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1. Experimental Methods 

 

1.1. Synthesis and characterization of lPEI-g-PEG copolymer 

A PEGylated linear PEI (lPEI) copolymer, lPEI-g-PEG, was synthesized by grafting 10 kDa 

PEG to lPEI with an average Mn of 17 kDa.  We chose lPEI owing to its lower cytotoxicity 

compared to branched PEI [1] and selected lPEI of relatively high Mn for its higher siRNA 

condensation capacity and transfection efficiency compared to lPEI of lower molecular      

weight [2]. The 10 kDa PEG grafts were chosen based upon their ability to provide more 

effective resistance to protein adsorption and better protection against nuclease degradation than 

PEG of lower molecular weight [3, 4].  

Linear polyethyleneimine HCl salt (lPEI·HCl, Mn = 17 kDa) was purchased from Polymer 

Chemistry Innovations, Inc. (Tucson, AZ). N-hydroxysuccinimidyl ester of methoxy 

polyethylene glycol hexanoic acid (PEG-NHS, Mn = 10 kDa) was purchased from NOF America 

Corporation (White Plains, NY). The lPEI·HCl (7.95 mg, 0.1 mmol of amine) was dissolved in 

1 mL of DI water. The pH of the solution was adjusted to 6 through drop-wise addition of 1 M 

NaOH solution. The solution was then mixed with 80 mg of PEG-NHS and incubated overnight. 

The reaction mixture was dialyzed against DI water and lyophilized to yield a white foam-like 

solid with a 95% yield. The molecular weight of the graft copolymer was characterized by gel 

permeation chromatography using an Agilent 1200 series Isocratic HPLC System equipped with 

TSKgel G3000PWxl-CP column and TSKgel G5000PWxl-CP column (Tosoh America, Inc., 

Grove City, OH), which was connected to a multi-angle light-scattering detector (MiniDawn, 

Wyatt Technology, Santa Barbara, CA). The grafting degree of PEG on lPEI was found to be 

1.2%, which corresponds to an average of 4.6 PEG grafts per lPEI.  

 

1.2. Gel electrophoresis analysis of polycation/siRNA nanoparticles 

To investigate polycation/siRNA condensation, equal volumes of polymer and siRNA 

solution were mixed at increasing N/P ratios (molar ratio of amine in lPEI to phosphate in RNA) 

followed by electrophoresis at 90 V for 40 min on a 1.2 wt% agarose gel. To determine siRNA 

release from uncrosslinked and crosslinked particles, 20 µM sodium dextran sulfate (Mn = 

200 kDa) in 10 mM Tris-HCl (pH 7.4) buffer was added to equal volume of nanoparticle 

solution containing 1 µM siRNA. The mixed solution was further incubated in the presence or 
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absence of 50 mM DTT overnight at 37°C. An aliquot of each sample was then subjected to 

electrophoresis as above. The siRNA bands were visualized under a UV transilluminator.       

Figure S1 displays the gel retardation analysis, confirming that a minimum N/P ratio of 20 is 

needed to completely condense siRNA under the tested conditions. 

 

 

 

 

 

 

 

 

 

Figure S1. Gel retardation assay of complexation between lPEI-g-PEG and siRNA at 

increasing N/P ratios. Note the faint siRNA band for an N/P ratio of 10.  

 

1.3. Transmission electron microscopy (TEM) 

Samples were prepared by depositing 10 µL nanoparticle solution on a freshly ionized nickel 

grid covered by a carbon film. After 10 min, excess liquid was removed by pipetting. A drop of 

2% uranyl acetate solution (~5 µL) was then deposited on the grid for 10 s and subsequently 

removed. After drying at room temperature, the samples were examined on a Tecnai FEI-12 

electron microscope.  

 

1.4. Preparation of crosslinked lPEI-g-PEG/siRNA nanoparticles 

lPEI-g-PEG copolymer was thiolated with Traut’s reagent at a 20% grafting degree of the 

total amino groups for 2 h at room temperature. The thiolated polymer solution was mixed with 

siRNA, and the micelle solution was transferred to a dialysis membrane with MWCO of 3.5 kDa 

and then subjected to aerial oxidation for 48 h with stirring to crosslink the micelles. Following 

the assembly and crosslinking steps, the nanoparticles were purified by removing DMF and other 

small molecular agents through dialysis against water for 24 h with frequent change of water. 
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1.5. Nanoparticle size and zeta potential measurements 

Particle size and zeta potential were measured by photon correlation spectroscopy and laser 

Doppler anemometry, respectively, using a Zetasizer Nano ZS90 (Malvern Instruments, 

Southborough, MA). Size measurement was performed at 25°C at a 90° scattering angle. The 

mean hydrodynamic diameter was determined by cumulative analysis. The zeta potential 

measurements were performed using a DTS1060-folded capillary cell in the automatic mode.  

