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ABSTRACT: Hydrogels that can respond to a number of external stimuli and at the same time show impressive rheological properties are 
promising materials for a wide range of bioapplications. Here, we present a series of well-defined linear amphiphilic pentablock hybrid poly-
peptides of the ABCBA type, where A is poly(L-lysine), B is poly(L-histidine)-co-poly(γ-benzyl-L-glutamate), and C is poly(ethylene oxide) 
(PEO). The polymers were synthesized by the sequential primary amine ring-opening polymerization of N-carboxy anhydrides using bis 
amine poly(ethylene oxide) (PEO) as a bifunctional macroinitiator, and the length of all of the blocks was varied. The resulting materials 
formed novel extrudable in situ forming quickly self-healing hydrogels, responsive to the alteration of pH and increase of temperature. The 
connection between the alteration of the secondary structure of the polypeptides with the viscoelastic behavior was revealed by means of 
rheology and circular dichroism. Small-angle neutron scattering and scanning electron microscopy were employed to shed light on the structure 
of the polymers and how it affects their rheological properties. The obtained polymers were subjected to enzymatic degradation tests with 
trypsin and leucine aminopeptidase. The results suggest that these biomaterials have the potential to be used in a number of bioapplications 
like drug delivery, 3D printing, and tissue engineering. 

Introduction 

The ever-increasing demands for synthetic materials that can be 
utilized in diagnostic and therapeutic applications have triggered the de-
velopment of new biomaterials with novel properties that can replace 
damaged tissues1 or can be used as carriers for drugs, proteins, or deoxy-
ribonucleic acid (DNA) load.2,3 Polymeric hydrogels are among the 
biomaterials that can be employed for biological applications since they 
can be highly responsive, functional, and versatile.4−7 Depending on  the 
polymeric material precursor that forms hydrogels, these materials 
can be biocompatible, can present a large variety of physical or chem-
ical structures comprising their networks, and thus it is possible to tune 
their viscoelastic properties, which is very crucial for their 

responsiveness. Therefore, hydrogels enjoy a prime position at the 
forefront of scientific research.8  

Based on their molecular characteristics, hydrogels can be classified 
into several categories, such as natural and synthetic, chemically, or 
physically cross-linked as well as stimuli- responsive.9,10 Among them, 
those hydrogels that originate from polypeptides present a combination 
of traits that offer a plethora of benefits. They can adopt secondary struc-
ture motifs that guide their self-assembly, leading to tunable rheological 
properties.11 Their conformational structure can be modified depending 
on the environment, making them stimuli- responsive.12 Additionally, 
they can present low cytotoxicity and sensitivity to biodegradation by 
enzymes, which render them appropriate for a number of bioappli-
cations.13 



 

Herein, linear pentablock hybrid quarter-polypeptides were synthe-
sized, using the ring-opening polymerization (ROP) of N-carboxy anhy-
drides (NCAs).14,15 Pentablock architecture ABABA, with hydrophobic 
B and hydrophilic A blocks, is known to yield hydrogels with higher gel 
moduli compared to the corresponding diblock and triblock polypep-
tides of AB and ABA types, due to better organized intrachain folding.16,17 
Gandhi and Maher18 reported the enhanced elasticity of hydrogels 
from pentablock copolymers compared to those from triblock copoly-
mers with similar molecular weights of two copolymers and different 
sizes of the blocks, due to the different assembly of the former. 

In the last decades, research on the biological applications of poly-
meric materials has led many authors to suggest the covalent attach-
ment of poly(ethylene oxide) (PEO) with polypeptides for the for-
mation of hydrogels.19,20 Brzezinska et al.21 synthesized pentablock co-
polymers based on poly(γ- benzyl-L-glutamate) (PBLG) with poly-
octenamer, PEO, or poly(dimethylsiloxane) as the middle block and 
PEO as the outer blocks. Iijima et al.22 used α,ω-diamino PEO as a 
macroinitiator in the middle block combined with ROP of NCAs for 
the synthesis of pentablock copolypeptides, which formed polymeric ag-
gregates and hydrogels. PEO has also been utilized in an effort to 
produce thermoresponsive biomaterials. Huang et al. synthesized 
block copolymers containing a PEO block and an oligo(tyrosine) block, 
which exhibited thermoresponsive gelation.23 The use of PEO to synthe-
size block copolymers with alanine or/and phenyl- alanine has been 
reported by the group of Jeong, who produced thermoreversible 
hydrogels.24,25 Many researchers have used polypeptides, with mono-
meric units bearing short oligoethylene glycol (OEG) side chains,26,27 
which exhibit sol−gel transition and are therefore appropriate for in situ 
gel formation.28 

The majority of the thermally responsive hydrogels presented thus 
far in the literature takes advantage of the increase in temperature, 
and/or pH, in the case of cancer treatment, when injected in the body to 
undergo a sol−gel transition and form the hydrogel. However, there 
is a lack of hydrogel systems in the literature that can actually respond 
to thermal stimuli and change their rheological properties to become 
weaker with increasing temperature, while simultaneously demonstrat-
ing multiple responsiveness to other stimuli like pH, enzymatic diges-
tion, as well as exhibiting self-healing properties. In previous work,17 
we reported a noncytotoxic, in situ forming, injectable hydrogel that 
exhibits shear-thinning and rapid self-healing properties, based on fully 
polypeptide pentablock copolymer poly(L-lysine)-b-poly(L-histidine-
co-γ- benzyl-L-glutamate)-b-poly(L-lysine)-b-poly(L-histidine-co-γ- ben-
zyl-L-glutamate)-b-poly(L-lysine). The hydrogel was formed by physi-
cal interactions, providing buffering capacity, pH-responsive properties, 
as well as enzymatic biodegradation. In our effort to improve its respon-
siveness and further lower its toxicity, we envisioned a hydrogel that 
will additionally respond to temperature, while maintaining all of the 
functionalities already mentioned. For that purpose, we substituted 
the middle hydrophilic block of the polypeptides by PEO to generate 
a new family of hydrogels, with potentially more versatile properties. By 
altering the dimensions of the blocks, we studied their influence on 
the properties of the hydrogels in our effort to elucidate the 
structure−property relation. 

