Illustration shows nanoparticle (NP)-siRNA complexes aggregate in the presence of serum. Non-

aggregated NP-siRNA result in greater gene silencing due to increased siRNA uptake, pH-

responsive membrane disruption, and NP-siRNA dissociation, compared to aggregated NP-siRNA.
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Small interfering RNA (siRNA) has extensive therapeutic versatility, as it can specifically 

silence any gene of interest.1,2 As of 2015, over 30 siRNA candidates have reached various 

stages of clinical trials for indications including cancer, ophthalmic conditions, genetic 

disorders, and infectious diseases.3 However, hurdles have stalled universal adoption of 

siRNA pharmacologically. Only recently has the number of viable siRNA drug candidates 

grown due to the development of drug delivery systems, including dendrimers, liposomes, 

and nanoparticles (NPs).4,5 These drug delivery systems provide multifunctionality required 

to overcome barriers to siRNA delivery, which include tissue targeting, nuclease-mediated 

degradation, cellular uptake, and endosomal escape.6,7 The majority of success has been 

limited to studies employing systemically-delivered lipid NPs for liver-related indications 

due to nonspecific size and opsonization-mediated NP accumulation in the liver after 

intravenous injections.2,8,9 However, localized delivery to confined organs with easy access, 

such as the eye, has also realized clinical success and highlights the advantages of localized 

siRNA delivery.10

Regardless of route of administration, the physicochemical properties of NPs change as a 

function of their biological milieu. Specifically, a protein corona forms around NPs due to 

the adsorption of biomolecules in vitro or in vivo.11,12 This NP-protein corona results in 

surface properties that are vastly different from naïve NPs, which are typically characterized 

in protein-free solutions. For example, exposure to human plasma results in negative surface 

charges, even for cationic NPs, with as many as 300 different proteins identified from the NP 

surface after a 30-second incubation.13 Many NP parameters influence the protein-corona 

composition and quantity, including size, charge, and surface functionalization.13–15 NP 

surface properties can also alter the structure of adsorbed proteins, further changing NP 

characteristics.16,17 In addition to affecting how NPs interact with cells, the protein corona 

has been shown to mask targeting moieties at the NP surface, resulting in non-specific cell 
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uptake in transferrin-functionalized NPs.18 Furthermore, it is widely known that NP-protein 

interactions significantly alter NP colloidal stability, resulting in aggregation or stabilization 

depending on NP properties and proteins present in the biological media.19

As these NP-protein interactions are complex and critical for therapeutic development, 

fundamental understanding of these phenomena is imperative. Our lab has successfully 

developed diblock copolymers that self-assembles into spherical NPs, in which the corona is 

cationic to complex anionic siRNA and the core is hydrophobic and pH-responsive to 

facilitate self-assembly and endosomal escape of the siRNA payload.20 This NP-siRNA 

delivery system has been used to modulate gene expression in mesenchymal stem cells in 
vitro,21,22 to protect salivary glands from radiation-induced cell damage via delivery of 

protective siRNA,23 and to expedite fracture healing by localizing regenerative NP-siRNA to 

fracture sites using degradable hydrogel depots.24 Others have modified similar NPs via 
PEGylation for systemic delivery applications.25 While initial studies showed this class of 

NPs protects siRNA from serum-mediated degradation,20 it remains unknown if protein 

adsorption occurs, and how absorbed proteins affect NP-siRNA delivery.

To determine how protein adsorption affects NP function, NP-mediated siRNA delivery was 

directly compared in serum-containing and serum-free conditions. Changes in NP diameter 

due to protein adsorption or aggregation were measured using dynamic light scattering 

(DLS) at serum levels relevant to in vitro cell culture. Due to our in vivo success using local 

NP-siRNA delivery23,24, changes in NP diameter were also measured in buffer containing 

albumin and IgG levels consistent with those reported in saliva and interstitial fluids. 

Additionally, in vitro NP-siRNA delivery outcomes, such as uptake and gene silencing were 

assessed in serum-containing and serum-free conditions to determine the effect of serum on 

NP-siRNA delivery efficacy. Finally, the effects of serum on pH-responsive NP membrane 

lytic behavior and NP-siRNA dissociation were characterized, as these mechanisms are 

critical for successful cytosolic delivery of siRNA.

Results and Discussion

Understanding the influence of NP interactions with biological proteins on drug delivery is 

critical, as these interactions have been shown to drastically change NP physicochemical 

properties, colloidal stability, and NP-cell interactions.13,16,26 In this study, NP-siRNA 

complexes were characterized for physicochemical changes in various biological milieus. 

Results show NP-siRNA complexes significantly increase in diameter and polydispersity 

index (PDI) in serum, suggesting NP-siRNA aggregation that was confirmed using TEM. To 

determine the in vitro effects of serum-mediated aggregation on NP-siRNA delivery, NP-

siRNA were delivered to hMSCs in serum-containing and serum-free media. Results show 

that non-aggregated NPs are less cytocompatible but mediate more efficient siRNA uptake 

than aggregated NP-siRNA. Additionally, aggregated complexes also exhibited less pH-

dependent membrane lysis and siRNA displacement from NPs. Furthermore, gene silencing 

is more efficient in non-aggregated NP-siRNA, and could achieve significantly greater gene 

knockdown at 3-fold lower NP-siRNA doses compared to aggregated NP-siRNA. 

