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Abstract 

Nuclear Magnetic Resonance (NMR) based diffusion methods open new perspectives for 

nanomedicine characterization and their bioenvironment interaction understanding. This 

review summarizes the theoretical background of diffusion phenomena. Self-diffusion and 

mutual diffusion coefficient notions are featured. Principles, advantages, drawbacks, and key 

challenges of NMR diffusometry spectroscopic and imaging methods are presented. This 

review article also gives an overview of representative applicative works to the nanomedicine 

field that can contribute to elucidate important issues. Examples of in vitro characterizations 

such as identification of formulated species, process monitoring, drug release follow-up, 
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nanomedicine interactions with biological barriers are presented as well as possible 

transpositions for studying in vivo nanomedicine fate.  

Keywords Nanomedicine, diffusion, Nuclear Magnetic Resonance, Magnetic Resonance 

Imaging, Magnetic Resonance Spectroscopy. 

Highlights 

⚫ The principles, advantages, drawbacks of NMR diffusometry spectroscopic and imaging 

methods are presented 

⚫ Nanomedicine exploration by NMR diffusometry challenges are discussed 

⚫ Representative nanomedicines in vitro and in vivo applications are highlighted 
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1 Introduction 
 

Despite a tremendous amount of research in 

the last decades, only around fifty 

nanomedicines were approved by the Food 

and Drug Administration or the European 

Medicines Agency and are currently on the 

market [1]. A legitimate question, therefore, 

arises about the reasons for such a 

disappointing outcome [2,3]. Among 

various factors, the need for a better 

nanomedicine characterization and a better 

understanding of their biological behavior 

were quoted [4].  

Indeed, the biological performances of 

nanomedicines are largely influenced by 

their physicochemical properties [5]. A 

precise in vitro characterization is therefore 

essential to qualify their quality (e.g. size 

distribution, drug encapsulation), purity 

(e.g. presence of side products), and process 

reproducibility. In this context, 

standardized in vitro characterization 

procedures have been recently proposed 

[6,7]. Among the panel of available 

methods [4,6–9], the fast and easy handling 

dynamic light scattering (DLS) [10,11] is 

the most popular to evaluate nanomedicine 

size and distribution. However, this indirect 

batch method is not optimal for 

polydisperse systems [11]. Single methods, 

where nanomedicines are tracked 

individually, such as Nanoparticle Tracking 

Analysis (NTA) can be high-resolution 

alternatives to DLS. However, highly dilute 

samples are required that can prevent the 

study of concentration-dependent systems. 

Characterization of nanomedicines can also 

be obtained by direct visualization using 

microscopy-based methods (Scanning, 

Transmission, or Cryo-Electron microscopy 

or Atomic Force Microscopy). However, 

these methods usually require lengthy 

sample preparations with possible artifacts 

and do not provide in situ information. 

More complex in vitro methods are also 

available such as static scattering 

techniques [12] that provide structural 

information or Fluorescence Recovery 

After Photobleaching to study dynamics of 

fluorescent nanoparticles in complex 

bioenvironments [13,14]. Still, there is a 

real need for a characterization method of 

native nanomedicine formulation (without 

sample preparation, labeling, or dilution). 

Even if not yet widely included in practices, 

the Nuclear Magnetic Resonance (NMR) 

diffusometry method is entirely relevant to 

complete this range of assays and overcome 

some of the drawbacks [15,16].  

There is also a lot to explore to better 

understand all biological phenomena 

involved when nanomedicines are 

administered. Whatever the administration 

route, nanomedicines will encounter several 

ambushes on their way to reach their 

biological target. Intravenously, 

nanomedicines can be recognized by the 

immune systems and be eliminated from the 

circulation [17] via the opsonization with 

plasma proteins. When other routes are 

involved (like oral or pulmonary…), 

nanomedicines must cross epithelium 

protective layers and cell barriers to reach 

the bloodstream. Moreover, nanomedicines 

will have to migrate within the interstitium 

through the extracellular matrix, especially 

for subcutaneous or local administrations. 

The transport through all these complex 

biological hydrogels is only driven by 

thermal motions (i.e. the diffusion which is 

a random motion) and understanding 

interactions (obstruction, adhesion, lyse…) 

[18] between nanomedicine and these 

hydrogels is a crucial point. Finally, 

therapeutic outcomes will also rely on 

where and when the carrier will deliver the 

drug. In all these cases, NMR diffusometry 

also represents a unique tool. To some 

point, it is operable in vivo with imaging or 

spectroscopy abilities, to probe 

nanomedicine interactions with the 

bioenvironment. 

If improvements in vitro characterization 

and in vivo nanomedicine fate 

understanding are essentials, they are also 

very challenging to address. This is due to 

the nanometric dimension of objects and the 

complexity of biological media. We will 
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focus this review on the Magnetic 

Resonance based diffusion spectroscopy 

and imaging methods which have opened 

new perspectives in both cases (Fig 1). We 

believe that the NMR diffusometry, with its 

new analysis perspectives, can positively 

contribute to the development of 

nanomedicines. Even if its potential is still 

not fully exploited as it often appears as 

complex, there are no difficult matters to 

understand, and the highlight of key issues 

could be essential for readers who are 

looking for extended characterization tools. 

After a brief theoretical reminder about 

diffusion phenomena, principles, 

advantages, and drawbacks of the method 

will be highlighted. Then relevant 

applications of NMR diffusometry to the 

nanomedicine field will be presented.  

 

 

2 Diffusion Phenomena 

Diffusion phenomena are driving the 

passive transport of species in liquid media. 

Erratic Brownian motions originate from 

thermal collisions with solvent molecules 

surrounding the diffusing species. As far as 

nanomedicines are concerned, this 

phenomenon is often the unique force for 

their displacement in complex biological 

media and is also referred to as passive 

transportation. 

To describe diffusion phenomena, two 

different theoretical approaches are used. 

Both assume random displacements of non-

interacting particles but lead to the 

definition of two different diffusion 

coefficients as illustrated in figure 2. The 

self-diffusion coefficient, Dself, is extracted 

from the knowledge of individual particle 

trajectories while the mutual diffusion 

coefficient, Dmut, is obtained from the 

temporal evolution of the nanoparticle 

Fig. 1  Schematic representation of in vitro and in vivo nanomedicine characterization 

issues and the potential contribution of NMR diffusometry to the nanomedicine field.  
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concentration profile. Both are expressed in 

m²/s but relate very different physical 

quantities: the mean square displacement 

(MSD) to the time for Dself (see equation 2) 

and the flux of particles to the concentration 

gradient for Dmut [19] (known as first Fick's 

law). For highly diluted suspensions (below 

~0.5% volume fraction), Dself and Dmut are 

equal and are referred to as D0 [20,21]. 

However, in practice for NMR experiments, 

measurements are performed at 

intermediate or even high concentrations to 

ensure a sufficient signal-to-noise ratio. In 

this case, Dself and Dmut have very different 

behavior even if they both tend to zero at 

very high concentrations due to steric 

hindrance that freeze particle motions 

(Fig. 3).  

D0 is related to the friction felt by the 

nanomedicine in the medium. In general, 

the bigger the nanomedicine, the slower the 

diffusion. And for a very diluted suspension 

of spheres in an isotropic and continuous 

medium of viscosity , the Stokes-Einstein 

equation states that the diffusion is related 

to the hydrodynamic radius Rh via 

equation 1, with k the Boltzmann’s constant 

and T the absolute temperature.  

 

𝐷0 =
𝑘.𝑇

6.𝜋.𝜂.𝑅ℎ
                                                                         

(Equation 1) 

 

2.1 Self-Diffusion Coefficient 

The self-diffusion coefficient Dself 

characterizes the distance an individual 

species such as a particle would likely 

diffuse in a fixed interval of time. The self-

diffusion coefficient relates the mean 

square displacements (MSD) observed 

during the diffusion observation time t 

using the Langevin approach [19]: 

𝑀𝑆𝐷 = 6.𝐷𝑠𝑒𝑙𝑓 . 𝑡                for three-

dimensional observations.                

