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Polyelectrolyte complex micelles (PCMs) are widely used in the delivery of hydrophilic payloads. 
Their attractive features include an ability to tune physical attributes, which are strongly dependent 
on the size and chemical structure of each polymer block. Neutral blocks drive nanoscale phase 
separation while charged blocks control micelle core size and stability. An understanding of 
physical property behavior controlled by block size is crucial when designing for use in dynamic 
or biological environments and provides a greater understanding of the physics of polyelectrolyte 
assembly. In this work, we use small angle x-ray scattering, and light scattering to determine 
precise scaling behaviors of physical micelle parameters for commonly used polyelectrolytes. We 
then compare our results to accumulated published data and theory to show strong agreement, 
suggesting these laws are universal for PCMs.  
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Introduction 

Self-assembled nanoparticles serve an enormous role in nanomedicine as carriers of therapeutic 
biomolecules, enabling genome editing, vaccine delivery, cancer therapy, and numerous other 
applications in precision medicine.1 Two major classes are lipid nanoparticles, which offer 
simplicity and familiarity with cell membranes, and polymeric nanoparticles that provide precise 
control over physical and chemical characteristics and surface modifications for targeting. 
Polymeric nanoparticles can be a variety of shapes but are most often polymersomes or micelles, 
assembled from block copolymers that are either amphiphilic or polyelectrolytes. While the 
aforementioned assemblies are remarkable for many applications,2-6 for the purposes of this paper 
we will focus on micelles assembled from polyelectrolyte block copolymers.  

Polyelectrolyte complexes (PECs) self-assemble due to the entropy gain from counterion release 
when oppositely charged polymers associate.7 They are used at multiple scales for purposes 
including underwater adhesives,8-10 early Earth protocell models,11-13 structured gels and 
networks,14, 15 and nanomedicine.16 Block copolyelectrolytes (neutral-charged block copolymers) 
can phase separate at the nanoscale to form polyelectrolyte complex micelles (PCMs). Due to their 
hydrophilic and charged nature, PCMs offer delivery capabilities that differ from hydrophobically 
driven assemblies, as they can sequester different molecules and travel more freely throughout the 



body. This has shown advantageous for delivering charged proteins,17, 18 inherently charged nucleic 
acids,18-20 or both21 into cells and mice including PCMs that cross the blood-brain barrier22 and 
exhibit targeting.23 

Most often PCMs consist of either a two diblock copolymer system (AB+AC), or a diblock and 
homopolymer system (AB+C), where A=neutral block and B/C=oppositely charged blocks 
(Figure 1). In these situations, most PCMs have a core-corona spheroidal morphology, where the 
core contains the neutralized charged components (B+C), and the corona is formed from the 
neutral block (A). Poly(elthylene glycol) (PEG) is commonly used at the neutral component due 
to its availability and inertness in biological environments, but other net neutral polymers such as 
polyacrylamide24 or zwitterionic polymers25, 26 have also shown promise. Charged components are 
generally biopolymers like polypeptides or nucleic acids, synthetic polyelectrolytes, or charged 
molecules like proteins or drugs. We find the AB+C system particularly useful for biomolecule 
delivery, where the C component is an unmodified molecule of interest, like an oligonucleotide, 
and will focus on this arrangement.  

In order to fully characterize the shape, size, and structure of these core-corona nanoparticles, 
multiple scattering and imaging techniques can be used. Full descriptions of polymeric micelle 
characterization27 and our analysis methods28 are available elsewhere, and here we briefly describe 
this process. The size of the core and corona can be determined through a combination of Small 
Angle X-ray Scattering (SAXS) and Dynamic Light Scattering (DLS). SAXS, as well was Small 
Angle Neutron Scattering, provides structural information across decades of length 
simultaneously. In this study, we use SAXS to characterize micelle cores exclusively. Calculating 
the scattering length density of each material and the solvent shows that DNA contributes the most 
scattering intensity, followed by the polypeptides, and PEG contributes minimal amounts of 
scattering (Table S1). The corona is not accounted for in SAXS measurements because the 
scattering length density of PEG is similar to the solvent. The intensity of SAXS can also provide 
information about the aggregation number, or number of polymers per micelle. DLS provides the 
hydrodynamic size for spherical nanoparticles, which includes the corona in our case. Nanoparticle 
shape can be shown using SAXS, multi-angle light scattering, or transmission electron microscopy 
(TEM). TEM is a powerful tool that gives an image of only micelle cores, in our case, as the PEG 
corona does not have sufficient contrast. TEM is advantageous because it requires minimal 
analysis and is the only technique with a visual representation. However, it is inherently low 
throughput and requires dehydration or freezing of samples and therefore is used as a supplemental 
tool for our studies. TEM for a selection of our PCMs is available in Figures S1-S3. Combining 
multiple complementary characterization methods offers high confidence in results.  

