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Abstract

A large group of functional nanomaterials employed in biomedical applications, including targeted 

drug delivery, relies on amphiphilic polymers to encapsulate therapeutic payloads via self-

assembly processes. Knowledge of the micelle structures will provide critical insights into design 

of polymeric drug delivery systems. Core-shell micelles composed of linear diblock copolymers 

poly(ethylene glycol)-b-poly(caprolactone) (PEG-b-PCL), poly(ethylene oxide)-b-poly(lactic acid) 

(PEG-b-PLA), as well as a heterografted brush consisting of a poly(glycidyl methacrylate) 

backbone with PEG and PLA branches (PGMA-g-PEG/PLA) were characterized by dynamic light 

scattering (DLS) and small angle X-ray scattering (SAXS) measurements to gain structural 

information regarding the particle morphology, core-shell size, and aggregation number. The 

structural information at this quasi-equilibrium state can also be used as a reference when studying 

the kinetics of polymer micellization.
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Amphiphilic polymers have become an incredibly important class of polymers due to their 

spontaneous self-assembly in aqueous solutions into polymeric micelles of core-shell 

morphology.1, 2 The core of this particular kind of particle is composed of a collapsed 

hydrophobic domain of the polymer and the shell consists of the hydrophilic polymer 

brushes. This core-shell structure of polymeric assemblies has been considered one of the 

desired structures for targeted drug delivery and sustained release.3, 4 The particle’s 

hydrophobic core consists of a cargo space for incorporation of the hydrophobic drug into its 

dense polymer matrix. The outer shell provides steric stability and flexibility for further 

functionalities. Several linear block copolymers have been incorporated into nanoparticles 

for drug delivery and medical imaging applications, such as poly(ethylene oxide)-b-

poly(caprolactone) (PEO-b-PCL), poly(ethylene oxide)-b-poly(lactic acid) (PEO-b-PLA), 

and poly(lactic acid)-b-poly(ethylene oxide)-b-poly(lactic acid) (PLA-b-PEO-b-PLA).5–7 

While simple linear block copolymer micelles have gained considerable attention as robust 

drug carriers, much less is explored for polymeric core-shell particles composed of more 

complex macromolecular building blocks such as heterografted brush amphiphiles – a 

particular class of highly grafted copolymers wherein two different blocks are attached at a 

block junction in a double-brush architecture. Some initial investigations showed that 

micelles composed of heterografted brush copolymers had the potential for higher drug 

encapsulation and sustainable drug release, as compared with their linear analogs.8 

Furthermore, one recent study demonstrated a wide morphological diversity of these 

structures by manipulating the ratios and lengths of the amphiphilic graft copolymers and 

their self-assembly conditions.9

Physicochemical properties (such as size distribution, surface charge, and gross 

morphology) of micelles and drug-loaded nanoparticles have been conventionally studied 

using dynamic light scattering (DLS), static light scattering (SLS), transmission electron 

microscopy (TEM), zeta-potential measurements, small-angle x-ray scattering (SAXS), and 

small-angle neutron scattering techniques (SANS).1, 10, 11 However, for biomedical and 

biological applications, it is essential to precisely know the structural information at 

nanometer resolution (i.e. core and shell sizes) in order to optimize drug loading and release 

schedules and to maintain particle stability. The ability of SAXS to analyze samples in their 

liquid environments makes it a powerful nanostructure characterization technique. The 

difference between the electron density of the polymer’s hydrophobic and hydrophilic 

components and the surrounding medium can give sufficient contrast to distinguish unique 

internal features of the core-shell assemblies. These internal characteristics such as the core 

size and shell thickness are here of great importance since they directly influence 
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nanoparticle properties such as drug loading and stability. Larger core size translates into 

greater cargo space with higher drug loading capability. The shell thickness and the surface 

density of the hydrophilic polymer impact the nanoparticle dispersion’s colloidal stability, as 

well their biodistribution fate and pharmacokinetic parameters. From the scattering pattern, 

which is governed by the scattering length density contrast of each part of the polymer and 

scattering object morphology, size, and polydispersity, detailed information of the micelles 

can be obtained. There are a few reports employing SAXS to reveal the detailed micellar 

structures of linear block copolymers, such as Pluronics.12, 13 Further, no studies to our 

knowledge report the internal nanostructural features of micelles formed by brush 

copolymers.

In this study, we have investigated the quasi-equilibrium structures of polymeric micelles 

that are composed of linear diblock copolymers most commonly used for biomedical 

applications and, for the first time, more complex macromolecular building block such as 

heterografted brush polymers. The core-shell-sphere or core-shell-cylinder model was 

applied to fit the acquired SAXS data and allowed for high structural information content, 

revealing the size of the core, shell, and the aggregation number of the polymeric micelles. 

