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  1.     Introduction 

 In general, the selfassembly of colloids is an attractive 
avenue for the fabrication of nanostructured materials 
with interesting electrical, magnetic, and mechanical as 
well as responsiveness. [ 1 ]  In the last years biohybrid micro-
gels have been intensively investigated mainly due to the 
incorporation of specifi c functionality originating from 

 The investigation of the coacervation (self-aggregation) behavior of biomicrogels which can 
potentially be used as drug carriers is an important topic, because self-aggregation can not 
only cause loss of activity, but also toxicity and immunogenicity. To study this effect micro-
gels from elastin-like recombinamer are synthesized using miniemulsion technique. The 
existence of coacervation for such microgels, at different concentrations and temperatures, is 
studied and proved by cryo-fi eld emission scanning clectron microscopy (cryo-FESEM), cryo-
transmission electron microscopy (cryo-TEM), and by a novel  1 H high-resolution magic angle 
sample spinning (HRMAS), nuclear magnetic resonance (NMR) spectroscopy, and relaxometry 
methods. The fi ndings by  1 H HRMAS NMR spectroscopy and relaxometry show simultaneous 
processes of volume phase temperature transition and coacervation with different sensitivity 
for hydrophobic and hydrophilic amino acid side-chains in 
the microgel. The coacervation process is more evidential by 
the behavior of glycine α-CH 2 ,  1 H NMR peak as compared to 
the proline β - CH 2 .    
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the biological building blocks in the synthetic microgels. [ 2 ]  
Many of such bioobjects especially those based on poly-
peptide networks have the ability to undergo a volume 
phase transition in response to external stimuli, such as 
temperature, pH, and ionic strength. These characteristics 
of such microgels makes them attractive candidate for 
applications in the fi eld of drug delivery. [ 3,4 ]  

 Recently, thermoresponsive and pH-responsive micro-
gels were prepared from solubilized α-elastin derived 
from bovine neck ligament, by crosslinking of the lysine 
residues in elastin using the hydrophilic amine-reactive 
crosslinker poly(ethylene glycol) diglycidyl ether (PEG-
DGE). [ 5 ]  For this biohybrid microgel, information about 
morphological and polypeptide–water interactions in the 
process of volume phase temperature transition (VPTT) 
were obtained by dynamic light scattering (DLS) at low 
concentration,  1 H high-resolution magic-angle sample 
spinning (HRMAS), nuclear magnetic resonance (NMR) 
spectroscopy, and relaxometry. [ 6 ]  These microgels showed 
a reversible phase transition for the studied fi ve cycles of 
heating and cooling. 
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 Protein selfassembling is widely investigated mainly 
because of its connection to neurodegenerative dis-
eases, [ 7,8 ]  in the industrial processes for the production of 
therapeutic proteins as well as for estimation of shelf life-
time of medicaments. [ 9 ]  Such type of selfassembling or 
coacervation is also present in recombinantly expressed 
human elastin polypeptides, as well as polypentapeptides 
and was shown to be mainly due to interactions between 
the hydrophobic domains. [ 10–14 ]  Besides, the coacervation 
investigation of polypeptide biopolymers, the study of 
the selfassembly of thermally responsive nanoparticles 
synthesized from genetically encoded peptide polymer 
for drug conjugation was also reported. [ 15,16 ]  A novel class 
of elastin like double-hydrophobic block polypeptides 
comprising proline-rich and glycine-rich segments have 
been reported showing coacervation of thermorespon-
sive nanofi bers. [ 17 ]  But there are very few studies on such 
coacervation behavior of biohybrid microgel, such studies 
are very important and relevant if such microgels are 
inclined to be used for drug delivery application. 

 The investigation of the coacervation behavior for the 
biohybrid microgels is an important topic because self-
aggregation can cause loss of activity of biomolecules, as 
well as toxicity and immunogenicity. Hence, because of 
their toxic potential, aggregates can lead to an unwanted 
response or even overreaction of a patient’s immune 
system. Thus to understand such behavior, in this study 
we use elastin-like recombinamer (ELR) microgels as a 
model. To the best of our knowledge no such investigation 
of the coacervation process of ELR microgels has been dis-
cussed so far. 

 The aim of this work is to use electron micrography and 
HRMAS NMR spectroscopy methods to show the existence 
of coacervation process, which can further be extended 
for other type of responsive microgel systems. The main 
advantage of the  1 H HRMAS technique is related to the 
possibility to access information about the behavior of 
hydrophobic and hydrophilic amino acids side chains that 
are revealed by  1 H high-resolution spectra.  