Interestingly, NP-siRNA incubated with only BSA at concentrations relevant for several 

biological milieus increased NP-siRNA diameter, albeit less than serum, but did not cause 
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aggregation. Finally, NP-siRNA complexes were directly injected in mouse salivary glands 

and TEM reveals uptake of non-aggregated NP-siRNA by ductal epithelial cells in vivo, 

emphasizing the importance of localized NP-siRNA delivery.

Effect of serum on NP-siRNA Diameter

NPs often encounter various biological environments containing a diverse array of proteins 

and ions that vary widely across different biological fluids. However, NP physicochemical 

properties are often characterized under physiological salt concentrations and then 

introduced to serum-containing cell culture media or other biological fluids, and NP-protein 

interactions that can drastically alter NP colloidal stability and physicochemical properties 

are surprisingly ignored.19 Here, siRNA was complexed to NP at a charge ratio (+/−) = 4 

and DLS was used to measure NP-siRNA diameter in the presence of serum–containing 

buffer and in serum-free OptiMEM media. Measurements in the presence of 10% FBS, 

mimicking traditional cell culture media, were unsuccessful due to abrupt NP-siRNA 

aggregation and sedimentation, rendering samples unfit for DLS. Therefore, DLS 

measurements of NP-siRNA diameter were made in the presence of 1% FBS and the serum 

level was increased until NP-siRNA began to aggregate. Figure 1A shows that NP-siRNA Z-

average diameter in OptiMEM and PBS + 1% FBS was not significantly different than NP-

siRNA in PBS alone, and were stable over 4 days. NP-siRNA diameter was significantly 

increased to ~150 nm immediately in PBS + 2% FBS and further increased to ~400 nm after 

one day, after which size was stable over the 4 day experiment. Although there was no 

change in NP-siRNA diameter in PBS + 1% FBS, the PDI was significantly increased, as it 

was also for NP-siRNA in PBS + 2% FBS (Figure 1B). PDI of NP-siRNA in OptiMEM 

media remained unchanged. Multiple studies have shown serum protein-induced aggregation 

in a variety of NP systems, but these studies are limited to rigid, solid NPs typically 

composed of gold or poly(styrene).27–31 The effect of serum on the NP-siRNA delivery 

system used herein has been previously limited to demonstration of siRNA protection from 

serum-mediated degradation.20 In fact, the majority of literature reporting micellar NP 

serum stability only consider serum-mediated NP disassembly and not aggregation.25,32,33 

To evaluate the effects of cell culture serum levels on NP-siRNA diameter, which was not 

possible via DLS, NP-siRNA were embedded in PEG hydrogels to facilitate thin sectioning 

for electron microscopy. Figure 1C and D shows that control (no serum) and 1% FBS 

exposed NP-siRNA are singular and evenly distributed. However, Figure 1E and F shows 

that, when incubated in PBS + 2% or 10% FBS prior to encapsulation, NP-siRNA form 

large irregularly shaped aggregates, consistent with previous reports.34 ImageJ was used to 

quantify NP-siRNA diameter in the TEM images (Table S1). Results show diameter of NP-

siRNA in the absence of serum is 7.3 ± 1.7 nm and 6.2 ± 1.7 nm in 1% FBS. This 

corroborates data from DLS results that NP-siRNA do not aggregate in 1% FBS. It should 

be noted that significantly smaller NP diameters in TEM analysis is due to artifacts of drying 

associated with TEM processing. Similarly, NP-siRNA diameter is increased nearly tenfold 

in 10% FBS (74.5 ± 38.6 nm). NP-siRNA diameter could not be quantified in 2% FBS 

samples due to interconnected aggregates that could not be resolved in image analysis. 

These data are critical, as size and shape are known to affect NP-cell interactions and 

subsequent uptake mechanisms.35,36 For example, NP diameters of 50 nm, which are similar 

to the sizes of non-aggregated NP-siRNA here, are optimum for efficient uptake of multiple 
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NP types across multiple cell lines35. Additionally, NPs with diameters similar to those used 

in this study are taken up via mechanisms that include clathrin- and caveolae-mediated 

endoctytosis and non-specific endocytosis37,38. In contrast, intracellular accumulation of 

aggregated NPs, with sizes of 200–400 nm, is observed with our studies as well, albeit at 

much lower frequencies. Through TEM analysis, multiple uptake mechanisms of the 

aggregated NPs are implicated including macropinocytosis (Figure S1) which is consistent 

with uptake of cationic NPs with diameters > 150 nm, including PEI-DNA complexes39 and 

polymeric micellar NPs40.

Effect of serum on NP-siRNA cytocompatibility

In general, positively charged NPs exhibit lower levels of cytocompatibility compared to 

negative or neutral NPs41. To determine the effect of serum on NP-siRNA cytocompatibility, 

hMSCs were treated in vitro with NPs complexed to a non-targeting negative control siRNA 

at varying concentrations in serum-free OptiMEM media, and DNA content was analyzed as 

a measure of cytocompatibility (Figure 2). DNA content was quantified because it is linearly 

correlated with cell number, it can be assayed using a standard curve for reference, and it 

exhibits greater sensitivity versus metabolic assays traditionally used to assess cell viability.
42 siRNA treatments at 30 nM in DMEM + 10% FBS do not reduce cytocompatibility and 

were used as a benchmark for comparison based on our previous work.22 Cytocompatibility 

was maintained in serum-free OptiMEM up to 10 nM siRNA. However, treatments at 15 and 

30 nM siRNA significantly reduced DNA content to 80% and 50% relative to untreated 

cells, indicative of cytotoxicity. This is most likely due to retained cationic charge on the 

NP-siRNA complex. Additionally, several reports have shown reduced cytotoxicity in the 

presence of serum, attributed to a reduction in uptake.41,43,44 However, it remains unknown 

if reduced uptake in serum is due to changes in NP size, colloidal stability, or reduced 

membrane interactions.