In this work, we present a series of amphiphilic pentablock hybrid pol-
ypeptides of the type poly(L-lysine)-b-poly(L- histidine-co-γ-benzyl-L-
glutamate)-b-PEO-b-poly(L-histidine- co-γ-benzyl-L-glutamate)-b-
poly(L-lysine) (PLys-b-(PHis-co-PBLG)-b-PEO-b-(PHis-co-PBLG)-b-
PLys) that can form extrudable (18G needle) in situ forming hydrogels. 
We present below the synthesized materials and their structural and 

dynamic properties along with a thorough assessment. Our study can 
contribute to the design of tunable hydrogel materials that could 
serve several bioapplications. It was found that by altering the mo-
lecular dimensions of the different blocks, it was possible to fine-tune 
several properties such as strength of the hydrogel, time required for self-
healing, as well as thermal and pH responsiveness. Therefore, depend-
ing on the application, it is possible to design a hybrid material to exhibit 
the required properties. The details of the various experimental tech-
niques and protocols used are presented in the Supporting Information. 

Results and Discussion 

Synthesis of the Polymers. All synthesized pentablock polypeptides of the 
ABCBA type are composed of one middle hydrophilic block (C = PEO) 
and two inner hydrophobic blocks (B = PHis-co-PBLG), flanked by two 
hydrophilic blocks of PLys (A), each one connected at the outer side of 
the middle hydrophobic block. The difunctional macroinitiator α,ω-
bis(amine) PEO was used to initiate the ROP of the NCAs (Scheme 
1). Furthermore, poly(L-histidine) (PHis) was selected due to its am-
photeric nature within the physiological pH range, rendering the hy-
drogel pH-responsive.29 The utilization of the trityl protecting group 
(Trt) to PHis monomeric units is the best way to avoid its racemization 
during deprotection.30 

The goal was to investigate how the variation of the molecular 
weights of the middle PEO block, the hydrophobic blocks, and  the  
outer  hydrophilic PLys blocks  can affect the viscoelastic properties of 
the hydrogels. Therefore, four series composed of eight different pen-
tablock hybrid quarter- polypeptides were synthesized. On the first se-
ries, the molecular weight of PEO was varied, maintaining approxi-
mately the same molecular characteristics for the rest of the blocks, re-
sulting polypeptides HG1, HG2, and HG3 (Table 1).  

On the second series, the molecular weights of the two hydropho-
bic blocks PHis-co-PBLG were varied (Table 2). On the third series, 
we varied the outer PLys blocks, while we maintained the middle PEO 
block at 2.0 \ 104 g/mol and the hydrophobic blocks close to 5.0 · 104 
g/mol (Table 3). Finally, on the last series, the PLys blocks were varied 
keeping the PEO blocks at 6.0 · 103 g/mol and the hydrophobic blocks 
close to 5.0 · 104 g/mol (Table 4). 

Based on our previous works,17 we maintained the same ratio of the 
monomeric units of histidine and γ-benzyl-L- glutamate (50:50) in the 
hydrophobic blocks for all polymers since it was found that, at this ratio, 
the hydrogels remain pH- responsive and exhibit better rheological 
properties. 

The combination of high-vacuum techniques and ROP, using a 
primary amine bifunctional initiator, yields polypeptides with narrow 
distribution of molecular weights, as demonstrated by size exclusion 
chromatography (SEC) eluograms. In addition, it offers the possibility 
to control the order of monomer addition, ensuring the hydrophilic-
ity/ hydrophobicity of each added block. The high purity of the synthe-
sized NCAs is very critical for the living nature of the polymerization.15,30 
The molecular weights of the polypeptides obtained were within 10% of 
the molecular weights expected from the stoichiometry, i.e., the ratio of 
the monomeric units and the moles of the initiator. The complete 
monomer consumption as well as the successful deprotection of the 
monomeric units of histidine and lysine were confirmed by FT- IR spec-
troscopy (Figure S11, see the SI). 

The protecting group of histidine moieties can be easily removed un-
der mild conditions31 without causing racemization. Also, the dialysis 
procedure is crucial for the pH neutralization and purification of the 
final polymer (presented in previous work).30 The molecular weight 
of each block matched the monomer/macroinitiator ratios, which 
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confirms the good control over the molecular characteristics of the syn-
thesized polypeptides. Upon completion of the polymerization of each 
block (confirmed by FT-IR spectra, Figure S11, see the SI), SEC charac-
terization was performed. The SEC eluograms of the synthesis of pen-
tablock terpolypeptide PLys- b-(PHis-co-PBLG)-b-PEO-b-(PHis-co-
PBLG)-b-PLys (HG4) prior to deprotection are depicted in Figure 
S12 (see the SI). After deprotection, an SEC eluogram in water was not 
possible, not even in DMF, as the polypeptides formed hydrogels in 
water, while they did not dissolve at all in DMF. Furthermore, no nuclear 
magnetic resonance (NMR) spec- trum was obtained because the final 
pentablock polypeptide was not soluble in common deuterated sol-
vents. 

Hydrogel Formation. The  stiffness and strength of  these hydrogels can 
be regulated by varying pH/temperature and also by altering their com-
position via the synthetic route. Indeed, by altering even one molecular 
characteristic, it is possible to obtain hydrogels with very different 
properties. It was found that the pentablocks should be well defined with 
a high degree of molecular and compositional homogeneity, otherwise 
no hydrogel formation was possible. 

The formation of hydrogels using the synthesized materials is rather 
straightforward. The hybrid polypeptides PLys-b- (PHis-co-PBLG)-b-
PEO-b-(PHis-co-PBLG)-b-PLys were weighed and placed into a vial, fol-
lowed by the addition of Milli-Q water at a polymer/water ratio of 1:20. 
All synthesized polypeptides formed hydrogels, except HG8. Based on 
visual observation in the vial and quantitative characterization dis-
cussed below, HG5 formed a weak hydrogel, which was turned into liq-
uid after gentle shaking, while HG7 formed an even weaker hydrogel. All 
hydrogels were formed immediately, except HG6 and HG7, which 
needed some time (approximately 20 min). HG1 and HG2 hybrid 
polypeptides formed very strong hydrogels compared to the softer 
and brittle hydrogel of our previous work17 or other hydrogels of this 
study. They maintained their gel texture even after shaking, as indicated 
by the way HG1 was attached to tweezers (TOC figure). For these hy-
drogels, further addition of Milli-Q water did not cause dilution (which 
could not be excluded a priori since they are physical), but rather satura-
tion. HG4 was the most promising hydrogel based on its viscoelastic be-
havior since it formed a strong extrudable hydrogel that was extruded 
even from a thin needle 18G. 

Circular  Dichroism. Circular dichroism measurements were per-
formed to elucidate the secondary structure of the polypeptides, which 
significantly influences their organization and thus their rheological 
properties. All samples were diluted to low concentrations (5·10−4 
g/mL). It should be mentioned that the very strong hydrogels (HG1 
and HG2) could   not   be   diluted   under   any   dilution.   Therefore,   
we performed the measurements only for samples HG3-HG7, which had 
a PEO connector of 2.0 · 104 g/mol and different polypeptide molecular 
characteristics. PEO does not contrib- ute to circular dichroism. 