(Equation 2) 

In the case of NMR studies, the self-

diffusion coefficient estimation is averaged 

over a population of objects and is usually 

performed at the thermodynamic 

equilibrium. The diffusion observation time 

corresponds in this case to , the delay 

between the two diffusion sensitizing 

Fig. 2 Schematic representation of the self-diffusion and mutual diffusion coefficients. a 

The self-diffusion coefficient is derived from individual particle trajectories using the 

mean square displacement MSD. When species diffuse inside an obstructed, confined, 

or porous medium, the self-diffusion is called restricted in opposition to the free diffusion 

observed when no geometrical restrictions are present. b The mutual diffusion 

coefficient characterizes the dynamic of net mass transport of one species in the presence 

of concentration gradients.  
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magnetic field gradients of the NMR 

sequence (figure 5a). 

The measurement of the self-diffusion 

coefficient can provide valuable 

information on nanomedicine formulations: 

probe the species in presence by measuring 

their self-diffusion coefficient and infer the 

size of objects with precaution when 

concentration effects cannot be neglected. 

When the species move inside an 

obstructed, confined, or porous medium 

such as a hydrogel, their diffusion can be 

hindered, and Dself < D0 will then be defined 

as restricted or apparent in opposition to the 

free diffusion (Fig. 2 and 3) observed when 

no geometrical restrictions are presents. The 

restricted diffusion coefficient will depend 

on the topology of the medium (porosity, 

tortuosity…), the characteristics of the 

diffusing species (size, shape …), and 

possible interactions between the medium 

and the species. The time scale of diffusion 

is also important as the duration of the 

observation time will determine the 

displacement of the particles observed. If 

the observation time is long enough, the 

particles will diffuse far enough to 

experience the effect of restriction and have 

their transports limited by the boundary 

encountered. In this case, the restriction of 

diffusion can provide non-invasively 

information about the sub-micron structure 

of the medium network and about how a 

particle can diffuse inside this medium. In 

the nanomedicine domain, this way to probe 

the environment structure [22] has shown 

its utility to study the interaction between 

nanomedicines and the biological barriers 

they will have to cross (Fig. 1).  

2.2 Mutual-Diffusion Coefficient 

The mutual diffusion coefficient is related 

to the net collective motion of the diffusing 

species in the presence of a concentration 

gradient and therefore is also called 

collective or cooperative diffusion 

coefficient in the literature [23,24]. Induced 

mass flux is observed and can be described 

by Fick’s laws [19]. However, it must be 

kept in mind that the diffusing objects do 

not feel any concentration gradients that 

could determine the direction of individual 

motions, they simply undergo random 

displacements but the resultant species 

spreading appears as a move from high to 

low concentration domains. 

Mutual diffusion coefficients can be 

determined by NMR from the concentration 

(C) profiles measured during the release or 

uptake through an interface. In one 

dimension, the diffusion equation can be 

written: 

𝛿𝐶

𝛿𝑡
= 𝐷𝑚𝑢𝑡.

𝛿2.𝐶

𝛿𝑥2
                          (Equation 3) 

with t being the time and x the position 

(length). In general, the diffusion equation 

is difficult to handle, and mathematical 

solutions only exist for specific initial 

concentration profile C(t=0) and boundary 

conditions [25]. 

For nanomedicine, mutual diffusion 

coefficient could then be particularly 

helpful to study drug release or interface 

crossing (Fig. 1).  

3 Magnetic Resonance 

Diffusometry 

3.1 NMR systems overview 

Nuclear Magnetic Resonance (NMR) 

techniques cover a range of noninvasive 

analysis methods, all based on the signal 

produced by magnetic nuclei, mainly 1H, 

polarized by a strong magnetic field, and 

exposed to radiofrequency excitation. A 

wide range of systems exist from NMR 

spectrometers to magnetic resonance 

imaging (MRI) scanners and including 

Time-Domain NMR (TD-NMR) systems 

(Figure 4). Magnetic field intensity (for 

sensitivity) and magnetic field gradients 

intensity (for diffusion weighting) are 

determinant system characteristics for 

accurate diffusion coefficient estimation.  
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The NMR spectrometer with usually a 

vertical magnet producing intense magnetic 

field (up to 23.5 T corresponding to 1H 

frequencies in the 1 GHz range) and a small 

bore are known to offer sensitivity and 

spectral resolution on a whole sample of 

limited volume (usually 5 mm diameter 

tube, with ~500µL samples). To perform 

diffusion measurement, NMR 

spectrometers need to be equipped with 

magnetic field gradients capabilities. 

MRI scanners, with most of the time 

horizontal magnet, offer a large range of 

magnetic field (generally from 3 T to 11.7 T 

for preclinical applications and from 1.5 T 

to 7 T for clinical application, even if 21 T 

preclinical systems exist and 14 T human 

systems are planned). Their larger bore size 

(several tens of centimeters for the clinical 

systems) allows in vivo scanning on human 

or animal. They possess by default 

magnetic field gradients to localize the 

signal to produce images which can also be 

used for diffusion measurements. Not only 

images can be acquired on imaging systems 

but also spectra, either on a voxel by 

localized magnetic resonance spectroscopy 

(MRS) or on a matrix of voxels by chemical 

shift imaging (CSI).  NMR and MRI 

systems are usually accessible in core 

facilities (hospital, university, private 

sector…) to mutualize expenses and 

expertise. 

Fig. 3 Self-diffusion coefficients measured using PFG-NMR method of a 60 nm diameter 

lipid nanocapsules suspension in D2O at 25°C. Evolution according to nanocapsules dry 

matter percentage to study steric hindrance influence and according to agarose gel 

percentage in the medium to study environment restriction. Diffusion experiments in 

agarose were performed at 5% lipid nanocapsules dry matter [unpublished results from 

JC Gimel, TAT Do, and F Franconi]. 
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Bench top cheaper low magnetic field 

systems, accessible for individual 

laboratories, also exists (from 0.2 T up to 

2 T) to measure diffusion coefficients on an 

entire sample of limited volume but without 

any spectral or spatial resolutions. 

3.2 Self-diffusion coefficients 

measurement 

The measurement of self-diffusion with 

NMR systems is based on Stejskal and 

Tanner's work [26]. The idea relies on the 

weighting of the NMR signal by the 

diffusion-induced translational motions in 

the presence of two diffusion-sensitizing 

magnetic field gradient pulses. Signal 

attenuation is then observed, it dependents 

on both the diffusion coefficient and on the 

degree of sensitization to the diffusion of 

the pulse sequence represented by the 

diffusion weighting factor b: 

𝑏 = 𝛾2. 𝐺2. 𝛿2. (Δ −
𝛿

3
)                             

(Equation 4) 

where  is the gyromagnetic ratio and , G 

and  are respectively the gradient duration, 

intensity, and separation (Fig. 5a).  Also 

corresponds to the diffusion observation 

time during which the diffusion is probed. 

DSelf  can then be estimated from the 

exponential decay of the NMR signal 

induced by incremental diffusion weighting 

according to: 

𝑆(𝑏) = 𝑆0. 𝑒
(−𝑏.𝐷𝑠𝑒𝑙𝑓)                                              

(Equation 5) 

Fig. 4 Overview of NMR systems and corresponding NMR diffusometry methods to 

perform self and mutual diffusion coefficients estimation. For self-diffusion measurement, 

diffusion weighting (DW) is obtained by the presence of two diffusion sensitizing magnetic 

field gradient pulses coupled either with imaging (MRI) or localized spectroscopy (MRS) 

on imaging systems. On NMR spectrometers, a similar diffusion pattern for NMR 

spectroscopic acquisition is applied and called PFG for pulse field gradient. For mutual 

diffusion coefficient estimation, nanomedicine concentration profile evolution during 

release or uptake is measured. The nanomedicine NMR visibility is obtained either by 

labeling with a magnetic probe or by using a specific resonance frequency signal. 
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where S(b) and So are respectively the 

signal amplitude in the presence and 

absence of diffusion gradients (Fig. 5b). 