Effect of serum on nanoparticle-mediated siRNA uptake in hMSCs in vitro

To determine the effect of serum on NP-mediated siRNA uptake, NPs were complexed to 

fluorescent siRNA and used to treat hMSCs. Figure 3A shows that there was an 8-fold 

increase in hMSC median fluorescence intensity (MFI) when 30 nM NP-siRNA was 

delivered in serum-free OptiMEM media compared to DMEM + 10% FBS.22 This increase 

in NP-siRNA uptake could account for greater cytotoxicity due to the dramatic increase of 

intracellular NP payload. Moreover, these results are consistent with previous findings that 

aggregation of gold NPs reduced uptake in multiple cell types by up to 25%.45 Due to 

increased NP-siRNA cytotoxicity in OptiMEM using a 30 nM dose, hMSC were also treated 

with 10 nM NP-siRNA in OptiMEM. MFI levels were not significantly different than those 

achieved with a 3-fold higher dose (30 nM) in DMEM + 10% FBS, indicating non-

aggregated NP-siRNA result in more efficient siRNA uptake. NP-siRNA complexes began 

to sediment upon introduction in PBS + 10% FBS, and this sedimentation was observed via 
TEM when delivered to hMSCs in serum-containing media (Figure S2). Sedimentation of 

the NP-siRNA, which reduces the amount of NP-siRNA available to cells, in concert with 

increased aggregate size, leads to less efficient NP-siRNA uptake. Transmission electron 

microscopy (TEM) was used to obtain qualitative visual evidence of NP-siRNA uptake. 

Figure 3B shows nano-sized structures within intracellular vesicles with diameters consistent 
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with stable, non-aggregated NP-siRNA from DLS measurements (Figure 1) when delivered 

in serum-free OptiMEM media for six hours. hMSCs treated in OptiMEM were also 

investigated at 12 and 24 hours post-treatment, but no NP-siRNA were observed at these 

later time points. When treated in DMEM + 10% FBS, larger nanostructures with diameters 

consistent with aggregated NP-siRNA from DLS analysis (Figure 1) had accumulated in 

intracellular vesicles 24 hours post-treatment (Figure 3C).

These data suggest that serum-induced aggregation reduces the pH-responsive behavior 

necessary for endosomal escape. Therefore, a hemolysis assay was performed at 

physiological and endosomal pH (7.4–5.6) to determine if NP pH-dependent membrane 

disruption is affected by serum mediated NP-siRNA aggregation. Reduction of NP pH-

response could result in NP accumulation in the endolysosomal compartment after uptake 

due to decreased endosomolysis, thus reducing siRNA delivery. Results show 10% FBS-

induced NP-siRNA aggregation significantly reduces NP-siRNA membrane lysis ability at 

late endosomal pH 6.2 and 5.6 (Figure 3D). Previous studies have shown that the NP-protein 

corona is retained within endosomes.16,46 This could explain the decrease in pH-responsive 

behavior, as the acidic endosomal environment is less accessible to NP cores within 

aggregates. The stability of these aggregates within acidic vesicles reduces diblock 

exchange, leading to lower levels of NP destabilization that is required for endosomal 

escape. This is especially important for cytosolically active drugs, such as siRNA.

Effect of serum on siRNA displacement from NP via poly(anion) competition

In addition to uptake and endosomal escape, siRNA dissociation from the carrier is a critical 

barrier to siRNA delivery, as siRNA must dissociate from NP in the cytoplasm after 

endosomal escape for siRNA-mediated knockdown to occur. Therefore, to determine if 

serum-induced NP-siRNA aggregation affects the ability of siRNA to be displaced from NPs 

by other poly(anions), NP-siRNA complexes were incubated overnight with 10% FBS to 

induce aggregation. After 24 hours, varying concentrations of heparin, a poly(anion), was 

added to NP-siRNA complexes, and free (displaced) siRNA was detected via gel 

electrophoresis and compared to unaggregated controls (Figure 4A). Quantification shows 

that siRNA was not displaced at 0 and 0.16 mg/mL heparin (Figure 4B). Approximately 

75% of siRNA was displaced from non-aggregated NP-siRNA complexes in serum-free 

conditions at 0.31 mg/mL heparin. Displacement of siRNA from aggregated NP-siRNA 

complexes at the same heparin concentration is significantly reduced to ~25%. Significantly 

less siRNA displacement was also observed in aggregated NP-siRNA at 0.63 mg/L 

compared to unaggregated NPs. 1.25 mg/mL heparin displaced nearly 100% of the siRNA in 

both groups. In summary, our data show serum-mediated NP aggregation can reduce both 

pH-responsiveness and siRNA dissociation, making siRNA delivery less efficient, regardless 

of uptake levels.

Effect of serum on NP-siRNA mediated gene silencing

As both pH-responsiveness and siRNA dissociation are required for siRNA to interact with 

the RNAi machinery for successful gene silencing6,47 and are compromised after NP 

aggregation, knockdown was investigated. Specifically, hMSC were treated with NP 

complexed to siRNA targeting peptidylprolyl isomerase B (PPIB), a non-essential 
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housekeeping gene in humans, at varying siRNA concentrations and PPIB expression was 

quantified using RT-PCR (Figure 5). No gene silencing was evident for groups treated with 

aggregated NP-siRNA complexes in DMEM + 10% FBS. However, treatment with non-

aggregated NP-siRNA complexes at 5 nM siRNA resulted in ~50% knockdown. 

