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A B S T R A C T   

The focus of this work is on the characterization of hydrophobically-modified polyethylene glycol hydrogels, to 
be used as drug delivery systems, by means of the combined used of rheology and low field Nuclear Magnetic 
Resonance. Indeed, these two techniques allowed understanding how the transient physical bonds deriving from 
hydrophobic association superimpose to the pre-existing covalent bonds. We found that the improvement of 
physical bonds can be achieved not only by increasing the content of hydrophobic segments but also by using 
thermal treatments after hydrogel preparation. Moreover, we proved the reliability of an overall interpretative 
model linking the dependence of the shear modulus and the average magnetic relaxation time. Finally, we 
proposed a new mathematical approach for the determination of the magnetic relaxation spectrum. This 
approach reduced the computational heaviness of the procedure and allowed to easily discern the different 
contributes nested in the overall magnetic relaxation spectrum, an aspect that the traditional approach cannot 
provide directly.   

1. Introduction 

Hydrogels are defined as three-dimensional chemically and/or 
physically cross-linked hydrophilic polymeric networks that are capable 
of imbibing up to thousands of times their dry weight in water or bio-
logical fluids. Chemically cross-linked hydrogels feature a network of 
covalent bonds. In physically crosslinked hydrogels the network is 
formed through non-covalent interactions, e.g. hydrogen bonding, ionic 
interactions or hydrophobic association (Akca et al., 2020; Larrañeta 
et al., 2018). Their popularity was increased since the original work on 
synthetic crosslinked 2-Hydroxyethyl methacrylate (HEMA) hydrogels 
was carried out by Lim and Wichterle in the late 1950s (Wichterle and 
Lím, 1960). Due to their typically nontoxicity and high biocompatibility, 
hydrogels are particularly common in the field of life sciences and have 
various applications in engineering (Volpert et al., 1996, Volpert et al., 
1998). Moreover, they can be manufactured with a variety of different 
structural features and physicochemical properties, which have been 
widely adopted to prepare “smart” or “intelligent” hydrogels as a depot- 
based drug delivery system to treat various diseases (Gupta et al., 2002; 

Kopecek, 2009). Indeed, hydrogels can be tailored to be sensitive to 
different environmental conditions, such as temperature, pH, and 
enzymatic activities in diseased tissues (Singh and Lee, 2014). However, 
despite the possibility to fine-tune hydrogels properties, there are some 
drawbacks which include their brittle nature (Akca et al., 2020, 
Miquelard-Garnier et al., 2006; Abdurrahmanoglu et al., 2009) and the 
modest loading capacity with hydrophobic drugs (Larrañeta et al., 
2018). The first aspect depends on their very low resistance to crack 
propagation due to the lack of an efficient energy dissipation mechanism 
in the gel (Ahagon and Gent, 1975; Brown, 2007; Creton, 2017). The 
second regards the fact that hydrogels devoted to drug delivery have 
been typically designed to carry hydrophilic drugs rather than hydro-
phobic drugs (Pillai et al., 2014; McKenzie et al., 2015). However, the 
possibility of releasing hydrophobic drugs is becoming an important 
aspect in current pharmaceutical treatment (Gong et al., 2003; Fahr and 
Liu, 2007). Indeed, it is sufficient to remind that many drugs are very 
lipophilic since they are supposed to exert their pharmacological action 
at or in biological membranes/membrane-associated proteins. Poor 
water solubility is reported in 40% of the marketed drugs and in 60% of 
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the compounds in research and development (Fahr and Liu, 2007). 
Different strategies were described in literature to effectively create 
dissipative mechanisms (Gong et al., 2003; Tanaka et al., 2005; Oku-
mura and Ito, 2001; Haraguchi and Takehisa, 2002; Ceylan and Okay, 
2007) and incorporate hydrophobic drugs within hydrogels (McKenzie 
et al., 2015; Fahr and Liu, 2007). Among them, hydrophobic interactions 
created by the incorporation of hydrophobic segments into hydrophilic 
polymer chains draw particular attention as these interactions provide a 
hydrogel with both permanent and reversible junctions with excellent 
mechanical performance (Gholap et al., 2004; Cram et al., 2005). 
Moreover, the presence of amphiphilic macromolecules highly improves 
the compatibility of hydrogels with hydrophobic compound (McKenzie 
et al., 2015). These amphiphilic polymers are usually defined as 
“hydrophobically-modified (HM) hydrogels”. They are often block co-
polymers containing hydrophilic poly(ethylene glycol) (PEG) segments 
and hydrophobic blocks such as poly(D,L-lactide), poly(D,L-lactide-co- 
glycolide), or poly(ε-caprolactone) (McKenzie et al., 2015). In some 
cases, non-polymeric lipophilic moieties such as stearoyl, oleoyl or 
deoxycholic groups have been employed (Han et al., 2022; Park et al., 
2020). Most of these block polymers are not chemically crosslinked. 
Their aqueous dispersions display a liquid or a solid-like behavior 
depending on concentration, temperature, pH, etc. A transition from the 
liquid to the solid state (sol–gel transition) is observed in these systems 
when the extensive association of hydrophobic groups triggers physical 
crosslinking. 

Recently (Bignotti et al., 2021) we reported on HM hydrogels ob-
tained by reacting amine and epoxy monomers. The hydrophilic blocks 
were PEG and, though to a lesser extent, poly(propylene glycol) (PPG). 
The hydrophobic blocks were C18 alkyl segments that were incorporated 
in the network using octadecylamine (ODA), a lipophilic amine recently 
used in liposomes to improve the bioavailability of poorly water-soluble 
drugs (Lee 2020) and in gene delivery systems to enhance their trans-
fection ability (Vhora et al., 2018). Such systems feature both chemical 
and physical crosslinks. Being chemically crosslinked, contrary to 
common HM hydrogels, they invariably display a solid behavior in 
aqueous media. In our previous work we showed that, by changing the 
content of hydrophobic segments, it is possible to tune the extent of 
physical crosslinking, and consequently their mechanical properties, 
swelling and thermo- pH-sensitive behavior. 