Figure S2 reveals the average zeta potential of lPEI-g-PEG/siRNA micelles before and after 

crosslinking, revealing a decrease in particle zeta potential from +5 mV to –5 and –8 mV for 

117 nm and 44 nm particles, respectively.  

 
Figure S2. Zeta potential of lPEI-g-PEG/siRNA micelles before crosslinking and after 

crosslinking in both DI water and 7:3 (v/v) DMF–water mixture.  Bars show mean ± SD 

(n = 3).  

 

1.6. Characterization of in vitro gene knockdown efficiency 

For gene silencing in vitro, cells were pre-transfected with 720 ng/well pGL3 DNA, 

encoding for firefly luciferase, and 80 ng/well pRL-CMV, encoding for Renilla luciferase, using 

Lipofectamine 2000 according to our previously published protocol. After 4 h, cells were 

transfected with nanoparticles carrying GL3 siRNA 

(sense strand 5’-CUUACGCUGAGUACUUCGAdTdT-3’, 

 antisense strand 5’-UCGAAGUACUCAGCGUAAGdTdT-3’), 
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or a negative control sequence (AllStars Neg. siRNA, Qiagen, Valencia, CA) at a dose 

equivalent to 100 nM siRNA. After 48 h, cells were rinsed with PBS and assayed for luciferase 

expression using a dual luciferase reporter assay kit (Promega, WI). For each well, firefly and 

Renilla luciferase luminescence was measured using a FLUOstar OPTIMA plate reader (BMG 

Labtech, Germany). Firefly readings were normalized against Renilla readings, and values were 

expressed as a ratio to the untreated control. 

 

1.7. Characterization of cytotoxicity of polycation/siRNA nanoparticles 

Cytotoxicity of siRNA nanoparticles was determined by a WST-1 dye reduction assay. 

HepG2 cells were seeded in a 96-well plate 24 h before assay at a density of 20,000 cells/well. 

The cells were incubated for 4 h with 100 µL complete medium containing nanoparticles at a 

dose equivalent to 100 nM of siRNA. The medium in each well was then replaced with 100 µL 

fresh medium containing 10 µL WST-1 reagent (Roche, Mannheim, Germany). The cells were 

incubated for 1 h at 37°C. The absorbance of the supernatant at 450 nm, using 600 nm as a 

reference wavelength, was measured on a microplate reader (Infinite M200, TECAN, 

Männedorf, Switzerland).  Figure S3 illustrates the metabolic activity of HepG2 cells that were 

treated with different formulations of lPEI-g-PEG/siRNA micelles.  All formulations maintained 

>80% cell viability at the tested concentrations.   

 
Figure S3. Metabolic activities of HepG2 cells treated with lPEI-g-PEG/siRNA micelles at 

a dose equivalent to 100 nM siRNA. Bars show mean ± SD (n = 4). 
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2. Computational Methods 

2.1. Simulation model and coarse-graining procedure 

Molecular dynamics simulations were performed using the LAMMPS package [5]. The large 

length and time scales involved in micelle formation make it essential to employ coarse-grained 

models of lPEI, lPEI-g-PEG copolymer, and siRNA. The Bjerrum length in water is 7.1 Å, 

which was chosen as the Lennard-Jones (LJ) unit of distance s in our simulations. Since lPEI 

and PEG share a similar molecular structure, we treated them equivalently in the coarse-graining 

procedure and adopted the same monomer length of 3.5 Å and intrinsic persistence length of 

3.8 Å [6, 7]. Three persistence length units were represented as one bead in the model. Based on 

the blob concept, each bead has a size of approximately 1s (size of blob ≈ 30.6 × 3.8 Å = 7.35 Å 

≈ s). Clearly, for such short segments, the scaling behavior of a long self-avoiding polymer does 

not fully apply. Nonetheless, this coarse-graining procedure provides a consistent approach to 

estimate the length of the coarse-grained polymer models for our simulation (cf. Table S1). 

