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Songqing Hu1,3,*, Roland Faller2,*
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China
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ABSTRACT: 

Using  dissipative  particle  dynamics  simulation,  we  probe  the  tunable

permeability  of  crosslinked  microcapsules  made  from  pH-sensitive diblock

copolymers  poly(ethylene  oxide)-b-poly(N,N-diethylamino-2-ethylmethacrylate)

(PEO-b-PDEAEMA).  We  first  examine  the  self-assembly  of  non-crosslinked

microcapsules  and  their  pH-responsive  collapse,  then  explore  the  effects  of

crosslinking  and  block  interaction  on  swelling  or  deswelling  of  crosslinked

microcapsules.  Our  results  reveal  a  preferential  loading  of  hydrophobic

dicyclopentadiene  (DCPD)  molecules  in  PEO-b-PDEAEMA  copolymers.  On

reduction of pH, non-crosslinked microcapsules fully decompose into small worm-

like clusters due to large self-repulsions of protonated copolymers. With increasing

degree of crosslinking, the morphology of the microcapsule becomes more stable to
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pH change.  The  highly  crosslinked microcapsule  shell  undergoes  significant  local

polymer rearrangement in acidic solution, which eliminates the amphiphilicility and

therefore  enlarges  the  permeability  of  the  shell.  The  responsive  crosslinked  shell

experiences  a  “disperse-to-buckle”  configurational  transition  on  reduction  of  pH,

which is effective for steady or pulsatile regulation of shell permeability. The swelling

rate of the crosslinked shell is dependent on both electrostatic and non-electrostatic

interactions between the pH-sensitive groups as well as the other groups. Our study

highlights  the  combination  of  crosslinking  structure  and  block  interactions  in

stabilizing microcapsules and tuning their selective permeability. 

1. INTRODUCTION

Microcapsules from amphiphilic block copolymers that are sensitive to external

stimuli have great potential for applications in nanotechnology, optoelectronics and

nanomedicine1-4. Triggered by environmental stimuli such as temperature, pH, light,

salt  and  magnetic  fields,  block  copolymers  can  undergo  conformation  transitions

which can in turn induce swelling or collapse of microcapsule shells and eventually

lead to exchange of particles in or out of the microcapsule5-7. There is considerable

interest in using stimuli-responsive microcapsules as carriers of special  solutes for

long-term  preservation  and  stimulus  controlled  release,  e.g.,  loading/release  of

encapsulated drugs or curing agents on changes of pH in tumor tissues or corroded

steels,  respectively3,8.  The  high  sensitivity  of  microcapsules can  be  attributed to  a

structural  transition  (swelling  or  degradation)  of  shell  copolymers  caused  by

variations of charge, redox potential, mobility, etc. of functional groups in response to
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stimulus changes1,9. Other factors including chain architecture, solvent, concentration,

ionic strength, etc., can affect the self-assembly of block copolymers and contribute to

the  stability  and  sensitivity  of  responsive  microcapsules10,11.  Architecture  and

chemistry of block copolymers have been successfully exploited to create responsive

microcapsules that release encapsulated solutes on demand5,9. 

Microcapsules  self-assembled  from  block  copolymers  are  stabilized  by  the

interface-driven force above the critical micelle concentration, and their stability can

be affected by many external conditions (e.g.,  stimuli, dilution, and agitation)12. To

improve  the  stability  of  the  nanostructure,  covalent  crosslinking  between  block

copolymers has been developed as an effective method for creating nano-objects with

very  long  retention  times4,13.  A  number  of  block  copolymer  multicompartment

micelles with crosslinked core or shell domains have been tested for enhancing their

dynamical  and structural  stabilities  in  response  to  stimulation10,14-19.  In  addition  to

enhancing stability,  the  linker  molecules  can  add functionality,  and cargo  loading

could be improved10,14-19. Crosslinking can also lead to a loss of permeability, fluidity,

and bendability of the microcapsule shell due to increased mechanical stress and fluid

induced viscous stress20. Therefore, crosslinking likely changes the stimulus response

of microcapsules. Great efforts have been made to improve the sensitivity of highly

crosslinked microcapsules while maintaining stability21-23. An effective and efficient

approach is to incorporate functional groups that are sensitive to a particular type of

external  stimulus  to  block  copolymers  as  the  initiator  of  micellar  structural  or

dynamical responses. The high flexibility in the chemical design of block polymers
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and linkers allows the formation of crosslinked microcapsules with versatile structures

and  chemistries,  which  lead  to  tunable  responsive  behavior  of  microcapsules  on

changes  of  external  stimuli  through  reversible  structural  transitions  and  self-

adjustment of physicochemical properties21-23. 

Despite  recent  progress in  synthesis  and characterization of  crosslinked block

copolymer nanoparticles,  the  development  of  multifunctional  carriers  with tunable

responsive  permeability  remains  a  challenge.  Due  to  the  great  complexity  of  the

network-like structure, it is difficult not only to rationally design experiments but also

to  develop  theoretical  models  predicting  the  dynamics  of  these  systems24.  The

diffusion of particles in or out of crosslinked microcapsules involves multiple time

and length scales, and is dependent on tight coupling of elastic and viscous stresses,

which makes the stimuli responsive mechanisms of crosslinked nanostructures more

complex than non-crosslinked nanoassemblies16,25,26. 