The circular dichroism spectra of the synthesized polymers are shown 
in Figure 1. A negative peak at 197 nm is present in all samples except 
HG6 (shorter poly(L-lysine) block than hydrophobic block), which is 
characteristic of the random coil conformation and correlates to poly(L-
lysine) (see SI Figure S10). All polypeptides exhibit a negative peak at 
225−230 nm−1. The existence of this peak is attributed to the α-
helices of PBLG. We presented in our previous work that the presence of 
α-helices is critical for the ability of the pentablocks to form a strong 
hydrogel.17 By performing a subtraction of the poly(Llysine) random 
coil conformation spectrum from the overall spectrum of HG4, a spec-
trum of α-helix was obtained similar to the one of our previous publica-
tion (Figure 2C in ref 17). In that particular publication, we proved that 

the participation of the PBLG in the hydrophobic blocks plays a pivotal 
role, as it promotes the formation of a secondary structure that stabilizes 
the 3D polypeptide network. Since the molecular character- istics of the 
PHis-co-PBLG part were exactly the same in this work, α-helix is formed, 
which governs the formation of the hydrogel. 

Enzymatic Degradation. Hydrogels of the type PLys-b- (PHis-co-
PBLG)-b-PEO-b-(PHis-co-PBLG)-b-PLys can be bi- odegraded by en-
zymes due to their polypeptide nature. Furthermore, these hydrogels 
may not need to be removed from the body after the release of their 
cargo in any potential drug delivery application. There are numerous en-
zymes that can biodegrade these hydrogels. Among them, leucine ami-
nopeptidase (LAP), an exopeptidase that catalyzes the hydrolysis of 
amino acid residues from the amino terminus of polypeptide chains, and 
trypsin, an endopeptidase that can cleave the amide bond of lysine resi-
dues from its C-terminal side, are of great interest. Trypsin is expressed 
in different types of human cancer cell lines like colorectal, gastric, breast, 
lung, stomach, and pancreatic cancer cell lines, and it is involved in 
the malignant growth of tumor cell,32−35 while LAP is an abundant 
cytosolic metabolic enzyme that may be released to the medium when 
the cell is lysed. 

HG4 was chosen to be tested against both enzymes due to its su-
perior rheological properties (see below) as well as pH and temperature 
responsiveness (see Figure 2). A sample was removed at specific time 
lapses and reacted with fluorescamine.36 The product of this reaction was 
used to calculate the rate of enzymatic degradation of the hydrogel via 
fluorescence (Table 5). L-Lysine, which is the product of biodegrada-
tion, was utilized for the preparation of PBS solutions at different concen-
trations to react with fluorescamine under the same conditions as the bi-
odegraded HG4 samples and was used as a standard for the 
quantification of enzyme degradation (see SI Figures S13 and S14). It 
was found that the hydrogel was degraded by both enzymes, although 
much faster by trypsin. In addition, the specific activity of both enzymes 
for this type of hydrogels was larger compared to the one obtained in our 
previous work for hydrogels of the type PLys-b-(PHis-co- PBLG)-
PLys-b-(PHis-co-PBLG)-b-PLys.17 This can be attrib- uted to the easier 
accessibility of the monomeric units and the terminal amino group of 
polypeptides by enzymes, in comparison to the hydrogels presented in 
our previous work. Probably PEO remains at the interior of the ag-
gregates rendering the polypeptides more susceptible to the bulky 
enzymes. 

Scanning Electron Microscopy (SEM). Hydrogel samples were rapidly 
frozen with liquid nitrogen, and they were then lyophilized under high 
vacuum prior to SEM analysis. For all samples, it was noticed that the 
polypeptide block contributes to the characteristic 3D organization with 
the formation of cavities, while PEO is probably mixed with the  polypep-
tidic fibril mesh. PEO is distinguished in the SEM images because it 
forms small structures (with the appearance of 2D flat surfaces) or 
spherical aggregates, while the polypeptide blocks form long fibrillar 3D 
network structures (see Figure 3). This can be seen in our previous pub-
lication of the SEM of hydrogels formed by fully polypeptidic materials.17 
The strongest network formed by HG1, which is the polymer with the 
smallest PEO connector and the smallest outer blocks, has the smallest 
dimensions of fibrils and cavities alike. 

As the length of the PEO increases, the characteristic structural 
length increases, as well as 2D structures are formed by the crystalline 
PEO moieties as in the case of HG3, which has the same polypeptide 
blocks but approximately triple amount of PEO compared to HG1. The 
SEM images give the impression of porous material, and as we move from 
HG1 to HG2 and HG3, we observe a more heterogeneous network with 
a larger apparent pore size. 



 

Comparing HG3 and HG7, it seems that by increasing the outer block 
of poly(L-lysine), the size of the cavities and the length of the fibrils in-
crease further. This is attributed to the larger amount of the polypeptide 
block, which probably forms long 3D fibrils. We note that HG7 is liquid 
in appearance. HG6 exhibits a weaker structure with a larger average size 
of weakly anisotropic pores (or cavities) and thinner “walls” between 
cavities compared to HG3. Therefore, larger dimensions of the cavities 
combined with thinner fibrils are directly linked to the weakening of the 
hydrogel’s strength of HG6, making it more easily deformable and 
difficult to flow. 

Further support for this comes from the rheology and SANS results 
discussed below. Actually, HG6 has a larger hydro- phobic block than 
HG3 and forms elongated domains in aqueous solutions (see Table 6). 
HG4 comprises the appropriate ratio of hydrophobic to hydrophilic 
blocks for the formation of a strong and stable hydrogel, and as a result, 
a 3D structure with cavities in close distances was formed, as seen for 
pH = 7.4 (Figure 3). However, the HG4 hydrogel at pH 5 yielded a 
dissolved network without a 3D structure, i.e., without cavities and 
fibrils. At lower pH values, due to the protonation of histidine, PHis be-
comes hydrophilic and its 3D structure is collapsed. HG5 could barely 
form a hydrogel, in agreement with rheology data discussed below; 
hence, it was not analyzed by SEM. The homogeneity of the 3D net-
work is an indication of the successful synthesis and the low-molecular- 
weight distribution, which influences the rheological proper- ties. It was 
revealed that by altering the length of any block of the polymer during 
the synthetic process, modification of its self-organization is possible, 
yielding hydrogels with different viscoelastic properties. 

