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Abstract 

The focus of this paper is on the theoretical interpretation of Low Field Nuclear Magnetic Resonance (LF-
NMR) data regarding hydrogels architecture and on the most interesting applications of LF-NMR presented 
by this research group at the 6

th
 IAPC Symposium held in Zagreb (HR) on September 2017. Particular 

attention is devoted to the determination of the mesh size distribution of gels polymeric network and the 
determination of the pore size distribution of microporous systems such as scaffolds, bones, and porous 
gels. In addition, we report on a very recent application of LF-NMR for monitoring lung functioning in 
patients suffering from chronic pulmonary diseases like cystic fibrosis. The main findings of this work 
consist in providing a very simple and accurate approximation of a general theory devoted to evaluating 
the relation existing among four fundamental polymeric network parameters, i.e. the polymer volume 
fraction inside the hydrogel, mesh size, hydraulic radius, and the radius of the cylinder ideally embedding 
each polymeric network chain. Furthermore, we demonstrated the potentiality of LF-NMR in the 
characterization of different polymeric systems among which the sputum of patients suffering from chronic 
pulmonary diseases appears the most innovative application for its simplicity, rapidity, effectiveness, and 
potential impact in the everyday clinic. 
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Introduction 

Despite the widespread use of high-field nuclear magnetic resonance (7 – 37 T) for the study of chemical 

structures, low-field nuclear magnetic resonance (LF-NMR; 0.37 – 2.4 T) is quite uncommon. Nevertheless, 

the fundamental works of Brownstein and Tarr [1,2], Mitra et al. [3], Torrey et al. [4], and Chui et al. [5] 

clearly demonstrated the potentiality of LF-NMR for the study of different materials. Accordingly, LF-NMR 

finds interesting applications in many fields like food chemistry. For instance, Hills et al. [6] explored water 

distribution in skimmed milk and apple, Aroulmoji et al. [7] investigated the hydration properties of 

aqueous sugar solutions, and De’Nobili et al. [8] delved pectin/alginates films for the release of ascorbic 

acid in agar hydrogels mimicking food materials. Moreover, LF-NMR proved to be very useful in 
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determining the size distribution of oil droplets in oil-water emulsions [9,10], an important aspect for 

different kinds of edible creams like mayonnaise. At the same time, LF-NMR resulted to be an extremely 

important characterization tool in the petroleum industry as it may be applied not only to predicting the 

viscosity of crude oils and crude oil emulsions [11] but also to profitably evaluating the pores size 

distribution of the rocks containing petroleum [12-14]. The capability of estimating the pore size 

distribution rendered LF-NMR a valuable approach also in the biomedical field. Indeed, many authors 

employed LF-NMR to characterize bones [15-18], a very particular porous material, while Grassi et al. [19] 

and Fiorentino et al. [20] focussed on the characterization of polymeric scaffolds for tissue engineering. 

Finally, Abrami et al. [21] dealt with a very new application of LF-NMR concerning the characterization of 

expectorate of patients affected by chronic pulmonary diseases like cystic fibrosis (CF). 

Undoubtedly, however, one of the most common LF-NMR applications regards the characterization of 

hydrogels whose three-dimensional architecture is able to affect water hydrogens magnetic relaxation. For 

example, Ghi et al. [22] studied the architecture of PHEMA hydrogels, Barbucci et al. [23] considered 

hyaluronan-based hydrogels, Hietalahti et al. [24] investigated the crosslinking in unsaturated polyester 

solutions, Brand et al. [25] focussed on the gel point determination of gelatin, Dobies et al. [26] explored 

the gelation process of aqueous low methoxyl pectin solutions, while Abrami et al. [27] delved the 

properties of an interpenetrated network made of alginate and Pluronic F127. 

Despite the great variety of LF-NMR applications, it is important to remember that, whatever the system 

considered is, the guiding principle allowing LF-NMR characterization relies on the effect of solid surfaces 

(polymeric chains, bones, rocks, and others) on the relaxation process of water hydrogens subjected to a 

sudden variation of an external magnetic field. The higher the ratio between system solid surface and 

system volume is, the faster is the hydrogens relaxation process. Based on this physical evidence, it is 

possible to obtain interesting information concerning the three-dimensional architecture of gels network 

(mesh size distribution) and the pores size distribution of porous materials. The focus of this paper is on 1) 

some considerations on the theoretical interpretation of LF-NMR data regarding hydrogels architecture 

(see Theoretical Background section) and 2) the most interesting LF-NMR applications presented by this 

research group at the 6th IAPC Symposium held in Zagreb (HR) on September 2017 (see Results and 

Discussion section). In particular, applications concern the characterization of polymeric gels, scaffolds, and 

biological tissues such as bones and sputum of CF patients. 