In this work, representing the continuation of our previous work 
(Bignotti et al., 2021), we investigate the fine tunability of these HM 
hydrogels more deeply by combining the rheological and the low field 
Nuclear Magnetic Resonance (LF-NMR) characterizations. Relaying on 
these two techniques, we could study the effect of ODA chains increase 
(they promote hydrophobic interactions) on both the macro (mechani-
cal/rheological characteristics) and nano (mesh size distribution) 
hydrogel characteristics. Indeed, both of them are very important as-
pects for what concerns the hydrogel use in the drug delivery field 
(Grassi et al., 2007). 

2. Material and methods 

2.1. Hydrogel synthesis 

Details on the synthesis and of the HM hydrogels were reported in 

Bignotti et al. (Bignotti et al., 2021). Briefly, the starting monomers were 
poly-(ethylene glycol)diglycidyl ether (PEGDE), Jeffamine M600 
(JM600), Jeffamine D400 (JD400), and ODA. JM600 and JD400 are 
PPG oligomers bearing one and two terminal amino groups, respec-
tively. The monomers were mixed at 80 ◦C, in the absence of solvents, 
then the mixture was poured into the cavities of silicone molds and 
crosslinked at 80 ◦C for 45 h. Bar-shaped specimens (2 × 7 × 90 mm3) 
were obtained, which were purified by swelling in 2-propanol and 
finally equilibrated in NaCl 0.1 M. 

By using different amounts of ODA in the feed mixture, HM hydro-
gels with different degrees of hydrophobicity were synthesized. The 
hydrophobicity of the polymeric network can be expressed using two 
parameters: the percentage by weight of ODA (ODA%) or the equivalent 
fraction f of ODA in the feed mixture: 

f = eqODA/(eqODA + eqJM600) (1) 

where eqODA, and eqJM600 are the number of aminic hydrogens 
deriving from ODA and JM600, respectively. Eq.(1) makes clear that the 
higher f, the higher the concentration of C18 alkyl segments undergoing 
hydrophobic association in aqueous media and consequently the ex-
pected degree of physical crosslinking. Hydrogels with five compositions 
were considered in this study (Table 1). 

In addition, three hydrogels (HM0-50, HM24-50, HM24-70) all charac-
terized by f = 0, were prepared using a modified procedure. After the 
purification step, they were heated at 50 ◦C for 48 h. HM0-50 underwent 
no further thermal treatment. By contrast, HM24-50 underwent further 
24 h heating at 50 ◦C while and HM24-70 underwent further 24 h at 70 ◦C. 
Indeed, our aim was to evaluate the effect of ODA and temperature on 
hydrophobic associations. The polymer volume fraction before purifi-
cation (i.e. in the crosslinking conditions) was νp0 = 0.5. The polymer 
volume fraction after purification (νp) (equilibrium condition – T =
25 ◦C) was evaluated relaying on the hydrogel swelling ratio (with 
respect to crosslinking conditions). 

2.2. Rheological tests 

Rheological characterization was carried out at 25 ◦C using an ARES 
G2 (TA Instrument) rheometer equipped by a parallel plate device with a 
diameter of 25 mm. The rheological tests were performed under oscil-
latory shear conditions. Strain sweep tests ensured that for all the 
examined samples, the linear viscoelastic range exceeded the deforma-
tion (1.3% for HM0 and 2% for the other gels) adopted in the execution 
of the Frequency sweep tests, carried out in the frequency range 
0.1–100 Hz. For each gel, the test was repeated three times. Frequency 
sweep tests were interpreted by the generalized Maxwell model as 
detailed in refs (Coviello et al., 2022; Staltari et al., 2022): 

G’ = Ge +
∑n

i=1
gi

(λiω)2

1 + (λiω)2; λi = ηi

/

gi (2)  

G’’ =
∑n

i=1
gi

ωλi
1 + (λiω)2 (3) 

where G’ and G’’ are, respectively, the storage (or elastic) and the 
loss (or viscous) moduli, ω (=2πf; f = frequency) is pulsation and n is the 
number of the Maxwell elements considered. gi, ηi and λi represent, 
respectively, the spring constant, the dashpot viscosity and the relaxa-
tion time of the ith Maxwell element while Ge is the spring constant of the 
last Maxwell element which is supposed to be purely elastic. The 
simultaneous fitting of eq.(2) and (3) to experimental G’ and G’’ data 
was performed assuming that relaxation times (λi) were scaled by a 
factor of 10 as this approach proved to be better than letting gi and λi to 
freely vary (Staltari et al., 2022). Based on a statistical procedure, 
(Draper and Smith, 1966) n was selected in order to minimize the 
product χ2 * (2 + n), where χ2 is the sum of the squared errors. 

Starting from Flory’s theory (Flory, 1953), the polymeric network 

Table 1 
Composition of the feed mixtures employed in the preparations of HM 
hydrogels.  

Sample f(-) ODA 
(wt%) 

PEGDE (wt%) JM600 (wt%) JD400 (wt%) 

HM0 0 0  47.1 42.4  10.5 
HM0.25 0.25 4.8  50.2 33.8  11.2 
HM0.5 0.5 10.3  53.6 24.1  12.0 
HM0.75 0.75 16.5  57.6 13.0  12.9 
HM1 1 23.9  62.2 0  13.9  
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crosslink density ρx (defined as moles of junctions between different 
polymeric chains per gel unit volume) can be determined from the 
elastic shear modulus G (sum of all gi plus Ge, (Pasut et al., 2008)) by: 

G = Ge+
∑n

i=1
gi (4)  

ρx =
(
G
RT

)(
νp
νp0

)2
3

(5) 

where R is the universal gas constant, T is absolute temperature, νp0 
is the polymer volume fraction before purification (i.e. in the cross-
linking conditions, νp0 = 0.5) while νp is the polymer volume fraction 
after purification. 

Finally, the equivalent network theory (Schurz, 1991) allows eval-
uating the average network mesh size ξ according to: 

ξ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

6/πρxNA
3
√

(6) 

where NA is the Avogadro number and (1/(NAρx)) is the spherical 

volume competing to each cross-link. 