Key advantages of polymeric nanoparticles are the ability to control size and to tune distinct 
features such as internal structure, stability, or surface chemistry. In fact, the efficiency of gene 
delivery is affected by the length,29 charge density,30 and architecture31 of the charged block and 
nanoparticle size and morphology affect biodistribution and cellular uptake. Being able to design 
PCMs with predefined characteristics will remove much of the trial-and-error elements that still 
exist with PCM assembly, thus our aim is to establish physical scaling behavior through systematic 
experiments. Design rules exist for amphiphilic micelles in the form of packing parameters based 
on block length,32, 33 but these are not analogous to PCMs. PCM thoery34-37 predicts that aggregation 
number (P) increases with B length (NB) and decreases with A length (NA) and that core radius 
(Rcore) increases with NB. Some experimental work suggests that hydrodynamic radius (Rh), Rcore, 



and P increase with increasing NB and are independent of the length of the C polymer (NC).38-40 
Additionally, P has been shown to decrease with NA

41-43, all generally agreeable with theory. These 
developments give insight into scaling behavior, but lack comprehensive data, limiting our 
understanding of universal scaling for PCMs. Here, we present a systematic experimental study of 
the relationships between each polymer block length and the resulting micelle structure. Full 
characterization of PCMs provides scaling laws for Rcore, Rh, and P with respect to the length of A, 
B, and C blocks. We do this for model cationic and anion polypeptides as well as DNA and 
thoroughly compare our results to existing experimental data and theoretical predictions. These 
results should simplify the design process, advancing future PCM development for more efficient 
biomolecule delivery. 

 

 

Figure 1. Polyelectrolyte complex micelle (PCM) assembly and characterization. (A) PCMs 
assembled in this work consist of an AB block copolymer and C homopolymer where A is neutral 
and B and C are oppositely charged. All polymers are hydrophilic and assemble into a core-corona 
spherical nanoparticle in aqueous solution with low salt. All PCMs were characterized using Small 
Angle X-ray Scattering (SAXS) and Dynamic Light Scattering (DLS) to determine core radius 
(Rcore) and hydrodynamic radius (Rh), respectively. The corona thickness (H) is Rh-Rcore. (B) SAXS 
traces for two PCMs used in this study (green and purple). Modeling SAXS data (black dashed 
line) provides core size, aspect ratio, and particle size distribution. SAXS data can also be used to 
find aggregation number. (C) Correlation function data (green, purple) from DLS for the same 
samples. Fitting DLS data (black dashed lines) provides a distribution of Rh for each sample. Two 
example samles are shown in this figure, PEG(20k)-pLys(200) + 22-nt DNA in green and 
PEG(5k)-Lys(50) + pGlu(100) in purple. The combination of SAXS and DLS provides complete 
structural information used to develop experimental scaling laws for physical micelle parameters 
as a function of the length of each polymer.  

 



Results 

We assembled PCMs using a range of A, B, and C polymer lengths (NA, NB, NC) using 
poly(ethylene glycol)-block-poly(lysine) (PEG-pLys) as the AB neutral-cationic block copolymer 
in all cases and studied both single-stranded DNA and poly(glutamic acid) (pGlu) as the “C” 
anionic homopolymer. These materials reflect commonly used model systems and PCMs used for 
oligonucleotide delivery and the range of polymer lengths exceeds those that have shown 
promising for biomolecular applications. We assembled all PCMs by slowly removing high 
concentration salt through dialysis to ensure a near-equilibrium state28, 40. We used SAXS and DLS 
to determine the core size, hydrodynamic size, and aggregation number for all samples. All PCMs 
were spheroidal, determined via SAXS and confirmed by TEM. We modeled SAXS data using a 
spheroidal form factor for PCM core structure and a power law at high-q to account for neutralized 
polymer scattering inside the core. Modeling resulted in PCM core radii in the range of 5-40 nm 
with a polydispersity indexes between 0-0.1 and aspect ratios between 1 and 2. Fitting DLS data 
resulted in hydrodynamic radii in the range of 15-80 nm. Corona thickness was calculated as H=Rh-
Rcore, resulting in H in the range of 5-50 nm. All characterization results can be found in Table S2. 
In order to study physical scaling of PCMs, we chose a systematic set of polymer lengths to 
assemble a range of PCM sizes.  