On NMR spectrometers, self-diffusion 

coefficients are estimated from pulsed-field 

gradient (PFG) based sequences using 

either spin or stimulated echo patterns. This 

method is sometimes named DOSY 

(Diffusion Ordered SpectroscopY) due to 

the processing tool associated. Species 

contributing to the signal can be separated 

based on both the spectral and the diffusion 

dimensions.  

The same PFG method is also used by a 

benchtop time-domain NMR systems 

without spectral separation. This method 

has been widely used for droplet size 

measurements in either oil-in-water or 

water-in-oil food emulsions. However, even 

if droplet size as low as 250 nm could 

potentially be analyzed by TD-NMR 

systems, we did not find any report of an 

application in the nanomedicine field. 

A similar diffusion sensitizing pattern can 

also be applied to imaging to obtain 

diffusion-weighted imaging (DW-MRI).  

Fig. 5 a Self-diffusion coefficient estimation is based on the acquisition of a signal 

weighted by diffusion by two diffusion magnetic field gradient pulses. Signal attenuation 

is observed depending on the diffusion weighting factor b. b is equal to ².G².².(-/3) 

with  the gyromagnetic ratio and , G and  respectively the diffusion gradient duration, 

intensity, and separation. b Diffusion coefficients are estimated from the exponential 

decay of the NMR signal induced by incremental diffusion weighting. c When a molecule 

is in fast exchange during the diffusion observation time  between two states, for 

example, free and bound drug to a nanomedicine, a single diffusion coefficient will be 

observed which will be a population average of the coefficients of each population. d 

With no or slow exchange, two distinct diffusion coefficients will directly be measured 

with an intensity relative to each population. 
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Water signal DW-MRI is routinely 

performed in the clinical context. If the 

diffusion gradient implementation in 

conventional spin-echo-based sequences 

has been proposed long ago, it’s the 

implementation in echo-planar sequence 

[27] that has largely contributed to its 

development in clinical practices. Indeed, 

the possibility to acquire multiple diffusion 

directions rapidly with a low level of motion 

artifacts was determinant to obtain good 

quality diffusion tensor imaging to perform 

fibers tractography. The main advantage of 

imaging resides in the potential to probe 

diffusion spatial heterogeneities, especially 

in vivo. Midway between PFG-NMR and 

DW-MRI, imaging systems can measure 

diffusion coefficients with spectral 

separation but on a single localized volume 

using diffusion-weighted magnetic 

resonance spectroscopy (DW-MRS). 

3.3 Mutual-Diffusion Coefficients 

Measurement 

To measure the mutual-diffusion 

coefficient, spatial resolution is mandatory 

to evaluate the nanomedicine concentration 

profile evolution during species release or 

uptake. If the spatial resolution is evident 

for imaging systems and allows to study of 

the diffusion even in 3 dimensions, mutual-

diffusion can also be performed with NMR 

spectrometers using NMR profiling but 

only in one dimension. However, 

nanomedicines need to be NMR visible or 

labeled to be distinguished from the 

surrounding medium. Most of the time, a 

contrast agent is required, using either 

labeled nanomedicine companion [28] or 

co-drug/label loading of the nanomedicine 

[29]. Most of the contrast agents useable in 

MRI are not seen directly on the image. 

They shorten the relaxation times of 

surrounding water molecules, 

proportionally to their concentration. 

Paramagnetic centers, such as gadolinium 

or manganese ion, or superparamagnetic 

centers, such as iron oxide particles can be 

used to respectively induce positive or 

negative image contrast. However, it could 

be sometimes tricky to convert signal 

profile into concentration profile and 

calibration steps or relaxation time 

quantification could be valuable. Another 

way to track nanomedicines is to acquire a 

specific resonance frequency signal 

associated with the nanomedicine, different 

from the water one, such as fat for 1H [30] 

or fluorine-19 [31] for heteronuclei. In this 

case, the signal is directly proportional to 

the concentration of nuclei but lower 

sensitivity or reduced spatial resolution is 

often observed compared to labeling 

strategies. 

It must be pointed out that self-diffusion and 

mutual diffusion NMR measurement 

techniques are not in the same length scales 

nor time ranges. Travel distances are in the 

range of micrometers during milliseconds 

to second for Dself estimation while travel 

distances are in the millimeters range with 

observation times from minutes to hours for 

Dmut estimation. 

4 NMR Diffusometry Issues: The 

Nanoscale Is Not So Simple 

If most of the advantages of nanomedicines 

are linked to their small size, this also 

represents a real challenge when 

characterization and analysis are required. 

The application of NMR diffusometry to the 

nanomedicine field is not straightforward 

and several issues must be addressed.  

4.1 Motion Amplitude and Constraint 

on System Gradient 

To measure self-diffusion, the range and 

sampling scheme of the diffusion weighting 

factor b impacts the accuracy of diffusion 

coefficient estimate [32]. The expected 

diffusion coefficients of a large object such 

as nanomedicine are small and therefore 

require large maximum b values. The high 

gradient strength capacity of the NMR 

system is therefore essential. In imaging 

systems, magnetic field gradients are 

usually quite low, around 0.05 T/m in 

clinical systems and between 0.2 T/m to 
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1 T/m in preclinical systems. Gradient 

Intensity can reach 4 T/m in benchtop TD-

NMR systems while in NMR 

spectrometers, dedicated probes offer a 

wide range of magnetic field gradients from 

0.5 T/m up to 30 T/m. As an example, the 

diffusion coefficient of a 100 nm diameter 

nanomedicine in water at 25°C is low, ~ 5 

µm²/s, compared to the water’s (2300 

µm²/s) [33]. To correctly estimate them, 

large maximum b values are then required. 

An optimal maximum b value ~ 5 s/m² can 

be predicted from variance minimization 

[32] for a linear b sampling pattern. This 

maximum b value can be reached using a 

diffusion time of  = 50 ms for a gradient 

system maximum intensity of 0.5 T/m at the 

cost of a disadvantageous high gradient 

diffusion duration ( = 27 ms) while with a 

stronger gradient system, capable of 5 T, the 

gradient duration can be lower down to 

2.5 ms, impacting proportionally the 

sequence echo time. Large objects are also 

characterized by reduced tumbling rate 

causing unfavorable fast transverse spin 

relaxation (T2). When long echo time is 

required, large signal attenuation is 

observed. Therefore, when nanomedicines 

are involved, high magnetic field gradient 

strength are particularly of interest to 

correctly sample the diffusion induced 

decay and to limit the echo time length 

responsible for a poor signal-to-noise ratio 

by high relaxation weighting. In brief, the 

gradient characteristics of the NMR system 

will determine the range of diffusion 

coefficients that can be measured. 