2.3. LF-NMR characterization 

The extinction of x-y component of the magnetization vector MXY 
was measured by means of a Bruker Minispec MQ20 (0.47 T, 20 MHz, 
Germany) according to the CPMG sequence 
(Carr–Purcell–Meiboom–Gill) (Meiboom and Gill, 1958; Abrami et al., 
2018a) sequence {90◦[-τ-180◦-τ(echo)]k-TR} with a 8.36 μs wide 
90◦pulse, τ = 250 μs and TR (recycle delay) equal to 10 s (see Supporting 
Information for further details on the CPMG sequence). k represents the 
number of experimental echoes and it is (approximately) related to the 
experimental test duration, Td, by Td = (2τ)*k = (2τ) k’*(1 + A), where 
k’ is the number of recorded echoes and A is the number of not recorded 
echoes. Thus, k = k’*(1 + A). The try and error procedure adopted to 
choose k’ (≤1000) and A (≤21) ensured that at the end of the experi-
ment (t = Td) the MXY intensity (FID or Is(t)) was about 2% of the initial 
intensity. Consequently, the time interval (Td/k’) for data acquisition is 
equal to 2τ*(1 + A), and it can differ from sample to sample in reason of 
the different k’ and A considered to get the desired Td. Each relaxation 
experiment, composed by k’ points, was repeated 36 times (four scans 
for each of the 9 repetitions performed on the same sample). Each 
sample was realized in cylindrical form in order to fit the glass tube 
(internal diameter 0.008 m) that could be sealed by a proper plastic top 
just after sample insertion. Then, the glass tube was maintained at 25 ◦C 
for, about, ten minutes before measuring. Finally, it was rapidly inserted 
in the MQ20 sample holder positioned just above the magnetic field. 

Experimental FID reduction (indicated by Is(t)) can be evaluated 
according to the Whittal approach (Whittal and MacKay, 1989): 

I(t) =
∫T2max

T2min

a(T2)exp
{

−
t
T2

}

dT2 (7) 

where t is time (spanning from 0 to Td), T2 is the spin–spin or 
transverse relaxation time (Brownstein and Tarr, 1979) and I(t) is the 
theoretical FID intensity. T2max (=104 ms) and T2min (=1 ms) indicate, 
respectively, the lower and upper values that T2 can assume, a(T2) is the 
unknown amplitude of the spectral component at the relaxation time T2 

while exp{-t/T2} represents the decay term. In order to fit the experi-
mental MXY time decay (Is(t)) by eq.(7), and to get the T2 distribution (Ai- 
T2i), where the unknowns Ai are given by the product ai(T2i)*△T2i), the 
following discretization was applied (Whittal and MacKay, 1989): 

I(t) ≈
∑N

i=1
aie

{

− t
T2i

}

(T2i+1 − T2i) =
∑N

i=1
Aie

{

− t
T2i

}

(8) 

where the range of the T2 distribution (T2min – T2max) was logarith-
mically subdivided into N = 200 parts (higher N values were unnec-
essary). Ultimately, the adoption of eq.(8) implies the iterative 
determination of the N unknowns Ai, usually a heavy computational 
task. In order to speed up the iterative procedure, in this paper we 
propose a new way to determine the unknown Ai distribution. This 
approach consists in assuming that Ai distribution can be properly 
described by a sum of Weibull distributions (Tenchov and Yanev, 1986) 
so that eq.(8) becomes:   

where Bj, δj, ηj and T2min-j are the four fitting parameter competing to 
each one of the NW Weibull distributions considered. In so doing, the 
fitting parameters turn out to be 4*NW, a much smaller unknowns 
number with respect to the 200 considered in eq.(8). The idea for this 
new approach comes from our previous findings (Turco et al., 2011; 
Coviello et al., 2013; Staltari et al., 2022), indicating that the sum of 
Weibull distributions was able to properly fit the continuous relaxation 
time distribution obtained by the traditional approach (eq. (8)). This, 
induced us to directly embody the sum of Weibull equations inside eq. 
(8) to get eq. (9). We have never tried to adopt other basis functions in 
place of the Weibull one but we feel that if the adopted distribution were 
not mathematically powerful, the output (distribution of relaxation 
times) should depend on the chosen distribution. This aspect, of course, 
deserves further studies. In this paper, as later on discussed, we find a 
perfect agreement between the traditional approach (eq. (8)) and the 
new one here proposed (eq. (9)). The determination of NW was per-
formed according to the statistical procedure (Draper and Smith 1966) 
described in section 2.1 (Rheology). Briefly, eq. (9) was fitted to 
experimental data considering only one Weibull distribution (NW = 1; 4 
fitting parameters) and recording the corresponding χ2

s (see eq. (12)). 
Then, data fitting was repeated assuming 2 Weibull equations (NW = 2, 8 
fitting parameters) and recording the new value of χ2

s− 2. If 8*χ2
s− 2 < 4*χ2

s , 
the use of two Weibull equations was statistically necessary. This pro-
cedure stopped when (4*NW)*χ2

s− NW
≥ (4*(NW-1))*χ2

s− NW − 1. 
On the basis of eq. (8), the average relaxation time (T2m) and the 

average value of the relaxation time inverse ((1/T2)m) can be defined by: 

T2m =
∑N

i=1
AiT2i

/
∑N

i=1
Ai;

(
1
T2

)

m
=

∑N

i=1

Ai
T2i

/
∑N

i=1
Ai (10) 

The percentage fraction (Ai%) of dipoles relaxing with the relaxation 
time T2i can be evaluated by: 

Ai% = 100Ai/
∑N

i=1
Ai (11) 

Because of the noise disturbing the measure of Is, the fitting pro-
cedure must not minimize the χ2 statistic, but a smoothed definition 

I(t) =
∑N

i=1

[
∑j=Nw

j=1
Bj*(

2δj
ηj
)*(2

T2i − T2min− j

ηj
)
δj − 1*EXP(− (2

T2i − T2min− j

ηj
)
δj )

]

e

{

− t
T2i

}

(9)   
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(Whittal and MacKay, 1989) of it (χ2
s ): 

χ2
s =

∑N

i=1

(
Is(ti) − I(ti)

σi

)2

+ μ
∑N− 2

i=1
|Ai+2 − 2Ai+1 + Ai|2 (12) 

where σi is the ith datum standard deviation, μ is the weight of the 
smoothing term (second summation in eq. (12)) proposed by Provencher 
(Provencher, 1982). Although different criteria can be used to determine 
μ, the strategy proposed by Wang (Wang and Ni, 2003) was applied. 
Based on this strategy, the correct μ value is that occurring just below the 
heel (slope variation) of the function ln(χs) vs ln(μ). In this work, μ = 150 
was determined. 