Theoretical background  

The principle of LF-NMR relies on the effect of a static magnetic field B0 on the dipole moments of some 

atoms like hydrogens (protons). Indeed, hydrogens dipole moments do not align themselves with the 

magnetic field direction, but their axes start a precession movement around B0 direction. This precession is 

characterized by the resonance frequency 0 and the angle () formed between dipole moments and B0 

direction. As all dipole moments react in the same manner to the presence of B0, they generate the global 

magnetization vector M, whose components are Mz, conventionally aligned with B0, Mx, and My lying in the 

xy plane perpendicular to B0. Since dipole moments are randomly oriented on x and y axes, they cancel 

themselves and the overall Mxy = 0 (no phase coherence). In addition, as some dipole moments are able to 

start a precession movement around the direction opposite that of B0 (but they are the minority for 

energetic reasons), Mz module depends on the difference between the parallel and antiparallel oriented 

dipole moments. The application of a radiofrequency field B1, rotating at the resonance frequency and 

normal to B0, allows the rotation of M around B1 of the angle  = *B1*tp, where  is the gyromagnetic 

ratio (whose value depends on the particular atom) and tp is the pulsation time of B1. When  = 90°, Mxy = 
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M0 and Mz = 0. Thus, upon B1 removal just after tp, all dipole moments will return to their original 

orientation (M parallel to B0) by rotating around B0 with a decreasing angle up to the attainment of . This 

re-orientation implies Mxy reduction and Mz increase up to Mxy = 0 and Mz = M. The parameter used to 

evaluate the speed of Mxy disappearance is a constant called average relaxation time T2m (spin-spin 

relaxation time). At the same time, the increase of the Mz component is characterized by another average 

relaxation time (T1m) called spin-lattice relaxation time. The ratio Mxy/M is called FID (free induction decay). 

FID (= I(t)) temporal evolution may be described according to the following sum of exponential functions 

[5]: 

  2
1

exp(- )
m

i i
i

I t A t T


          
m m

2m i 2i i
i=1 i=1

=T AT A                  (
1

𝑇2
)

𝑚
=

∑
𝐴𝑖

𝑇2𝑖

𝑛
𝑖=1

∑ 𝐴𝑖
𝑛
𝑖=1

⁄  (1) 

where t is time, Ai are pre-exponential factors (dimensionless), proportional to the number of protons 

relaxing with the relaxation times T2i and T2m, is the average relaxation time of protons. 

CPMG sequence 

Unfortunately, due to the unavoidable presence of magnetic field inhomogeneities, after the application 

of the B1 pulse, magnetization M undergoes the fanning-out phenomenon consisting in the clockwise and 

anticlockwise rotation of the faster and the slower M components. Indeed, M is owed to dipole moments 

rotating with different frequencies due to the above-mentioned field inhomogeneities. Ultimately, fanning-

out makes virtually impossible FID determination. In order to properly overcome the fanning-out effect, the 

first B1 pulse (provoking a /2 rotation of M) is followed, after a time , by a second B1 pulse causing a 

further M rotation of . By doing so, the faster and the slower M components invert their rotation direction 

thus meeting after a time of 2 from the first B1 pulse, when it is possible to measure FID. The sequence 

90°--180°-(echo) is called Hahn spin-echo sequence. In order to follow the entire relaxation process, it is 

necessary to apply n times the B1 pulse (each one separated by a time interval ) thus provoking a  

rotation of M: 90°[--180°-(echo)]n. This is the so-called CPMG (Carr–Purcell–Meiboom–Gill) pulse 

sequence [28]. 