For each physical attribute, we arranged PCM data into sets where two polymer lengths are fixed 
and one is variable. For example, Figure 2A shows core radius of PCMs with varying PEG sizes 
(NA) at pLys lengths (NB) of 30, 50, 100 and 200, all with the homopolymer pGlu(20). In a similar 
manner, Figure 2B plots Rcore vs NB length for the 3 NA sizes, again for homopolymer pGlu(20), 
and Figure 2C shows Rcore vs. NC length for pGlu. The same plots for pGlu(100), DNA(22), 
DNA(66), and DNA(88) are in Figures S3-S6. We fit each dataset to a power law, which is shown 
in text on the plots. Figure 2D shows the power laws calculated for all data sets. We averaged these 
power laws to determine the scaling law for each polymer length. We used this procedure to 
determine scaling of core size (Figure 2), number of ion pairs per micelle core (Figure 3), and 
hydrodynamic size (Figure 4) with the length of each polymer (NA, NB, NC). Power laws from 
datasets containing less than 3 points were not included in averaging, except for NC sets, which 
show no dependence on polymer length. To the best of our knowledge, this is the first set of 
complete experimental scaling laws for PCMs.  

Core Size. When evaluating core size, we found that Rcore decreases slightly with increasing NA 
with a scaling law of NA

-0.17±0.04. We observed a strong dependence between Rcore and NB of Rcore ∝ 
NB

0.73±0.11. Conversely, we find Rcore to be independent of NC. Specifically, we found the scaling 
law for Rcore to be NC

-0.05±0.06, which we believe is a power of zero, or complete independence. 
Additional plots for Rcore are available in Figures S3-S6. 

 



 
Figure 2. Scaling laws for core radius (Rcore) vs. polymer block length. Rcore was determined from 
modeling SAXS data and was plotted for each polymer length. Power laws were fit for each 
dataset, shown as lines of the corresponding color.  (A-B) show core radius vs. NA and NB, 
respectively, for PCMs with pGlu(20) homopolymer. (C) shows core radius vs. NC for pGlu(20) 
and pGlu(100). Similar plots for all homopolymers (pGlu(20), pGlu(100), DNA(22), DNA(66), 
DNA(88)) are in Figures S3-S6. (D) Power laws from all complete datasets were accumulated and 
shown here. Power laws for each polymer length were averaged to determine the scaling laws of 
Rcore ∝	NA

-0.17±0.04, NB
0.73±0.11, NC

-0.05±0.06.  

Hydrodynamic Size. We followed the scaling law procedure laid out in the previous sections, this 
time for Rh, and found that hydrodynamic size increases with NA, as expected, with a scaling law 
of NA

0.26±0.16. Similarly, Rh increases as NB
0.49±0.18 and is independent of NC, consistent with core size 

scaling (Figure 3). Next, we calculated corona thickness (H) as H=Rh-Rcore for each PCM and 
followed our scaling law procedure for H. We found that H scales with NA

0.59±0.23, NB
0.23±0.27, and 

NC
-0.01±0.21, which we estimate as no effect from either charged block and slightly less than linear 

scaling with neutral block size. Additional plots for Rh are available in Figures S7-S9. Plots for H 
are available in Figures S10-S12.  

 

Figure 3. Scaling laws for hydrodynamic radius (Rh) vs. polymer block length, following the same 
procedure as above. Rh was determined from fitting DLS data and was plotted for each polymer 
length. Power laws were fit for each dataset, shown as lines of the corresponding color. (A-B) 
show Rh vs. NA and NB, respectively, for PCMs with pGlu(20) homopolymer. (C) shows Rh radius 
vs. NC for pGlu(20) and pGlu(100). Similar plots for all homopolymers (pGlu(20), pGlu(100), 



DNA(22), DNA(66), DNA(88)) are in Figures S7-S9. (D) Power laws from all complete datasets 
were accumulated and shown here. Power laws for each polymer length were averaged to 
determine the scaling laws of Rh ∝	NA

0.26±0.16, NB
0.49±0.18, NC

0.03±0.08. Rh - Rcore gives corona thickness 
(H). Separate scaling laws were developed for H. H scales with NA

0.59±0.23, NB
0.23±0.27, NC

-0.01±0.21 and 
is shown in Figures S10-S12.  