  2.     Results and Discussion 

  2.1.     Coacervation of ELR Microgels by Cryo-Field 
Emission Scanning Electron Microscopy (Cryo-FESEM) 
and Cryo-Transmission Electron Microscopy (Cryo-TEM) 
Micrographs 

 A visible proof of the ELR microgel coacervation was 
obtained form cryo-FESEM analysis. From the FESEM 
images it could be clearly seen that at low (2 mg mL −1 )
and high (10 mg mL −1 ) (Figure  1 a,b) concentrations of the 
microgels at room temperature have a defi ned spherical 
shape and are monodispersed. While after heating at 

55 °C for 5 h the sample of ELR microgels start to coac-
ervate (Figure  1 c,d). Considering a single microgel as a 
unimer, the coacervation behaviour is mainly dimeric to 
trimeric.  

 The two stages of the coacervation process for ELR 
microgels are shown in Figure  1 e,f. These micrographs 
were obtained by cryo-TEM using a sample with concen-
tration of 8 mg mL −1  incubated at 55 °C for 5 h. The incip-
ient stages of coacervation are shown in Figure  1 e and the 
formation of a fused dimer in Figure  1 f.  

  2.2.     Proton HRMAS NMR Spectra of Native 
and ELR Microgels 

 To understand this process better,  1 H HRMAS NMR spec-
troscopy combined with relaxometry was performed and 
the results of the ELR microgels were compared to microgels 
derived from native α-elastin. A high-resolution NMR spec-
trum gives an access to the hydrophilic and hydrophobic 
amino-acid peaks in the microgels, due to fast rotation dif-
fusion of the particles. This is possible due to averaging the 
dipolar interactions combined with sample rotation at the 
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 Figure 1.    Cryo-FESEM images of ELR microgels: a) microgel con-
centration 2 mg mL −1  at room temperature, scale 1 μm, b) microgel 
concentration 10 mg mL −1  at room temperature, scale 1 μm, 
c) microgel concentration 2 mg mL −1  at room temperature after 
5h heating at 55 °C, scale 1 μm, and d) microgel concentration 
10 mg mL −1  at room temperature after 5h heating at 55 °C, scale 
1 μm. Cryo-TEM pictures of ELR microgels with concentration of 
8 mg mL −1  after incubation for 5 h at 55 °C. The coacervation of 
unimers in dimers for the incipient stage of the process is shown 
in e), scale 1 μm, and the fused dimers is shown in f), scale 1 μm.
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magic angle. This spectral resolution is partially affected 
by the magnetic susceptibility mismatch between the 
microgels and solvent. 

 Proton HRMAS spectra in the aliphatic region of 
0–4.6 ppm for the native, α-elastin and ELR microgels 
crosslinked by PEG-DGE with molar ratio of 1:1 at 23 °C 
are shown in Figure  2 a,b. The peak assignment in the  1 H 
HRMAS spectra was made by a combination of  1 H spectra 
simulation of individual amino acids side chains in com-
parison to the  1 H spectra of two-synthetic elastin-like 

polypepentapeptides, poly(GVGVP) and 
poly(AVGVP) previously reported. [ 13 ]  
The ELR microgels were synthe-
sized (see the Supporting Informa-
tion) from the model recombinamer 
MGKKKP[(VPGVG) 14 ] 6 , where the essen-
tial amino acids used for our investiga-
tion Val = L-valine, Gly = glycine, and 
Pro = L-proline are present.  

  1 H HRMAS spectra of α - elastin 
microgels reveals resolved peaks of 
hydrophobic valine (Val-γCH 3 ), alanine 
(Ala-βCH 2 ), and proline (Pro-βCH 2 ), 
(Figure  2 a). The glycine (Gly-αCH 2 ) 
peak is partially superimposed on the 
alanine (Ala-αCH), proline (Pro- α CH), 
and PEG (CH 2 ) peaks. However, the sig-
nals in the aliphatic region of Gly 1  and 
Gly 2  as well as Val 1  and Val 2  cannot be 
resolved under MAS condition. But the 
well-organized structural domains of 
ELR microgels are refl ected in sharp 
peaks of amino-acid side chains 
(Figure  2 b). This is not the case for the 
native α-elastin microgels, where the 
structural heterogeneity leads to broad 
peaks especially into the glycine region 
(Figure  2 a).  