Furthermore, over 97% and 98% gene knockdown was observed at 10 and 15 nM NP-siRNA 

treatments, respectively. Even when delivered at levels of similar uptake (30 nM in DMEM 

+ 10% FBS22 and 10 nM in serum-free OptiMEM), NP-siRNA in serum-free conditions 

(e.g., non-aggregated) result in significantly increased gene silencing, which can be 

attributed to increased pH-responsive membrane disruption (Figure 3D) and NP-siRNA 

displacement (Figure 4). Many studies investigating siRNA delivery systems show 

successful gene silencing in the presence of serum; however, very few perform direct 

comparisons to assess the effect of serum on the delivery system. Those that do use high 

concentrations of siRNA (50–100 nM) to achieve even modest gene silencing levels (20–

30%) relative to those achieved herein.48,49

NP-siRNA stability in physiologically relevant serum albumin levels and in mouse salivary 
glands in vivo

Despite serum-mediated reductions in delivery efficacy, this NP-siRNA delivery system 

demonstrates therapeutic efficacy in multiple in vivo environments. Retroductal injection of 

NP-siRNA results in protection from radiation-induced tissue damage in mouse salivary 

glands23. Furthermore, NPs complexed to osteogenic siRNA and delivered locally to a 

fracture site via degradable hydrogel depots significantly enhanced bone healing.24 In both 

contexts, NP-siRNA were delivered locally, and thus were not introduced to the complex 

protein-rich serum milieu encountered during systemic administration. Nevertheless, 

interstitial fluids and saliva contain albumin, which is anionic and also the most abundant 

serum protein.50 Studies report interstitial albumin concentrations ranging from ~10–20 g/L 

in musculoskeletal tissues50–52, and 0.2 g/L in saliva.53 Additionally, IgG is another protein 

shown to interact with NPs13,54 found abundantly in serum (11.2 g/L),55 interstitial fluid (4 

– 6 g/L),56,57 and saliva.53 Therefore, NP-siRNA diameter was measured in the presence of 

albumin or IgG at concentrations mimicking these biological fluids. Figure 6A reveals 

albumin alone significantly increases NP-siRNA diameter which is constant over four days, 

but diameters are smaller than aggregated NPs (Figure 1). IgG had a similar effect, as shown 

in Figure 6B. This suggests that albumin and IgG adsorbs to the NP-siRNA surface but 

remains colloidally stable, which has been shown in other NP systems58,59. Infact, However, 

this is not consistent with a recent study that identified IgG as a serum component that 

causes NP aggregation.60 This discrepancy could be due to differences in NP 

physicochemical properties that dictate underlying NP-protein interactions. To determine the 

colloidal state of locally delivered NP-siRNA in vivo, NP-siRNA complexes were injected 

retroductally into mouse salivary glands, which were excised, fixed one hour post-treatment, 

and processed for TEM imaging. Images demonstrate the presence of intracellular vesicles 

in salivary gland ductal epithelial cells of both control and NP-treated glands (Figure 6B, C). 

However, NP structures with diameters consistent with DLS results in Figure 4. 1A are only 

observed in treated mouse salivary glands (Figure 6C), and appear to be colloidally stable. 

This provides qualitative, yet powerful evidence that NP-siRNA, which may be unfit for 
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systemic administration due to serum-mediated aggregation, are colloidally stable and 

readily taken up in vivo when delivered locally.

Conclusion

Overall, this study demonstrates the importance of characterizing the effects of serum on 

NP-mediated siRNA delivery. Cationic NP-siRNA complexes aggregated in as little as 2% 

serum, and aggregation significantly impeded the efficiency of siRNA delivery. In addition 

to decreasing NP-siRNA uptake, this study shows serum-mediated NP aggregation decreases 

the pH-responsive membrane destabilizing behavior required for endosomal escape and NP-

siRNA decomplexation, both of which contribute to decreased cytoplasmic delivery of the 

siRNA payload. Furthermore, physiological concentrations of either albumin or IgG alone 

do not cause NP-siRNA aggregation and NP-siRNA are colloidally stable in vivo when 

delivered locally to the murine submandibular gland. The impact of this study is multifold: 

1) It stresses the importance of characterizing the effect of serum on NP-siRNA properties 

and siRNA delivery efficiency, 2) It reveals reduction of polymer pH-responsive behavior 

and siRNA dissociation as mechanisms by which aggregation can decrease siRNA delivery, 

and 3) It exemplifies the importance of localized delivery, such that NP that are unfit for 

systemic administration are effective when delivered locally. This information is crucial for 

future characterization of NP-siRNA delivery systems and will guide the next generation of 

functional siRNA delivery systems.