Aggregation Number. Aggregation number, or the number of polymers per nanoparticle, can be 
deduced from SAXS data. This concept is often studied in systems consisting of one polymer (e.g. 
an AB block copolymer where B blocks self-assemble) and is a little less clear in our case, because 
we have two polymers with different length B and C blocks. So instead, we considered the number 
of ion pairs (nip) in the core of every micelle. We made the reasonable assumption that the core is 
entirely charge-neutralized, meaning the number of cationic monomers is equal to the number of 
anionic monomers, which is equal to nip. This also assumes that all polymers are in a micelle, 
which is a reasonable estimation as the critical micelle concentration of PCMs is thought to be 
low.24 The forward scattering intensity for a dilute solution of spherical particles is proportional to 
the particle concentration, molecular volume, and scattering contrast (Equation 1). Considering 
these assumptions, we estimate nip is proportional to 1/I(0), Rcore

6, and the square of the scattering 
length density contrast, Dr2 (Equation 2). Once scaling laws for nip are established, we can use 
basic assumptions about spherical volume and polymer distribution in solution along with Rcore 
scaling laws from above to determine relationships for aggregation number and density of each 
polymer shown in Supplemental Information section S5.  

 𝐼(𝑞 = 0) ∝ 𝑐𝑉*Δ𝜌* [1] 

 𝑛./ ∝
1
𝐼(0)𝑅

2Δ𝜌* [2] 

Forward scattering intensity, I(q=0) was extrapolated from a linear fit at low-q in a Guinier plot 
(ln(I) vs q2) for each sample. The scattering length density, r, was calculated for each material and 
the solvent in order to determine contrast in SAXS (Table S1). Using I(0) and Rcore data from 
SAXS, and following the same procedure from previous sections, we computed scaling 
relationships for nip as a function of NA, NB, and NC, and again found a weak negative correlation 
to NA, strong positive correlation to NB, and independence with NC. Specifically, nip scales as NA

-

0.79±0.31, NB
2.38±0.41, and NC

-0.21±0.25, as shown in Figure 4. Trends for nip are synergistic with those of 
Rcore: both decrease as NA increases, increase as NB increases, and are unaffected by changes in NC, 
but the rates of change are more drastic for nip compared to Rcore. Furthermore, if the core is 
neutralized, then nip is equal to the number of charges on the B polymer and the number of charges 
on the C polymer. Since we used fully charged B and C polymers (one charge per monomer), we 
can compute aggregation numbers of each polymer as PAB=nip/NB and PC=nip/NC. Again, by 
analyzing each polymer length individually while the others remain constant, we determined 
PABµNA

-0.79±0.31, PCµNA
-0.79±0.31, PABµNB

1.38±0.41, PCµNB
2.38±0.41, PABµNC

-0.21±0.25, PCµNC
-1.21±0.25. We 

estimate within error that PAB is independent of NC and PC decreases linearly with NC. It may seem 
odd that NA and NB affect PC, but they change Rcore and if NC is fixed, then PC will change with 
Rcore. Furthermore, monomer and polymer density can be calculated as ϕip=nip/Vcore, ϕAB=PAB/Vcore, 
and ϕC=PC/Vcore. We do not see noticeable changes in the density of ion pairs within the core due 
to any polymer length, although the propagated error is high (Table S3). In macroscopic 
polyelectrolyte complexes, polymer density does increase slightly with polyelectrolyte length,44 



but we are not able to determine if this applies for PCMs in our range of polymer lengths. The 
density of each polymer within the core only appears to decrease approximately linearly with the 
length of that polymer, as expected for a fixed nip. With calibration for absolute intensity in SAXS, 
a true aggregation number can be found45 and should scale relative to these relationships. Full 
derivations for this section are available in Supplementary Information section S5. 