Two ways to regressionally calculate polymer aggregation number were presented. The 

information provided by this study would direct the rational design of micelles to enhance 

their function across their possible applications.

Self-assembly of amphiphilic linear diblock copolymers, PEG-b-PLA and PEG-b-PCL, and 

heterografted brush copolymer PMGA-g-(PEG/PLA) into micelles was achieved by rapid 

solvent exchange - mixing of polymer tetrahydrofuran (THF) solution with an antisolvent 

(water) in a multi-inlet-vortex mixer (MIVM). The fast process of flash nanoprecipitation 

promotes homogenous micro-mixing to produce micelles with narrow size distribution.14, 15 

Structures of the micelles were calculated from the X-ray scattering pattern based on the 

difference of the scattering length densities of the core, the shell, and the dispersing media 

(Figure 1D).

The hydrodynamic radius (Rh) of the micelles formed from the linear diblock copolymer 

was measured using DLS (Table 1). The radius of gyration (Rg) of the polymeric micelles 

was obtained from SAXS data fitted by the Guinier approximation (Table 1). The particles 

are considered in the range of Rayleigh scattering. The ratio of Rg and Rh provides insights 

about the particle compactness and shape – around 0.78 for spherical nanoparticles, and 

greater than 1 for geometries with disparate length scales, e.g. between radius and length, 

including over 2 for long wormlike micelles.16, 17 The calculated ratio of Rg and Rh (Rg/Rh) 

suggested spherical conformation of the micelles formed from linear diblock copolymers 

(Rg/Rh~0.78) (Table 1). The structural information derived from these spherical micelles 

was further examined by fitting the one-dimensional scattering data into core-shell spherical 

models.

For the amphiphilic copolymer, it is reasonable to consider that a micelle in an aqueous 

solution is composed of a hydrophobic core (represented by the collapsed hydrophobic part 

of the polymer) and a hydrophilic shell (represented by the hydrophilic part of the polymer 

and surrounding water) (Figure 1D). After the solvent-replacement process, the micelles 
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suspensions were dialyzed for more than 24 hours, and only a trace amount of organic 

solvent remained in the system, which was not considered during data analysis. The shape of 

the core-shell architecture is influenced by thermodynamic parameters (such as polymer 

lengths and ratios of the corresponding blocks of polymers) as well as kinetic control of the 

self-assembly conditions (such as mixing energy dissipation).9

Representing cases of fitting the one-dimensional scattering data of linear diblock 

copolymers using the core-shell sphere model are shown in Figures 2 and 3. The spherical 

shape was also confirmed by the near bell shape of the pair-distance distribution function – 

p(r) (Figure 2E, 2F, 3E and 3F). Some deviations from the exact bell-shape were found and 

are more evident for the PEG114-b-PCL53 micelles which could be attributed to slightly 

higher polydispersity of the tested sample. Spherical shape of the particles was also 

visualized by using TEM (SI, Figure S3). To examine the effects of molecular weights on 

the structure, PEG length was kept constant while varying the size of PCL for two different 

molecular weights. For PEG-b-PLA, the hydrophobic block of PLA was maintained similar, 

while changing PEG length.

The calculated structural information of the micelles formed from linear diblock copolymers 

are listed in Table 2. The difference between the shell SLD from direct model fitting (noted 

as fitted shell SLD) and the SLD calculated from the PEG percentile resulted from the 

aggregation number (noted as calculated shell SLD) is listed in the last column in Table 2. 

More details of model fitting and calculation are presented in the supporting information. 

The very small discrepancy between the fitted shell SLD and the calculated shell SLD (close 

to 1% for all cases) validates the calculated aggregation number and the fitting method. With 

the same size of the PEG hydrophilic block, the core radius increases with an increase of the 

hydrophobic block polymer length (i.e. PCL) and the aggregation number increases. This 

observation is consistent with predictions by the scaling and mean-field theories, as well as 

previous studies on other linear block copolymers.10, 18, 19 Increasing the length of the PEG 

block while keeping the PLA block length the same results in the reduction of the 

nanoparticle core size and aggregation number. Longer PEG chains provide a higher energy 

barrier and arrest the nanoparticle growth, resulting in a smaller core size.

Amphiphilic heterografted brush copolymers, or amphiphilic graft copolymers, are 

interesting macromolecular building blocks with a demonstrated ability to self-assemble in 

aqueous solutions into a variety of polymeric nanostructures.9, 20 The one particular type of 

polymer discussed here is composed of a poly(glycidyl methacrylate) (PGMA) backbone 

with grafted hydrophilic PEG and hydrophobic PLA side-chains (Figure 1C). Effect of 

concentration and block length of polymers were tested and the conditions are listed in Table 

3.