Surface effect on T2m 

T2m depends on many factors such as temperature, magnetic field intensity, and the interaction among 

hydrogens and other possible substances present in the environment [29]. In particular, hydrogens 

interactions with solid surfaces (for instance dispersed/solubilized polymeric chains and system boundaries) 

are one of the most important causes of T2m variation. Indeed, the relaxation time of water protons near 

the solid surface (bound water protons) is lower (fast relaxation) than that (slow relaxation) of bulk water 

protons (free water protons) that are unaffected by solid surface [5]. Accordingly, the average relaxation 

time (T2m) of protons will depend on the ratio between the solid surface area (S), proportional to the 

number of protons close to S, and system volume (V), proportional to the total number of protons 

belonging to the system, as demonstrated by Brownstein and Tarr [1] in the case of solid porous systems. In 

particular, the relation between S, V, and the average relaxation time may be represented by [29]: 

(
1

𝑇2
)

𝑚
=

1

𝑇2H2O
+

𝑆

𝑉

𝜆

𝑇2s
  , (2) 

where T2H2O is the bulk protons relaxation time (i.e. the free water protons relaxation time T2H2O ≈ 3700 ms 

at 37 °C, 20 MHz [30]),  is the thickness of the water layer close to the solid surface (bound water), while 

T2s is the relaxation time of bound water protons. Equation (2) clarifies that, when the ratio S/V rises, 
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(1/T2)m increases and T2m decreases. Indeed, relying on the Equation (1), it follows that (1/T2)m ≠ 1/T2m, but 

it is easy to mathematically verify that, when (1/T2)m increases, T2m decreases. As the evaluation of T2s is 

very complex, by starting from Equation (2), Chui and co-workers [5] derived the following relation: 

(
1

𝑇2
)

𝑚
=

1

𝑇2H2O
+ 2

ℳ

𝑅ℎ
 ,                                      h=2

V
R

S
 , (3) 

where Rh is the system hydraulic radius, while M is a physical parameter (relaxivity, length/time) 

considering the surface effect on proton relaxations. Indeed, M represents the ratio between the thickness 

and the relaxation time of the bound water layer adhering to the solid surface (thus M = /T2s). M depends 

not only on the solid surface chemistry but also on temperature, hydrogenated fluid type, and magnetic 

field strength [29]. Typically, at 20 MHz, in the temperature range 25-37 °C, polymeric materials are 

characterized by M values ranging between 10-7 – 10-5 m/s [31]. In the case of nano-structured systems like 

gels, Chui [5] expressed the hydraulic radius as a function of three very important network parameters, i.e. 

the average mesh size a, the polymer volume fraction (), and the radius (Rf) of the cylinder ideally 

containing the single polymeric chain of the gel network: Rh = f(a,Rf). Accordingly, Equation (3) becomes: 

(
1

𝑇2
)

𝑚
=

1

𝑇2H2O
+ 2

ℳ

𝑓(𝜉𝑎,ϕ,𝑅𝑓)
  . (4) 

While Chui’s expression [5] for f(a,Rf) relies on the assumption that the polymeric network is nothing 

but a very long fiber, Scherer [32], by providing a more sophisticated and physically sound schematization 

of the polymeric network (cubic, octahedral or tetrahedral spatial arrangement), obtained a different 

expression for f(a,Rf). Nevertheless, also in the simplest case of a cubic arrangement, f(a,Rf) is, 

mathematically speaking, not particularly user-friendly. As a result, Scherer [32] proposed the following 

empirical approximation holding whatever the network arrangement considered is (cubic, octahedral or 

tetrahedral):  

𝑅ℎ = 𝑅𝑓
1−0.58φ

𝜑
  . (5) 

This expression ensures a very good approximation of the original Scherer model (relative error < 10 % 

whatever the network spatial arrangement is) for  ≤ 0.56, a very high value that is never encountered in 

real gels. Equation (5) represents an optimal starting point to deduce a useful approximate relation among 

a, , and Rf. Indeed, the original Scherer equation [32] yields the following cubic equation in a: 

𝜉𝑎
3 (

2𝐶0

𝑅ℎ𝑅𝑓
) − 2𝐶1𝜉𝑎 (1 +

𝑅𝑓

𝑅ℎ
) + 𝐶2𝑅𝑓 (2

𝑅𝑓

𝑅ℎ
+ 3) = 0 , (6) 

where C0, C1, and C2 are constants depending on the specific spatial arrangement of the network (see Table 

1). 