Rheology. The rheological properties of the hydrogels were investi-
gated with the aim to study the responsiveness of the hydrogels to alter-
ation of pH and temperature. Besides responsiveness, the investigated 
hydrogels exhibited yielding upon application of nonlinear shear, 
rapid, and complete reversibility (self-healing) after flow cessation, 
which makes them extrudable (see relevant discussion below). HG4, 
which encompasses all of the above-mentioned attributes, can be easily 
extruded through an 18G (1.2 · 38 mm2) needle and does not collapse 
after extrusion. It responds to alteration of temperature, especially be-
tween 25 and 37 °C as well as between 37 and 41 °C. 

All samples were investigated at a concentration of 5% (w/ w) in wa-
ter (ratio w/w polymer/water = 1:20). A saturation point was observed 
at that concentration for HG1 and HG2, as the excess water remained 
unabsorbed from the hydrogel. HG5 and HG7 formed very weak hydro-
gels. In particular, HG7 exhibited liquid-like properties and was excluded 
from further rheological investigations. Before discussing the rheologi-
cal data and relevant figures below, a note is in order. Given the very 
limited amount of samples available, the measurements were performed 
with small geometries (see the SI) and the scattering of the viscoelastic 
signal (confirmed by the values of moduli) was unavoidable. The re-
ported data are reproducible. Where possible (in terms of amount), re-
peat experiments were performed with two different loadings, yielding 
same results within an error of 8% (error bars within the symbols in all 
figures). Hence, despite the noise, the message emerging from the data, 
as described below, is clear and unambiguous. 

The dynamic strain amplitude sweep data (Figure S17, see the SI) in-
dicate that all hydrogels have a very narrow linear viscoelastic regime (of 
strain-independent moduli) at the frequency of 1 rad/s and a low 

yield strain (assigned at the G′−G″ crossover, marking the transition 
from the low-strain solid-like to the high-strain liquid-like regime) rang-
ing from about 0.2% (HG5) to about 42% (HG2). HG4 exhibited a 
more extended linear viscoelastic regime and a larger yield strain of 

about 10% (the respective shear rate at 1 rad/s is 0.1 s−1). The yield 
properties indicate the ability to handle the hydrogels, in particular 
to make them flow through a syringe and maintain their coherence 
thereafter via fast self-healing (discussed below). The associated yield 
stress is about 20 Pa. This value makes the particular HG4 hydrogel suit-
able for injectable needle administration of type 18G. 

Next, we present the linear viscoelastic spectra of the hydrogels in 
terms of their distinct molecular characteristics (see also Tables 1−4): 
(i) constant polypeptide Phis-co-PBLG mass and varying PEO mass 
(Figure 4, left) and (ii) the opposite, constant PEO mass and varying 
Phis-co-PBLG mass. 

We observe that the shortest length of PEO yields the strongest 
hydrogel. Indeed, HG1 with a PEO molecular weight of 5.95 · 103 

g/mol has the larger value of the plateau modulus G′ of about 3 kPa, 
throughout the entire frequency range examined, despite the scattering 
of the data (Figure 4). We wish to emphasize here that while the 
same specific protocol was applied to all samples and tried to ensure 
steady conditions (see SI), at the molecular level, there are processes that 

may take longer time and may yield a slight increase in G′ at low fre-
quencies, which is evident for HG1 with a lower fraction of PEO 
(Figure 4, left). However, given that the sample was sealed with PDMS, 
evaporation was excluded; hence, the small changes in moduli should 
reflect the equilibration process of the hydrogel. On the other hand, 
HG3 with larger effective porosity and heterogeneity (Figure 3) ex-
hibits lower plateau modulus at high frequencies (about 1.5 kPa) and 
a tendency to flow (though the low-frequency response is characterized 
by an apparent self-similar decrease of the moduli with an approximate 
power-law exponent of about 0.5). This picture is consistent with the 
SANS analysis presented below. 

To examine the role of the polypeptide blocks on the rheological 
behavior of the hydrogels, we synthesized polypeptides with the same 
PEO length (corresponding to 20.0   · 103   g/mol)   while   altering   
the   number   of   the monomeric units of the amino acids (samples 
HG3, HG4, HG5, HG6, and HG7). HG4 has a double number of 
monomeric units of lysine in comparison to HG3, while the rest of the 
molecular characteristics remain the same. 

The hydrogel HG4 exhibited linear viscoelastic properties character-
ized by large and extended plateau modulus (Figure 4) and large de-
formability as inferred by the yield strain (Figure S17). Comparison of 
the properties of HG4 with those of HG5 and HG6 suggests that altering 
the composition of the hydrophobic polypeptide block (with respect to 
HG4) by increasing (HG6) or decreasing (HG5) the number of 
monomeric units of PHis-co-PBLG leads to weaker hydrogels. 

For HG5, the high-frequency plateau G′ drops by a factor of about 
2 with respect to HG4, but importantly, the material shows a clear 
tendency toward a terminal crossover to flow at about 0.4 rad/s (unfor-
tunately, we faced an issue with the instrument software, while measuring 
the HG5 sample and we could only recover the limited data reported in 
Figure 4, right). On the other hand, for HG6, the modulus drops by about 
one decade without evidence of terminal response. This may be naively 
rationalized by a crude, qualitative correlation between the average 
length scale extracted from the modulus and the structural size scale 
from TEM. The images in Figure 5 indicate an increase of the average 
cavity size ξ from HG4 to HG6 by a factor of about 5 (Figure 3). If such 
a size is considered to be a reasonable representation of the average 
mesh size of the bulk hydrogel, it yields an apparent modulus value of 
kT/ξ3, which respectively increases by one decade. As mentioned, this is 
nothing more than an interesting correlation, but the rheological data 



 

are also consistent with the formation of elongated effective aggregates 
formed by the hydrophobic groups, as revealed by the SANS analysis 
(Table 6 and Figure 9). Although more work will be needed to extract an 
unambiguous quantitative picture, these findings point to the im-
portance of the synthetic process, and in particular the delicate role of 
the molecular composition of the pentablocks in the properties of the 
resulting hydrogels. 