The hydrodynamic radius and the size distribution of the PGMA-g-PEG/PLA micelles were 

measured by DLS (Table 3 and Figure 4). The ratio of Rg and Rh indicated that with the 

small size of the backbone PGMA the micelles were spherical (Rg/Rh ~ 0.80). As the size of 

the backbone significantly increased, the micelles were elongated to be rod-like (Table 3).
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The spherical core-shell model was applied to fit the one-dimensional SAXS data for 

PGMA68-g-PEG16/PLA17 and PGMA72-g-PEG45/PLA33 micelles (Figure 4B and 4D). The 

polymers that were used for micelle formation have similar backbone length but differ in 

arm lengths for both PEG and PLA. The spherical morphology of the micelles was also 

confirmed by the typical bell shape of the distance-distribution functions, p(r) (Figure 4B 

and 4D) and TEM images (SI, Figure S4). The parameter values obtained from model fitting 

are reported in Table 4. It was determined that the aggregation numbers of these brush 

polymers were approximately 4, which is significantly lower compared with the linear 

diblock copolymer analogs with aggregation numbers one or two orders of magnitude larger. 

However, the PEG coverage of the micelles formed from the brush copolymer is denser than 

the linear polymeric micelles. The polymer concentration did not have any influence on the 

size or other structural parameters of the micelles (Figure S1 and S2, Table 4).

For the micelles composed from the PGMA721-g-PEG45/PLA29 with a long backbone, the 

core-shell cylinder model was used to fit the scattering data (Figure 4F). The curve of the 

one-dimensional SAXS data at low Q range indicates that the micelles have elongated rod 

shapes instead of a sphere, which was confirmed by the ratio of Rh and Rg, the asymmetrical 

shape of the pair-distribution functions p(r) (Figure 4F), and the images by the Cryo-TEM 

(SI, Figure S5). For an ideal rigid cylinder, the p(r) is characterized by the initial bell shape 

at low r followed by the inflection point and a very linear decrease to zero at larger r.21 The 

shape of the p(r) presented in Figure 4F with the presence of another peak (shoulder) instead 

of a linear decay toward zero may indicate more flexible rod-like micelles. The parameters 

obtained from model fitting of the scattering data of PGMA721-g-PEG45/PLA29 micelles are 

reported in Table 4. It is interesting to note that the calculated aggregation number for this 

long brush copolymer in aqueous conditions was close to 1 (1.25 for lower particle 

concentration and 1.55 for higher particle concentration), indicating the presence of 

unimolecular aggregates. The presence of a long polymer backbone with side PLA chains 

leads to formation of an elongated micellar morphology. Steric repulsion of the densely 

grafted PEG side brushes on the long PGMA scaffold promotes intramolecular association.

In summary, we investigated the internal structures of polymeric micelles composed of 

simple linear diblock copolymers and brush amphiphiles with complex molecular building 

blocks. The fitting parameters obtained from model fitting the SAXS data revealed the 

essential internal structural parameters such as the radius and length (in the case of rod-like 

structures) of the core as well as the shell thickness of the studied micelles. This information 

was further used to calculate the micelle aggregation numbers, the number of PEG 

molecules per interfacial area, and the percent PEG content in the shell. Precisely calculating 

the aggregation number of the micelles is essential for understanding the structure of the 

micelles and predicting micelles properties, such as drug loading. When measuring 

micellization kinetics, in the regime of polymer insertion, changes in aggregation number 

instead of radius of the micelles would yield better sensitivity. The analysis revealed that for 

the simple linear diblock copolymer intermolecular interactions drive the micelle formation, 

resulting in relatively large aggregation numbers with lower interfacial density of PEG. On 

the other hand, for the densely heterografted brush copolymers the intramolecular 

association of the PLA arm on the PGMA backbone was favored, resulting in near unit 

aggregation numbers and higher PEG surface density.
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Figure 1. 
Molecular structures of the amphiphilic diblock copolymers (A and B) and the heterografted 

brush copolymers (C) used in the study and their schematic representations. (D) Schematic 

of scattering length density (SLD) of micellar components in an aqueous environment.
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Figure 2. 
Structural characterization of micelles formed from linear PEG-b-PCL. The PEG length was 

kept the same and two molecular weights of PCL were used in the study. Data analysis of 

PEG114-b-PCL32 micelles (A) and PEG114-b-PCL53 micelle (B) are columned on the left 

and right. One-dimensional SAXS data and model fitting (C) and (D), the corresponding p(r) 
distribution function (E) and (F), and the hydrodynamic diameter distribution (G) and (H) 

for PEG114-b-PCL32 micelles and PEG114-b-PCL53 micelles are presented, respectively.
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Figure 3. 
Structural characterization of micelles formed from linear PEG-b-PLA. The PLA length was 

kept the same and two molecular weights of PEG were used in the study. Data analysis for 