The T2 distribution can be transformed into hydrogel mesh size 
distribution resorting to one of the fundamental relations of the low- 
field NMR field. This relation, based on the solution of the magnetiza-
tion diffusion equation proposed by Brownstein and Tarr (Brownstein 
and Tarr, 1979), establishes the link between (1/T2)m and the ratio of 
the surface (S) of the dispersed/solubilized substances in the sample and 
the volume (V) of the sample water molecules: 
(

1
T2

)

m
=

1
T2H2O

+
S
V

M =
1

T2H2O
+M

2

ξ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
C0
C1

1− 0.58νp
νp

√ (13) 

where T2H2O is the bulk protons relaxation time (i.e. the water proton 
relaxation time in the absence of polymer, the so-called free water 
relaxation time (see Appendix)), C0 and C1 are two constants depending 
on mesh size architecture (C0 = 1 and C1 = 3π for a cubical network) 
while M (length/time) is a physical parameter, named relaxivity. It 
represents the effect of the polymer chains surface on water protons 
relaxation being the ratio between the thickness and the relaxation time 
of the bound water layer adhering to the solid surface. Eq.(13), stating 
that (1/T2)m depends on (S/V), clearly establishes the relation between 
the relaxation time and the spatial organization of the sample network 
that heavily affects the S/V ratio (Chui et al., 1995). Usually, in poly-
meric solutions, crosslinking induces a spatial reorganization of the 
polymeric chains that involves the increase of the ratio S/V (Abrami 
et al., 2019a; Kopač et al., 2022). This, in turn, reflects in the increase of 
(1/T2)m and in the decrease of T2m. 

As the Fiber-Cell (Chui et al., 1995) and the Scherer (Scherer, 1994) 
theories allow to express the ratio (S/V) as a function of νp and ξ (see the 
third term in eq.(13)), eq.(13) permits to get a direct relation between 
mesh size and relaxation time (Abrami et al., 2018b; Mezzasalma et al., 
2022): 

ξi = ξ

((
1
T2

)

m
− 1

T2H2O

)

(
1
T2i

− 1
T2H2O

) (14) 

where T2i is the relaxation time of water protons trapped inside 
meshes of size ξi. 

Thus, eq.(8) or eq.(9) fitting to experimental MXY decay (Is(t)) allows 
determining the relaxation spectrum (Ai% - T2i), whereas eq.(14) allows 
the conversion of the time relaxation spectrum into the mesh size 
relaxation spectrum (Ai% - ξi). Notably, eq.(14) rigorously holds only in 
the fast-diffusion regime, i.e. when the mobility of water molecules, 
expressed by their self-diffusion coefficient D, is large as compared to the 
rate of magnetization loss, identifiable with (Rc*M ), i.e., Rc*M /D ≪ 1, 

where Rc is defined by (Chui et al., 1995): 

Rc =
Rf
̅̅̅̅̅νp

√ (15) 

being Rf the radius of the polymeric chain assumed to be a long 
cylinder. Due to the typical values of Rc (order of magnitude 10− 8 m), D 
(order of magnitude 10− 9 m2/s at 25 ◦C (Holz et al., 2000)) and M (order 
of magnitude 10− 5 – 10− 8 m/s) (Kopač et al., 2022, De’Nobili et al., 
2015; Halib et al., 2014), fast-diffusion regime is always well attained in 
the case of hydrogels. 

2.3.1. Water self-diffusion coefficient 
In order to study water mobility inside the gel network, pulsed 

gradient spin echo (PGSE - see “Supporting information” for further 
details on this sequence) measurements were performed at 25 ◦C. The 
applied sequence consisted in the classical echo sequence with two equal 
gradient pulses (of length δm = 1 ms) occurring at x1 = 1 ms and x2 = 1 
ms after the 90 and 180◦ pulses, respectively. The time separation, 
indicated by △ (≈ τ-x1 - δm + x2), is related to the water molecule 
diffusion time (td) according to td = (△ - δm/3). The determination of the 
moving species self-diffusion coefficient was led fitting the following 
equation to experimental data (Skirda et al., 1999): 

At =
∑Np

i=1
A0ie− q

2 tdDwi ; q = γgδm; A0 =
∑p

i=1
A0i (16) 

where At and A0 are, respectively, the measured amplitude of the 
signal at the echo with and without applied gradient, γ is the proton 
gyromagnetic ratio, g is the known magnetic field gradient while A0i are 
the fractions of protons characterized by a self-diffusion coefficient Dwi. 
In the case of a homogeneous system, of course, the summation limits to 
the first term (p = 1) as all the protons are characterized by the same self- 
diffusion coefficient. Also in this case, Np was determined minimizing 
the product χ2 *2Np where χ2 is the sum of the squared errors and 2Np 
represents the number of fitting parameters (A0i, Dwi) of eq.(16) (Draper 
and Smith, 1966). 

Finally, network tortuosity, τo, could be evaluated as the ratio be-
tween the average water self-diffusion coefficient inside the network 
and the free water self-diffusion coefficient at 25 ◦C (DH2O ≈ 2. 30*10− 9 

m2/s (Holz et al., 2000)) (Latour et al., 1993; Latour et al., 1995). 

3. Results 

Fig. 1-A shows that when ODA is absent, sample HM0 is character-
ized by an evident gel behavior as G’ and G’’ are pulsation (ω) inde-
pendent and G’ is more than two orders of magnitude higher than G’’. 
Consequently, the average value of tanδ (=G’’/G’) is statistically equal 
to zero ((5.2 ± 5.7)*10− 3). 

The increase of ODA equivalent fraction (f) clearly implies the in-
crease of both G’ and G’’ with a more marked effect on G’’ as proved by 
the increase of the average tanδ values (see Table 2). Interestingly, this 
increase is linearly correlated with f, being the Pearson correlation co-
efficient close to one (see Table 2). This behavior can be explained 
remembering that as hydrophobic interactions do not give origin to 
permanent chemical crosslinks but to labile transient bonds, statistically 
speaking, on average, only a fraction of them works as elastic connectors 
determining the G’ increase (Lapasin and Pricl, 1995). On the contrary, 
the complementary fraction should be associated to dissipative mecha-
nisms promoting G’’ increase. Thus, G’ increase witnesses the simulta-
neous increase of chemical and statistically permanent physical 
crosslinks (reflecting the increase of the overall crosslink density and the 
decrease of the average mesh size see Table 3). On the contrary, G’’ 
increases indicates the increase of physical interactions among chains 
that cannot give origin to elastically active “zones”, but interaction 
“zones” allowing a hindered, relative motion of interacting chains (or 
portion of chains). The increase of tanδ implies that ODA increase 

Table 2 
Dependence of the average tanδ value with the ODA equivalent fraction f 
referring to the data shown in Fig. 1. r is the Pearson correlation coefficient.  