4.2 Choice of a Good Marker 

One of the advantages of the self-diffusion 

measurement based on the spectroscopic 

method (PFG-NMR, DW-MRS) is the 

ability to simultaneously monitor NMR 

signals at different chemical shifts to 

separate diffusing components. Each signal 

can shed a different light. If the signal 

corresponds to a molecule part of the 

nanomedicine components, the self-

diffusion coefficient could be a good 

marker of the nanomedicine assembly state 

or the modification of the nanomedicine 

mobility induced by interaction or 

obstruction of the surrounding 

environment. If the signal originates from a 

coating molecule, the self-diffusion 

coefficient can reveal integrity losses. If the 

signal is issued from a drug carried by the 

nanomedicine, the self-diffusion coefficient 

could be a good marker of the interaction 

strength between the drug and the 

nanomedicine or of the ratio of drug 

encapsulated or released. If the signal 

comes from the surrounding medium in 

which the nanomedicines diffuse, the self-

diffusion coefficient will shed light on the 

possible interactions between the 

nanomedicine and the surrounding medium 

such as the protein from the biological fluid 

which can adsorb on the nanomedicine 

surface or the mucus modifications upon 

mucolytics nanomedicine action. All these 

issues will be illustrated in the following 

parts. However, whatever the signal origin, 

they are generally low intensity compared 

to the large water signal. Though, usually, 

the water signal does not represent a 

problem as it can be suppressed by 

presaturation or by taking advantage of the 

difference of diffusion coefficients which 

make the water signal much rapidly 

attenuated than nanomedicine one even for 

relatively small b values. If not, the solvent 

can be replaced in vitro with a deuterated 

analog with potentially higher costs, less 

biological compatibility, and possible 

interaction on the formulation itself. 

4.3 Quantitative fraction evaluation 

If the estimation of the self-diffusion 

coefficient can elucidate the species present 

in the formulation or inform on the 

surrounding media structure, it could also 

be important to quantify the fraction of 1H 

nuclei involved in each diffusing species to 

quantify the degree of nanomedicine 

assembly or the fraction of drug released. 

In the case of dynamic exchange of the 

analyzed marker molecule between two 

compartments (for example, free and bound 
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for drugs or monomer and micelle for 

surfactant) during the diffusion observation 

time, two distinct diffusion coefficients are 

measured in the slow exchange rate regime, 

with relative intensity for each population. 

The contribution determination of each 

compartment (slow or fast diffusing 

components) to the multiexponential signal 

decay with increasing diffusion weighting 

factor is a tricky task, mainly based on the 

non-trivial inverse Laplace transform (Fig. 

5c and d) to obtain the continuous 

distribution of diffusion coefficients. In this 

case, the signal decay expressed in 

equation 5 should be replaced by the 

following integral equation: 

𝑆(𝑏) = ∫ ℎ(𝐷). 𝑒(−𝑏.𝐷). 𝑑𝐷
∞

0
                       

(Equation 6) 

with h(D) the distribution function. This is 

an ill-posed mathematical problem, 

especially when noise is present and/or 

when the attenuation is not completely 

sampled, meaning that an infinite number of 

solutions are consistent with the 

experimental dataset. Regulators are 

therefore applied to make the inversion 

meaningful as proposed by different 

processing methods. Methods that process 

each peak independently such as CONTIN 

[34] are called univariate while multivariate 

approaches such as DECRA [35] or SCORE 

[36] analyze simultaneously the whole 

dataset. The free GNAT toolbox [37] 

regroups a range of convenient PFG-NMR 

processing methods. Whatever the method, 

acquired dataset quality is primordial and an 

accurate determination of the diffusion 

coefficient distribution remains a delicate 

step. 

When the exchange rate between both 

populations is fast on the NMR observation 

times scale, a single diffusion coefficient 

Dself is observed which is a population-

weighted average between both diffusion 

coefficients according to: 

𝐷𝑠𝑒𝑙𝑓 = 𝑓𝑓𝑟𝑒𝑒. 𝐷𝑓𝑟𝑒𝑒 + 𝑓𝑏𝑜𝑢𝑛𝑑 . 𝐷𝑏𝑜𝑢𝑛𝑑               

(Equation 7) 

where Dfree and ffree are the diffusion 

coefficient and the fraction of the free 

species respectively, while Dbound and fbound 

are the diffusion coefficient and the fraction 

of the bound or assembled system 

respectively. The free diffusion coefficient 

is often quite easy to evaluate, using a dilute 

solution for self-assembled systems (below 

critical aggregation concentration) or a 

nanoparticle-free solution for the drug. The 

bound diffusion coefficient is often more 

delicate to estimate. For example, the drug 

bound to polymeric nanoparticle diffusion 

coefficient can be estimated by assuming its 

equality to the polymer signal diffusion 

coefficient [38,39]. However, this fraction 

quantification is most of the time not 

absolute but only reflects the NMR 

visibility of each population. Indeed, the 

echo-based PFG-NMR peak intensities are 

relaxation weighted, so, signal attenuations 

depend on the related population relaxation 

characteristics. Therefore, the high 

diffusion observation time  and the high 

gradient duration  required for analyzing 

the slow diffusing nanomedicine act 

differently on the NMR visibility. The 

gradient duration  influences the sequence 

echo time and therefore the T2 relaxation 

time weighting of the observed signal. The 

diffusion observation time  also acts on the 

relaxation signal weighting but differently 

depending on the sequence applied. In spin-

echo-based sequences, the diffusion 

observation time  acts on the echo time 

and consequently on the transverse T2 

relaxation time weighting while in 

stimulated echo-based sequence, the 

diffusion observation time  acts on the 

mixing time and consequently on the 

longitudinal T1 relaxation time weighting. 

In brief, nuclei part of a large object such as 

nanomedicine often has shorter transversal 

relaxation times that lead to their 

underestimation compared to free 

molecules. However, more complex 

methods exist to take into account 

relaxation effects and to reach absolute 

quantitative fraction estimation [40,41]. 
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4.4 Probing medium structure by 

tuning the diffusion time or by 

characterizing the non-Gaussian 

behavior 

The structure of the surrounding medium 

can be probed by measuring the species' 

self-diffusion coefficient. The diffusion 

observation time  determines the length of 

the possible displacement of the object. As 

an example, the root-mean-square-

displacement of a 100 nm diameter particle 

during a diffusion observation time  of 

20 ms is ~0.8µm while during a diffusion 

time of 200 ms it reaches ~2.5µm. For very 

short diffusion times, particles are less 

sensitive to any constraint and move quasi 

freely. Their Dself is very close to D0, the one 

in absence of obstruction (i.e. in pure 

solvent). When the observation diffusion 

time increases, diffusing species start 

feeling the restriction from the surrounding 

medium, and the measured Dself decreases 

as  increases. At very large , Dself reaches 

a plateau which is the macroscopic 

diffusion coefficient [42–45]. The observed 

diffusion coefficient reflects the confined 

geometry characteristics of the medium 

(interstices, droplets, pores, obstruction, 

tortuosity…). An obstruction factor [38] 

can be estimated according to DSelf/D0. 

Modeling has also been proposed to derive 

the network structure from diffusion 

measurements [42,46–48].  

Another way to characterize the impact of 

compartments and barriers is to estimate 

how the probability distribution of a 

particular species displacement in a given 

time duration deviates from a Gaussian 

distribution, which is the expected behavior 

in a simple liquid. A Kurtosis parameter, K, 

can then be estimated which quantifies the 

non-Gaussian degree of the probability 

distribution. This parameter can help to 

evaluate the degree of diffusion coefficient 

variability inside a voxel [49,50]. 

Diffusivity is then analyzed using a 

polynomial model:  

𝑆(𝑏) = 𝑆0. 𝑒
(−𝑏.𝐷𝑠𝑒𝑙𝑓+𝑏

2.𝐷𝑠𝑒𝑙𝑓
2.
𝐾

6
)
                           

(Equation 8) 

The kurtosis effect is mainly observed for 

high b values as a deviation from the mono-

exponential model, resulting in a reduced 

apparent diffusion coefficient. To our 

knowledge, only water diffusion kurtosis 

magnetic resonance imaging has been 

performed until now to probe 

heterogeneous and irregularity of in vivo 

microstructures but none of the works was 

in the nanomedicine field even if non-

Gaussian diffusion of tracers in mucin has 

yet been demonstrated, especially at low pH 

where the hydrogel heterogeneity is higher 

[51]. 