As, in the light of Equation (5), we may assume that Rf/Rh ≈ 0 (at least for  ≤ 0.1), Equation (6) may be 

re-written as: 

𝜉𝑎
3 (

2𝐶0

𝑅ℎ𝑅𝑓
) − 2𝐶1𝜉𝑎 + 3𝐶2𝑅𝑓 = 0 , (7) 

or: 

𝑅ℎ (𝜉𝑎
3 (

2𝐶0

𝑅ℎ
2𝑅𝑓

) −
2𝐶1𝜉𝑎

𝑅ℎ
+ 3𝐶2

𝑅𝑓

𝑅ℎ
) = 0  . (8) 
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Table 1. Constants of the Scherer’s model [32] 

Network structure C0 C1 C2 
Cube 1 3 8√2 

Octahedron √2

3
 12 𝑎𝑟𝑐𝑠𝑖𝑛 (

√6

3
) 16√2 

Tetrahedron √2

12
 6 𝑎𝑟𝑐𝑠𝑖𝑛 (

√3

3
) 8 

By assuming, again, that Rf/Rh ≈ 0, Equation (8) becomes: 

𝑅ℎ (𝜉𝑎
3 (

2𝐶0

𝑅ℎ
2𝑅𝑓

) −
2𝐶1𝜉𝑎

𝑅ℎ
) = 𝑅ℎ𝜉𝑎 (𝜉𝑎

2 (
2𝐶0

𝑅ℎ
2𝑅𝑓

) −
2𝐶1

𝑅ℎ
) = 0 . (9) 

It is easy to observe that, apart from the trivial solution (a = 0), the only physically sound solution of 

Equation (9) is: 

𝜉𝑎 = √
𝐶1

𝐶0
𝑅ℎ𝑅𝑓 . (10) 

By substituting Rh for its approximation (eq.(5)), the final approximate expression for a is obtained: 

𝜉𝑎 = 𝑅𝑓√
𝐶1

𝐶0

1−0.58φ

𝜑
 . (11) 

On the basis of Equation (11) and Equation (5), we are also able to derive the direct relation between Rh 

and a: 

𝑅ℎ = 𝜉𝑎√
𝐶0

𝐶1

1−0.58φ

𝜑
  . (12) 

Thus, Equation (4) may be satisfactorily approximated by: 

(
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In the case of a cubic arrangement of the network (similar considerations also apply in the case of 

octahedron and tetrahedron), Figure 1 shows the very good agreement between Equation (11) (solid line) 

and Scherer’s original expression (Equation (6), open circles). It is possible to observe (dotted line; right 

vertical axis) that whatever is, the relative error is always < 5 %. Figure 2 demonstrates that a good 

agreement between Scherer’s model (Equation (6), open circles) and our approximation (Equation (12)) 

occurs (relative % error < 10 %) up to  < 0.61. 

In the case of porous systems (such as zeolites, porous rocks, and microporous gels), the evaluation of 

the S/V ratio is considerably simpler if pores are assumed spherical. Indeed, with this hypothesis, S/V = a/3, 

so that Equation (3) becomes: 

(
1

𝑇2
)

𝑚
=

1

𝑇2H2O
+ 6

ℳ

𝜉𝑎
  . (14) 

Since T2H2O is known and (1/T2)m may be experimentally determined by fitting Equation (1) to 

experimental relaxation data, Equation (14) may be employed to evaluate M once a has been evaluated by 

an independent approach. Interestingly, a may be determined resorting to the PGSE sequence (pulsed 

gradient spin echo) [33] which is the CPMG sequence where two gradient fields are applied after the two 

pulses B1(/2) and B1(). The presence of the two gradients of intensity G allows determining the water 

self-diffusion coefficient Dw dependence on the diffusion time [34]: 
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Figure 1. Comparison between Scherer’s model (Equation (6), open circles) and our approximation (Equation 

(11), solid line, cubic arrangement). The dotted line indicates the relative % error (right vertical axis),  is the 
polymer volume fraction characterizing the network, Rf is the radius of the cylinder able to contain each 

polymeric chain in its linear configuration, while a is the average mesh size. 