Methods

Diblock copolymer synthesis and characterization

The synthesis and characterization of a pH-responsive diblock copolymer has been 

previously reported22. Briefly, reversible addition-fragmentation chain transfer 

polymerization was used to synthesize diblock copolymers. The cationic 1st block was 

synthesized by mixing dimethylaminoethyl methacrylate (DMAEMA), 4-cyano-4-

[(ethylsulfanylthiocarbonyl)-sulfanyl]pentanoic acid (ECT) as the chain transfer agent 

(CTA), and the radical initiator 2,2′-Azobis(2-methylpropionitrile) (AIBN) such that the 

[monomer]/[CTA]/[Initiator] = 100/10/1 in dimethylformamide (DMF) at 25 wt%. The 

reaction was purged with nitrogen for 40 minutes and the reaction proceeded for 6 hours at 

60 °C. The resulting poly(DMAMEA)-macroCTA was isolated via precipitation and 

washing with centrifugation using 80:20 pentane:diethyl ether and dried overnight under 

vacuum. This macroCTA used in the 2nd block reaction in which DMAEMA, 2-

propylacrylic acid (PAA), and butyl methacrylate (BMA) monomers at 1:1:2 molar ratio 

were mixed with macroCTA and AIBN such that [monomer]/[macroCTA]/[intiatior] = 

400/10/1 in 25 wt% of solids in DMF. The reaction proceeded for 24 hours at 60 °C under 

nitrogen. The diblock polymer was isolated via precipitation and centrifugation in 80:20 

pentane: diethyl ether and dried under vacuum. Absolute molecular weight and 

polydispersity (PDI, Mw/Mn) of pDMAEMA-macroCTA 1st block and the diblock 

copolymer were obtained via gel permeation chromatography (GPC) (Shimadzu 

Technologies) using a TSKgel Guard SuperH-H guard column (Tosoh Biosciences) and a 

TSKgel Super HM-N for separation (Tosoh Biosciences) using a column oven at 60 °C. The 
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system includes a miniDAWN TREOS multi-angle light scattering detector (Wyatt 

Technologies), and an Optilab T-rEX differential refractometer (Wyatt Technologies) to 

determine absolute molecular weights using reported dn/dc values for p(DMAEMA) (0.06 

mL/g).61–63 GPC analysis reveals 1st block Mn = 11.1 kg/mol with PDI = 1.03, and diblock 

Mn = 30.4 kg/mol with PDI = 1.2.

NP-self-assembly and complexation with siRNA

NP self-assembly and complexation with siRNA have been previously described22. Briefly, 

raw polymer was dissolved in ethanol (EtOH) at 4 mg/mL, diluted in an equal volume of 1× 

PBS, and dialyzed using 3500 Da molecular weight dialysis tubing against distilled, 

deionized H2O for at least 24 hours. NP solutions were filtered with 0.2 μm syringe filters. 

NP concentration was verified by lyophilizing 1 mL aliquots and measuring the dry polymer 

mass.

Gel retardation assays were used to determine the critical charge ratio, which is defined as 

the ratio between the positively charged protonated DMAEMA residues of the pDMAEMA 

block, where 50% of the residues are protonated at physiological pH, and the negative 

charges from the siRNA at which there is no free siRNA. This was empirically determined 

by complexing a dose of siRNA with varying amounts of NP in a total volume of 16 μL. 

BlueJuice Gel Loading Buffer (4 μL) (Invitrogen) was added to each sample and thoroughly 

mixed. 20 μL of each sample was loaded into the wells of a 2% agarose gel in 1× tris-

acetate-EDTA (TAE) buffer. Free siRNA was separated via gel electrophoresis run at 80 V 

for 45 minutes. The gel was stained with SybrGold Nucleic Acid Gel Stain (Invitrogen, 

1:100 in 1× TAE) for 45 minutes with gentle rocking and protected from light. Stained gels 

were placed on a UV illumination table and images of illuminated siRNA bands were 

captured using a digital camera. ImageJ gel analysis tool was used to quantify siRNA band 

intensities and were normalized to free siRNA. This critical charge ratio was used to 

determine NP volume necessary to achieve a charge ratio (CR, +/−) = 4 for NP-siRNA 

treatments. To form NP-siRNA complexes, the appropriate amount of siRNA was added to a 

1.5 mL tube, diluted in 1× PBS, and then a volume of NP were added to achieve CR=4 and 

NP-siRNA solution was incubated for 25 minutes to allow complexation.

NP-siRNA diameter measurements

NP-siRNA complexes were diluted in 1× Dulbecco’s phosphate buffered saline (PBS, 

Gibco) or 1× PBS with a range of fetal bovine serum (FBS), bovine serum albumin (BSA), 

Immunoglobulin G (IgG), or OptiMEM I media without phenol red (Gibco). Note: all 

protein solutions in PBS were filtered (0.2 μm) prior to introduction of NP-siRNA. NP-

siRNA diameters were measured at 25 °C in disposable cuvettes using a Malvern Zetasizer 

Nano ZS with auto attenuation and a 173 ° scattering angle. Cumulants analysis was used to 

report Z-average diameter and polydispersity for measurements made in FBS due to the 

presence of multiple peaks that change throughout the duration of the measurements due to 

dynamic NP-protein interactions and aggregation. To ensure signal collected was not from 

FBS proteins, blank samples of PBS and FBS with no NP-siRNA were run at matching 

attenuator positions of samples with NP-siRNA. Blank samples did not produce enough 

signal for analysis. For NP-siRNA in BSA measurements, distribution analysis was used and 
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intensity mean diameter of NP-siRNA peak is reported, as the NP-siRNA peak is well-

defined and separated from the characteristic BSA peak at ~7 nm.