Molecular dynamics (MD) is effective in revealing the underlying mechanism of

stimuli  responsive  polymer  systems27-29.  It  can  deal  with  responsive  behaviors  of

polymer systems over  short  time and length  scales  often  better  than  experiments.

Dissipative  particle  dynamics  (DPD)  has  been  successfully  used  to  create  pH-

sensitive block copolymer microcapsules that can load or release solutes on demand30-

33.  There  is,  however,  little  computational  work  exploring  crosslinked  block

copolymers  due  to  the  difficulty  in  building suitable  models.  MD for  crosslinked

polymeric  systems  focusses  on  microgel  systems  or  crosslinking  epoxy  resin

materials24,34-41.  A recent DPD study suggests that  the responsive  swelling and de-
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swelling of the network-like gel can effectively induce steady and pulsatile release of

encapsulated solutes24. 

Here,  we  introduce  a  mesoscale  model  of  crosslinked  pH-sensitive  block

copolymer  microcapsules  using  DPD.  Based on nearest  neighbor  bonding34-38,  we

developed an efficient cyclic method for crosslinking block copolymers that allows to

directly  probe  the  effect  of  crosslinking  on  the  tunable  permeability  of  the

microcapsules.  We model the diblock copolymer poly(ethylene oxide)-b-poly(N,N-

diethylamino-2-ethylmethacrylate)  (PEO-PDEAEMA)  as  the  shell,  and

dicyclopentadiene (DCPD) as the core of our microcapsule model. PDEAEMA is a

cationic  polymer  which  has  attracted  considerable  attention  for  pH-responsive

polymer materials,  both as homopolymer and as block copolymers,  such as PEO-

PDEAEMA42-46. PDEAEMA segments are hydrophobic (in basic solution) and drive

the formation of micelles, which can be stabilized by hydrophilic PEO segments. The

cationic PDEAEMA segments are also able to bind to negatively charged groups to

form complexes42,43. In this work, the appearance and structure of microcapsules were

studied  in  both  the  normal  state  (basic  conditions)  and  the  swollen  state  (acidic

conditions), and of pH-induced changes are discussed.

2. METHODOLOGY

2.1. Dissipative Particle Dynamics

Dissipative  particle  dynamics  (DPD)  simulation  combines  a  soft  repulsive

potential and a momentum-conserving thermostat to control the interactions of beads

representing clusters of atoms, e.g.,  repeat units in a polymer. The force acting on
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bead i can be described as47
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where  Fij
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where the constant aij describes the repulsive interaction between beads i and j, and rij

= ri –  rj. If we use aii  = ajj, the repulsive parameters  aij can be obtained from Flory-

Huggins parameters χij
48
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while  χij is mapped from a long chain to  a short  DPD chain and bridges the gap

between atomistic  MD and mesoscale  DPD methods.  R is the gas constant  and  T

temperature, ϕi and ϕj are volume fractions of beads i and j, respectively, V is the total
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volume and Vr is a reference volume. ΔEmix is the mixing energy of two different types

of beads which can be estimated by

( )mix
ij i jE E E ED = - +                          (5)

where  Eij,  Ei and  Ej are  the  total  potential  energy  of  a  binary  mixture,  and the

potential  energies  of  pure  components  i and j,  respectively.  ΔEmix has  been

determined  by  MD  simulations  using  the  COMPASS  force  field  in  which  the

potential energy is expressed as  E = Ebonded + Enonbonded +  Ecross.  Ebonded includes bond

stretching, bond bending, dihedral torsion and out-of-plane bending.  Ecross indicates

cross terms between different bonded terms.  Enonbonded includes van der Waals and

electrostatic interactions. 

2.2. Coarse-Grained Models and Input Parameters

The coarse-grained molecular model of PEO-b-PDEAEMA is shown in Figure

1. The block lengths ensure that hydrophobic cargo can be well encapsulated by this

polymer and a well crosslinked microcapsule shell structure can be obtained. The

polymer was divided into three types of beads. Two EO repeat units are merged into

one  DPD bead,  whereas  one  repeat  unit  of  DEAEMA was split  into  two beads

(MMA and DEA). In acidic solution we have the protonated version DEAH, which

is  assumed  to  have  the  same  size  as  DEA.  The  protonation  degree  of  the  pH-

sensitive groups can be calculated by the Henderson-Hasselbalch equation from the

pKa and pH values of the solution:49

pH p 1(1 10 ) 100%aK
dP -+ -= + ´                       (6)
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where Pd
+ is the protonation degree; the pKa is 6.9 for the PDEAEMA block33. If we

assume that a Pd
+ < 3% can be modelled as fully deprotonated and a Pd

+ > 97% can

be  assumed  as  fully  protonated  we  get  a  pH  of  8.4  or  above  for  the  fully

deprotonated (basic) case and a pH of 5.4 or below for the fully protonated (acidic)

case. 

A DCPD molecule was represented by two bonded DPD beads,  and five water

molecules were merged into one DPD bead (W). All beads have the same volume

and mass of 150 Å3 and 90 amu48. 

Figure 1. Atomistic structures and coarse-grained representations of PEO-b-PDEAEMA, DCPD

and H2O. 