 

Figure 2. Comparison between Scherer’s model (Equation (6), open circles) and our approximation (Equation 

(12), solid line, cubic arrangement). The dotted line indicates the relative % error (right vertical axis),  is the 

polymer volume fraction characterizing the network, Rh is the hydraulic radius, and a is the average mesh 
size. 
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where  is the hydrogen gyromagnetic ratio,  is the gradient length,  is the time elapsed from the 

beginning of the first gradient and the one of the second gradient, while td = -/3 is the diffusion time 
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(time allowed for hydrogens diffusion). For small td values, Dw is connected to a according to the following 

equation [35]: 

𝐷𝑤(𝑡𝑑)

𝐷𝑤𝑓
≈ 1 −

4

9√𝜋
√𝐷𝑤𝑓𝑡𝑑

6

𝜉𝑎
  , (16) 

where Dwf is the free water self-diffusion coefficient. Fitting Equation (16) to experimental Dw vs td data 

allows the determination of a. 

Mesh/pore size distribution 

Obviously, a real polymeric network/porous system is composed of meshes/pores of different sizes that 

may be grouped into different main classes, each one characterized by its proper dimension i. 

Interestingly, different i correspond to different S/V values, i.e. different relaxation times T2i (that may be 

determined by fitting Equation (1) to experimental relaxation data). By assuming that M is independent of 

i [5], for each mesh/pore class, an equation similar to Equations (13)/(14) may be written: 

1

𝑇2𝑖
=

1

𝑇2H2O
+ 2

ℳ

𝜉𝑖√
𝐶0
𝐶1

1−0.58φ

𝜑

      mesh,                        
1

𝑇2𝑖
=

1

𝑇2H2O
+ 6

ℳ

𝜉𝑖
       pore. (17) 

As i is the only unknown, Equation (17) allows determining i for each mesh/pore class, thus providing a 

deep characterization of system topology. Indeed, Equation (1) and Equation (17) allow the determination 

of the discrete mesh/pores size distribution (Ai, i). 

Finally, it is important to remind that the theoretical procedure presented above for the determination 

of mesh/pores size distribution strictly holds only in fast diffusion (or exchange) conditions occurring when 

water molecules mobility (represented by their self-diffusion coefficient, Dw) is considerably higher than the 

relaxation rate (RR = 1/T2s) of their protons, i.e. when: 

𝑎2 𝑅𝑅

𝐷𝑤
=

𝑎2

𝑇2𝑠𝐷𝑤
=

𝑎ℳ

𝐷𝑤
≪ 1 , (18) 

where a is the thickness of the bound water layer. For fibrous systems like gels, it is easy to verify that fast 

diffusion conditions are usually accomplished. Indeed, Chui [5] provided the following evaluation for a: 

𝑎 ≈
𝑅𝑓

√𝜑
  . (19) 

By remembering that, typically, Rf ≤ 1 nm and  ≥ 0.01, a results to be lower than 10 nm (10-8 m). In 

addition, as, in the temperature range 20-40 °C, Dwf~ 2.5*10-9 m2/s [36] and, in the same temperature 

range, T2s (20 MHz) ≥ 0.01 ms (10-5 s), it is possible to conclude that M is approximately 10-6 m/s and aM/Dw 

is always lower than 4*10-3, i.e. << 1. Unfortunately, for porous systems such as some hydrogels and 

scaffolds, where pores size may range from 1 up to 1000 m, fast diffusion conditions may not be always 

met. This implies that the process of protons relaxation of each class of pores may no longer be described 

by only one relaxation time, but more (theoretically infinite) relaxation times are required. Thus, Equation 

(1) should be replaced by [1]: 

𝐼(𝑡) = ∑ 𝐴𝑖 ∑ 𝐼𝑖𝑗𝑒𝑥𝑝(−𝑡 𝑇2𝑖𝑗⁄ )∞
𝑗=1

𝑚
𝑖=1  ,           ( 1

𝑇2
)

𝑚
= ∑ 𝐴𝑖 ∑ 𝐼𝑖𝑗 𝑇2𝑖𝑗⁄∞

𝑗=1
𝑚
𝑖=1   , (20) 

where:  

𝑇2𝑖𝑗 =
(𝜉𝑖 2⁄ )2

𝐷𝑤𝑋𝑖𝑗
            and                  𝐼𝑖𝑗 =

12(𝑠𝑖𝑛(𝑋𝑖𝑗)−𝑋𝑖𝑗𝑐𝑜𝑠(𝑋𝑖𝑗))
2

𝑋𝑖𝑗
3 (2𝑠𝑋𝑖𝑗−𝑠𝑖𝑛(2𝑋𝑖𝑗))