NP-siRNA hydrogel embedding for transmission electron microscopy

Serum in NP solutions poses problems for EM analysis, including the formation of a thick 

protein layer on the grid that can obscure NP structure, and contamination of the EM interior 

with protein. Therefore, poly(ethylene glycol) (PEG) hydrogels were used as tissue 

phantoms to embed NP-siRNA and allow for thin sectioning, similar to tissue. PEG (4-arm, 

10 kDa) was functionalized with norbornene (PEGN) and characterized via NMR as 

previously described64. Hydrogels were formed via thiol-ene photopolymerization as 

previously described65,66. Briefly, PEGN was dissolved with 3.5 kDa PEG-dithiol 

crosslinker at a 1:1 thiol:ene ratio in PBS at 10 wt% PEGN and 0.05 wt% lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, synthesized as previously described67) to 

form a precursor solution. NP-siRNA complexes were formed with FBS to induce 

aggregation and then added to hydrogel precursor solutions. 40 μL of hydrogel-NP-siRNA 

precursor solution was added to a cylindrical mold and polymerized under 5 mW/cm2 365 

nm UV light for 3 minutes. Gels formed with NP-siRNA complexes only in PBS were used 

as controls. Hydrogels were fixed in 2.5% gluteraldehyde and submitted to the University of 

Rochester Medical Center’s Electron Microscopy core for standard processing. Briefly, fixed 

gels were post-fixed in osmium tetroxide (OsO4), processed through a series of graded 

alcohols, infiltrated with epoxy resin, and embedded. Embedded gels were polymerized 

overnight at 70 °C. Semi-thin 1–2 μm sections are cut to select an appropriate area for ultra-

thin sectioning with a diamond knife. Sections are placed on grids and stained with uranyl 

acetate and lead citrate. Grids were imaged using a Hitachi 7650 transmission electron 

microscope (TEM). NP diameter was quantified using in ImageJ using the Analyze Particles 

tool.

hMSC cell culture

Human bone marrow aspirate was obtained from Lonza and MSCs were isolated as 

previously described68. hMSCs growth media (GM) is composed of low glucose Dulbecco’s 

Modified Eagle’s Medium (DMEM, Gibco) with 10% FBS (Atlanta Biologics), and 1% 

antibiotic-antimycotic (Gibco). For expansion, GM was supplemented with 1 ng/mL 

recombinant human basic fibroblast growth factor-2 (Corning) at every media change, and 

was omitted when hMSCs were plated for in vitro experiments. hMSCs were cultured in a 

humidified incubator at 37 °C with 5% CO2, and passaged using 0.25% trypsin-EDTA 

(Gibco). For all in vitro experiments, hMSCs at passages 2–4 were seeded on multiwell 

plates at 8,000 cells/cm2 and allowed to adhere overnight.

Preparation and administration of NP-siRNA treatments

NP-siRNA were prepared at 10× the final concentration using siRNA complexed to NP in 

1× PBS at a charge ratio (CR, +/−) = 4 as previously described22. Concentrated treatments 

were added directly to cell culture media and untreated samples received an equal treatment 

volume of 1× PBS.
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Relative Quantification of hMSC DNA content

NP-siRNA complexes containing varying concentrations of ON-TARGETplus Non-targeting 

Control Pool siRNA (Dharmacon) were delivered to hMSCs for 24 hours. After NP-siRNA 

incubation, cells were washed 2× with PBS and lysed using 1× Luciferase Cell Culture Lysis 

Reagent (Promega) in PBS, and lysates were quickly sonicated using a probe sonicator to 

homogenize samples. 10 μL of lysate was diluted in 90 μL of 1× TE buffer and Quant-iT 

PicoGreen dsDNA Assay Kit (Invitrogen) was used according to manufacturer’s protocol 

using λDNA standard curve to quantify DNA content. Treatment groups were normalized to 

untreated hMSCs.

Quantification of NP-mediated siRNA uptake via flow cytometry

NP-siRNA complexes containing varying concentrations of Silencer FAM-labeled Negative 

Control No. 1 siRNA (Ambion) were delivered to hMSCs for 24 hours. After incubation, 

cells were washed 2× with PBS, trypsinized, transferred to 1.5 mL tubes, and collected via 
centrifugation. Collected cells were washed once more and resuspended in 90 μL of flow 

buffer (PBS containing of 0.5 w/v% BSA and 0.01 v/v% trypan blue to quench extracellular 

fluorescence69). 10 μL of diluted propidium iodide (1:500 in flow buffer, Molecular Probes) 

was added to each sample just prior to analysis to discriminate dead cells using an Accuri 

C6 flow cytometer (BD Biosciences). 5,000 cells were gated for analysis using single 

stained controls for gating and compensation. Data analysis was performed using FlowJo 

software.

TEM assessment of NP-siRNA stability in vitro

Circular glass coverslips (VWR) were autoclaved and placed in multiwell tissue culture 

plates. hMSCs were seeded on coverslips as described for other in vitro experiments herein. 

Cells were treated with 30 nM NP-siRNA for serum-containing treatments and 10 nM NP-

siRNA for serum-free treatments. Media was removed and cells were immediately fixed in 

2.5% gluteraldehyde after continuous treatment with NP-siRNA for 6, 12, and 24 hours. 

Fixed coverslips post-fixed with osmium tetroxide (OsO4) were processed for transmission 

electron microscopy (TEM) imaging using the “Pop-off” technique70.

Hemolysis assay

NP-siRNA treatments were made at 20× the final treatment concentration of 30 nM siRNA 

complexed to NP at CR = 4. Either FBS or PBS was added to NP-siRNA complexes at 10% 

the final volume and incubated overnight prior the hemolysis assay. The day of the assay, 25 

mL of human blood was retrieved from consenting donors by a trained phlebotomist in 

compliance with the University of Rochester’s Institutional Review Board. Blood was drawn 

directly into K2-EDTA coated vacutainers to prevent coagulation. Erythrocytes were isolated 

and washed in 150 mM NaCl via centrifugation and used for a hemolysis assay as 

previously described71. Briefly, washed erythrocytes were split evenly into 4 tubes washed 

once with phosphate buffer (PB) at each pH to be tested. 1 mL of erythrocytes at each pH 

was diluted into 49 mL of PB at the corresponding pH. 10 μL of 20× NP-siRNA samples 

were pipetted in to U-bottom 96 well plates in quadruplicate. At each pH, 10 μL of 20% 

Triton X-100 was used for positive controls to set 100% hemolysis, and 10 μL PBS with or 
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without 10% FBS was used as negative controls to subtract any baseline hemolysis at each 

pH. 190 μL of prepared erythrocytes were added to each well using a multi-channel pipette. 