Next, we discuss the temperature and pH dependence of the viscoe-
lastic properties of HG4 (Figures 5 and 6). Although an increase in tem-
perature from 25 to 41 °C has a mild impact on the high-frequency re-
gime, or small length scales, the low- frequency region (0.01−0.1 rad/s) 
is remarkably affected, with the material response prone to change 
from viscoelastic solid to viscoelastic liquid. Specifically, this can be ob-

served when the loss factor (tan(δ) = G″/G′) approaches unity (Figure 
5) and, equivalently, the low-frequency response is characterized by 
self-similar moduli (i.e., parallel with respect to frequency) with a power-
law exponent of about 0.2 (Figure 6). In fact, this only happens at a pH 
value of 6.5. When the pH is 7.4, a change in temperature has no 
noticeable effect on the rheological properties of HG4 (Figure S16, SI). 
This can be explained as follows: PEO is temperature-sensitive,37 since at 
higher temperatures, it dehydrates and becomes hydrophobic. At pH = 
7.4, the strength of hydrogel depends mainly on the fibrils of the poly-
peptide blocks, which are not affected by the temperature. At lower pH 
values, the polypeptide fibril network is loose or even collapsed, and 
thus, the responsive- ness of PEO to temperature affects the rheolog-
ical properties of the hydrogel (Figure 6). At higher temperatures, PEO 
aggregates, the organization of the fibrils weakens further, and eventually 
the hydrogel collapses (see also Table 7). Hence, HG4 displays pH de-
pendence and thermo-responsiveness at the same time. The distinct 
viscoelastic behavior between 37 and 41 °C (Figure 5) renders this 
specific system highly suitable for drug delivery applications, and par-
ticularly for applications aiming at cancer treatment due to the narrow 
window of temperature responsiveness. 

The effect of pH on the linear viscoelastic response at 37 °C is much 
more evident than the thermal effect at constant pH. As the pH varies 
from 6.5 to 7.4 the elasticity of the system increases by almost 1 order of 
magnitude (see tan(δ) in Figure 5, right). The reason lies on the fact that 
the change of the secondary structure of the polypeptide blocks, due to 
the alteration of pH, makes the hydrogel stronger at pH = 7.4, where we 
have a combination of the β-turn conformation of PHis and α-helices 
of PGLG. HG1 also exhibits temperature responsiveness between 25 and 
37 °C, without a change of pH (SI, Figure S15). For this hydrogel, 
due to its smaller molecular dimensions (Figure 3), dehydration of 
PEO is much stronger at the same temperature, affecting the rheological 
properties substantially. 

Figure 7 demonstrates the self-healing ability of hydrogel HG4 at T = 
37 °C. In particular, it shows two sequential dynamic time sweep (DTS) 
tests at a frequency of 1 rad/s and different strain amplitudes: (i) γ0 = 
200% in the strongly nonlinear regime, where the gel yields (breaks) 
immediately (at about 0.2 s), a test often called rejuvenation with even-

tually constant moduli and G″ > G′ (over a duration of 300 s here). 
(ii) γ0 = 0.1% in the linear regime, to assess the reversibility of the 

viscoelastic properties, i.e., recover of the solid-like behavior (G′ > G″) 
of the hydrogel, which is a measure of the so-called self-healing. We ob-
serve here that although the exact original values of the moduli are re-
covered at about 5 s, subsequently, they drop and remain smaller than 
the original values at the onset of the first test (by about a factor of 2 

for G′ and a factor of 6 for G″) after about 50 s, while always G′ > G″. 

We attribute this to the possible effect of tool inertia when 
switching the strain amplitude from 200 to 0.1% and the possibility that 
the sample was expelled from the geometry during the large-amplitude 
oscillatory shearing (something that could be not readily checked with 
the sealing fluid and covered geometry), as well as the possibly different 
organization of this metastable hydrogel. Nevertheless, we would like to 
emphasize that the nonideal experiment provides convincing evidence of 
the self-healing ability of the (abruptly) yielded HG4 hydrogel, which in-
stantly transforms into a viscoelastic solid immediately upon cessation 
of the imposed large-amplitude oscillatory shear. 

Small-Angle Neutron Scattering. Scattering cross sections are reported 
in Figures 8 and 9. In the first plot (Figure 8), data for hydrogels HG1, 
HG2, HG3, HG4, HG6, and HG7 at pH = 7.4 measured at 37 °C are 
shown (HG5 and HG8, which do not form or form very weak gels, were 
not investigated). For HG4, which has been proved to show the highest 
linear rheological regime, a temperature scan from 37 to 60 °C was 
carried out, with the pH kept constant at 6.5: in this case, the cross 
sections are displayed in Figure 9. 

Inspection of the plots reveals that it is possible to distinguish two 
main Q regions in the trend of the cross sections: 

(i) A region at a medium−high Q (Q > 7 · 10−3 Å−1), 
where a “shoulder” is present. This signal arises from the 
scattering of the hydrophobic domains of the hydrogels 
that are organized into micelles or micellar aggregates. In 
this case, due to the molecular structure, hydrophilic PEO 
chains act either as a bridge connecting two “adjacent” ag-
gregates or folds on the same aggregate (the so-called 
“loop”), depending on the physicochemical conditions, 
such as concentration, temperature, pH, etc.  
This Q region represents the “boundary” under which the 
Guinier regime of the aggregates is observed. On the other 
hand, going toward high Q values, the scattering signal de-
creases by some decades and the incoherent contribution 
coming from the hydrogel molecular composition, as well 
as from the solvent, becomes relevant. 

(ii) A region at a low Q (Q < 7 · 10−3 Å−1), where the scatter-
ing cross section scales with a power law, i.e., dΣ/dΩ ∝ Q–

p , showing the fractal behavior of the gel. network at this 
length scale. High intensities suggest high internal stresses 
in the hydrogel. 

The trend qualitatively described is typical of the hydrogels,38 where 
a hierarchical organization occurs, consisting of several characteristic 
length scales, although the Q range embraced in the present case by the 
SANS measurements may give an overview of the structure only over a 
length scale between ≅10 Å and 0.3 μm, anyway well below the resolu-
tion limit of the SEM images (∼100 nm). In this regard, the micellar ag-
gregates may be considered as “primary particles”, which represent, in 
turn, the basic units forming the gel network at larger length scales, whose 
appearance is well visible from SEM images (Figure 4). The gel organi-
zation can be thus suitably described through the concept of fractal, de-
composing the total cross section in the sum of the scattering arising from 
the different length scales. 

For these kinds of structures, the unified model developed by Beau-
cage is very appropriate to extract structural parameters of the hierar-
chical arrangement of the gel.39 In this approach, each structural level 
is described by a Guinier power law and an associated power law regime. 
Theoretical cross sections for an n-level structure may be described as 
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where Rgi(<Rgi+1) represents the radius of gyration of the i-th structure 
level contributing to the total cross section and pi is the exponent with 
which the cross sections scale, according to the fractal dimension. Finally, 
(dΣ/dΩ)incoh is the incoherent contribution to the scattering cross sec-
tion. In eq 1, it is assumed that the levels are separated in Q, with no over-
lap between two different levels, a condition which is most of the time 
fulfilled. 