 (21) 
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being Xij the positive roots of the following equation: 

1 − 𝑋𝑖𝑗𝑐𝑜𝑡(𝑋𝑖𝑗) =
ℳ𝜉𝑖

2𝐷𝑤
 . (22) 

Consequently, Equations (14) and (17) become, respectively: 

(
1

𝑇2
)

𝑚
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𝐼𝑖𝑗
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𝑚
𝑖=1

1

𝑇2H2O
+ 6

ℳ

𝜉𝑎
  , (23) 

(
1

𝑇2𝑖
)

𝑚
= ∑

𝐼𝑖𝑗

𝑇2𝑖𝑗
=∞

𝑗=1
1

𝑇2H2O
+ 6

ℳ

𝜉𝑖
  . (24) 

As T2ij are not independent of each other (on the basis of Equation (21), it follows T2ij = T2i1(Xi1/Xij)
2), 

Equation (20) fitting parameters are T2i1, Ai, and MRDi (=Mi/2Dw) for a total of 3m parameters. Once these 

parameters are known by fitting Equation (20) to experimental data, Equation (23) may be employed to 

evaluate M. In turn, Equation (24) may evaluate I, so that the discrete pores size distribution (Ai, i) may be 

obtained. 

Results and Discussion 

Halib et al. [31] applied the LF-NMR characterization to a porous hydrogel composed of acrylic acid and 

bacterial cellulose extracted from nata de coco. The gel was realized by dispersing cellulose powder in 

water (1% w/v) and, then, by adding acrylic acid in a ratio 1:4 (w/w) compared to cellulose. The mixture 

was poured into a plastic container (size 12 X 12 X 1 cm) and, then, irradiated in the air with an electron 

beam of 35 kGy intensity (5 kGy per pass, EPS 3000, Japan). The freshly prepared gel was dried and then left 

to swell at 37 °C in distilled water for 48 h to reach the equilibrium swelling. LF-NMR characterization 

(Bruker Minispec mq20 (0.47 T, 20 MHz)) was performed by measuring the water protons transverse 

relaxation time inside the hydrogel (T2m) and the dependence of the water self-diffusion coefficient inside 

the hydrogel (Dw) on the diffusion time (td). In the case of relaxation experiments, CPMG sequence {90°[--

180°-(echo)]n-TR} with an 8.36-s wide 90° pulse,  = 250 s, TR (sequences repetition rate) equal to 5 s and 

36 repetitions was adopted. Dw determination was achieved by the execution of PGSE sequence (performed 

in triplicate at 37 °C) where the two gradients (duration  = 500 s) occurred, respectively, 100 s after the 

application of the first and the second pulse. 

Figure 3 displays Equations (16) and (20) best fit to experimental diffusion (Dw) and relaxation data (FID 

= I(t)). While Equation (16) best fit provides a = 14.6 m, Equation (20) best fit allows concluding that four 

classes (A1 = 38 %, A2 = 47 %, A3 = 9 %, A4 = 6 %) are required to describe FID decay. In addition, it is 

noticeable that, in the second summation of Equation (20), for each class, the first relaxation time (T2i1) 

always played a predominant role (Ii1 ~ 1). Finally, the use of Equations (23) and  (24) allowed concluding 

that M = 1.1*10-5 m/s and that pores dimension may be subdivided into the following four classes: 1 = 91 

m, A1 = 38 %; 2 = 33 m, A2 = 47 %; 3 = 10 m, A3 = 9 %; 4 = 1.3 m, A4 = 6 %. Interestingly, these 

findings are close to those obtained by image analysis performed on environmental SEM pictures. Indeed, 

this analysis revealed that pores characterized by a smaller diameter than 30 m represent 4 % of the 

whole pores volume, those with a diameter comprised between 30 and 80 m are 29 %, while the 

remaining 67 % are pores characterized by a diameter ranging between 80 and 120 m. Furthermore, as 

SEM pictures did not reveal the presence of pores close to 1 m, we assumed that the fourth class 

identified by LF-NMR analysis simply represents the water fraction outside pores swelling the hydrogel 

continuous structure (meshes). By relying on this hypothesis, it could be possible to conclude that the 

majority of hydrogel volume (81 %) was constituted by micrometric pores filled by water, while only 19 % of 
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the whole hydrogel volume was represented by polymeric meshes swollen by water. 