Plates were sealed with adhesive covers and incubated at 37 °C for 1 hour. Plates were 

centrifuged to pellet intact erythrocytes and 100 μL of supernatant was transferred to a clear 

96 well plate. Absorbance of the released hemoglobin in supernatant due to hemolysis was 

measured at 541 nm. At each pH, baseline signal from PBS negative controls were 

subtracted and experimental samples were normalized signal obtained from Triton X-100 

samples. Results from a single experiment are shown in Figure 3D. A duplicate experiment 

was performed and results are shown in Figure S3. Donor-to-donor variability in collected 

human blood leads to variability across separate experiments. However, both experiments 

show similar trends, but saturation of hemolysis was observed in one experiment.

NP-siRNA displacement assay

siRNA (4 μM) was complexed to NP at CR = 4 in a 16 μL volume of PBS. FBS or PBS was 

added to 10% of the final volume. Complexes were incubated overnight to allow aggregation 

in 10% FBS samples. The next day, 4 μL of varying concentrations of heparin sodium salt 

(Sigma) was added to NP-siRNA samples and incubated for 30 minutes. At this time, free 

siRNA controls were made with the same amount of siRNA contained in NP-siRNA 

samples. In the FBS group, a volume of FBS was added to free siRNA control when heparin 

was added to NP-siRNA to account for any change in signal due to potential FBS-mediated 

degradation of released siRNA. BlueJuice Gel Loading Buffer (Invitrogen) (5 μL) was added 

to each sample and thoroughly mixed. 20 μL of each sample was loaded into the wells of a 

2% agarose gel in 1× tris-acetate-EDTA (TAE) buffer. Displaced siRNA was separated via 
gel electrophoresis as described previously for gel retardation assays in “NP self-assembly 

and complexation with siRNA” section.

Assessing NP-siRNA mediated gene knockdown

hMSC were treated with NP-siRNA at varying concentrations in either hMSC GM or 

OptiMEM I media for 24 hours. Media was removed and replaced with fresh GM for an 

additional 24 hours to allow siRNA-meditated knockdown to occur. Total RNA was isolated 

and reverse transcribed into cDNA used for RT-PCR as previously described22 with RNA 

normalized to 5 ng/μL prior to RT and 5 μL of cDNA was used in each RT-PCR reaction. 

Primer efficiencies were calculated from each well as previously described72 using 3% and 

6% of the maximum amplification to set two thresholds. Relative PPIB expression was 

calculated using the Pfaffl equation relative to untreated samples and normalized to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression73.

Assessment of NP-siRNA uptake in mouse salivary glands via TEM

Adult female C57/BL6 mice 6–10 weeks of age were used for NP-siRNA injections in 

accordance with the University Committee on Animal Resources at the University of 

Rochester, Rochester, NY. Retroductal injections into the Wharton’s Duct of the 

submandibular gland (SMG) were administered through the oral cavity according to 

previously described protocols23,74. Briefly, mice were anesthetized using 100 mg/kg 

ketamine and 10 mg/kg xylazine, and body temperature was maintained using heating pads 

throughout the procedures. The sublingual orifice of the Wharton’s duct was cannulated 
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using a mouse intracranial catheter (#CS-32) to allow NP-siRNA injection directly into the 

SMG. Atropine was administered intraperitoneally (1 μg/g body weight) to prevent salivary 

backflow. Sterile NP-siRNA were prepared the same day prior to injections using NPs 

complexed to 4 μg of siRNA in 1× PBS in a 50 μL volume. A single mouse was given NP-

siRNA injection in each gland using a 27-gauge Hamilton microliter syringe (#7637-01) and 

kept immobilized for 15 minutes post-injection, after which the catheter was removed. After 

1 hour the treated mouse and an untreated control mouse were euthanized and SMG were 

immediately surgically dissected and placed in 2.5% gluteraldehyde + 4% paraformaldehyde 

for fixation overnight. Fixed glands were submitted to the University of Rochester Medical 

Center’s Electron Microscopy core and were processed identically to NP-siRNA hydrogel 

samples previously described.

Statistical analysis

Unless otherwise noted, all experiments were performed in triplicate in at least two 

independent experiments. One- or two-way ANOVA was used with appropriate post-hoc 

testing to correct for multiple comparisons, as indicated, to assess significant differences 

between means (α = 0.05). Statistical analyses were performed using Prism6.0. For all plots, 

the mean is represented with standard deviation shown as error bars.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NP-siRNA complexes aggregate in the presence of serum, but are stable in serum-free 

OptiMEM media. NPs were complexed to siRNA at a charge ratio (+/−) = 4 and incubated 

in various serum-free and serum-containing buffers. A) DLS reveals NP-siRNA diameter is 

stable over four days in PBS, OptiMEM media, and at 1% fetal bovine serum (FBS), but 

significantly increases in 2% FBS. B) Polydispersity Indices (PDI) from DLS measurements 

show size distribution significantly increases at 1% and 2% FBS, but remains stable in 