 

 

 

 

 

 

 
 

Table S1. Molecular weights of PEG and lPEI used in experiments and number of beads in 

coarse-grained PEG and lPEI models used in simulations. (*Assuming lPEI and PEG have 

the same persistence length and the same monomer size.) 

 

For lPEI, we used a charge density of approximately 35% [8], corresponding to a pH of 

6–7, as used in the experiments. The charges were evenly distributed along the model beads and 

each bead carried a charge of 1.12e (this includes a factor 3.8/3.5 to account for the ratio between 

persistence length and monomer size). The siRNA molecule was coarse-grained using the VMD 

Shape-Based Coarse-Graining (SBCG) tool [9, 10], which approximates the shape of a molecule 

Structural Parameter PEG lPEI 

Molecular weight (g/mol) 9,500 17,000 

Number of monomers 225 386 

Number of persistence length segments* 207 356 

Number of beads in coarse-grained 

model* 
69 119 
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using a specified number of beads, and outputs the positions of each bead, the equilibrium bond 

length between beads, and the charge on each bead. Although the SBCG tool produces a (narrow) 

distribution of bead sizes, we opted for beads of uniform size s (7.1 Å) to avoid inhomogeneous 

short-range and electrostatic interactions (the LJ radius of beads affects the contact strength of 

their electrostatic interaction as well as the range of their LJ interaction). This uniformity was 

achieved by adjusting the number of coarse-grained beads until the average bead size was close 

to 7.1 Å, and then setting all beads to this uniform size. For the coarse graining of siRNA, we 

isolated a 22 bp RNA molecule from the Protein Data Bank file 2F8S [11] and coarse-grained it 

into a 24-bead rigid body.  

In the coarse-grained models, all harmonic interactions were represented by 

( )2bond 0200U r re= -  ,       (1) 

where r is the center-to-center distance between two bonded beads and r0 is the equilibrium bond 

length, with e the LJ unit of energy. For lPEI and PEG, r0 was set to 1.12s; for siRNA r0 was 

determined by the SBCG coarse-graining procedure. The electrostatic energies and forces were 

computed using the Particle–Particle Particle–Mesh Ewald algorithm, with a relative accuracy 

of 10–4. 

Even when these coarse-grained models were employed, it was still impractical to 

efficiently simulate the experimental system, owing to the strong multi-chain aggregation and the 

slow conformational decorrelation of long polymer chains. To overcome these limitations, it was 

necessary to decrease the length of the polymer chains. We therefore scaled down each original 

coarse-grained model to one fourth of its original length, using 30 beads to represent lPEI, 15 

beads to represent a PEG block, and six beads (four carrying a charge –1.8e and two carrying a 

charge  –1.9e) to represent siRNA. As an additional benefit, this made it possible to simulate a 

system with a larger number of constituent particles, namely 32 lPEI or lPEI-g-PEG polymers 

and 96 siRNA, thus permitting a better resolution of the aggregate size distribution function. In 

addition, 1056 positive and 1075 negative monovalent counterions were included to maintain 

system charge neutrality (1 additional counterion with charge –0.2e was added to ensure precise 

electroneutrality). 

We employed a Langevin thermostat to simulate the implicit solvent and control the 

temperature, imposing a damping time 100t, where t is the LJ unit of time, 
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2mst
e

=
 
,         (2) 

with m the LJ unit of mass. The equations of motion were integrated using the velocity-Verlet 

algorithm. The (reduced) temperature was set to T = 1.0 e/kB, where kB is Boltzmann’s constant. 

When the solvent is changed from pure water to DMF–water mixtures at different proportions, 

the dielectric constant increases, while the charge density of siRNA and lPEI polymers 

decreases. Following our previous work [12], we exploited the approximate cancellation of these 

effects in the electrostatic interaction strength and assumed a constant Bjerrum length and 

constant charge density in our model.  

2.2. Parameter choices to represent solvent quality and hydrogen bonding 

Linear PEI forms a crystal hydrate in pure water due to strong inter- and intra-molecular 

hydrogen bonding [13]. DMF was observed in experiments to be a good solvent for lPEI [14]. 