5 Examples of NMR 

diffusometry contributions to 

nanomedicines 

5.1 In vitro nanomedicine 

characterization 

As already quoted, the physicochemical 

characterization (size, shape, surface, 

polydispersity, aggregation…) of 

nanomedicine formulation is mandatory to 

understand their biological behavior.  The 

reproducibility and stability of formulation 

are also crucial for the ability to scale up 

nanomedicine formulation.  However, even 

if a panel of assays exists, the need for new 

methods is still relevant to overcome 

characterization challenges. This 

characterization can largely benefit from 

the in vitro NMR diffusometry analysis, 

reinforced by the chemical selection offered 

by the spectral separation of spectroscopy. 

Therefore, most of the formulation 

characterization studies presented in this 

section were obtained with NMR 

spectrometers. 
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5.1.1 Identification of species in a 

mixture 

The identification of species presents in a 

nanoformulation is most of the time based 

on size determination (Fig. 6a). Self-

diffusion coefficients estimated by PFG-

NMR are converted into hydrodynamic 

radii using the Stokes-Einstein relation 

(Equation 1).  The ability of PFG-NMR to 

determine size has been demonstrated for 

micelles [38,52] or reverse micelles [53] 

using the surfactant NMR signal but also for 

gold nanoparticles using the protective 

groups NMR signal [54]. 

It is important to highlight the importance 

of orthogonal characterization in the 

nanomedicine field, each method being 

complementary to the others. The standard 

methods can present some drawbacks that 

can be problematic for nanomedicine 

characterization. For example, the sample 

preparation for transmission electron 

microscopy could sometimes alter the 

sample and impact the size measurement or 

the DLS method presents a distorted 

sensitivity to large components as scattered 

light intensity is proportional to particles 

diameter to the 6th power. In contrast, PFG-

NMR diffusometry presents several 

advantages. It is noninvasive, neither 

complex sample preparation nor exogenous 

probes are required and chemical specificity 

is offered by the spectral separation. 

Furthermore, the method is free from 

potential interference of large particles 

therefore, contrary to DLS, small objects, 

even if they are mixed with a larger one, can 

be picked out. Indeed, the NMR signal is 

proportional to the number of 1H nuclei 

involved weighted by the relaxation effects 

(smaller species with longer relaxation 

times yielding to sharper NMR peaks than 

larger ones) which favor the visibility of a 

small object. Guyon et al. [55] have shown 

that PFG-NMR was able to identify the 

main nanoassembly population that was 

masked in DLS by small traces of large 

aggregates. Whereas, small formulation 

residual components such as micelles which 

can be masked in DLS by the larger main 

nanomedicine population could be detected 

[56,57] using PFG-NMR. PFG-NMR is 

also particularly powerful to provide 

polydispersity profiles of a complex 

mixture such as what was done on the 

commercial polymer-based 

nanopharmaceuticals Copaxone ®[58]. The 

efficiency of purification methods to 

eliminate residual micelles or stability 

issues by assessing the absence of 

modification upon storage could also take 

benefits using diffusometry techniques.   

5.1.2 Formulation Process Monitoring 

The diffusion measured by PFG-NMR can 

provide valuable information to monitor the 

formulation process (Fig. 6b). For example, 

the degree of nanomedicine self-assembly 

can be quantified from the measurement of 

the fractions of molecules free and 

assembled or bound to assembly. The 

ability to monitor a micellization process 

[38,59]  using the surfactant NMR signal 

diffusion has been demonstrated as well as 

the promoting role of lysine in the 

stabilization of self-assembly of inorganic 

materials to form silica nanoparticles using 

the lysine NMR signal [60]. Nanoemulsion 

formulation can also be studied by 

measuring the diffusion coefficients 

evolution with the diffusion observation 

time  to explore the restricted character of 

the colloidal phase. Continuous phases 

generally have unrestricted diffusion 

coefficient while dispersed phase have 

restricted one. D’agostino et al. [61] have 

assessed the structure evolution during 

nano-emulsification by estimating the 

diffusion coefficients of water, oil, and 

surfactant signals as a function of the water 

percentage. In the absence of water, a 

biphasic oily/surfactant unrestricted 

diffusion was observed despite droplet 

presence but with a size too large on the 

NMR observation time scale to limit the 

displacement. At the inversion phase, a 

bicontinuous water and oil structure was 

observed. Above the inversion phase, water 

was still a continuous phase with 
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unrestricted diffusion while the oily phase 

became dispersed with its diffusion 

coefficient showing dependence on the 

observation time scale. 

5.1.3 Interaction Drug-Nanomedicine 

The mechanisms of drug interaction with 

the carrier (encapsulated, entrapped, 

dissolved, covalently bond, adsorbed on the 

surface) are crucial to understand drug 

release phenomena. PFG-NMR 

diffusometry can be applied to help to 

elucidate mechanisms of drug inclusion and 

location (Fig. 6c). The estimation of the 

drug diffusion coefficient can shed light on 

drug carrier bonding while a polymer one, 

as long as it is constitutive of the 

nanomedicine, can be used to evaluate the 

drug bound diffusion coefficient, assuming 

they have the same diffusional properties.

  

When the drug interacts with the carrier, a 

reduction of diffusion coefficients is 

generally observed related to the size 

modification or the strength of interaction. 

For example, supramolecular complex 

formation of a cytostatic drug, gemcitabine, 

with its cucurbuturil nanocontainer was 

proved by PFG-NMR by the reduction of 

gemcitabine diffusion coefficient when 

complexes as well as the possible impact of 

ethanol consumption[62,63]. Similarly, the 

covalent attachment of an anti-

inflammatory and anti-cancer drug, the 

histone deacetylase inhibitor valproic acid, 

to its polymeric nanocontainer was 

demonstrated with PFG-NMR[64]. The 

stronger the association between the drug 

and the carrier, the larger is the decrease of 

the diffusion coefficient. This was 

demonstrated by Ivanova et al. [65] for 

antibiotic drugs (daunorubicin, DAU) 

loaded polymeric nanoparticles. A fraction 

of free to bound drug may even be estimated 

Fig. 6 Potentials of PFG-NMR to characterize nanomedicine in vitro: a Identification of 

species in presence based on size determination, b Formulation process monitoring such 

as assembly or colloid phase monitoring, c interactions between drug and nanomedicine 

or drug release process, d monitoring of adsorption process of biological molecules on 

nanomedicine surface and e exploration of interaction mechanisms with biological 

matrices such as mucus (hindrance, mucoadhesion or mucolytics phenomena). 
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as demonstrated for polymer micelles 

encapsulating anesthetic [66] or anti-

inflammatory [67] hydrophobic drugs.  

When nanomedicine is dual drug loaded, 

the estimation of drug diffusion coefficients 

and fractions can unravel the impact of the 

formulation process on drug location. 

Simeonova et al. [68] have quantified the 

free and bound fractions of two drug 

signals, the antibiotic DAU and the 

anticancer 5-fluorouracil (5FU), using 

respectively 1H and 19F PFG-NMR upon 

simultaneous or consecutive inclusion in 

polymeric nanoparticles. They showed that 

DAU bound fraction was higher for 

simultaneous inclusion than for consecutive 

ones while the fraction of bound 5FU rises 

when switching from simultaneous to 

consecutive inclusion. This highlights the 

drug nanoparticles' loading pattern. When 

the inclusion was simultaneous, 

nanoparticles were predominantly loaded 

with entrapped DAU with a low 

concentration of 5FU, and with the 

consecutive inclusion, the 5FU is entrapped 

inside the nanoparticle while DAU is 

weakly adsorbed on the surface. 