To calculate the conservative force constants, EO, MMA and DEA monomers

were  end-capped by methyl  groups.  In  acidic  solution,  DEA is  protonated at  its

tertiary  amine  groups  to  obtain  DEAH,  and  Cl- ions  were  added  for  electrical

neutrality. Pure and binary systems were built by the Amorphous Cell algorithm in

Materials Studio (Accelrys Inc.) and subsequently subjected to up to 10,000 steps of
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energy minimization until an energy convergence of 0.0001 kcal/mol and a force

convergence  of  0.005 kcal/mol/Å were  reached.  The cutoff  distance  for  van  der

Waals interactions was 12.5 Å, with a spline width of 1 Å and a buffer width of 0.5

Å. Ewald summation was used with an accuracy of 0.001 kcal/mol. Both, pure and

binary systems we simulated for 2 ns under NPT condition, at 298 K and 1 atm

controlled  by  the  Nosé-Hoover50 (Q ratio  is  0.01,  decay  constant  is  0.1  ps)  and

Berendsen51 (decay constant is 0.1 ps) methods, respectively, and the final 1 ns was

used to calculate the potential energy. 

Table 1. Conservative force constants aij used by DPD simulations

EO MMA DEA DEAH DCPD W

EO 25

MMA 37.04 25

DEA 41.40 30.44 25

DEAH 30.30 146.06 -- 50

DCPD 62.79 59.60 25.21 150.18 25

W 26.05 76.18 127.65 26.40 88.49 25

All  DPD  simulations  were  conducted  using  the  Mesocite  DPD  module  in

Materials Studio. The conservative force constants for DPD simulations are listed in

Table 1. The positive charges on the protonated DEAH beads in acidic solution were

implicitly taken into account by increasing the repulsion between DEAH beads to

50. The cutoff  rcut, bead mass  m and thermal energy  kBT (= 1) serve as units for

length,  mass and energy,  respectively.  Based on the bead volume,  rcut was set  to

3 3 beadV´ = 7.66 Å at ρ = 3. The DPD time scale was /cut Bt r m k T= = 0.0046 ns at

298 K. The dissipative strength is 4.5. The harmonic spring constant was set to 4.0,

and  no  angles  or  dihedrals  were  included.  The  simulation  box  size  was
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250×250×250 Å3 (32.6×32.6×32.6  rcut
3) containing 1.046×105 beads. The time step

was  0.05,  and  the  equilibrium simulations  for  self-assembly  in  basic  conditions

(defined as 0% protonated,  pH > 8.4) and after pH-response in acidic conditions

(defined as 100% protonated,  pH < 5.4) lasted both 5×105 steps (115 ns) unless

otherwise stated. 

2.3. Construction of Crosslinked Microcapsule

A widely  used  nearest  neighbor  bonding  principle34-38 was  used  to  build  the

crosslinked  microcapsule  from  a  self-assembled  microcapsule  with  PEO-b-

PDEAEMA  shell  and  DCPD  core.  DEA  beads  on  copolymers  were  possible

crosslinking points, and an extra hydrophobic linker molecule was used to connect

DEA beads on copolymers. The linker molecule contains only one bead (to minimize

the  effect  of  additional  beads  on  model  density),  and  has  the  same  repulsive

parameters  as  MMA  with  other  beads  (to  maintain  the  hydrophobicity  of  the

crosslinked PDEAEMA blocks).  Specifically,  three cyclic dynamic processes were

used to build the crosslinked microcapsule:

 Distances between all DEA pairs were monitored and the closest pairs detected;

 If a distance was smaller than a threshold,  rth, a linker bead was created at the

center of the two DEA beads, and covalently bond them together; 

 A geometry  optimization  using  the  conjugate  gradient  algorithm  and  a  DPD

simulation of 1000 steps remove internal stresses and geometric distortions;

 A larger  distance  (rth + 1 Å)  was  used  as  the  new  threshold  to  increase  the

crosslinking degree (i.e., the number of existing linker-DEA bonds divided by the
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total number of DEA beads), and the above three steps were repeated. Note that

only one linker-DAE bond could be formed for a single DAE bead. The process

stops if a desired crosslink degree was obtained. 

The threshold rth was ranging from 5 to 15 Å, which leads to crosslinking degrees

from 0 to  90%. To avoid self-crosslinking only pairs on different molecules were

considered. The box size was fixed during crosslinking as the additional linker beads

lead to only a small variation of the overall density (<5% for all models in this work)

and  has  little  influence  on  the  considered  properties.  The  above  process  was

implemented using the Scripting Interface in Materials Studio. It was chosen to be a

computationally effective way to mimic the fundamentals of crosslinking. Figure 2

gives a  schematic illustration of the crosslinking structure in the block copolymer

shell. 

Figure 2. Schematic illustration of a crosslinked microcapsule. Color scheme: EO-pink, MMA-

dark green, DEA-blue, linker-light green, DCPD-orange. Some crosslinking points in the enlarged

region are shown with green dots for illustration. 