Sample f(-) tanδ ± SD Pearson correlation coefficient 
r = 0.997, p = 10− 4 

HM0 0 (5.2 ± 5.7)*10− 3 

HM0.25 0.25 0.16 ± 0.035 Linear interpolant  

tanδ = (0.51 ± 0.02)*f + (0.015 ± 0.012) 
HM0.5 0.5 0.26 ± 0.054 
HM0.75 0.75 0.39 ± 0.11 
HM1 1 0.53 ± 0.14  

M. Abrami et al.                                                                                                                                                                                                                                



International Journal of Pharmaceutics 637 (2023) 122882

5

preferentially promotes the growth of these labile interaction zones. 
Fig. 1A and B clearly indicate that the generalized Maxwell model 

(eq.(2) and (3)) can properly fit our experimental data (as also proved by 
the Ftest – see Table 3) and it allows to evaluate the shear modulus (G – 
eq.(4)), the crosslink density (ρx – eq.(5)) and the average mesh size (ξ – 
eq.(6)) as reported in Table 3. The inspection of Table 3 reveals that four 
Maxwell elements are needed to fit our experimental data and that the 
shear modulus (G) increases with ODA equivalent fraction (f). Conse-
quently, f increase reflects in the reduction of the average mesh size ξ 
that undergoes an order of magnitude reduction passing from f = 1 to f 
= 0. 

Fig. 1C, showing the mechanical spectrum referring to the HM0-50 
sample, indicates that heating implies a considerable increase of both G’ 
and G’’ with respect to the “native” HM0 sample (Fig. 1A) that did not 
undergo heating. Interestingly, however, the increase of G’ is more 
pronounced than the G’’ one as also proved by the small value of tanδ 
((15.4 ± 2.7)*10− 3). Thus, the effect of heating is not completely 
equivalent to the effect of ODA increase. However, also in the case, HM0- 

50 sample shows the typical behavior of a strong gel and the generalized 
Maxwell model. 

(eq.(2) and eq.(3)) proved to properly fit its mechanical spectrum 
(solid lines in Fig. 1C) as also witnessed by the Ftest score (see Table 3). 

While LF-NMR represents a powerful tool to study the spatial orga-
nization of solid substances (polymeric chains, in our case) in a hydro-
genated liquid, it is essential to know the relaxation of which hydrogens 
we are following, i.e. those of the polymeric chains or those of the hy-
drogenated liquid (water, in our case). Indeed, as far as we know, two 
main approaches exist in literature to characterize the structure of a 
polymeric network by means of LF-NMR. 

The first one is that looking at the relaxation of polymer chains hy-
drogens (Saalwachter, 2003; Mauri et al., 2008; Saalwachter et al., 
2013), while the second one focusses on the relaxation of water hy-
drogens trapped inside the network (Brownstein and Tarr, 1979; Chui 
et al., 1995; Scherer, 1994). In the light of our expertise/equipment, we 
pursued the second characterization strategy. Thus, we conceived an 
experiment implying hydrogels immersion in deuterated water (D2O) 
for increasing times. Due to the substitution of the H2O molecules con-
tained in hydrogel by the external D2O, the initial FID intensity has to 
decrease with immersion time as we cannot detect the D2O signal being 

characterized by a very different Larmor frequency with respect to 1H. 
Thus, after a sufficient long immersion time, FID intensity should go to 
zero unless we record also the relaxation of hydrogens belonging to 
polymer chains. Accordingly, we evaluated the ratio R between FID 
intensity after different immersion times and FID intensity before im-
mersion as depicted in Fig. 2 for different systems. It is evident that R 
decreases for all the considered systems and, after 96 h immersion, it 
gets zero. This evidence witnesses that, in our experimental setup, we 
could follow only the relaxation of the water hydrogens. The fact that, at 
the beginning, R is not 100 for all systems is simply due to different 
signal amplification adopted for the different systems in order to opti-
mize each measurement. Similarly to what seen for the rheological 
characterization, also LF-NMR is able to detect the effect of f increase as 
depicted in Fig. 3. Indeed, it can be seen that f increase reflects in a faster 
and faster relaxation process that takes, about, 104 ms when f = 0 while 
it decreases of more than one order of magnitude when f = 1. 

This behavior simply indicates that f increase implies a variation of 
the S/V ratio, this being connected to a variation of the hydrogel 
nanostructure as found by means of the rheological characterization. In 
addition, it can be seen that eq.(8) (solid lines of Fig. 3) is able to 
perfectly fit the experimental data whatever the f value (circles in 
Fig. 3). In order to get deeper information from the LF-NMR charac-
terization, Fig. 4 reports the outcomes of eq.(8) and (9) best fitting in 
terms of relaxation spectrum (Ai% vs T2i) referring to system HM0. 
Firstly, it is worth underlying that the relaxation spectrum deriving from 
eq.(8) (circles of Fig. 4) is practically coincident with that competing to 
eq.(9) considering two Weibull equations (solid line of Fig. 4) as sug-
gested by the statistically procedure explained in section 2.3. Notably, 
this perfect agreement was found for all the studied systems, thus 
proving the reliability of the hypothesis on which eq.(9) relies, i.e. the 
possibility to describe the magnetic relaxation spectrum as the sum of 
one, or more, Weibull equations. This represents a considerable 
advantage since the use of eq.(9) not only allows to speed up a lot the 
fitting procedure, but it permits also to immediately discern the different 
contributes nested in the overall magnetic relaxation spectrum (solid 
line in Fig. 4), an aspect that eq.(8) cannot provide. 