 
Figure 4. Scaling laws for the number of ion pairs in each micelle core (nip) vs. polymer block 
length, following the same procedure as above. nip was determined from from SAXS data 
(Supplemental Information section S5) and was plotted for each polymer length. Power laws were 
fit for each dataset, shown as lines of the corresponding color. (A-B) show nip vs. NA and NB, 
respectively, for PCMs with pGlu(20) homopolymer. (C) shows Rh radius vs. NC for pGlu(20) and 
pGlu(100). Similar plots for all homopolymers (pGlu(20), pGlu(100), DNA(22), DNA(66), 
DNA(88)) are in Figures S13-S15. (D) Power laws from all complete datasets were accumulated 
and shown here. Power laws for each polymer length were averaged to determine the scaling laws 
of nip ∝	NA

-0.74±0.31, NB
2.38±0.41, NC

-0.21±0.41. Calculating aggregation numbers for each polymer (PAB, 
PC) as PAB=nip/NB and PC=nip/NC we found PABµNA

-0.79±0.31, NB
1.38±0.41 and PCµNA

-0.79±0.31, NB
2.38±0.41, 

NC
-1.21±0.25.  

To summarize these results, we tabulated the power law exponent for each scaling law in Tables 
1 and 2. Each scaling law was determined independently of other variables. Equations 3-8 below 
summarize our findings, showing the experimental scaling behavior we observe for each physical 
parameter as a function of the polymer lengths that contribute. Scaling laws for Rcore, Rh, H, and 
nip came directly form data, as shown in Figures 2-4, and scaling laws for PAB and PC were 
calculated using the relationships PAB=nip/NB and PC=nip/NC, as discussed above. These equations 
include our estimations within error for linear or independent scaling and do not include error, 
which can be found in Tables 1 and 2.  

 𝑅3456 ∝ 𝑁89:.<=𝑁>:.=? [3] 

 𝑅@ ∝ 𝑁8:.*2𝑁>:.AB [4] 

 𝐻 ∝ 𝑁8:.DB [5] 

 𝑛./ ∝ 𝑁89:.=𝑁>*.A [6] 

 𝑃8> ∝ 𝑁89:.=𝑁><.A [7] 



 𝑃F ∝ 𝑁89:.=𝑁>*.A𝑁F
9< [8] 

 

Table 1. Summary of scaling law exponents for size parameters. Each scaling law is the mean and 
standard deviation of power laws from all complete datasets.  

 
Core Radius 

(Rcore) 
Hydrodynamic 

Radius (Rh) 
Corona 

Thickness (H) 

Neutral block 
length (NA) -0.17 ±0.04 0.17 ±0.06 0.59 ±0.23 

Charged block 
length (NB) 0.73 ±0.11 0.51 ±0.16 0.23 ±0.27 

Homopolymer 
length (NC) -0.05 ±0.06 -0.03 ±0.08 -0.02 ±0.21 

 

Table 2. Summary of scaling law exponents for aggregation parameters. nip scaling laws are the 
mean and standard deviation of power laws from all complete datasets. PAB and PC scaling laws 
are calculated using nip scaling and physical relationships.  

 
Number of 

ion pairs per 
core (nip) 

Block copolymer 
aggregation 

number (PAB) 

Homopolymer 
aggregation 
number (PC) 

Neutral block 
length (NA) -0.74 ±0.31 -0.74 ±0.31 -0.74 ±0.31 

Charged block 
length (NB) 2.37 ±0.41 1.37 ±0.41 2.37 ±0.41 

Homopolymer 
length (NC) -0.21 ±0.25 -0.21 ±0.25 -1.21 ±0.25 

 

In order to provide a visual representation of the data and each scaling law, we gathered all data 
for each scaling relationship, normalized it using the other scaling laws, and compared the 
normalized data to the relevant scaling law, as in Figure 5. For example, Figure 2A shows one of 
five homopolymer groups used to calculate Rcore scaling versus NA. Power laws for each individual 
dataset contribute to the RcoreµNA scaling law, but samples with larger pLys length (NB) have larger 
Rcore. After calculating NB scaling separately, we used it to normalize the NA data, collapsing NA 
data for a comparison to the RcoreµNA scaling law in Figure 5A. Figure 5 shows normalized data 
compared to our calculated scaling laws for each physical PCM parameter and each polymer 
length.  