2.4. Calculation of Contact Probability

We use  contact  statistics  from the  DPD simulations to  reveal  swelling or  de-
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swelling of the polymer shell based on changes of pH. Voronoi tessellation has been

used to determine molecular contacts in the models 52. Figure 3 shows the tessellation

of a two-dimensional space applied to a set of beads, in which the black lines indicate

the bounds (i.e.,  contact  surfaces) of neighboring cells.  The model is divided into

polyhedral cells which contain the space closest to a given bead. The areas of contact

surfaces between different cells are used to determine contact statistics of beads in

DPD simulations. The contact statistics of beads in the present work is calculated by

the  voro++  0.4.6  software53.  The  contact  probability  (CP)  describes  the  contact

statistics of two specific types of beads. For example,  CPA-B indicates the proportion

of  the  contact  surface area between neighboring A and B beads,  SA-B,  to  the total

surface area of A beads,  SA, i.e.,  CPA-B = SA-B /  SA.  CPA-B ranges from 0 to 1, where 0

indicates  no contact  between A and B and 1 indicates  A particles  are  completely

surrounded by B particles.

Figure 3. Voronoi tessellations applied to a set of beads in two-dimensional space.

3. RESULTS AND DISCUSSION

3.1.  Formation  and  pH-Responsive  Collapse  of  PEO-b-PDEAEMA

Microcapsules
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Cooperative self-assembly of the PEO-b-PDEAEMA / DCPD mixture in aqueous

solution was explored as a function of the relative volume fraction of polymer and

cargo,  ϕP and  ϕD,  respectively  (Figure  4).  The  self-assembly  of  pure  polymers  is

shown in Figure S1 in Supporting Information as a reference. Within the considered

range of volume fraction,  capsule-like micelles with separated DCPD and PEO-b-

PDEAEMA domains were obtained, in which DCPD molecules form an aggregated

micelle, and PEO-b-PDEAEMA copolymers locate at the DCPD/water interface. The

shell coverage and thickness of the equilibrium capsule depend on the ratio of ϕP : ϕD.

For example, a decreasing trend of shell coverage was observed with fixed  ϕP and

increasing ϕD, while an increasing trend of shell thickness was observed with fixed ϕD

and increasing ϕP. Also, a shape transition of the entire capsule from sphere, cylinder

to incomplete lamella was observed at large values of ϕP or ϕD. 
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Figure 4. Morphologies of the system versus relative volume fraction of PEO-b-PDEAEMA (ϕP)

and DCPD (ϕD). Spherical micelles are shown in cross sections. Color scheme as in Figure 1.

From  a  thermodynamic  point  of  view,  the  co-assembly  of  the  mixture  is

determined by three competing contributions: free energies of the core, interface and

shell, to reduce the total free energy of the system12,31. The preferential location of the

aggregated DCPD at the core is due to the high hydrophobicity of DCPD (aDCPD-W  =

88.49) leading to lower dissolution energy, while the preferential encapsulation trend

of PEO-b-PDEAEMA at the DCPD/water interface is due to the high compatibility of

DCPD and DEA beads (aDCPD-DEA  = 25.21) leading to lower interfacial energy. Since

the hydrophobic repulsion between the core and water is proportional to the exposed

area  of  DCPD,  the  interfacial  tension  (i.e.,  interface  energy)  is  decreased  by

increasing  shell  coverage.  The  shell  is  spherical  in  order  to  reduce  segmental

interactions and increase configurational entropy12. With complete shell coverage, a

slight increase of polymer concentration will lead to larger block stretching and the

self-repulsive  interaction  of  the  copolymers  will  be  increased,  which  leads  to

increased shell thickness12. 

Dynamic co-assembly of the encapsulation shells was also investigated for two

representative  models  with  complete  spherical  (ϕP :  ϕD =  12.5%  :  7.5%)  and

cylindrical (ϕP : ϕD = 12.5% : 12.5%) shells (Figure 5). Here, DCPD loading in PEO-

b-PDEAEMA shell follows the adsorption-growth-micellization mechanism. The two

components are initially homogeneously mixed. PEO-b-PDEAEMA and DCPD both

assemble into small clusters and adsorb onto each other (0.12 ns). When the clusters
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grow,  capsule-like  micelles  with  DCPD  encapsulated  by  PEO-b-PDEAEMA are

obtained,  reducing  surface  tension  (0.46  ns).  Then,  these  microcapsules  integrate

further (0.92 ns) and finally form one big micelle with all DCPD enclosed by PEO-b-

PDEAEMA (11.51 ns). The formations of spherical and cylindrical micelles follow

the  same  mechanism.  The  equilibrium  microcapsules  have  the  largest  loading

efficiency for  DCPD molecules.  The loading efficiency is  dependent  on  both  the

hydrophobicity  of  core  molecules  and  the  attraction  between  core  molecules  and

hydrophobic  blocks54,55.  The  force  field  in  the  present  work  includes  interactions

favorable for micellization and encapsulation of core molecules. The large loading

efficiency enables better examination for the pH-responsive transition of the block

copolymer shell.

Figure 5. Encapsulation processes of DCPD in PEO-PDEAEMA with relative volume fractions of

ϕP :  ϕD = 12.5% : 7.5% (a1 ~ a4) and 12.5% : 12.5% (b1 ~ b4), respectively (basic solution, no
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protonation). Color scheme as in Figure 1.