 The observation of drug diffusion 

coefficient evolution with the diffusion 

observation time , reflecting possible 

restrictions, can inform on the localization 

of the drug in a biphasic system. Mathias et 

al. [69] have studied the drug payload of a 

hydrogel of micelles. The hydrogel was 

loaded with a hydrophilic anticancer 5FU 

drug or its hydrophobic analog (1,3-

dimethyl-5-fluorouracil or DMFU). The 

diffusion coefficient measured for 5FU was 

larger than DMFU’s one and the diffusion 

of DMFU was more hindered than 5FU’s. 

This confirmed that DMFU was mainly in 

the micelle hydrophobic core with hindered 

diffusion while 5FU was mostly in the water 

phase with relatively free diffusion. 

5.1.4 Nanomedicine Drug Release 

To be efficient, nanomedicine will have to 

release its drug payload at the right time and 

the right place. In vitro, the mechanisms of 

drug release can be studied by measuring 

the impact of the release on the drug self-

diffusion coefficient or by performing 

mutual diffusion experiment to study drug 

release rates (Fig. 6c). 

Responsive nanopharmaceuticals 

polymeric drug coatings understanding was 

increased by the PFG-NMR evaluation of 

the impact of microscopic structural 

modifications such as H-bonding on 

potential drug macroscopic diffusion 

through a polyacrylate network[70]. 

The Alexander et al. study [39] is a good 

illustration of the impact of the release on 

the drug self-diffusion coefficient. They 

showed that the self-diffusion coefficients 

measured by PFG-NMR of the anti-

inflammatory flurbiprofen drug 

encapsulated in pluronic micelles evolved 

with pH. Below pH 6.5, the flurbiprofen 

diffusion coefficient is similar to the micelle 

one, meaning that the drug is solubilized 

within the micelles. But, when the pH is 

increased, the drug diffusion coefficient 

gradually increases and the fraction of drug 

still within the micelles diminishes, 

meaning that the drug is released.  

If external stimuli such as pH modification 

can trigger the drug release, the way some 

nanomedicines interact with the biological 

membranes is also important to determine 

the drug release. PFG-NMR can contribute 

to differentiate the intracellular release of 

free from nanomedicine entrapped drugs as 

shown by Lopes et al. [71]. They studied 

the interaction of free 5FU and 5FU loaded 

polymeric nanoparticles with liposome 

phospholipid bilayer, as a model for 

biomembranes. Self-diffusion was 

estimated with PFG-NMR from the 5FU 

and the liposome 1H NMR signals. As 

expected, the 5FU entrapped in the 

polymeric nanoparticle had a smaller 

diffusion coefficient than free 5FU due to 

the restricted environment. When mixed 

with liposomes, the diffusion of 5FU 

entrapped in polymeric nanoparticles 
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increased while the free 5FU one decreased. 

Moreover, the liposome diffusion 

coefficient increased regardless of whether 

the drug was free or in the nanoparticles. 

This reflects, on one side, a concentration-

dependent reversible diffusion for free 5FU 

due to a good membrane permeation but 

poor retention within the membrane and, on 

the other side, a sustained drug release from 

the nanoparticles adsorbed on the 

membrane surface based on the deeper drug 

penetration in the membrane. 

Mutual diffusion study is another way to get 

information on drug release. In this case, 

drug release using labeling agents 

entrapped within the nanomedicine is 

monitored by spatially resolved NMR 

methods, either imaging or NMR profiling. 

However, most of the time only qualitative 

information is produced, mainly limited by 

the difficulty to convert signal 

modifications into concentration variations. 

For example, Kato et al. [72] have 

monitored drug release from liposomes 

loaded with dual magnetic labels, 

superparamagnetic iron oxide (SPIO) 

nanoparticles, and either Gadolinium 

chelate for MRI exploration or 5-

fluorouracil for 19F MRS. The size 

difference between the two labels generates 

different diffusion properties, the large 

SPIO diffusion being reduced compared to 

smaller Gadolinium chelates or fluorinated 

anticancer drugs. In this example, no mutual 

diffusion coefficient quantification was 

performed but still qualitative valuable 

information on drug release was obtained. 

When the two labels are nearby inside the 

liposome, the susceptibility effect of the 

superparamagnetic label is masking the 

effect of the second label. But, when 

liposomes release their content, labels start 

to diffuse, and the distance between both 

labels increases. The onset of the positive 

T1 image contrast of the Gadolinium 

chelate or the 19F signal enhancement due to 

resonance linewidth narrowing is therefore 

the reflection of how the drug has diffused 

out of the liposomes. 

5.1.5 Nanomedicine Surface Adsorption 

When administered in vivo, the interaction 

of the nanomedicine with the constituents of 

the biological fluids alters their 

physiochemical characteristics and 

therefore modify their circulation time in 

blood and their accumulation at the target 

site. The understanding of these 

interactions, the corona formation, and 

kinetics, is mandatory to understand their 

biological behavior and outcomes. PFG-

NMR can be applied to study in vitro the 

corona formation, made of proteins most of 

the time (Fig. 6d). Two options are possible. 

The first one is to monitor the increase of 

the nanomedicine hydrodynamic radius 

upon protein adsorption. In this case, the 

main issue is the accuracy of the measure as 

the radius growth will be limited. 

Furthermore, the nanomedicine NMR 

signal is usually low, due to strong T2 

weighting inherent to weak object mobility 

and lost in the middle of the multiple 1H 

signals issued from the complex biological 

environment. Carril et al. [73] have 

proposed an elegant way to overcome these 

issues by labeling nanomedicine with 19F 

and perform 19F self-diffusion coefficient 

measurement to evaluate changes in 

hydrodynamic radius. Nanomedicines were 

gold core nanoparticles of different sizes, 

labeled with fluorinated polyethylene 

glycol. The method was able to pick up the 

small increases of the hydrodynamic radius 

induced by protein adsorption both in a 

model environment with only one type of 

protein present and in a complex 

environment such as plasma or blood. The 

use of fluorine to simplify the NMR signal 

opens the door to future in vivo 

nanomedicine monitoring using MRS. The 

second option is to visualize the strong 

decrease of the self-diffusion coefficient of 

the proteins upon their adsorption on the 

nanomedicine. Again, this is not trivial as 

the protein 1H NMR signal can drastically 

diminish when adsorbed on the 

nanomedicine due to the slow rotational 

diffusion of the nanomedicine [74]. Despite 

inherent low signal, Kato et al. [75] were 
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able to show that bovine serum albumin 

(BSA) in the presence of fullerene colloidal 

particles, presents two diffusion 

coefficients, a fast diffusing one 

corresponding to bulk BSA and a slow 

diffusing one assigned to strongly adsorbed 

BSA molecule onto particles. The number 

of BSA molecules bound to fullerene 

colloidal particles was even evaluated to 

less than 5% indicating that most of the 

BSA molecules diffuse freely in the 

fullerene colloidal suspensions. 

To limit these interactions with 

biomolecules and enhance nanomedicine 

efficacy by reducing clearance by the 

reticuloendothelial system, steric stabilizers 

such as poly(ethylene glycol), PEG, can be 

anchored at the surface of nanomedicines. 

However, this coating can negatively 

impact the cellular uptake and must 

therefore be removed before reaching the 

target cells. PFG-NMR using the PEG 1H 

NMR signal has proven to be a powerful 

tool to study the PEG shedding rate as 

demonstrated by the study implying small 

interfering ribonucleic acid encapsulated 

lipid nanoparticles in biofluids [76]. To 

monitor nanoparticles' surface coating 

shedding when in contact with serum, the 

PEG-lipid self-diffusion of free or 

associated to nanoparticles was studied. The 

authors showed that PEG with a smaller 

lipid tail shed faster than those with a long 

tail as the result of a reduced contact 

between the lipid and the membrane. 