 

Figure 3. Porous hydrogel composed of acrylic acid and bacterial cellulose (37 °C). a) Left vertical axis (FID) 
and bottom horizontal axis (time t): Equation (20) (solid black line) best fit to relaxation data (open circles). b) 

Right vertical axis (water self-diffusion coefficient Dw) and top horizontal axis (square root of the diffusion 
time td): Equation (16) (solid gray line) best fit to experimental data (gray circles). Dashed arrows help to 

catch the correct vertical and horizontal axis. Adapted from [37]. 

Fiorentino et al. [20] focussed the attention on poly(L-lactic acid) (PLLA) scaffolds for tissue engineering 

applications prepared through a thermally induced phase separation (TIPS) protocol. LF-NMR 

characterization, performed by means of the CPMG and PGSE (the two gradients of duration  = 1000 s 

were applied, respectively, 1000 s after the first and second pulses) sequences previously illustrated, 

revealed that M = 2.4*10-5 m/s, a = 92 m, and that 47 % of pores showed a diameter  = 367 m, 44 %  

 = 101 m, and 9 %  = 17 m. This evaluation is based, respectively, on Equations (16) and  (20) best fit to 

experimental diffusion (Dw) and relaxation data (FID = I(t)) displayed in Figure 4. 

Interestingly, LF-NMR evaluation of pores size distribution was not so far from that descending from 

SEM picture evidencing pores ranging from 400 m to 100 m. A further qualitative support for the LF-

NMR findings was provided by CT (X-ray microcomputed tomography characterization) that revealed the 

presence of pores ranging from 400 m to 100 m also in the scaffold bulk. The comparison between 

Figure 3 and Figure 4 demonstrates that larger pores are associated with a longer relaxation process  

(~ 2000 ms in Figure 3 and ~ 4500 ms in Figure 4) and a higher water self-diffusion coefficient. Moreover, in 

the case of larger pores (Figure 4), it was observed that approximately three relaxation times (T2i1, T2i2, T2i3) 

are required in the second summation of Equation (20). 

Fiorentino [37], in her Ph.D. thesis, applied LF-NMR characterization (CPMG and PGSE sequences set up 

equal to that used for Figure 4 data) to study the time evolution of the topology of alginate/hydroxyapatite 

scaffolds for bone regeneration. In particular, she compared the time evolution (21 days) of the pores size 

distribution of empty scaffolds and of cells seeded scaffold (Osteosarcoma MG-63 human cells) filled with 

Dulbecco’s modified Eagle’s medium (DMEM). Interestingly, she noticed that the fate of smaller pores 

(diameter < 110 m) was the same in empty and seeded scaffolds. This sounds reasonable as MG-63 cells 
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are unable to grow in smaller pores than 100 m. On the contrary, she could verify that the diameter of 

larger pores (200 – 600 m) decreased more rapidly in seeded scaffold with respect to empty scaffolds and 

this seemed correct due to cells growth and/or to the production of extracellular matrix. Interestingly, this 

characterization proved to be safe for what concerns cell survival. 

 

Figure 4. PLLA scaffold (37 °C). a) Left vertical axis (FID) and bottom horizontal axis (time t): Equation (20) 
(solid black line) best fit to relaxation data (open circles). b) Right vertical axis (water self-diffusion coefficient 

Dw) and top horizontal axis (square root of the diffusion time td): Equation (16) (solid gray line) best fit to 
experimental data (gray circles). Dashed arrows help to catch the correct vertical and horizontal axis. Adapted 

from [20]. 

Abrami [38], in her Ph.D. thesis, explored the possibility of finding structural differences among samples 

of the femoral head withdrawn from osteoarthritis and osteoporosis patients (CPMG and PGSE sequences 

set up was equal to that used for Figure 3 data). Interestingly, she found that not only the average diameter 

of osteoarthritic samples is smaller than that of osteoporotic samples but also pores size distributions were 

different. Osteoporotic samples were characterized by a pores size distribution (Ai, i) shifted towards 

larger pores with respect to the osteoarthritic samples one. In addition, she found that the porosity of 

osteoporotic samples was smaller than that of osteoarthritic samples. 