As  experimentally  observed,  block  copolymer  micelles  have  a  structural

transition upon reducing pH (protonation) due to swelling of protonated PDEAEMA,

which increases permeability56,57. The pH-responsive structural transition of PEO-b-

PDEAEMA shell and encapsulation variation of the DCPD core were studied. Figure

6  shows  the  dynamic  response  of  representative  spherical  and  cylindrical

microcapsules to pH reduction (full protonation). At first, the copolymer shell stays

compact and closed (0 ns). Upon protonation of DEAH, the shell becomes looser and

porous (1.15 ns), and gradually decomposes into multiple small worm-like clusters

which move away from the shell  into the water (4.62 ns).  Finally,  the copolymer

clusters are totally dispersed in water and the DCPD micelle is almost completely

exposed to water (57.71 ns). During the transition, the core DCPD remains stable due

to  the  DCPD/water  interfacial  energy32,58.  The  decomposition  of  the  PEO-b-

PDEAEMA shell is mainly attributed to the combined contribution of electrostatic

(DEAH-DEAH pairs)  and non-electrostatic  (DEAH-W,  DEAH-MMA and DEAH-

DCPD pairs) repulsions. Due to the interaction parameters in acidic solution (Table

1), the large repulsive forces between DEAH-DEAH and DEAH-MMA pairs lead to

swelling of the PDEAEMA layer, the large attractive force between DEAH-W pairs

increases  hydrophilicity  (i.e.,  solubility)  of  PDEAEMA,  and  the  repulsive  force

between DEAH and DCPD leads  to  the  detachment  of  polymers from the DCPD

surface. As a result, the block copolymers form small clusters with DEAH and EO

beads occupying the micelle/water interface and MMA beads inside. The structure
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and dynamic  of  the  non-crosslinked shell  exhibit  high  sensitivity  to  a  drastic  pH

change.

Figure 6. pH induced structural transformations of the spherical (a1 ~ a4) and cylindrical (b1 ~

b4) microcapsules due to switch from basic (no protonation) to acidic (full protonation) solution.

Color scheme as in Figure 1.

3.2. Effect of Crosslinking on Swelling of Microcapsules

For nanoassemblies of individual block copolymers, the response can be tuned by

covalently crosslinking different blocks56. In the present microcapsule, crosslinking of

adjacent PDEAEMA blocks has been used to tune the pH-induced transition of the

polymer shell. The effect of crosslinking on the radial density distribution of polymer

beads is shown in Figure 7a (basic conditions). With increasing crosslinking degree,

the shell density (peak height) is slightly increased and the thickness (peak range)

slightly  reduced.  This  is  different  than  in  other  studies  where  increasing  the

crosslinking degree has led to a larger density and shrinkage of polymer materials35,36
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Here, the addition of hydrophobic linker molecules during crosslinking increases the

pressure and leads to swelling of the shell. The full width at half maximum h defines

the thicknesses of the shells at around 26 ~ 27 Å for our range of crosslinking. 

Figure 7. Density profiles of the polymer shell for different crosslinking degrees (a), and detailed

distributions of shell, water and core beads in the 90% crosslinked model (b), as a function of

distance from the center of mass of the microcapsule (ϕP : ϕD = 12.5% : 7.5%) in basic solution.

Inset: cross section of the polymer shell. 

Figure  7b  presents  the  radial  density  profiles  of  all  bead  types  in  the  90%

crosslinked microcapsule. Water and DCPD stay exclusively outside and inside of the

microcapsule,  respectively.  Hydrophilic  EO  beads  are  located  mostly  at  the

shell/water  interface,  while  hydrophobic  MMA beads  exhibit  a  large  tendency  to

occupy the  center  of  the  shell.  DEA beads  occupy  both  the  shell  center  and the

shell/core  interface.  Overall,  the  shell  has  a  distinct  hydrophilic-hydrophobic

separation  of  polymer  beads  isolating  water  molecules  from core  molecules.  The

crosslinking increases  the  mechanical  stresses  in  the  elastic  network  and leads  to

stronger viscous stresses for particle permeation (i.e., lower permeability)24. 

Upon pH reduction (protonation) the microcapsule shell  undergoes a structure
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transition due to the variation of interactions between protonated DEAH beads and

other  beads.  Figure 8 presents  the  equilibrium morphology of  polymers in  highly

acidic solution as a function of crosslinking degree. At low crosslinking (≤ 30%), the

shell  decomposes  into  small  spherical  or  worm-like  clusters  with  DEAH and EO

beads exposed to water and MMA beads inside. At intermediate crosslinking (about

45%),  the  protonated polymers  maintain the  spherical  morphology in general,  but

exhibit  a number of large defects (holes or loosely attached clusters)  in the shell.

Further increase of crosslinking (≥ 60%) raises the compactness of the crosslinked

shell gradually, and the overall morphology of the microcapsule is unchanged. The

dynamics of the radius of gyration of the shell as a function of time (Figure S2 in

Supporting Information) indicates that the size of the shell is rapidly increasing with

pH reduction and fluctuates with time. Larger crosslinking degrees lead to smaller

equilibrium  radius  of  gyration,  i.e.,  more  closely  packed  shell.  As  expected,  the

crosslinking of PDEAEMA blocks plays a profound effect in hindering the collapse of

shell copolymers, except for significant local rearrangements of polymer beads. The

network  structure  in  highly  crosslinked  shells  has  a  large  rigidity  and  is  able  to

withstand the pressure exerted by the protonated shell. 
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Figure 8. Morphological variation of the polymeric shells as a function of crosslink degree in

acidic solutions. Water and DCPD beads are hidden for clarify. Color scheme as in Figure 1.