5.1.6 Interaction of Nanomedicine With 

Biological Barrier 

Nanomedicines, especially those for oral 

drug delivery, will often have to cross 

several biological barriers (mucus, 

interstitial matrix, membrane…) to reach 

their biotarget. One of these is the mucus 

layer protecting many epithelial surfaces 

such as the gastrointestinal tract, lungs, 

eyes, or the vagina. The mucus is a 

semipermeable viscoelastic hydrogel 

composed mainly of water and in a minor 

proportion of glycoproteins (mucin), lipids, 

and salt. The ability of nanomedicines to 

cross the mucus layer will depend on both 

their trapping in the mucus by hindrance or 

adhesion and the mucus clearance turnover. 

Tools to evaluate interactions between 

nanomedicines and mucus are therefore 

crucial for the development of more 

efficient drug delivery systems. Even if 

only a few studies have been published, 

PFG-NMR offers a unique insight into the 

study of mucus structure and 

mucus/nanomedicine interactions (Fig. 6e).  

5.1.6.1 Probing the Hydrogel Structure 

The dynamics and structure of the complex 

biological matrices can be studied by PFG-

NMR. The addition of probe molecule or 

nanoparticle to assess the submicron 

structure of hydrogel networks was 

described by de Kort et al. [46]  in a review 

applied to food biopolymers. This method 

was also applied with benefice to biological 

barrier exploration as demonstrated by the 

study of the influence of pH on the mucin 

gel structure using PEG molecules as 

probes [77]. As the decrease in pH is meant 

to modify the mucin charge density, 

resultant matrix structure modifications 

were expected. When probed by 

intermediate size PEGs, the probe diffusion 

coefficient presented a minimum at 

intermediate pH reflecting a transport 

through a structured three-dimensional 

mucin network promoted by the 

hydrophobic interactions. At low and high 

pH, the probe diffusion increases, due to 

respectively a higher network heterogeneity 

with polymer-rich clusters and water-rich 

domains and increased network flexibility 

favored by weaker hydrophobic interactions 

and strong electrostatic repulsion between 

mucin molecules. However, the matrix 

structure unraveled depends on the 

adequacy between the probe size and 

flexibility, the mesh pore size, and the 

diffusion observation time . Indeed, when 

larger PEGs were used as a probe, diffusion 

coefficients showed a continuous increase 

with decreasing pH, indicating a loss in the 

network homogeneity. The network 
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flexibility observed at high pH facilitates 

the transport of intermediate PEGs but did 

not affect larger PEGs. 

5.1.6.2 Interaction of Nanomedicine With 

Hydrogel 

In vivo, one of the main transport 

mechanisms of nanomedicine through the 

biological matrix is passive diffusion. So, in 

vitro self-diffusion or mutual diffusion 

experiments are particularly relevant to 

understand and optimize nanomedicine 

barrier crossing and check the adequacy 

between the nanomedicine and the matrix as 

illustrated by the following examples.  

Lafitte et al. [78] have studied by PFG-

NMR the impact of the matrix nature on 

micelles' self-diffusion. In mucin, only 

hindrance effects by an obstruction are 

observed while in mucus the micelle 

diffusion is further slowed down due to 

interactions with lipids of the matrix. 

Wisniewska et al. [79]  have also studied 

micelle diffusion but under non–

equilibrium conditions, from a surfactant 

solution to a polymeric hydrogel, and with 

both mutual and self-diffusion using NMR 

spectrometers. Each method sheds a 

different light on the transport mechanisms. 

Mutual diffusion coefficients were 

determined from the surfactant 

concentration profile, itself determined by 

one dimension chemical shift imaging 

(CSI) signal profiles using Fick’s second 

law (Equation 3). Surfactant self-diffusion 

coefficients were determined by slice 

selective PFG-NMR in specific positions 

located in the solution and the gel. They 

showed that the surfactant self-diffusion in 

the hydrogel decreases until a plateau value 

when surfactant concentration increases 

while in the solution it remains constant. 

The surfactant concentration plays a key 

role. Below the critical micellar 

concentration, the surfactant diffuses as 

unimers whereas, over this limit, surfactant 

self-assembles into micelles. If surfactant 

unimers freely diffuse into the mesh, 

micellar diffusion is hindered by the 

polymeric network. The ratio between the 

self-diffusion and the mutual surfactant 

diffusion coefficient was around 0.8 

reflecting the difference of length and time 

exploration scale between both methods. 

The mutual diffusion gives information on 

the macroscopic scale and on a large time 

scale while self-diffusion informs on the 

surfactant assembly state (unimer or 

micelle) and its interaction with the polymer 

network on a much shorter time scale. 

Wang et al. [80] have also illustrated the 

interest of mutual diffusion to study 

nanomedicine penetration rate in a 

hydrogel. The nanomedicine label, in this 

case, is not provided by the spectral 

separation as for Wisniewska et al. [79] but 

by incorporating a contrast agent in the 

polymeric nanoparticles, either a 

gadolinium chelate as paramagnetic 

contrast agent or magnetite nanoparticles as 

superparamagnetic agent. The penetration 

of the contrast agent from the 

nanomedicines solution into the hydrogel 

was quantified versus time by MRI image 

contrast modifications. They were able to 

quantify diffusion rate variations depending 

on the steric hindrance using different 

hydrogel polymer content or on the 

electrostatic interaction by varying the 

nanoparticles or hydrogel charges. 

Several strategies have been proposed to 

modify the surface of nanomedicine to 

improve transport through mucosal tissues, 

including mucoadhesion, mucopenetration, 

or mucolytics, and once again, PFG-NMR 

can help to quantify their efficacy. The 

ability of mucolytic decorated 

nanomedicine to break up the mucin 

structure was demonstrated by Pereira de 

Sousa et al. [81] who showed an important 

increase of mucin mobility when enzyme 

functionalized nanomedicine was diffusing 

in. Another way to see the mucus 

modifications induced by the mucoactive 

coating of the nanomedicine is to probe the 

mucus hydration temporal and spatial 

modifications by measuring the water self-

diffusion coefficient using diffusion 
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weighted-NMR profiling or MRI. Even if 

their study did not imply nanomedicine, 

Marshall et al. [82] demonstrated the 

feasibility of this approach. 

5.1.6.3 Bacterial Biofilm 

Another kind of biological barrier that 

nanomedicine may have to cross is bacterial 

biofilms. The penetration ability of 

nanomedicine in bacterial biofilms is one of 

the keys to develop efficient antibacterial 

nanomedicine. Kwak et al. [83] have 

studied by PFG-NMR the diffusion 

properties of surfactant micelles in 

polysaccharide gel to provide information 

on their interaction that can favor or limit 

biofilm internalization. The micelle size and 

the polysaccharide concentration were 

found to hinder the diffusion and 

compromise antibacterial activity. The 

characterization of the biofilm structure and 

heterogeneity can also be studied using 

water DW-MRI [84] or water PFG-NMR 

[85] alone or coupled with T2 relaxation 

measurement to obtain a D-T2 map. The 

mutual diffusion of a paramagnetic contrast 

agent in a biofilm mass has also been 

studied [86] by MRI and could be 

transposed to nanomedicine study. 

5.2 In vivo Nanomedicine Fate 

In vivo nanomedicine fate monitoring 

would the grail. Transposition to in vivo of 

the NMR diffusometry methods 

implemented in vitro would be very 

attractive. However, only a few works were 

reported in the literature because in vivo 

nanomedicine fate is very challenging.  

Transposition of the PFG-NMR method in 

vivo relies on diffusion-weighted magnetic 

resonance spectroscopy, DW-MRS, to 

acquire a series of localized diffusion-

weighted spectra to estimate self-diffusion 

coefficients. Potentially, nanomedicine 

integrity or binding evolution monitoring, 

drug release tracking or biological matrices, 

and nanomedicines interactions 

characterization could become feasible. 