Indeed, it is evident that the magnetic relaxation spectrum exceeds 
3634 ms, the maximum relaxation time of free water at 25 ◦C and 20 
MHz (see Appendix for further considerations on the free water 

Table 3 
Parameters relative to the generalized Maxwell model (eq.(2) and (3)) best fitting to the experimental data shown in Fig. 1A, B, C. Ge and gi, are the spring constants 
while λ1 is the relaxation time of the first Maxwell element. G is the shear modulus, ρx is the crosslink density, νp is the polymer volume fraction and ξ is the average 
mesh size of the polymer network. Ftest indicates the result of the F statistic test relative to each data fitting.   

HM0 HM0.25 HM0.5 HM0.75 HM1 

λ1(s) (2.5 ± 1.6)*10− 3 (1.6 ± 0.09)*10− 3 (1.2 ± 0.08)*10− 2 (1.2 ± 0.08)*10− 2 (1.4 ± 0.1)*10− 2 

Ge (Pa) 899 ± 238 5133 ± 425 12558 ± 414 11268 ± 388 22765 ± 275 
g1 (Pa) 76 ± 43 2956 ± 184 13974 ± 504 28464 ± 1233 133937 ± 5958 
g2 (Pa) – 2879 ± 116 13529 ± 423 28460 ± 1000 106941 ± 4229 
g3 (Pa) 2.76 ± 2.65 1325 ± 62 7438 ± 356 20571 ± 898 24125 ± 1803 
g4 (Pa) 6.1 ± 2.1 208 ± 14 1103 ± 82.3 4230 ± 313 3264 ± 313 
G (Pa) 984 ± 242 12503 ± 481 48123 ± 859 92993 ± 1891 92993 ± 212 
Ftest F(6,25,0.95) < 28.5 F(6,25,0.95) < 984 F(6,25,0.95) < 1139 F(6,25,0.95) < 721 F(6,25,0.95) < 2907 
νp(-) 0.038 0.104 0.193 0.252 0.365 
ρx (mol/cm3) (7.1 ± 1.7)*10− 8 (1.7 ± 0.07)*10− 6 (1.0 ± 0.02)*10− 5 (2.4 ± 0.05)*10− 5 (9.5 ± 0.15)*10− 5 

ξ (nm) 35.4 ± 2.9 12.1 ± 0.16 6.7 ± 0.04 5.1 ± 0.04 3.2 ± 0.03       

HM0-50 

λ1(s) (9.0 ± 0.6)*10− 3 

Ge (Pa) 5239 ± 2053 
g1 (Pa) 130 ± 7 
g2 (Pa) 196 ± 6 
g3 (Pa) 85 ± 3 
g4 (Pa) 90 ± 10 
G (Pa) 6000 ± 2053 
Ftest F(6,25,0.95) < 164 
νp(-) 0.079 
ρx (mol/cm3) (7.1 ± 2.4)*10− 7 

ξ (nm) 16.5 ± 2.0  
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relaxation time T2H2O). This apparent paradox can be explained 
supposing that part of the water present in system HM0 is embedded in 
the polymeric network (81% in volume, dashed line – first Weibull) 
while the other part is external to the network (19%, dotted line – second 
Weibull) (see Fig. 4). The reasonability of this statement is proved by the 
position and the wideness of the two peaks (dashed and dotted line in 
Fig. 4). The peak associated to the outer, or, free water (dotted line) 
spans in the range 2200 – 4400 ms, i.e. a range very similar to that of free 

water (see Appendix). In all other hydrogels, the presence of external 
water was not detected as shown in Fig. 5. Indeed, the position of the 
two peaks characterizing the magnetic relaxation spectra of hydrogels 
characterized by f > 0, is well below that of the free water one (around 

Fig. 1. Mechanical spectra referring to A) hydrogels HM0, HM0.25, HM0.5B) 
HM0.75, HM1 and C) HM0-50. While ω indicates pulsation, elastic (G’) and 
viscous (G’’) moduli are represented by circles and squares, respectively. Solid 
lines show the generalized Maxwell model best fitting (eq.(2)-(3)) and vertical 
bars indicate datum standard error. 

Fig. 2. Reduction of the ratio R between FID intensity at t = 0 and after sample 
immersion in deuterated water up to time t. 

Fig. 3. FID reduction (I(t)) referring to hydrogels HM0 (f = 0), HM0.25, (f =
0.25), HM0.5, (f = 0.25), HM0.75 (f = 0.75) and HM1 (f = 1). Circles indicate 
experimental data while solid lines represent eq. (8) best fitting. 

Fig. 4. Magnetic relaxation spectrum (Ai% vs T2i) referring to sample HM0 (f =
0) and descending from the use of eq. (8), circles, and eq. (9), solid line. Dashed 
and dotted lines represent, respectively, the water contained inside (81% in 
volume) and outside (19% in volume) the polymeric network. 
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Fig. 5. Magnetic relaxation spectrum (Ai% vs T2i) referring to the samples 
characterized by different equivalent ODA fraction: HM0 (f = 0), HM0.25, (f =
0.25), HM0.5, (f = 0.25), HM0.75 (f = 0.75) and HM1 (f = 1). 

Fig. 6. Mesh size distribution (Ai% vs ξ) referring to the samples characterized 
by different equivalent ODA fraction: HM0 (f = 0), HM0.25, (f = 0.25), HM0.5, (f 
= 0.25), HM0.75 (f = 0.75) and HM1 (f = 1). 

Fig. 7. Water self-diffusion coefficient (Dw) vs the diffusion time (td) referring 
to hydrogels HM0 (circles), HM0.5 (squares) and HM1 (diamond). Solid line 
indicates the free-water self-diffusion coefficient (25 ◦C, 20 MHz) while vertical 
bars indicate standard deviation. 

Fig. 8. FID reduction (I(t)) referring to hydrogels HM0 (f = 0), HM0-50, (f = 0), 
HM24-50, (f = 0) and HM24-70 (f = 0). Circles indicate experimental data while 
solid lines represent eq. (8) best fitting. 

Fig. 9. Magnetic relaxation spectrum (Ai% vs T2i) referring to the samples 
characterized by different thermal treatment and the absence of ODA (f = 0): 
HM0, HM0-50, HM24-50, and HM24-70. 