On the other hand, as the solvent is changed from pure water to DMF–water mixture, the solvent 

quality for siRNA decreases. Since we employed an implicit solvent, the change from a good to a 

poor solvent was represented by an increase in the effective attraction between siRNA beads and 

between lPEI beads. Since the lPEI and siRNA already experience a strong electrostatic 

attraction, no additional solvent-induced effective attraction between lPEI and siRNA was 

imposed. Both water and DMF and their mixtures are good solvents for PEG [15], therefore, 

following our earlier study [12], we did not incorporate PEG solubility variations within the 

range of DMF/water ratios in our model, but instead represented the uniformly good solvent 

conditions for PEG via a purely repulsive shifted-truncated LJ potential with a cutoff 21/6s.   

In the coarse-grained modeling, we aimed to elucidate the effect of variation of the solvent 

quality and the degree of hydrogen bonding on the experimental system, rather than to realize a 

precise mapping between different solvent conditions onto attractive pair potentials.  Thus, we 

opted to describe the pair potential via a LJ potential with two different strengths: 1.0 kBT and 

0.314 kBT. A potential strength of 1.0 kBT represented a poor-solvent condition and a higher level 

of polymer–polymer hydrogen bonding (which includes both direct hydrogen bonding between 

two monomers and hydrogen bond bridging between two monomers by water molecules); a LJ 

attraction of 0.314 kBT (corresponding to the theta solvent condition for the bead–spring model 

employed [16]) indicated a relatively good solvent condition and a lower level of polymer–
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polymer hydrogen bonding. This approach allowed us to identify the relative effect of each of the 

interactions during the solvent change. Given our choice for the temperature, this yielded the 

parameter combinations listed in Table S2.  The pair potential was cut off at 2.5s and shifted at 

the cutoff to eliminate a discontinuity in the interaction. All other non-bonded short-range 

interactions were modeled with a purely repulsive shifted-truncated LJ potential with a 

cutoff of 21/6s.  

 

Solvent Condition eLJ / e  (siRNA) eLJ / e  (PEI) 
eLJ / e  (PEI–

PEG) 

Solvent 1 (Water) 0.314 1.000 1.000  

Solvent 2 (DMF–water mixture) 1.000 0.314 0.314 

Solvent 1* 0.314 1.000 0.314 

Table S2. Effective attraction strength eLJ (in units of the LJ energy parameter e) 

between siRNA beads, PEI beads, and between lPEI and PEG beads for different 

solvent conditions. 

 

To test the effect of hydrogen bonding between lPEI and PEG on micelle size, we 

artificially weakened the interaction strength between lPEI and PEG in water (cf. main text) and 

labeled this solvent condition Solvent 1*. The size distribution of lPEI-g-PEG nanoparticles in 

Solvent 1* is shown in Fig. S4, along with the size distribution of the same system in Solvent 1 

as a comparison. Figure S4 clearly shows that without strong hydrogen bonding between lPEI 

and PEG, the micelles decrease in size. 
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Figure S4.  Size distributions of lPEI-g-PEG nanoparticles in Solvent 1, with strong 

lPEI–PEG hydrogen bonding (Solvent 1) and artificially weakened lPEI–PEG 

hydrogen bonding (Solvent 1*).  See Table S2 for simulation parameters. 

 

To confirm the qualitative validity of our parameter choices we also compared the 

experimental and computational results for the effect of solvent composition on lPEI/siRNA 

nanoparticles. Figure S5 shows that for lPEI/siRNA systems, the proposed simulation model 

with the two-state solvent parameters successfully captured the experimentally observed size 

variation. As the solvent is changed from pure water to a 7:3 (v/v) DMF–water mixture, the 

solvent quality for lPEI increases and that for siRNA decreases. Although the two solvent effects 

change in opposing directions, the lPEI solubility dominates in the complexation of lPEI/siRNA, 

as demonstrated by the larger particle size in water and the smaller particle size in DMF–water 

mixture (cf. Fig. S5). This behavior can be ascribed to the more flexible backbone and the larger 

contour length of lPEI, which leads to more lPEI–solvent contacts, whereas the siRNA 

predominantly aggregates via lPEI-mediated contacts.   
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Figure S5. Size distributions of lPEI/siRNA nanoparticles in water and in 7:3 (v/v) 

DMF–water mixture in experiment (left) and in Solvent 1 and Solvent 2, respectively, 

in simulations (right). 