However, in vivo, everything is more 

complicated. The water signal is massive 

and needs to be suppressed, biological 

motions such as respiration, heart beat, or 

bulk motion can compromise the spectra 

quality and their influences must be limited 

or taken into account by synchronizing the 

acquisition. The voxel volume and 

localization need to be well adapted to the 

anatomy to be large enough for an 

acceptable signal-to-noise ratio while only 

encompassing homogenous tissue to be 

meaningful. The idea is to be able to 

measure non-water self-diffusion 

coefficients to probe nanomedicine (size, 

integrity evolution, binding…), their 

environment structure (complex biological 

matrix) or their drug payload, using a 

specific NMR signal of the nanomedicine, 

of the drug or the complex matrix and if 

possible, without the use of an exogenous 

probe molecule. This is very ambitious. 

Indeed, even if a lot of precautions are 

taken, the 1H NMR signal of interest will 

have a high chance to be like a needle in a 

haystack. However, the feasibility of in vivo 

non-water self-diffusion measurement by 

DW-MRS has been demonstrated in 

biological tissues [87] both for 

intramyocellular [88] or intratumoral [89] 

lipid droplet sizing or brain microstructures 

study using metabolites self-diffusion 

[90,91]. The characterization of the 

extracellular matrix degradation in 

intervertebral disc degeneration has also 

been explored, but ex vivo [92]. Once again, 

an interesting way to simplify the spectrum 

could be to switch to a fluorine-19 signal 

which offers a specific NMR signature and 

no inherent tissue background signal. Using 
19F DW-MRS for nanomedicine evaluation, 

Waters et al. [93] were able to detect 

binding of angiogenesis-targeted 

perfluorocarbon nanoparticles in vivo. We 

also demonstrated the feasibility of in vivo 

perfluorocarbon loaded lipid nanocapsules 

self-diffusion coefficient estimation using 
19F DW-MRS, accumulated in the mouse 

liver after intravenous injection as shown in 

figure 7.  
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The transposition in vivo of the mutual 

diffusion experiment to probe 

nanomedicine transport or drug release or 

uptake would be attractive. However, in 

vivo, the quantification of mutual diffusion 

coefficient seems very challenging and 

most of the time only qualitative monitoring 

is obtained. Furthermore, pure diffusive 

effects could be difficult to be distinguished 

from vascular effects. Nevertheless, 

monitoring the distribution of therapeutic 

nanomedicine or drugs in an organ is 

important to improve response prediction or 

adapt treatment. In vitro, NMR profiling or 

MRI spatial nanomedicine tracking has 

been performed using contrast agents 

incorporated in nanomedicine as illustrated 

by the following studies. De Smet et al. [94] 

and Tagami et al. [95] have studied the drug 

release of co-loaded doxorubicin drug and 

paramagnetic Gadolinium-based agent 

temperature sensitive liposomes in rodent 

tumor models. At physiological 

temperature, the longitudinal relaxivity of 

the contrast agent is low due to the limited 

liposome transmembrane water exchange 

rate. They showed that upon mild 

hyperthermia, the contrast agent is released 

and the observed T1 locally decrease on T1 

map, correlated to gadolinium or drug 

concentrations. Wang et al. [96] monitored 

in vivo in a rodent tumor model the drug 

release from redox-responsive polymeric 

magnetosomes encapsulating SPIO. The 

co-encapsulation of the hydrophobic 

doxorubicin drug was shown to modify the 

T2 contrast by repelling the water 

molecules from the SPIO. The modification 

of T2 contrast allowed to monitor the drug 

release. Onuki et al. [97] have extended in 

vivo the in vitro study of Kato et al. [72] to 

monitor the drug release profile of 

nanospheres. Besides the anticancer 

drug 5FU, the carrier was also loaded with 

two contrast agents, superparamagnetic iron 

oxide nanoparticles and Gadolinium 

chelates to distinguish the released drug 

from encapsulated one. When the carrier 

releases its payload, the small Gadolinium 

chelates diffuse faster than the large SPIO 

nanoparticles. And when the Gadolinium 

chelates are far enough from the 

susceptibility effect of the SPIO, its positive 

contrast enhancement effect is expressed on 

the image, signing of the drug release.  They 

demonstrated the feasibility of in vivo drug 

release from carrier monitoring in a mice 

tumor model using both T2* weighted 

images for SPIO visualization and T1 

mapping to quantify Gadolinium chelates 

concentration. However, they pointed out 

that the release profile of the paramagnetic 

Fig. 7 The feasibility of in vivo fate monitoring using 19F DW-MRS was 

demonstrated for perfluorocarbon-loaded lipid nanocapsules injected intravenously 

(700µL) in a mouse. As expected, nanomedicines accumulate in the liver, and 

nanomedicine self-diffusion coefficient evaluation was possible in vivo 

[Unpublished work from L. Lemaire]. 
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contrast agent was not strictly similar to that 

of the drug in vivo. Therefore, a direct 

detection of the drug using 19F MRS would 

be better but challenging in term of 

sensitivity.  

Conclusions and Future Directions 

This article has surveyed the potential of 

NMR diffusometry for nanomedicine 

applications. Several valuable examples 

were presented to highlight method inputs 

to the nanomedicine field. Many other 

interesting studies would certainly deserve 

to be mentioned in this review, but the aim 

was not to be exhaustive but rather 

illustrative of the potential of the method. 

NMR diffusometry demonstrated to be an in 

vitro tool that can be applied routinely to the 

nanomedicine field as a complementary 

analysis method. The strength of NMR 

diffusometry mainly relies on its unique 

ability to offer a characterization continuum 

from in vitro to in vivo by transposing in 

vitro methods to in vivo dedicated systems 

using either localized spectroscopy or 

imaging. Surely, with the recent large use of 

nanoparticle-based vaccines in the fight 

against the COVID-19 pandemic, the 

development of nanomedicines in the 

coming years should greatly accelerate and 

new tools will be needed to investigate their 

fate in bioenvironments. In vivo NMR 

diffusometry applications are yet in their 

early development stage but should 

contribute to better understand complex 

interaction with biological systems. On one 

side, diffusion-weighted localized 

spectroscopy has shown that in vivo access 

to self-diffusion properties of 1H nuclei 

signals from molecules other than only 

water is possible. If a specific nanomedicine 

or drug moieties signal can be picked up, 

this opens possibilities to probe 

nanomedicine integrity or drug delivery. 

Clearly, compromises will have to be done 

to comply with in vivo requirements (small 

b values to keep reasonable scanning 

duration, lower maximum b value to 

accommodate MRI systems gradients 

limits…) and diffusion coefficient measures 

will certainly not reach in vitro precision 

standards. Still, crucial information could 

be obtained, especially in the longitudinal 

monitoring of nanomedicine fate. On the 

other side, MRI has greatly demonstrated its 

ability to image and monitor spatial and 

temporal signal evolutions. If 

nanomedicines are made MR visible by 

contrast agent labeling, mutual diffusion 

effect can be used to monitor in vivo 

nanomedicine tracking or drug release. 

However, some issues are recurrent: Does 

the co-localization of the label, the 

nanomedicine, and the drug last the whole 

experiment duration? How to convert signal 

contrast modifications in terms of 

concentrations? Is it toxic?  However, in the 

light of the technological developments of 

MRI systems (higher sensitivity offered by 

the high magnetic field or cryogenic coil, 

higher magnetic gradients…) and the 

development of new contrast agents [98–

100], we believe that in vivo transposition is 

possible if not straightforward and will offer 

unique opportunity to better understand 

nanomedicine in vivo fate.  
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