The effect of crosslinking degree on the stability of the shell was quantitatively

studied by mean square displacements (MSD) of whole polymers in both basic and

acidic solutions (Figure 9a). Variations of MSD curves at the two pH conditions show

similar trend versus crosslinking. With increasing crosslinking, the MSD is decreased

≤ 60% but increased again above ≥ 75% crosslinking. The initial reduction of the

MSD indicates  that  the  dynamic  stability  of  the  block  copolymer  shell  has  been

enhanced by crosslinking, especially for micelles in the acidic solution in which the

MSD of the 15% model is approximately two orders of magnitude larger than that of

the 60% model. The increasing crosslinking degree (crosslinking nodes) will further
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restrict  the  segmental  movement  of  polymers  and  lead  to  reduction  of  the  shell

mobility.  We also  clearly  see  subdiffusive  regimes  at  short  to  intermediate  times

which are indicative of internal chain modes. However, the formation of the network

structure does not always leads to the decrease in shell self-diffusion. The MSD at ≥

75% exhibits a slight rising trend with increasing crosslink degree, especially for low

pH.  We  attribute  this  behavior  to  the  additional  hydrophobic  linker  beads  in  the

crosslinked  shell,  which  lead  to  larger  self-repulsion  between  polymer  beads  and

increase  the  instability  of  the  shell.  Further,  both,  the  chemical  and  architectural

properties of linker molecules play an important role in the dynamic stability of the

crosslinked  structure14-19.  The  increase  of  the  linker  length  or  the  incompatibility

between linker and other beads will increase self-diffusion. 

 

Figure 9. Mean square displacements (a) and radial distribution functions (b) of the polymer shell

with different crosslinking degrees in basic and acidic solutions.

The effect of crosslinking on the packing of shell  was studied by plotting the
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radial  distribution functions (RDF)  of polymers in both basic  and acidic  solutions

(Figure 9b). RDF curves at both conditions show peak positions at approximately 7.5

Å and 13.0  Å for  all  crosslinking values,  corresponding to  the  average  distances

between first and second neighbors of bonded beads. With increasing crosslinking, the

peak height is slightly increased indicating a shrinkage trend of the polymer shell, i.e.,

decrease of porosity. A long-range drop is observed after the two peaks due to the

joint  connection  of  polymer  beads  in  the  crosslinked  shell,  except  below  30%

crosslinking in acidic conditions since polymers are decomposed into small clusters.

In particular, the RDF curves show no discrepancy at high crosslinking indicating that

the shell  is unchanged. In this condition,  the internal pressure of the shell  will  be

increased due to the additional hydrophobic linkers, leading to larger self-diffusion of

the shell. This explains the above mentioned increase of MSD at ≥ 75%. From Figure

9a and 9b, the self-diffusion (dynamical) and packing (structural) properties for highly

crosslinked shells are competing in response to the variation of crosslink degree. Our

simulations  highlight  the  conflicting  effect  of  crosslinking  features  (including

variations  in  crosslink  density,  linker  chemistry  and  architecture,  etc.)  on  the

thermodynamic stability of the microcapsule. 

The configuration of the crosslinked polymer shell at reduced pH undergoes a

significant change, as indicated by the radial density profiles of all bead types in the

90% crosslinked system (Figure 10a). The hydrophilic EO beads and the hydrophobic

MMA beads both locate across the full range, while protonated DEAH beads exhibit

two peaks  near  the  outer  shell/water  and shell/DCPD interfaces.  Water  molecules
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enter the polymer shell.  DCPD beads stay inside the microcapsule due to its large

hydrophobicity. The cross section of the protonated shell (inset) shows an amorphous

rearrangement  of  polymer  beads  at  acidic  conditions,  in  comparison  with  that  in

Figure  7b  (basic).  This  configuration  change  leads  to  the  disappearance  of

amphiphilicity and the shell becomes permeable for water. Moreover, from the radial

density distribution ranges of the shell in Figure 7b and Figure 10a, the shell thickness

has  been  expanded in  response  to  pH reduction,  which  leads  to  a  highly  porous

internal  structure24,30.  Figure  10b  shows  a  divided  morphological  distributions  of

MMA, linker and DEAH beads in a local region of the 90% crosslinked shell. MMA

beads, which are backbone of block PDEAEMA, form buckled worm-like clusters;

the linker beads co-locate with MMA; DEAH beads are widely distributed regardless

of the other beads. The cavities in the buckling structure are due to the relative weak

crosslinking (e.g., local crosslink degree) in these domains. Since MMA and linker

beads are repulsive while DEAH beads are attractive to water, it is speculated that the

pore spaces between the buckled aggregations are the passages for water diffusing

across the shell.

Figure 10. (a) Density profiles of water, polymers and DCPD beads versus the distance from the
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center of mass of the microcapsule (crosslinking degree = 90%, ϕP :  ϕD = 12.5% : 7.5%) at low

pH. Inset: cross section of the shell. (b) Detailed bead distribution in the 90% crosslinked shell

MMA, linker, and DEAH beads are shown as spheres, while the other beads and bonds are as

lines. 