  2.3.     The Coacervation Process Revealed 
by Time-Dependent  1 H HRMAS NMR 
Spectroscopy 

 Proton NMR spectroscopy and relaxom-
etry have diffi culties to detect directly 
the coacervation kinetic for unimers, 
dimers, trimers, and  i -mers. However, 
the presence of oligomers affects the 
transverse magnetization relaxation 
times ( T  2 ) and leads to the peaks broad-
ening and fi nally to a reduction in NMR 
integral spectral intensity. This is shown 
by the ELR microgels with 10 mg mL −1  
concentration in D 2 O (Figure S1, Sup-

porting Information) incubated at different tempera-
tures and times. The incubation time dependence of the 
 1 H HRMAS spectral integral intensities (Figure S1a, Sup-
porting Information) shows that at 23 °C in the time 
interval of 200 min the coacervation process is very slow. 
While a clear thermal activation of the aggregation process 
is shown at 45 °C (Figure S1b, Supporting Information). The 
 1 H HRMAS NMR spectral intensity of the aliphatic region is 
decreasing with incubation time probing the coacervation 
process.  
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 Figure 2.    Aliphatic region of the  1 H HRMAS spectra at rotor frequency of 5 kHz and 23 °C 
of native α-elastin a) and ELR b) microgels with concentration of 2 mg mL −1  in D 2 O. The 
polypetides were crosslinked with PEG-DGE having molar ratio of 1:1. The side-chains 
peaks of glycine (α-CH 2 ), proline (β-CH 2 ), alanine (β-CH 3 ) and valine (γ-CH 3 ) are marked 
by arrows.
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  2.4.     Combined Effect of Volume Phase Temperature 
Transition and Coacervation Process by  1 H HRMAS NMR 
 T  2 -Edited Spectral Integral Intensities of Amino-Acid 
Side-Chains 

 Recently, (DLS) that measures the hydrodynamic radius 
at low concentration of microgels was used to deter-
mine the VPTT of native, α-elastin microgel. [ 5,6 ]  From the 
obtained data it was shown that the VPTT behaviour was 
reversible and the fact that the native α - elastin microgels 
remains soluble can be explained by the heterogeneous 
morphology of the microgels with a predominant corona 
formed by water-soluble segments of amino acids. [ 5 ]  

 It is known from the temperature sensitive synthetic 
microgels that, below the VPTT, they are in a swollen 
state, given by the dissolution of the hydrophilic groups 
in water through formation of hydrogen bonds. [ 18 ]  Above 
this temperature, water is expelled from the microgel, 
and the hydrophobic groups are free to interact, which 
leads to phase separation and collapse of the microgels. 
The microscopic mechanism of VPTT for ELR microgels is 
different. The predominant way of hydration of the ELR 
microgels below their VPTT ( T  t ) is hydrophobic hydra-
tion. That is the formation of ordered water structures, 
surrounding the apolar moieties of the amino-acids side 
chains in the ELR microgels. It is the rupture of such water 
cages above  T  t  which enables the existence of hydro-
phobic contacts, collapse of microgel and also can induce 
coacervation. The most substantial percent of expelled 
water once above  T  t  is the hydrophobic hydration water. 
Similar behaviour was also observed for native  α -elastin [ 6 ]  
but the phase change for ELR microgel after 5h above the 
VPTT is irreversible. 

 The swelling/deswelling process of microgels as well 
as selfassembly modifi es the side chains mobility and 
interproton dipolar interactions due to the changes in the 
microgel/aggregate rotational diffusion, translational dif-
fusion, and the local segmental motions of the biopoly mer 
network. These are directly refl ected in the values of 
transverse relaxation time  T  2  and hence in the normal-
ized integral intensities  I/I  0  of the NMR peaks of the  1 H 
HRMAS spectra. In the case of VPTT process the tempera-
ture ( T ) dependence of the ratio  I/I  0  can be described by 
the ad hoc sigmoidal or Boltzmann function [ 19 ] 
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t( ) = + . Furthermore, the fi t of the experi-

mental data with a Boltzmann function will lead us to 

the possibility to characterize quantitatively the heteroge-
neity of this continuous fi rst order transition. This quan-
tity is related to the chemical composition of microgels, 
cross-link density, the solvent, the interactions leading to 
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 Figure 3.    Volume phase temperature transition dependences in 
combination with coacervation measured from the  1 H HRMAS 
integral intensities of the glycine a), valine b), and proline 
c) for ELR microgels with concentration of 2 and 10 mg mL −1  in 
D 2 O. The continuous lines are fi ts with the Boltzmann function 
(Equation  ( 1)  ) and the fi t parameters are reported in Table  1 .
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the formation of aggregates, as well as the distribution and 
sizes of clusters. 