 

Figure 5. Comparing each scaling law to data normalized by the other scaling laws. (A) Power 
laws for core radius vs. each polymer length were fit for each dataset. This example shows Rcore 
vs. NA (PEG MW) for four datasets of pGlu(100). (B) Power laws for all datasets for each polymer 
length were accumulated and a weighted average was applied to determine the scaling law. (C-E) 
Data were normalized using the other pertinent scaling law(s) and compared with the scaling law 
of interest. For example, the data shown in (A) were normalized using the NB scaling law, along 
with four other plots like (A) for different anionic homopolyers, collapsing NA scaling to one line 
shown in (E), as a visual representation of this work.  

Discussion 

The results presented here detail the dependence of micelle size and aggregation number on the 
size of each polymer included in assembly. PEG-pLys was used as the neutral-cationic block 
copolymer (AB) for every micelle and single-stranded DNA or pGlu was used as the anionic 



homopolymer (C). We explored lengths from 30-200 charged monomers for the B block, 20-100 
charged monomers for the C block, and 5k-20k MW (113-454 neutral monomers) for the A block. 
We see this range as robust and appropriate for many delivery applications, particularly gene 
delivery, and representative of a large portion of published literature. In total were fit 166 power 
laws using a combination of SAXS, DLS and systematic data fitting. We averaged the power laws 
resulting in the first set of experimental scaling laws for core radius, hydrodynamic radius, corona 
thickness and the number of ion pairs per PCM core. We also calculated aggregation numbers and 
polymer densities for each polymer as a function of the length of all three polymer blocks as 
summarized in Tables 1-2, Equations 3-8, and Table S3.  

We observed a strong dependence of micelle core size and aggregation number on the length of 
the charged block of the block copolymer, while the neutral block is inversely correlated to these 
parameters. However, the length of the homopolymer has no effect on any size or aggregation 
number across all of our studies. Block copolymers driving size changes is consistent with our 
understanding that block copolymers force nanoscale phase separation. When both 
polyelectrolytes are homopolymers (no neutral block), complexation will instead occur at the 
micron-scale. The addition of a neutral block limits aggregation to the nanoscale, and we now see 
that this size is controlled by the architecture of the block copolymer.  

PCMs have been researched for decades, but usually only with a small set of polymer lengths in 
each study, although a few studies use several polymer lengths and include a focus on physical 
structure. To assess how our scaling laws translate to other polyelectrolyte complex systems, we 
compared our findings with published data and see substantial agreement for the comparable data. 
We processed published data in the same way, by normalizing using our scaling laws, and observed 
data collapsed to the scaling law of interest. Figure 6A-C shows the results for Rcore determined via 
SAXS of PCMs containing single-stranded DNA + PEG-pLys PCMs and single-stranded DNA + 
PEG-poly((vinylbenzyl) trimethylammonium) PCMs from two separate studies from our lab39, 40, 
showing consistent scaling for core size. Multiple studies from the Cohen Stuart lab38, 41, 42 used 
DLS and SLS to find RH and P, respectively, for a variety of polyelectrolyte systems. This 
collapsed data spans >3 orders of magnitude of NC, exploring a much wider range than our study, 
and is consistent with our approximation of homopolymer length independence, up to a critical NC 
where they observe a drastic increase in Rh. The critical length is >1000 units, but is different for 
each system, as discussed in these studies.38, 42 Additionally, (poly(acrylamide)) was used to 
compare NA to RH and P41, 42, which also fall within our scaling estimations (Figure 6E-F). It is 
worth noting that this aggregation number was obtained using SLS, while ours is derived from 
SAXS. Overall, Figure 6 shows that published PCM literature supports our scaling laws, but the 
available data are sparse and do not cover every law we developed. One notable study46 does 
disagree entirely, stating that NB does not affect RH, conflicting with our findings, and was not 
included in Figure 6. The reason for this inconsistency is unclear and should be further explored. 
Additionally, all our PCMs were fabricated using a salt annealing method to ensure equilibrium 
conformation. Other studies were prepared using other methods which may contribute to moderate 
noise in Figure 6, although this does not appear significant.  



 

Figure 6. Comparison to previously published experimental PCM data. We accumulated relevant 
data for each scaling parameter we studied and normalized them using our scaling laws, following 
the same process in Figure 5, collapsing to the single scaling law of interest. Markers represent 
data from published work and black lines are our scaling laws overlayed. We were able to find 
enough data for six of the nine scaling relationships we studied, all shown here for (A) Rcore ∝	NA, 
(B) Rcore ∝	NB, (B) Rcore ∝	NC, (B) Rh ∝	NA, (B) Rh ∝	NC, (B) PAB ∝	NA. Accumulated data38-42 
represents multiple polymer chemistries from both synthetic polymer and biopolymers, suggesting 
that these relationships are somewhat universal.  