From high to low pH, the thickness of the crosslinked shell increases from 27.01

Å to 42.18 Å (56%), according to the inner and outer shell radii,  rin and  rout (half

maximum positions of density peaks at the two edges), of total shell density profiles

in Figure 7b and 10a. The membrane porosity (tp) in acidic solution is calculated to be

0.94 based on the formula: tp = (Vacidic -  Vbasic) / Vbasic, where Vbasic and Vacidic are shell

volumes in basic and acidic solutions, respectively, and equals to 4π(rout
3 -  rin

3) / 3.24

Combined  with  the  scattered  hydrophilic  DEAH  beads,  water  diffusivity  in  the

protonated  shell  is  much  larger  than  in  the  non-protonated  shell.  The  significant

change of the shell diffusivity enables an exchange of molecules between solvent and

core  (for  systems  in  which  core  molecules  are  not  too  hydrophobic)24,32,58.  The

permeability  of  the  crosslinked  shell  depends  on  three  factors:  (1)  internal  self-

repulsion  pressure  from  protonated  blocks  contributing  to  shell  swelling,  (2)

crosslinking structures including crosslink degree, length of crosslinking block and

length of linker20,59,60 covalently bonding different blocks and adopt resistance on shell

swelling, and (3) compatibility between water (or other solutes) and protonated blocks

determining  the  diffusive  drag  force  of  these  particles.  The  “disperse-to-buckle”

response of the shell makes the whole structure instable due to uneven distribution of

buckled hydrophobic aggregates. We suppose this instability plays an important role
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in mitigating the fluid process within the crosslinked shell. Modifications involving

the  above mentioned factors  can be  used to  regulate  the  dynamic  stability  of  the

protonated shell.

To quantitatively examine the permeability of the crosslinked shell, the CP values

of shell-shell and shell-W (EO-W, MMA-W and DEA/DEAH-W) in both basic and

acidic solutions were plotted as a function of crosslink degree (Figure 11). In basic

solution,  CP is  independent  of  crosslinking,  and  both  the  overall  shell  and  the

individual  polymer  beads  exhibit  contacts  in  agreement  with  their  relative

distributions in the well-packed microcapsule (Figure 7b). For example, CPshell-shell and

CPshell-W equal to 0.82 and 0.13, respectively, indicating that the shell is closely packed

with minimal contact area with water at the shell/water interface, and the permeability

of  the  shell  is  very  low.  In  acidic  solution,  CPshell-shell gradually  increases  with

increasing  crosslinking  while  CPshell-W (as  well  as  CPEO-W,  CPMMA-W and  CPDEAH-W)

decrease,  corresponding  to  decreasing  porosity  (see  Figure  8  for  morphological

evolution). For the 90% model, the CPshell-shell at low pH is 25% lower compared to

high pH, indicating increasing shell porosity. CPMMA-W and CPDEAH-W in acidic solution

increase by 175% and 2000%, respectively, compared to basic condition, indicating

that the affinity between the PDEAEMA block and water has significantly increased

(i.e., increased permeability). 

25



 

Figure  11.  Contact  probabilities  (CP)  between  water  and  polymer  beads  as  a  function  of

crosslinking in basic and acidic solutions. 

We  carried  out  continuous  switching  simulations  between  basic  and  acidic

conditions with a time period of 11.54 ns (i.e., 5.77 ns for each condition). Figure 12

shows the multipulse responses of the contact probabilities of the 90% crosslinked

model over four cycles. After an extended de-swollen period (basic condition), the

contact  probabilities  essentially  instantaneously  switch  to  the  new  swollen  state

(acidic condition). The abrupt variation leads to a period of no change, after which

those  values  are  restored  with  the  beginning  of  the  next  de-swelling.  In  our

simulations,  the  time  interval  is  changeable  since  the  contact  probabilities  show

excellent  stabilities  in  both  pH  environments.  The  crosslinked  shell  undergoes  a

periodic  “disperse-to-buckle”  transition  during  cyclical  de-swelling  and  swelling
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(Figure S3, Supporting Information). Dynamically, the crosslinked shell is loosened

and  unsteadily  buckled  by  the  backbone  MMA beads  during  swelling.  However,

elastic forces from the crosslinking nodes restore the distribution of different beads

and the dimension of  the  microcapsule24,30.  The rapid pH-response  and restoration

feature  of  the  highly  crosslinked  block  copolymer  shell  has  made  it  especially

attractive for applications where renewable environmental sensitive nanoparticles are

needed24,30.   

Figure  12.  Contact  probabilities  variations  of  the  90%  crosslinked  shell  during  periodic

deswelling (basic, white background) and swelling (acidic, gray background) processes.