In the Q range of the systems under investigation, since n = 2 and tak-
ing into account that the Guinier regime for the upper level falls in the 
ultra-SANS (USANS) domain, we have Q·Rg2 >> 1, so the equation may 
be simplified as  
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Equation 2 corresponds to the application of Beaucage’s formalisms 
to our system, which, in a general manner, may be expressed by eq 1. Ac-
cording to this formalism, in a system having a hierarchical arrangement, 
like that of a gel, each structural level is described by a Guinier term and 
a power law term. The first term represents the scattering behavior in the 
region where Q (the modulus of the scattering vector) is comparable to 
or smaller than the inverse of the gyration radius Rg of the scattering 
structure, whereas the second term describes the cross sections in the re-
gion where Q·Rg > 1, where cross sections scale with a power law whose 
exponent is p. The terms G and B represent the proportionality factors 
having a dependence on the volume fraction of the gel. 

Equation 2 was fitted to the experimental cross sections to get struc-
tural information through the analysis of extracted parameters, which are 
reported in Tables 6 and 7. It is interesting to start the analysis with sys-
tems measured at a constant temperature (37 °C, Figure 8). Here, the 
most noticeable feature is the position of the shoulder at intermediate Q 
values, which shows consistent variations: the highest values are ob-
served for systems HG1 and HG2, whereas for the other hydrogels, there 
is a comparable shifting at lower Q values. The second prominent feature 
is represented by the power laws observed in the intermediate- and low-
Q regions, as indicated by dashed lines in Figure 8. Given the expected 
structural organization of the hydrogel, it is reasonable to assume that the 
primary particles as spheroidal or elongated particles having a rough sur-
face and thus behaving as a surface fractal, whose scattering cross section 
scales as (dΣ/dΩ) ∝ Q–(6-ds),40 where ds is is the surface fractal dimension, 
40 which is connected to the slope p1. In turn, the gel network at larger 
distances, formed by “clusters” of primary particles, is expected to be a 
mass fractal, whose dimension dm gives the compactness of the network 
and coincides with the exponent p2 of the power law found in the low-Q 
region (dΣ/dΩ) ∝ Q–dm,40. 

Linking Structure and Dynamics. We now attempt to combine the re-
sults from SANS, SEM, and rheology to assess the investigated hydrogels 
in a consistent way. The above analysis of the results may be rationalized 
in terms of the molecular structure: this latter ultimately influences the 
aggregate architecture, which is responsible for the gel properties. To fa-
cilitate the analysis, it is profitable to discuss in detail the systems where 
one parameter at a time has changed. Thus, a comparison between the 
systems HG1, HG2, and HG3 may reveal the effect of increasing the 
length of the PEO chains along with the results in Figures 3 and 4. On the 
other hand, a comparison between HG3 and HG6 gels may provide in-
sights into the effect of increasing the length of the hydrophobic block 
PHis-co-PBLG. Finally, the comparison of the systems HG3, HG4, and 
HG7 is important to elucidate the effect of the length of the Lys chains. 
However, before discussing the experimental results, it should be 

emphasized that the comparisons have to be nevertheless managed care-
fully since other parameters, such as temperature and pH, may strongly 
affect the gel properties and, inevitably, here, we chose to examine only a 
certain range. 

Analysis of gels HG1, HG2, and HG3 reveals that an increase in 
PEO chain length increases the size of the primary aggregates, whose gy-
ration radius displays a tendency to larger values. While from HG1 to 
HG2 the step is not observable due to the overweight of the two outer 
blocks, in the last step to HG3, a change is clearly visible. This is an ex-
pected behavior because of the increase of the molecular size, in agree-
ment with the enhanced apparent porosity (Figure 3) and approach to 
terminal relaxation (Figure 4) of HG3. This characteristic is also clear 
from the Q shifting of the position of the shoulder in Figure 8. The results 
listed in Table 6 show that the length of PEO does not affect sensibly the 
compactness of the hydrogels at large length scales since the fractal di-
mension of the network is comparable for all three systems. More inter-
esting is the decrease of the scattering due to the gel network, which is 
visible at a low Q. Here, to show in a better way the cross sections of all of 
the systems, data have been multiplied for different scale factors. Taking 
into account such factors, it is apparent that the cross-section values de-
crease going from HG1 to HG3, if compared at the same (low) Q value. 
This is even more apparent for HG3 as well as easily detectable by a direct 
comparison of the B2 pre-factor listed in Table 6. In fact, the concentra-
tion of the block copolymer is constant for all of the systems and if larger 
particles are formed at the nanoscopic level, these particles are more “di-
luted” at larger length scales, which means that the network will be ex-
pected to appear “looser” with better self-healing properties. This re-
sult is supported by the rheology results discussed above (Figure 4), 
which indicate that HG1 gel is the strongest hydrogel compared to 
HG2 and HG3 (with HG4, they are the strongest gels investigated). 
A tighter gel network as observed in terms of rheology, as for HG1, 
although with smaller primary   aggregates   in   terms   of   radius   of   
gyration,  could influence the arrangement at the micrometer length scale 
as observed in terms of the SEM images. Indeed, the comparison of SEM 
images in Figure 3 suggests that from HG1 to HG3, the dimension 
(effective cavity size) of the network increases. 

The comparison between HG3 and HG6 systems may allow getting 
insights into the effect of the hydrophobic block PHis- co-PBLG on the 
gel structure: for HG6, the length of this block is doubled, but inspection 
of Table 6 shows that this results only in a slight increase of the aggregate 
size, from ≅100 to ≅105 Å, anyway well above the statistical uncertainty 
affecting the data. Because of a larger hydrophobic part, we speculate 
that the gel HG6 has primary aggregates with a higher aggregation 
number of PHis-co-PBLG molecules, even if a very small  increase  in  Rg1    

suggests  that  possibly  the  shape  of  such particles in HG6 is somehow 
elongated, rather than spheroidal. This finding suits our expectations due 
to the large extent of PEO chains that in many cases promote, through 
interchain repulsion,41 the formation of aggregates with a larger packing 
factor, leading to the formation of cylindrical or worm-like micelles in 
HG6. The ability to relax internal stresses is diminished. 

We now discuss the effects of increasing the length of the external PLys 
chain, as done in HG3, HG4, and HG7 (where the number of repetitive 
units goes from 60 and 120 up to 180 units) in conjunction with the SEM 
results of Figure 3. The size of the primary aggregates is within the 
experimental uncertainty for HG3 and HG4 gels, ≅(100 ± 1) Å, reducing 
up to 93 Å. An increase in the hydrophilic/hydrophobic balance   could   
reduce   the   driving   force   of   the   aggregate formation and possibly 
also the shape of the primary particles. Actually, the circular dichroism 
measurements have shown a different behavior for HG7 in comparison 
to HG3 and HG4. The peak at ≅200 nm in Figure 1 should be 



 

progressively more intense as soon as the relative number of Lys in-
creases: HG7 shows indeed a lower and quite flat signal, which could sug-
gest a different conformation of the PLys chains, due to their large length. 
Furthermore, the formation of the gel network has different characteris-
tics, as shown by the unusual slope with which the cross sections scale in 
the low-Q region. A possible influence of these findings is found at the 
micrometer (large) length scale, where HG7 exhibits the largest cavities 
(Figure 3) supporting its liquid-like appearance. 