 

Theorists have studied polymer assembly scaling laws for decades, often for hydrophobically 
driven assemblies of an amphiphilic polymer solution47-50, or for charged-hydrophobic block 
copolymers47, 51. Recent work expanded this to hydrophilic polyelectrolyte assembly developing 
similar theories to our experimental work presented here. Rumyantsev et al.35 predicts theoretical 
scaling for PCMs in the star-like and crew-cut regimes, where star-like PCMs are defined by 
Rcore<<H and crew-cut PCMs have Rcore>>H. Our PCMs are between these two regimes, as Rcore/H 
is between 0.5 and 1.2 for the majority of our samples. Rumyantsev et al.’s predictions are also 
slightly dependent on solvent, and we are treating ours as a “good” solvent based on previous 
literature52, 53, or ν=0.588 for this theory. For our situation, they predict that Rcore scales with NA to 
a power between 0 and -0.54 and NB between 0.8 and 2. Likewise, they predict H scaling with NA 
between 0.588 and 0.81 and with NB between 0.165 and 0, consistent with predictions by 
Kramarenko et al.36 and Borisov and Zhulina.37 Lastly, for PAB, both groups predict an NA exponent 
between 0 and -1.62 and NB between 0.8 and 2. For each law, the limits represent predictions for 
the star-like regime followed by the crew-cut regime. Our PCMs are between these limits and our 
experimental scaling laws (Tables 1-2, Equations 3-8) are consistent with all these predictions. A 
full comparison of our results to theory is shown in Table 3 for the common variables, with 
theoretical predictions for star-like PCMs in the first column, our experimental scaling laws in the 
second column, and theoretical predictions for crew-cut PCMs in the right column. The theoretical 
equations shown are from Rumyantsev et al.35 and are consistent with earlier theory.36, 37 The PCMs 



we made are between star-like and crew-cut and our results fall between the two theoretical limits 
for every variable.  

Table 3. Comparison of our experimental scaling laws to theoretical scaling laws. The scaling 
laws we developed here fall between the two theoretical limits of star-like (Rcore<<H) and crew-
cut (Rcore>>H) PCMs for every parameter. This is consistent with theory, as the PCMs we made 
have comparable Rcore and H sizes, meaning they are between star-like and crew-cut.  

Theory (star-like)35-37 
Our Experimental Results 

(between star-like and crew-cut) Theory (crew-cut)35-37 
𝑅"#$% ∝ 𝑁().+ 𝑅"#$% ∝ 𝑁,-)../𝑁()./0 𝑅"#$% ∝ 𝑁,-).12𝑁( 

𝐻 ∝ 𝑁,).14𝑁()../ 𝐻 ∝ 𝑁,).14 𝐻 ∝ 𝑁,).5. 

𝑃,( ∝ 𝑁().5 𝑃,( ∝ 𝑁,-)./𝑁(..2 𝑃,( ∝ 𝑁,-..+7𝑁(7 

 

Developing physical property scaling relationships for PCMs that apply across a range of polymer 
sizes and chemistries will accelerate the design process for tailored PCMs. Depending on the 
target, a specific core or corona size may be ideal. The AB+C PCM system is particularly 
convenient for delivery purposes where the C component is an unmodified therapeutic nucleic 
acid, protein, or drug. Our result of NC having no impact on micelle structure also makes this 
system quite versatile, where the physical properties of the carrier can be solely tuned with the AB 
polymer. Previously there was little direction available towards targeting physical properties in 
PCM assembly, even though size control has proven crucial for efficient therapeutics. We hope 
our systematic studies on the science of polyelectrolyte self-assembly will contribute to 
therapeutics and broader applications of polyelectrolyte complexation.  