 

2.3. Equilibration in the simulations and the use of parallel tempering 

The siRNA molecules, the lPEI-g-PEG copolymers/lPEI polymers and the counterions were 

initially placed in a cubic, periodically replicated simulation box with linear size 100s.  To 

achieve a random initial configuration, a shifted and truncated LJ interaction with cutoff 21/6 s 

was used as the only pairwise interaction between any two particles.  After an equilibration 

period of 3 ´ 103 t with time step 0.01t, the proper LJ interactions (as described above) and all 

electrostatic interactions were switched on, followed by a second equilibration period of 1200t.  

Due to the strong multi-chain attractions, in a typical simulation aggregates only seldom broke 

up and reformed, making it difficult to obtain an accurate frequency distribution of the aggregate 

size. To accelerate the dissociation and reformation of aggregates, we therefore employed the 

parallel tempering method [17]. In this approach, 24 copies of the same system were simulated in 

parallel, at different temperatures that were logarithmically distributed between 1.0 kBT and 

2.0 kBT.  An exchange between configurations simulated at adjacent temperatures was attempted 

every 200 steps.  This approach exploits the larger degree of fluctuations at higher temperatures 

to provide a pathway for the simulations at the original temperature to transition between states 

that are separated by high free-energy barriers.  Four to eight parallel tempering runs were 

performed for each solvent condition, each for a period of 4.8 ´ 105 t (corresponding to 10–20 
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days of CPU time for each of the 24 parallel copies, depending on solvent condition). Following 

the first two equilibration stages, complexation was permitted to proceed for 6 ´ 104 t before 

sampling was started. 

 

2.4. Determination of the aggregate composition and size distribution in simulation 

The nanoparticles or micelles are aggregates of siRNA and lPEI or lPEI-g-PEG 

predominantly bound by electrostatic interactions. To determine the composition of one 

aggregate, we first determined all the RNA molecules associated with an lPEI or lPEI-g-PEG 

polymer. If one of the siRNA beads (which were all negatively charged) was within a distance 

2s from an lPEI bead (which were all positively charged), the siRNA was considered to be 

associated with that lPEI or lPEI-g-PEG chain. We then identified all the lPEI or lPEI-g-PEG 

polymers that were sharing at least one siRNA, and assigned all the polymers and siRNA 

molecules associated with each of the polymers to one aggregate. 

Experimentally, the particle size distribution was determined by DLS, and reported as the 

intensity-averaged distribution of the hydrodynamic diameter of the particles. The hydrodynamic 

diameter obtained by DLS is calculated based on the diffusion coefficient of the particle in the 

solvent. For lPEI-g-PEG/siRNA nanoparticles, the PEG blocks are able to affect the diffusion 

behavior of the particles and thereby contribute to the hydrodynamic diameter of the particles. 

Therefore, in simulation, we included the contribution from PEG blocks in the particle-size 

calculation. As the intensity-averaged size distribution can be approximated by the z-averaged 

size distribution when the single-particle scattering factor is set to unity [18], we calculated the 

z-averaged radius of gyration Rz, 

RZ =
NiMi

2Ri
i
∑

NiMi
2

i
∑

 ,  (3) 

in which Ni is the number of micelles of radius of gyration Ri and mass Mi. 

Although the PEG blocks are included in this size calculation, one advantage of simulation 

lies in the flexibility of data analysis. In Fig. S6, we re-analyzed the size distribution data shown 

in Fig. 1D, and compared the particle size with and without considering the PEG blocks. For 

Solvent 1, the PEG blocks were found to only contribute to a small increase in the size of lPEI-g-

PEG/siRNA nanoparticles. If the PEG blocks were not included, the calculated size of the 
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nanoparticles decreased to an average similar to that of the lPEI/siRNA nanoparticles (Fig. S5), 

but with a different distribution, suggesting that the size increase in Figs. 1A and 1B should not 

be ascribed to the inclusion of PEG blocks alone. On the other hand, for Solvent 2 the PEG 

blocks contributed greatly to the calculated size increase of lPEI-g-PEG/siRNA micelles, due to 

the fact that the higher solubility of lPEI yielded a less compact core with a more diffuse PEG 

corona. 

 

Figure S6. Size distributions of nanoparticles in Solvent 1 and Solvent 2 from 

simulations. In addition to the distributions of Fig. 1D, two size distributions for lPEI-

g-PEG/siRNA nanoparticles in Solvent 1 and Solvent 2 are shown, for which PEG 

blocks are not included in the size calculation (labeled by lPEI-g-PEG*). See 

supplementary text for discussion. 
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