 The temperature dependences of the normalized spec-
tral integral intensities in the aliphatic region measured 
for ELR microgel with concentration of 2 and 10 mg mL −1  
using  1 H HRMAS  T  2 -edited spectra are shown in Figure  3 . 
The valine and proline side chains show a sigmoidal 
shape revealing that the presence of coacervation will 
not dominate the VPTT process. Nevertheless, the tem-
perature dependences of 2 and 10 mg mL −1  are different 
(Figure  3 b,c) showing a larger coacervation effect induced 
by larger concentration at 10 mg mL −1 . This is fully sup-
ported by the self-diffusion measurements as shown in 
Figure S2 (Supporting Information). The sigmoidal curves 
are shifted to higher temperatures having a broader 
width as microgel concentration is increased. The effect 
of both processes is taken into account by an effective 
transition temperature  T  t,eff  and transition width Tt,effΔ  
obtained by the fi t with Boltzmann function, Equation  ( 1)  . 
The results are shown in Table  1 . The presence of ELR 
microgel coacervation at 10 mg mL −1  is shown by the 
higher values of  T  t,eff  compared to that for 2 mg mL −1  
microgel (Table  1 ). The proline and valine side chains 
show larger temperature transition heterogeneity at 
10 mg mL −1  refl ected in the values of Tt,effΔ  that increases 
with microgel concentration (Table  1 ). That is a signature 
of coacervation having larger effi ciency at higher concen-
tration and temperature leading to the heterogeneity of 
volume phase transition. The existence of a coacervation 
process was also proved besides, the temperature depend-
ence of the integral spectral intensity shown in Figure  3  
by the measurements of self-diffusion coeffi cients (dif-
fusivity  D ) as a function of microgel concentrations. For 
the same series of ELR microgels the dependence of dif-
fusivity versus microgel concentrations is shown in 
Figure S2 (Supporting Information).   

 While a different behaviour is shown by glycine com-
pared to proline and valine, which cannot be analysed 
by a Boltzmann function (Figure  3 a). This could be par-
tially related to the fact that glycine peak at 3.8 ppm 
is superimpose on the PEG methylene peak. The tem-
perature dependence of the integral intensity is convex 
for all temperatures (Figure  3 a). That shows that the 

coacervation process affects more the glycine side chains 
compared to that of proline. This is also valid for valine 
side chains at a concentration of 10 mg mL −1  (Figure  3 b) 
which shows a distorted sigmoidal curve. This proves 
that the coacervation effi ciency is dominated by the 
hydrophobic domains of ELR microgel. Furthermore, we 
can mention that the simultaneous presence of coacer-
vation at different temperatures simultaneously with 
VPTT makes the analytical description of this combined 
process a complex task.   

  3.     Conclusion 

 The coacervation of ELR microgels was revealed by cryo-
FESEM, cryo-TEM micrographs and  1 H HRMAS,  T  2 -edited 
spectroscopy. The coacervation process of ELR microgel 
is taking place simultaneously with the VPTT. The sen-
sitivity to the coacervation and volume phase transition 
is increased by using  1 H HRMAS spectra encoded by the 
transverse relaxation and edited by the spin echo. The 
amino-acid side chains show different  1 H HRMAS NMR 
sensitivity to the coacervation compared to the VPTT. This 
is due to the fact that the coacervation effi ciency is domi-
nated by the hydrophobic domains. Study of the ELR micro-
gels coacervation and the conditions under which this 
process is taking place will allow the intelligent design of 
carriers in drug delivery systems.  
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 Supporting Information is available from the Wiley Online 
Library or from the author.  
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  Table 1. The effective temperature ( T  t,eff ) and the effective width (Δ T  t,eff ) of the combined effect of volume phase temperature transition and 
coacervation of ELR microgel. These parameters are obtained by the fi t of the data with the Boltzmann function Equation  ( 1)  . The microgels 
used have 1:1 molar crosslink ratio of PEG-DGE at two concentrations in D 2 O.     

Amino acid  T  t,eff  a)  
[°C] 2 mg mL −1 

Δ T  t, eff  a)  
[°C] a)  2 mg mL −1 

 T  t, eff  a)  
[°C] a)  10 mg mL −1 

Δ T  t, eff  a)  
[°C] a)  10 mg mL −1 

Proline 35.4 4.7 40.4 5.5

Valine 35.9 3.3 43.8 6.5

    a) The fi t errors are of the order of 10%.   
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