 

Experimental Methods 
 

Materials Preparation. Poly(ethylene glycol)-poly(L-lysine hydrochloride) (PEG-pLys) and 
poly(D,L-glutamic acid) sodium salt (pGlu) were purchased from Alamanda Polymers. PEG-pLys 
diblock copolymers with lengths of 5k-30, 5k-50, 5k-100, 10k-30, 10k-50, 10k-100, 10k-200, 20k-
30, 20k-50, 20k-100, 20k-200 (nomenclature: PEG MW-Lysine degree of polymerization) were 
used. pGlu lengths were 20 and 100. Actual molecular weight (MW) and degree of polymerization 
(DP) for each polymer by NMR was provided by the manufacturer and used in all calculations 
(Table S4). 10% w/v stock solutions were prepared in Milli-Q water, vortexed for 1 min, and 
sonicated for 5 min to solubilize per manufacturer’s instructions. Stocks were diluted to 20mM 
charge concentration (mols charge/L) prior to micelle preparation. DNA oligonucleotide 
sequences (Table S5) were designed for minimal self-complementarity54. Oligonucleotides were 
ordered from Integrated DNA Technologies and used without further purification. DNA solutions 
were resuspended in water at 20 mM charge concentration (mols phosphate/L) prior to use.  

Preparation of Polyelectrolyte Complex Micelles. PCMs were prepared using the salt-
annealing method detailed in Marras et al.28 Briefly, the components were mixed in the order of 
concentrated HEPES buffer, water, block copolymer, polyanion, then concentrated NaCl solution 
was added to obtain a final concentration of 2 mM charge concentration of each polyelectrolyte, 1 



M NaCl, and 10mM HEPES buffer and a 400 μL total solution volume in a 1.5 mL Eppendorf 
tube. Samples were mixed thoroughly after addition of each polyelectrolyte. The salt concentration 
was then slowly reduced over 36 h by step dialysis with a 2000 MWCO membrane dialysis 
cartridge to a final working concentration of 10mM HEPES and 50mM NaCl in water. All 
experiments were performed at room temperature.  

Small-Angle X-ray Scattering (SAXS). SAXS measurements were made at beamline 12-ID-B 
of the Advanced Photon Source at Argonne National Laboratory. Glycerol was added to all 
samples for a final concentration of 1% by volume to minimize radiation damage. Micelle samples 
were irradiated in a thin-wall glass capillary flow cell with a photon energy of 14 keV. 30 
consecutive 0.2 s exposures were collected and screened for evidence of radiation damage. During 
data collection, solutions were flowed through a stationary quartz capillary cell to maximize the 
exposed volume and reduce the radiation dose per unit volume. Data was reduced in MATLAB at 
the beamline. Background subtraction and model fitting were performed using the multi-level 
modeling macros distributed with the Irena software package55 for Igor Pro as described 
previously.28 We use assume a Shulz-Zimm distribution and a rigid spheroid shape factor when 
modeling SAXS data to gather core radius, aspect ratio, and particle size polydispersity (Table 
S2). While these are core-shell nanoparticles, core-shell shape factors are not appropriate in this 
situation because the corona is transparent via SAXS. Forward scattering intensity, I(q=0), was 
extrapolated from a linear fit of a Guinier plot (ln(I) vs q2) in the region where qmax*Rg<1.3. All 
SAXS data will be uploaded to the Materials Data Facility56 for public access.  

Dynamic Light Scattering (DLS). DLS measurements were made using a Brookhaven 
Instruments BI-200SM Research Goniometer System with an incident laser (λ = 637 nm) at room 
temperature. A dust-free decalin bath was used to match the refractive index of glass. The average 
hydrodynamic radius of scatterers under Brownian diffusion was calculated by the Stokes–Einstein 
relationship. The correlation function at 90o was fitted to obtain a size distribution using the 
Cumulant method57 in MATLAB and the Regularized Positive Exponential Sum (REPES) 
algorithm58. Both methods were used to compare fits for monomodal and polymodal samples and 
to avoid skewed size distributions due to aggregation or contamination. Ultimately the results were 
similar and the REPES sizes were used for all samples.  

Transmission Electron Microscopy (TEM). Cryo TEM samples were flash frozen onto lacey 
carbon film grids (LC200-CU, Electron Microscopy Sciences, Hatflield, PA, USA) using a 
Vitrobot™ (FEI, Hillsboro, OR, USA) and imaged on a FEI Talos TEM (FEI, Hillsboro, OR, 
USA) at an acceleration voltage of 200 kV.  
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NA, length of neutral block in the block copolymer; NB, length of charged block in the block 
copolymer; NC, length of charged homopolymer. Rcore, core radius; Rh, hydrodynamic radius, H, 
corona thickness; nip, number of ion pairs in a micelle core; PAB, aggregation number of block 
copolymer; PC aggregation number of homopolymer 
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