OptiMEM culture media. n = 6; *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 

compared to PBS group at the same time point using two-way ANOVA with Dunnett’s test 

for multiple comparisons; Error bars represent the standard deviation. NP-siRNA complexes 

were incubated in PBS (C) or PBS + 1% FBS (D), 2% FBS (E), and 10% FBS overnight and 

embedded in hydrogels to allow sectioning for TEM. TEM micrographs confirm serum-

mediated NP-siRNA aggregation.
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Figure 2. 
NP-siRNA are more cytotoxic in serum-free culture media. hMSCs were incubated for 24 

hours with NPs complexed to a non-targeting negative control siRNA at varying 

concentrations at charge ratio (+/−) = 4 in DMEM + 10% FBS or serum-free OptiMEM 

media. At 30 nM siRNA, NP-siRNA complexes are more cytotoxic in OptiMEM compared 

to DMEM + 10% FBS. Cytotoxicity is observed in OptiMEM at concentrations > 10 nM 

siRNA. n=6; *p<0.05, ***p<0.001 compared to no treatment (NT); #p<0.0001 compared to 

30 nM siRNA in DMEM + 10% FBS. Significance determined using two-way ANOVA with 

Dunnett’s test relative to NT control and Bonferroni’s test for 30 nM pairwise comparison. 

Error bars represent the standard deviation.
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Figure 3. NP-siRNA delivered using serum-free media, which prevents NP-siRNA aggregation, 
results in significantly greater uptake and pH-responsive membrane lysis
Fluorescent siRNA was complexed to NPs at a charge ratio (+/−) = 4 and delivered to 

hMSCs in vitro in DMEM + 10% FBS or serum-free OptiMEM media and uptake was 

detected via flow cytometry. A) NP-siRNA delivered in serum-free OptiMEM media results 

in significantly increased median fluorescence intensity (MFI) 24 hours post-treatment 

compared to DMEM + 10% FBS at 30 nM siRNA. A 3-fold lower NP-siRNA dose (10 nM) 

delivered in OptiMEM achieves similar uptake levels as 30 nM NP-siRNA dose in DMEM 

+ 10% FBS. n=6, **p<0.01, ****p<0.0001 compared to untreated, #p<0.0001. B) TEM 

micrograph reveals NP structures (arrow) with diameters similar to values obtained by DLS 

are visible in hMSC membrane bound vesicles 6 hours post-treatment in serum-free 

OptiMEM media in vitro, and were no longer detectable at later time points. C) TEM 

micrograph shows NP structures (arrow) with diameters consistent with aggregated NPs 

from DLS experiments that accumulate in intracellular vesicles 24 hours post-treatment 

when delivered in DMEM + 10% FBS. D) Hemolysis data shows pH-responsive membrane 

lysis activity is significantly lower in serum-mediated NP-siRNA aggregated state at 

endosomal pH 6.2 and 5.6. Representative data from a single experiment using four sample 

replicates, ***p<0.001; Significance determined using two-way ANOVA with Dunnett’s test 

to compare to no treatment (NT) control and Tukey’s test for multiple pairwise comparisons. 

Error bars represent standard deviation.
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Figure 4. 
siRNA displacement from NPs is significantly reduced in the presence of serum. siRNA was 

complexed to NPs at a charge ratio (+/−) = 4 and incubated overnight with or without 10% 

FBS. Heparin, a poly(anion), was added to NP-siRNA complexes at varying concentrations 

to displace siRNA. Displaced (Free) siRNA was detected via gel electrophoresis (A), and 

quantified using ImageJ (B). n=3 gels for each condition; ****p<0.0001; Significance 

determined using two-way ANOVA with Bonferroni’s test to correct for multiple 

comparisons. Error bars represent the standard deviation.
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Figure 5. 
NP-siRNA delivered in serum free media results in significantly more efficient gene 

silencing compared to NP-siRNA delivered in serum containing media. siRNA targeting 

human peptidylprolyl isomerase B (PPIB) gene was complexed to NPs at a charge ratio (+/

−) = 4 and delivered to hMSCs in vitro in DMEM + 10% FBS or serum free OptiMEM 

media at varying concentrations and PPIB expression was detected via RT-PCR. PPIB 

expression is relative to no treatment (NT) groups and normalized to glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). Dashed line represents gene silencing previously 

achieved using 30 nM NP-siRNA in DMEM + 10% FBS.22 n=6; ***p<0.001, 

****p<0.0001 compared to no treatment (NT) control within a treatment group; #p<0.001; 

Significance determined using two-way ANOVA with Dunnett’s test to compare to no 

treatment (NT) control and Tukey’s test for multiple pairwise comparisons. Error bars 

represent the standard deviation.
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Figure 6. NP-siRNA are colloidally stable in the presence of serum albumin and IgG and when 
delivered locally to mouse salivary glands in vivo
DLS shows presence of bovine serum albumin (BSA) (A) or IgG (B) alone at concentrations 

matching biological fluids does not cause NP aggregation, but does increase NP diameter 

with increasing BSA and IgG concentration and is stable over time. n = 6 from two 

independent experiments each containing triplicate measurements (A). n = 9 from three 

independent experiments containing triplicate measurements. **p < 0.05, ****p < 0.0001 

using two-way ANOVA to determine if protein concentration affects NP diameter. Error bars 

represent the standard error of the mean. C, D) Representative TEM micorographs show 

intracellular membrane-bound vesicles, which are empty in untreated mice (C) and contain 

stable NPs in treated mice (D, arrow). Dashed line indicates cell membrane separating 

intracellular ductal compartment and the ductal lumen.
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