The presence of long chains of PLys, each repeating unit of which car-
ries a free amino group capable of being protonated at acidic pH, has 
suggested studying the hydrogel behavior at lower pH values and at 
different temperatures, to have insights into the resistance of the 
structure. Thus, HG4 has been studied at pH 6.5 and at tempera-
tures in the range of 37−60 °C (see also Figures 5 and S16). 
Inspection of Figure 9 suggests that the trend of scattering cross sec-
tions is similar to those observed for the other gels and that the higher is 
the temperature, the less pronounced is the scattering from primary 
particles. This is also evident from the analysis of the parameters in 
Table 7. Although the dimension of the primary aggregates slightly in-
creases with temperature, going from   ≅96   to   104   Å,   the   scattering   
contribution   of   such structures decreases drastically when the tem-
perature increases. It is well known42 that increasing the temperature 
makes the PEO blocks more hydrophobic promoting in parallel the 
expulsion of hydration water. This leads to higher aggregation numbers 
(thus to higher dimensions of the aggregate), but, because of this be-
havior, to primary aggregates which have on average a higher correlation 
distance, being more “diluted” in the gel network, and making it weaker 
but increased relaxation abilities for internal stresses. This agrees again 
with the rheology results (Figure 5), showing that for the sample HG4 at 
pH 6.5, the gel becomes weaker with the increase of temperature, as well 
as the SEM results (Figure 3), showing a change in porosity. It has also 
to be noted that a change in pH could provide significant changes in the 
particle shapes: in particular, the formation of more curved aggregates 
should be expected, although this cannot be evidenced from the analysis 
of the cross-sectional trend in the high- concentration regime used to 
prepare gel systems.43 

Conclusions 

A series of well-defined amphiphilic linear pentablock hybrid polypep-
tides of the ABCBA type were synthesized using precise chemistry, where 
A is PLys, C is PEO, and B is PHis-co- PBLG block. The chain lengths of 
the blocks were varied, to obtain hydrogels with different viscoelastic 
properties. The synthesis of the polymers yielded a novel extrudable in 
situ forming and very quickly self-healing hydrogel with responsive- ness 
to triple stimuli, namely, pH, temperature, and enzymes. Interestingly, it 
was found that the temperature responsiveness occurs only under lower-
pH conditions. This is very critical for the directional and targeted deliv-
ery of cargo from the hydrogel toward cancer tissues in drug delivery ap-
plications since these tissues have lower pHs and higher temperatures. 
These characteristics render the hydrogel appropriate for a wide gamut 
of bioapplications, such as drug delivery, 3D printing (self-healing prop-
erty), and tissue engineering. It was revealed that any change in the com-
position of the polymers can affect the rheological and structural proper-
ties of these hydrogels. The secondary structure of the polypeptide 
blocks plays a critical role in the rheological behavior of the hydrogel. The 
combination of precise chemistry with multifunctional materials leads to 
unique responsive versatile hydrogels, which can be used as a possible 
platform to facilitate advanced biomedical applications. Our present sys-
tematic comparative investigation revealed that hydrogel HG4 is the op-
timum for the specific drug delivery application: under the same condi-
tions of pH and temperature, it possesses a high-plateau modulus to 

ensure coherence, as well as large yield strain and fast recovery, allowing 
easy handling, for exchange during the injection process. These features 
are similar to those of HG1, which however is less sensitive to tempera-
ture in the range of 37−41 °C at the same pH, due to the main difference 
of these two hydrogels and the total molar fraction of hydrophobic blocks 
(39 and 59% for HG1 and HG4, respectively, see Tables 1 and 3). Future 
work will investigate the possibility of incorporation of anticancer drugs 
into these hydrogels and further utilization as drug delivery systems. 
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FIGURES 

 

Figure 1. Circular dichroism spectra of the synthesized polymers. 

 

Figure 2. Biodegradation of hydrogel HG4 by (a) LAP at 24 h and (b) trypsin at 1 h of incubation at 37 °C. 
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Figure 3. Scanning electron microscopy images of hydrogels at pH = 7.4 when the pH value is not mentioned 

 

 

Figure 4. Frequency-dependent storage G′ (solid symbols) and loss G″ (open symbols) moduli for the hydrogels HG1, HG2, and HG3 (left) and 
HG4, HG5, and HG6 (right). Experiments were performed at T = 25 °C, pH = 7.4, and strain amplitude 0.5% for HG1 and HG6, and 0.1% for 

HG2, HG3, HG4, and HG5. Lines are a guide to the eye. The apparent slight increase of G′ in HG1 with decreasing frequency reflects equilibration 
issues. 
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Figure 5. Left: Frequency-dependent storage G′ (solid symbols) and loss G″ (open symbols) moduli for the hydrogel HG4 at 25 °C (squares), 37 °C 
(triangles), and 41 °C (diamonds) at pH = 6.5. Right: loss factor tan(δ) = G″/G′ at pH = 7.4 and 6.5 at 37 °C. The strain amplitude was 0.1% for all of the 
temperatures. The slope of 0.2 indicates the apparent power-law exponent at 37 and 41 °C. Lines are a guide to the eye 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Frequency-dependent storage G′ (solid symbols) and loss G″ (open symbols) moduli for the hydrogel HG4 at 37 °C and pH = 7.4 (right-
pointed triangles) and pH = 6.5 (top-pointed triangles). The strain amplitude was fixed to 0.1%. Lines are a guide to the eye. 