Fig. 10. Experimental (circles) and theoretical (solid line, eq.(17) fitting) 
relation existing between the shear modulus G and the average value of the 
inverse of the relaxation time ((1/T2)m) for the studied hydrogels. Vertical bars 
indicate data standard error. (HM0-50: G = 6000 Pa, νp = 0.0793; ((1/T2)m =

8.83*10− 4 ms− 1). 
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3000 ms – see Appendix). Interestingly, f increase implies the shifting of 
both peaks towards smaller relaxation times, this witnessing a change in 
the S/V ratio that, in turn, is connected to a variation of the network 
architecture (see eq. (13)). In addition, the appearance of the second 
peak indicates the formation of a heterogeneous structure where two 
main families of relaxing hydrogens can be found. 

As in the pivot hydrogel (HM0, f = 0) the second peak is not present, 
we have to conclude that hydrophobic interactions promote also a 
moderate (the second peak represents about 4%-6%) heterogeneity of 
the polymeric network. 

Relaying on eq. (14), it is possible giving a more precise physical 
meaning to these considerations. Indeed, eq. (14) allows converting the 
magnetic relaxation spectrum reported in Fig. 5 into the corresponding 
mesh size distributions shown in Fig. 6. Looking at Fig. 6, the effect of f 
variation can be interpreted as the reduction of the network mesh size 
and the formation of “big” (those competing to the most evident peak) 
and “small” (those competing to the smaller peak) meshes. The 
description of the network three-dimensional organization can be fur-
therly enriched by evaluating the water self-diffusion coefficient (Dw) in 
three representative hydrogels, i.e. HM0, HM0.5 and HM1. Fig. 7 shows 
that whatever td, Dw is substantially constant for all the three hydrogels, 
this simply implying that all the meshes are interconnected, i.e. there are 
not network zones that cannot be accessed by water molecules. Indeed, 
should the majority of the meshes be not interconnected, Dw will 
continuously decrease with td (Latour et al., 1995). This finding is also 
supported by Fig. 2 showing that D2O molecules have access to all the 
network meshes. Indeed, they can completely replace all the H2O mol-
ecules. In addition, eq. (16) fitting to the experimental data (At/A0 vs q2 

– see supporting information) reveals that only one principal diffusion 
mode exists inside the network (Np = 1; water), i.e. the diffusion of our 
molecular probe (water molecules) is equally hindered whatever its 
position in the network. 

This means that our probe is diffusing in a homogeneous environ-
ment, a conclusion that is not in contrast with the network heterogeneity 
revealed by relaxation data (Figs. 5 and 6). Indeed, as previously 
noticed, the heterogeneous zones represent a small fraction (4%-6%) of 
the whole hydrogel volume. Coherently, however, the higher f, the 
lower Dw, this translating in an increased network tortuosity with f (τo- 

HM0 = 1.22; τo-HM0.5 = 1.36 and τo-HM1 = 2.12). This conclusion perfectly 
agrees with the reduction of mesh size with f determined by means of the 
rheological and LF-NMR characterization previously discussed. 

Once the effect of ODA equivalent fraction (f) increase on the poly-
meric network topology has been clarified, it is interesting to look at the 
effect of the thermal treatment on the network connectivity. At this 
purpose, three additional hydrogels were considered. The first consisted 
in the pivot hydrogel (HM0) that was heated at 50 ◦C (HM0-50) for 48 h 

Fig. A1. FID (I(t)) decay dependence on the time separation τ between the 90 
and 180 pulses of the CPMG sequence in the case of Milli-Q water at 25 ◦C and 
20 MHz. 

Fig. A2. Relaxation spectra corresponding to the three decay curves depicted 
in Fig. A1. 

Fig. A3. Effect of τ increase on the displacement of the peak (white circles) and 
the two extremes (black circles) competing to the three distributions reported in 
Fig. A2. Solid lines represent the linear interpolants. 

Fig. A4. Effect of smoothing factor increase (μ = 1, 10, 102, 103 and 104) on the 
water relaxation time distribution (lines) fixing τ = 0.25 ms, 25 ◦C and 20 MHz. 
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after purification, the second underwent further 24 h hours heating at 
50 ◦C (HM24-50) and the last underwent additional 24 h heating at 70 ◦C 
(HM24-70). The effect of the different thermal treatment is reported in 
Fig. 8 where the FID decay referring to these three systems is depicted. It 
is clear that the more intense the thermal treatment, the faster the 
magnetic relaxation process. 

Also in the case of these new hydrogels, eq. (8) and eq. (9) best fitting 
to FID reduction provided identical results and the same magnetic 
relaxation spectrum. In addition, Fig. 9 stresses the similitude existing 
between the effect of the thermal treatment and the f increase. 

Thus, the thermal treatment plays an effect not dissimilar to that 
played by f increase, i.e. it favours the hydrophobic interactions whose 
increase leads to a more interconnected network. It is interesting to 
remember that the thermal treatment caused hydrogel shrinking so that 
the LF-NMR characterization was performed after the removal of the 
expelled water. Indeed, also the thermal treatment gives origin to a two 
peaks magnetic relaxation spectrum whatever the thermally treated 
hydrogel considered. Moreover, the improvement of the thermal treat-
ment implies the shifting of both peaks towards smaller relaxation times, 
similarly to what observed in the case of f increase. It is worth 
evidencing that when f = 0, no C18 hydrophobic segments are present, 
but only PPG and PEG blocks. Concentrated aqueous solutions of PEG- 
PPG-PEG triblock copolymers, known as poloxamers, display a liquid 
behavior at low temperature but form a gel when heated above a critical 
temperature, due to the aggregation of individual chains, formation of 
micelles and eventually of a three-dimensional physical network (Rey- 
Rico and Cucchiarini, 2018). This aggregation occurs because the PPG 
blocks progressively become dehydrated and less soluble as the tem-
perature increases (Grinberg et al., 2018). Therefore, the effect of 
thermal treatment observed in the hydrogels with f = 0 can be explained 
by assuming that at room temperature the PPG blocks are hydrated and 
not prone to hydrophobic association. 

However, when these hydrogels are heated at 50◦-70 ◦C, the PPG 
segments lose their hydration water and undergo extensive hydrophobic 
association, resulting in a magnetic relaxation spectrum shifted towards 
smaller times. A second effect of heating is the reduction of the volume, 
and consequently of the water content. As highlighted by Bignotti and 
co-workers (Bignotti et al., 2021), if f increases, the water content of HM 
hydrogels decreases. Therefore, an increase in temperature or f causes a 
volume reduction in both cases as physical crosslinks are increased. It is 
well-known that the higher the crosslink density of a polymeric network 
the lower its tendency to expand due to water absorption. 