PEG45-b-PLA169 micelles (A) and PEG75-b-PLA167 micelles (B) are columned on the left 

and right. One-dimensional SAXS data and model fitting (C) and (D), the corresponding p(r) 
distribution function (E) and (F), and the hydrodynamic diameter distribution (G) and (H) 

for PEG45-b-PLA169 micelles and PEG75-b-PLA167 micelles are presented, respectively.
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Figure 4. 
(A) PGMA68-g-PEG16/PLA17 micelles. (B) Structural characterization of PGMA68-g-

PEG16/PLA17 micelles. (C) PGMA72-g-PEG45/PLA33 micelles. (D) Structural 

characterization of PGMA72-g-PEG45/PLA33 micelles. (E) PGMA721-g-PEG45/PLA29 

micelles. (F) Structural characterization of PGMA721-g-PEG45/PLA29 micelles. The left 

columns of (B), (D), (F) are one-dimensional SAXS data and model fittings. The middle 
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columns of (B), (D), (F) are the corresponding distance-distribution functions p(r). The right 

columns of (B), (D), (F) are the hydrodynamic diameter distributions.
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Table 1

Molecular-length and concentration information of linear PEG-b-PCL and PEG-b-PLA polymers and their 

corresponding micelle Rh and Rg measured by DLS and SAXS respectively.

Polymer Starting polymer concentration 
(wt %)

Micelle hydrodynamic radius (Rh; 
nm)

Micelle radius of gyration (Rg; 
nm)

Rg/Rh

PEG114-b-PCL32 5 10.1 8.0 0.79

PEG114-b-PCL53 5 15.0 12.2 0.81

PEG45-b-PLA169 1 14.5 10.9 0.75

PEG75-b-PLA167 1 10.6 8.1 0.76

ACS Macro Lett. Author manuscript; available in PMC 2018 September 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Szymusiak et al. Page 14

Ta
b

le
 2

St
ru

ct
ur

al
 in

fo
rm

at
io

n 
ca

lc
ul

at
ed

 f
ro

m
 f

itt
in

g 
th

e 
SA

X
S 

da
ta

 in
to

 th
e 

co
re

-s
he

ll 
sp

he
re

 m
od

el
.

P
ol

ym
er

R
co

re
(Å

)
T

h s
he

ll
(Å

)
χ

2
A

gg
#

%
P

E
G

sh
el

l
N

o.
 o

f 
P

E
G

 c
ha

in
s 

pe
r 

nm
2

ca
lc

d 
sh

el
l S

L
D

 ρ
sh

el
l

(Å
−2

)
F

it
te

d 
sh

el
l S

L
D

 ρ
sh

el
l

(Å
−2

)
D

if
f

(%
)

PE
G

11
4-

b-
PC

L
32

53
.1

46
.6

1.
50

11
8

24
.8

8
0.

33
9.

73
E

-0
6

9.
63

E
-0

6
1.

00

PE
G

11
4-

b-
PC

L
53

67
.6

42
.2

6.
64

14
7

25
.7

0
0.

26
9.

73
E

-0
6

9.
62

E
-0

6
1.

19

PE
G

45
-b

-P
L

A
16

9
98

.3
33

.4
1.

42
25

3
13

.2
3

0.
21

9.
61

E
-0

6
9.

67
E

-0
6

0.
66

PE
G

75
-b

-P
L

A
16

7
81

.1
24

.1
0.

39
14

4
26

.5
0

0.
17

9.
74

E
-0

6
9.

88
E

-0
6

1.
40

ACS Macro Lett. Author manuscript; available in PMC 2018 September 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Szymusiak et al. Page 15

Table 3

Molecular-weight and concentration information of brush polymer PGMA-g-PEG/PLA and the corresponding 

micelle Rh and Rg measured by DLS and SAXS, respectively.

Polymer Starting polymer concentration 
(wt %)

Micelle hydrodynamic radius 
(DLS; nm)

Micelle radius of gyration 
(SAXS; nm)

Rg/Rh

PGMA68-g-PEG16/PLA17 0.2 6.9 5.7 0.83

PGMA72-g-PEG45/PLA33 0.27 8.7 6.9 0.79

PGMA72-g-PEG45/PLA33 2 8.7 7.0 0.80

PGMA721-g-PEG45/PLA29 0.27 14.9 17.8 1.19

PGMA721-g-PEG45/PLA29 2 15.8 18.3 1.16
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