 

 
 

Figure 7. Experimental procedure to determine the self-healing ability of hydrogel HG4 at pH = 7.4 and T = 37 °C. It involves two 
sequential tests: (i) Dynamic time sweep depicting the storage G′ (black symbols) and loss G″ (red symbols) moduli as a function of 
time at a strain amplitude of 200% and oscillatory frequency ω =  1 rad/s (strongly in the nonlinear regime) for a duration of 300 s, 
where the hydrogel yields a liquid at about 0.2 s and the moduli remain eventually constant with G″ > G′. (ii) Dynamic strain sweep 
follows immediately with a strain amplitude of 0.1% (within the linear viscoelastic regime), ω = 1 rad/s for 3000 s. It instantly leads to 
hydrogel reformation with G′ > G″; hence, it provides evidence of self-healing (see text for details). 
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Figure 8. Scattering cross sections obtained at 37 °C for the samples reported in the legend. Gel HG4 has been measured at pH = 7.4. For a better 
visualization, data have been multiplied for a scale factor, as indicated. Black solid lines have been obtained through fitting of eq 2 to the experimental 
data 

 

 
Figure 9. Scattering cross sections obtained for sample HG4 at pH = 6.5 and at several temperatures as reported in the legend. For a better visualization, 

data have been multiplied for a scale factor, as indicated. Black solid lines have been obtained through fitting of eq 2 to the experimental data. 
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SCHEMES 

 
 

Scheme 1. Synthetic Route for the Hybrid Polypeptides of the Type PLys-b-(PHis-co-PBLG)-PEO-b-(PHis-co-PBLG)-b-PLys 
  



 

 

14

TABLES 

 

Table 1. Molecular Characteristics of the Synthesized Polymers prior to Deprotection with Varying Middle PEO Block 

 

Hydrogel/Sample Mn central block 
(PEO) · 10-3 (g/mol)* 

Mn triblock Phis-co-
PBLG/PEO/total · 

10-3 (g/mol)* 

Mn protected pen-
tablock · 10-3 

(g/mol)* 

Mn external PLys · 10-

3 protected (g/mol) 
D * 

HG1 5.95 48.0/5.95/53.9 81.3 27.4 1.09 

HG2 10.0 48.0/10.0/58.0 85.4 27.4 1.10 

HG3 20.0 48.0/20.0/68.0 95.4 27.4 1.12 

 

* Obtained by SEC-TALLS in DMF with 0.1 N LiBr at 60 °C. 

 

 

Table 2. Molecular Characteristics of the Synthesized Polymers prior to Deprotection with Varying Two Hydrophobic Blocks PHis-co-PBLG 

 

Hydrogel/Sample Mn central block 
(PEO) · 10-3 (g/mol)* 

Mn triblock Phis-co-
PBLG/PEO/total · 

10-3 (g/mol)* 

Mn protected pen-
tablock · 10-3 

(g/mol)* 

Mn external PLys · 10-

3 protected (g/mol) 
D * 

HG3 20.0 48.0/20.0/68.0 95.4 27.4 1.12 

HG5 20.0 24.1/20.0/44.0 71.6 27.5 1.10 

HG6 20.0 95.8/20.0/115.7 143.2 27.5 1.12 

 

* Obtained by SEC-TALLS in DMF with 0.1 N LiBr at 60 °C. 

 

 

Table 3. Molecular Characteristics of the Synthesized Polymers prior to Deprotection with Varying Two Hydrophilic External Blocks Poly(L-lisine) 

 

Hydrogel/Sample Mn central block 
(PEO) · 10-3 (g/mol)* 

Mn triblock Phis-co-
PBLG/PEO/total · 

10-3 (g/mol)* 

Mn protected pen-
tablock · 10-3 

(g/mol)* 

Mn external PLys · 10-

3 protected (g/mol) 
D * 

HG3 20.0 48.0/20.0/68.0 95.4 27.4 1.12 

HG4 20.0 47.9/20.0/67.8 122.6 54.8 1.13 

HG7 20.0 48.0/20.0/68.0 150.1 82.1 1.14 

 

* Obtained by SEC-TALLS in DMF with 0.1 N LiBr at 60 °C. 

 

 

Table 4. Molecular Characteristics of the Synthesized Polymers prior to Deprotection with Varying Two Hydrophobic Blocks PHis-co-PBLG 

 

Hydrogel/Sample Mn central block 
(PEO) · 10-3 (g/mol)* 

Mn triblock Phis-co-
PBLG/PEO/total · 

10-3 (g/mol)* 

Mn protected pen-
tablock · 10-3 

(g/mol)* 

Mn external PLys · 10-

3 protected (g/mol) 
D * 

HG1 5.95 48.0/5.95/53.9 81.3 27.4 1.09 

HG8 5.95 48.0/5.95/53.9 136.1 82.1 1.15 

 

* Obtained by SEC-TALLS in DMF with 0.1 N LiBr at 60 °C. 
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     Table 5. Specific activity of LAP and Trypsin for HG4 

Sample Specific activity LAP 

(s-1 mg hydrogel-1) 

Specific activity Trypsin 

(s-1 mg hydrogel-1) 

HG4 9.7x10-6 ± 4.12x10-6 

 

0.395 ± 2.1x10-4 

 

 

 

 

Table 6. Microstructural Parameters Obtained through the Fitting of Eq 2 to the Experimental Data. HG4 refers to the system at pH 7.4. 

System 

2

5
2

1

10

cm Å p

B



  2p  

1

1
1

10

cm Å p

B



 1

1cm

G
  1

Å
gR

 
1p   incoh

1

dΣ dΩ
100

cm

HG1 4.8±0.6 2.75±0.02 0.82±0.06 15.5±0.4 62.0±0.2 3.78±0.17 11.67±0.09 

HG2 2.7±0.4 2.80±0.03 0.32±0.04 5.6±0.3 62.3±0.5 3.72±0.12 5.33±0.08 

HG3 0.8±0.3 2.79±0.06 1.062±0.016 12.4±0.5 99.7±0.9 3.63±0.04 8.86±0.06 

HG4 4.0±0.7 2.66±0.03 1.07±0.04 3.0±0.3 100.2±0.9 2.69±0.03 6.78±0.05 

HG6 6.1±1.0 2.71±0.03 1.32±0.06 12.0±0.9 104.9±0.7 3.18±0.03 10.06±0.09 

HG7 0.17±0.06 3.44±0.06 2.53±0.06 16.2±1.1 93.9±0.7 3.19±0.12 14.73±0.13 

 

 

Table 7. Microstructural Parameters Obtained for the System HG4 at pH = 6.5 and at Different Temperatures through the Fitting of Eq 2 to the 
Experimental Data 

 

°C

T

 
2

6
2

1

10

cm Å p

B




 

2p  
1

1
1cm Å p

B


 

1
1cm

G


 

1

Å
gR

 
1p   inc

1

dΣ dΩ
100

cm

37 6.0±0.7 3.14±0.02 0.280±0.003 1.0±0.4 95.9±0.8 2.31±0.02 10.33±0.07 

41 2.8±0.4 3.26±0.02 0.291±0.003 0 98.0±0.8 2.29±0.02 10.32±0.08 

43 2.0±0.2 3.305±0.019 0.285±0.003 0 98.2±0.8 2.172±0.010 10.11±0.06 

45 1.7±0.2 3.33±0.02 0.282±0.003 0 97.4±1.5 1.985±0.012 10.30±0.07 

60 1.30±0.19 3.35±0.02 0.234±0.003 0 104±2 1.854±0.015 7.63±0.09 

 