3.3. Effect of Block Interaction on Swelling of Microcapsules

To induce a controlled swelling (porosity), the pH-sensitivity of blocks, i.e., self-

repulsion variation of the crosslinked shell in response to pH change, plays a profound
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effect.  This  depends  on  electrostatic  and  non-electrostatic  repulsions  between

protonated  beads  and  other  beads  in  the  model61.  We  systematically  studied  the

tunable porosity of the 90% crosslinked model by simulations with various repulsions

between DEAH-MMA, DEAH-DEAH and DEAH-DCPD pairs, which undergo large

changes in the repulsive parameter upon pH reduction (Table 1). Figure 13a shows the

CP values of these bead pairs as a function of aDEAH-MMA, aDEAH-DEAH and  aDEAH-DCPD,

respectively. When  aDEAH-MMA is decreased from 146.06 to 25, the attraction between

DEAH and MMA is increased, leading to the increase of CPshell-shell from 0.65 to 0.79

and decrease of CPshell-W from 0.35 to 0.20 (as well as decrease of CPMMA-W from 0.10

to 0.03, and CPDEAH-W from 0.60 to 0.16). When aDEAH-DEAH is decreased from 150 to 25,

the  attractive  force  between DEAH beads is  increased,  leading to  the  increase  of

CPshell-shell from 0.54 to 0.77 and decrease of  CPshell-W from 0.45 to 0.20 (as well as

decrease of CPMMA-W from 0.16 to 0.03, and CPDEAH-W from 0.74 to 0.27). Repulsions

between DEAH and DCPD beads show no effect on  CP.  Therefore, the structural

variation  of  the  crosslinked  shell  during  pH  changes  is  mainly  attributed  to  the

interactions of DEAH with itself and with MMA. The crosslinked microcapsule has a

widely  tunable  range  of  shell  swelling  (from  CPshell-shell variation)  and  water

permeability (from CPshell-W variation) in response to environment pH change.
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Figure  13.  Contact  probabilities  of  shell-shell  and  shell-water  pairs  (a),  and  overall  radial

distribution functions of the shell (b), at different repulsive parameters between DEAH-MMA,

DEAH-DEAH and DEAH-DCPD pairs in acidic solution. 

Radial distribution functions of polymers at various repulsions of DEAH-MMA,

DEAH-DEAH  and  DEAH-DCPD  pairs  were  calculated  to  examine  the  overall

packing of the shell (Figure 13b). The increase of  aDEAH-MMA and aDEAH-DEAH induce a

large decrease of the radial distribution function, corresponding to reduced pairwise

probabilities  of  these  beads  (i.e.,  swelling).  The  insets  illustrate  the  local

morphological  transitions  of  the  shell  from a  well-dispersed  structure  to  buckled
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structure with increasing DEAH-MMA or DEAH-DEAH repulsions. In addition, the

increase of aDEAH-DCPD leads to a decrease in the range of 25 Å ~ 75 Å. We attribute this

regional change to the water molecules near the shell/core interface (Figure 10a). The

unaffected short-range  (<  25  Å)  indicates  no  shell  shrinkage  or  expansion  to  the

change of DEAH-DCPD repulsion. Again, results show that only repulsions between

DEAH-MMA and DEAH-DEAH pairs contribute to the structural variation of the

shell.

Our simulations indicate that for a crosslinked block copolymer microcapsule, the

swelling rate of the shell  depends on the rigidity of the network structure and the

sensitivity  of  functional  groups.  Through  external  stimuli  the  crosslinking

mechanically  stabilizes  the  structure,  while  the  functional  groups  provide  driving

forces for opening and closing of the shell15-18,30-32. To induce controlled swelling, a pH

difference which protonates/deprotonates essentially all pH-sensitive groups is also

needed33. The obtained crosslinked shell can be efficient for both basal and pulsatile

penetrations  of  solutes  inward  or  outward  the  microcapsule.  Once  triggered,  the

transition  of  the  shell  configuration  is  very  fast.  Overall,  the  crosslinked  block

copolymer microcapsules offer a uniquely adaptive and tunable means of carriers that

provides effective mechanisms for loading/releasing of drugs or other solutes.  For

further  expansion of  the  present  study,  microcapsules  with additional  crosslinking

structures and functional  groups can be  prepared by modifying the chemistries of

linker molecules, stimuli-responsive polymer materials or other additives1. 

4. CONCLUSIONS
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We introduced a coarse-grained microcapsule model with a crosslinked shell of

pH-sensitive  diblock  copolymers,  PEO-b-PDEAEMA,  with  tunable  particle

permeability in response to pH change. DPD was used to reveal the formation and

pH-responsive  collapse  of  microcapsules  from  self-assembly  of  PEO-b-

PDEAEMA/DCPD  mixture.  Preferential  loading  of  DCPD  in  PEO-b-PDEAEMA

polymers was observed and the mechanism of  concentration related encapsulation

efficiency  of  loaded  DCPD  was  uncovered.  On  reduction  of  pH,  non-covalently

bonded shells  decompose  into small  worm-like  clusters due  to  the  increased self-

repulsion  of  protonated copolymers.  We also  see  that  crosslinking nodes  between

blocks  increase  the  stability  of  copolymers  and  lead  to  morphologically  and

kinetically stable polymer shell in acidic solution. A combined effect of crosslinking

structure and self-repulsion of the shell  was explored and contributed to the large

water permeability of the microcapsule on decrease of pH. A “disperse-to-buckle”

mechanism was introduced to explain the configurational response of the pH-sensitive

crosslinked  shell.  In  particular,  the  crosslinked  shell  was  efficient  in  multipulse

applications with frequent pH-responses. Finally, the effect of block self-repulsion on

the swelling of the crosslinked microcapsule was investigated. To induce a specific

swelling rate or extent of the crosslinked shell, both electrostatic and non-electrostatic

interactions between protonated beads and others should be controlled. Further studies

should be conducted focusing on the modifications of crosslinking structure, stimuli-

responsive polymer materials or additives.
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