Abrami et al. [27] employed LF-NMR to gain an insight into the nanostructure of a highly biocompatible 

hydrogel constituted by crosslinked alginate and Pluronic F127 (PF127), a synthetic poly(oxyethylene-

oxypropyleneoxyethylene) tri-block copolymer able to generate micelles that organize themselves to yield a 

soft gel when added to water. By means of relaxation and diffusion tests, she discovered that PF127 

Pluronic micelles, organizing themselves in cubic domains, induce the distortion of the alginate network so 

that larger meshes, filled with ordered micelles domains, coexist with smaller meshes which may host only 

single PF127 micelles. This result was compatible with the evidence provided by TEM pictures. 

Abrami et al. [21] applied LF-NMR to establish a relation between the average relaxation time T2m of the 

sputum of patients suffering from chronic obstructive pulmonary diseases (COPD, like cystic fibrosis) in 

relation to the patient's clinical conditions. This study was conducted by adopting the CPMG sequence set 

up described for the Figure 3 data. 
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Figure 5. Sputum mean relaxation time (T2m) referring to healthy subjects and three patients suffering, 
respectively, from asthma, COPD (lung bacterial infection), and cystic fibrosis (37 °C). Vertical bars indicate 

data standard error. 

Figure 5 clearly demonstrates that, while healthy sputum is characterized by the highest T2m, T2m 

decreases with increasing disease severity (asthma, COPD, CF). This is essentially due to the increasing 

presence of substances such as DNA, polymers (usually bacterial alginates), mucin, and albumin, which are 

typical of the considered pathologies. Indeed, all these substances act as a solid substrate that, as discussed 

in the “Surface effect on T2m” section, induce the reduction of the water hydrogens relaxation time in a 

concentration-dependent fashion. It is also worth mentioning that the differences among healthy 

volunteers and patients are unconfined to the decreasing T2m values. Indeed, Tab. 2 clarifies that, while only 

one relaxation time is sufficient to describe water hydrogens relaxation in healthy volunteers, the required 

number of relaxation times increases when considering asthma, COPD, and CF patients. This evidence is 

connected to the increasing heterogeneity of the solid component spatial organization inside the liquid 

sputum part. Thus, we may conclude that not only T2m value matters for the evaluation of clinical conditions 

but also an equally important role is played by the relaxation spectrum characteristics (Ai, T2i). 

Table 2. Components of the mean sputum relaxation time T2m. 

 Healthy Asthma COPD CF 
T2m(ms) 3223 ± 200 2225 ± 5 908 ± 25 268 ± 2 

A1%(-) 100 84 ± 5 32 ± 2 17 ± 1 

T21(ms) 3213 ± 200 2405 ± 144 1633 ± 98 658 ± 39 

A2%(-) - 16 ± 1 32 ± 2 57 ± 3 

T22(ms) - 1257 ± 75 794 ± 48 230 ± 14 

A3%(-) - - 36 ± 2 26 ± 2 

T23(ms) - - 370 ± 22 103 ± 6 

A further support for the relation between LF-NMR characterization and patients clinical conditions is 

provided by Figure 6 showing a linear correlation between T2m and FEV1 (Forced Expiratory Volume in the 

first second), a typical test used to evaluate patients lung clinical conditions [21]. 

Indeed, the correlation coefficient r = 0.836 (tr(16, 0.95)< 6.10) and the correlation ratio  = 0.901 (t(16, 

0.95)< 8.34) are both statistically higher than zero and statistically equal each other (Ftest: F(7, 9, 0.95) > 

0.77). 
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Figure 6. Relation between FEV1 (Forced Expiratory Volume in the first second) and sputum mean relaxation 
time (T2m) referring to CF patients. Black circles represent experimental data, while the solid line is the linear 

interpolant. Gray large dot indicates healthy subjects. 

Conclusions 

We believe that we have demonstrated the potentiality of LF-NMR for the characterization of different 

systems such as polymeric gels, scaffolds, and biological tissues (bones and sputum of CF patients, for 

instance). Clearly, LF-NMR potentiality may be significantly improved by using this technique in conjunction 

with others such as rheology, SEM, and TEM. 
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