It is also interesting performing a check on the combined use of 
rheology and LF-NMR. At this purpose, combining eq.(4)-(6) and eq.(13) 
it is possible expressing the shear modulus (G) dependence on ((1/T2)m): 
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(17) 

where the only fitting parameter is the relaxivity M . Eq.(17) fitting 
to experimental data depicted in Fig. 10 is statistically reliable (F 
(1,5,0.95) < 21) and yields to M = (5.34 ± 0.2)*10− 9 m/s. This value is 
a little bit smaller with respect to those characterizing other polymeric 
systems (10− 5 − 10− 8 m/s) (Kopač et al., 2022; De’Nobili et al., 2015; 
Halib et al., 2014). However, it is well known that M is strictly depen-
dent on the polymer surface chemistry and this is the first attempt to 
evaluate M for these polymers. The internal consistency of the LF-NMR/ 
Rheology approach represents a very encouraging and strong point for 
the reliability of mesh size evaluation according to eq.(14). Indeed, as 
nicely documented by Amsden (Amsden 1998; Amsden 2022), a precise 
knowledge of mesh size is essential for the determination of the drug 
diffusion coefficient inside a polymeric network. Diffusion coefficient, in 
turn, highly affects the drug release kinetics when diffusion is the 

leading mass transport phenomenon (Grassi et al 2007). Interestingly, 
although much more complex situations could be considered, Abrami 
and co-workers (Abrami et al, 2019b) proposed a simple, but meaningful 
way to establish a direct connection between the mesh size distribution 
from eq.(14) and the drug diffusion coefficient inside a polymeric 
network. 

4. Conclusions 

In this work we demonstrated the potentiality of the combined used 
of rheology and LF-NMR for the characterization of hydrophobically- 
modified PEG hydrogels. Indeed, these two techniques allowed under-
standing how the transient physical bonds deriving from hydrophobic 
association superimpose to the pre-existing covalent bonds. Interest-
ingly, we found that the improvement of physical bonds is not only due 
by an increase of the content of hydrophobic segments but also by more 
intense thermal treatments that determine the shrinking of the previ-
ously formed hydrogel. However, the rheological characterization re-
veals that thermal treatment and ODA increase are not perfectly 
equivalent as the thermal treatment seems to be more efficient in 
increasing network elasticity. All in all, these are a very important as-
pects as the combination of network hydrophobicity and thermal 
treatment allow to fine-tune hydrogel properties in term of mesh size 
and interaction with hydrophobic drugs, whose loading in hydrogel, 
usually, is not an easy task. Moreover, it was possible to determine not 
only the gels macroscopic properties (mechanical and magnetic relax-
ation spectra) but also their nanoscopic properties via the determination 
of the mesh size distribution, a very important aspect for all the 
hydrogels devoted to controlled drug delivery (Abrami et al., 2019a). 
Interestingly, we also proved the reliability of the overall interpretative 
model represented by eq. (17) despite the numerous simplifying hy-
potheses connected to the theoretical interpretation of the rheological 
and LF-NMR data. Thus, at least for our hydrogels, we can conclude that 
G and ξ could be also evaluated on the basis of the magnetic relaxation 
spectrum of water molecules trapped in the network meshes. However, 
we feel that eq. (17) should not hold when structurally complex poly-
meric networks, characterized by the presence of pendant chains, 
branches, loops and so on, are considered. Indeed, in these cases, the 
approximation of polymer chains by long cylinders (as requested by the 
Fiber-cell and Scherer theories) does not seem reliable. 

Finally, we propose a new mathematical approach for the determi-
nation of the magnetic relaxation spectrum. This approach not only 
reduces a lot the computational heaviness of the procedure, but it allows 
also to easily discern the different contributes nested in the overall 
magnetic relaxation spectrum, an aspect that the traditional approach 
cannot provide. 
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Appendix A 

It is well known (Melzi, 2020) that the magnetic relaxation time 
depends on the time separation (τ) between the 90 and 180 pulses of the 
CPMG sequence. In particular, τ decrease corresponds to the increase of 
the relaxation time. As this effect becomes more and more important in 
the case of samples characterized by high relaxation times, its deter-
mination requires particular care when dealing with water, the sub-
stance characterized by the highest relaxation time in the field of water 
based systems such as hydrogels. 

In order to frame this effect, Fig. A1 reports the water FID decay 
corresponding to three increasing values of τ. It is qualitatively evident 
that τ increase implies a faster relaxation process as proved by the lower 
and lower intercept of the I(t) curve on x axis. The analysis of the three 
decay curves by means of eq.(8) allows to quantify their differences in 
terms of the relaxation spectra as depicted in Fig. A2. It is clear that τ 
increase reflects in the shifting of the whole distribution towards lower 
relaxation values. In order to quantify this aspect, Fig. A3 reports the 
displacement of the distribution peak jointly with the displacement of its 
initial and final point, i.e. the minimum and maximum relaxation time 
corresponding to Ai% = 0. It can be seen that both peak and extremes 
position increase almost linearly with τ decrease. 

Thus, we can say that the real distribution spectrum, i.e. that cor-
responding to τ = 0, spans from 2546 ms to 3634 ms and shows its peak 
at 3022 ms. This is the reason why we decided to assume the upper point 
of the distribution as the free water relaxation time, T2H2O = 3634 ms, at 
25 ◦C (20 MHz). Unfortunately, we have to remark that the situation is 
more complex than we have discussed insofar. Indeed, distribution 
broadness depends also on the value of the smoothing factor (μ, eq.(12)) 
adopted to determine the distribution itself. Just as an example, Fig. A4 
shows the variation of the water relaxation spectrum assuming five 
different μ values. We can see that while peak position is not substan-
tially affected by μ variation, distribution broadness increases with μ. 

Consequently, while the extrapolation of peak position to τ = 0 holds 
whatever μ, the distribution wideness should be evaluated for every μ. 
However, at least in the case of polymeric hydrogels, we found that the 
optimal μ value according to Wang (Wang and Ni, 2003) spans in be-
tween 100 and 300. In this range, the considerations performed for μ =
150 hold as the distribution wideness remains substantially unchanged 
as suggested by Fig. A4. 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijpharm.2023.122882. 
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