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ABSTRACT: The structure of crystalline nanoparticles (CNPs) is determined using dynamic nuclear polarization (DNP) enhanced 
NMR spectroscopy experiments. The CNPs are composed of a crystalline core containing an active pharmaceutical ingredient (com-
pound P), coated with a layer of PEG (DSPE-PEG 5000) located at the crystal surface, in a D2O suspension. Relayed DNP experi-
ments are performed to study 1H-1H spin diffusion and to determine the size of the crystalline core as well as the thickness of the PEG 
overlayer. This is achieved through selective doping to create a heterogeneous system in which the D2O contains glycerol and organic 
radicals, which act as polarization sources, and the CNPs are exempt of radical molecules. We observe features that are characteristic 
of a core-shell system: high and constant DNP enhancement for components located in the surrounding radical solution, short build-
up times for the PEG layer, and longer build-up times and time dependent enhancements for compound P. By comparing numerical 
simulations and experimental data, we propose a structural model for the CNPs with a core-shell organization and a high affinity 
between the radical and the PEG molecules. 

Introduction 

There is great interest in improving drug-delivery systems to 
provide controlled and targeted release of drug molecules, im-
proved dissolution rates of poorly soluble drugs, or drug de-
livery across membranes. The number of poorly soluble drugs 
generated by synthesis is increasing, as are also the challenges 
for preclinical formulators dealing with this category of com-
pounds. Considerable resources are directed towards attempts 
to enhance drug solubility and dissolution using conventional 
formulation systems based on cosolvents, lipids, complex for-
mation and micronization.1-3 In spite of these efforts, bioavail-
ability is still an issue and alternative ideas are required to 
solve solubility related problems. The use of nanocrystals is 
one of the most important strategies to enhance bioavailability 
of a poorly water-soluble compounds.4 In particular, crystal-
line drug nanoparticles (CNPs) have the potential to address 
solubility related problems.5 CNPs are defined as colloidal 
dispersions of crystalline nanoparticles, in which the drug na-
noparticles are usually poorly soluble in water.6,7 The problem 
of insolubility can be compensated for by small particle size, 
usually below 300 nm, in order to enable intravenous drug de-
livery. The high size-to-surface area ratio enables a faster dis-
solution rate as compared to larger crystals. Another ad-
vantage of CNPs is that the drug content is much higher than 
in the case of liposomes or micellar systems. Finally, we note 
that CNPs do not usually involve any problematic additives, 
and so are often less toxic or less likely to lead to undesirable 
effects than other formulations.7 

CNPs are constituted of three main components. First, the dis-
persion is a water-based solution. The active pharmaceutical 
ingredient (here compound P, Figure 1a) is present as na-
nometer size crystalline particles. These CNPs are then coated 

with a surfactant, for example a DSPE-PEG polymer, which 
stabilizes the particles and enables reduced sizes in the prepa-
ration process of the nanoparticles. Usually, less than 1% 
(w/w) of polymer is needed to provide good stabilization of 
the particles. Moreover, the DSPE-PEG layers prevent aggre-
gation of the particles in the blood, and make them less prone 
to uptake by the liver, which can lead to a longer circulation 
times.8,9 Consequently, the choice of the stabilizer plays a cru-
cial role in the stability and dynamics of the CNPs.10-12 The 
properties and thickness of the stabilizing layer are thus key 
in the conception of such formulations. However, methods to 
study the structure of these layers are scarce. 

In order to measure domain sizes today several techniques are 
used including laser diffraction, scattering methods, or elec-
tron microscopy.13-15 However these techniques cannot usu-
ally resolve more than two similar components, which make 
them difficult to apply in the case of multi- component mix-
tures. In such cases NMR is a method of choice for character-
isation, since the chemical shift differences or the relaxation 
properties of different components allows for distinction of 
the different components of the sample.16,17 

Proton spin diffusion based experiments are the most widely 
used NMR methods for determination of the macroscopic 
structure of complex systems.18,19 Notably, methods based on 
the diffusion of paramagnetic relaxation enhancements (PRE) 
can be used to determine structures in multi-component sys-
tems.20  In particular it has been shown that by selective dop-
ing of one of the domains of the diamagnetic system with par-
amagnetic species, and following the PRE, domain sizes can 
be determined.21 It has recently been shown that monitoring 
spin diffusion of DNP enhanced polarization from a radical 
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containing component into a radical free domain, dubbed re-
layed DNP, can be used to determine domain sizes and archi-
tectures in complex multi-component systems.22 In these 
methods, selective doping of one of the domains in the sample 
is performed in order to introduce spatial heterogeneity in re-
laxation. This leads to an initial out of equilibrium polariza-
tion state, from which relaxation towards equilibrium is mon-
itored. The return to equilibrium can be interpreted using nu-
merical simulations to quantify domain sizes.  

Here, we show that the relayed DNP approach, combined with 
numerical simulations of spin diffusion dynamics, can be used 
to determine the layer structure of CNPs and estimate the PEG 
layer thickness. 

Experimental 

Molecular structures. 

The molecular structures of compound P and the DSPE-PEG 
surfactant are shown in Figure 1. 

 

Figure 1. (a) Molecular structure of the compound P. (b) Molec-
ular structure of the DSPE-PEG molecule. n is equal to 113. 

CNP Suspension  
A microsuspension of compound P, 12.9% (w/v) in 2.6% 
(w/v) DSPEPEG5000 (Corden Pharma International, Plank-
stadt, Germany) in D2O was prepared by stirring and repeated 
sonication in an ultrasonication bath. The microsuspension 
was then milled for 4 x 30 min, with 15 min intermediate 
pauses, at 700 rpm using a Fritsch Planetary Micromill P7 
(Idar-Oberstein, Germany), equipped with 3.6 mL zirconium 
oxide milling vessels and 0.6 - 0.8 mm milling beads of zirco-
nium oxide. The milled suspension was collected and the 
beads were rinsed with D2O. The nanosuspension was then 
pelletized at 13680 g for 20 min (Hettich Mikro 200 centrifuge 
from Andreas Hettich GmbH & Co.KG, Tuttlingen, Ger-
many) and washed with D2O five times to minimize the free 
stabilizer concentration.  

As the sample is prepared, a fraction of the DSPE-PEG re-
mains free in the D2O solution. The free-to-bound ratio was 
determined by centrifugation and UPLC analysis, and the par-
ticle size distribution was measured by laser diffraction. From 
these data, the surface area per DSPE-PEG and, subsequently, 
the layer thickness could be estimated.23 The tentative struc-
ture of the particles is shown in Figure 2. 

 

Figure 2. Scheme of the expected structure of the CNP disper-
sions. The core of the nanoparticle is composed of the crystalline 
compound P. DSPE-PEG molecules are bound to the surface of 
the crystalline core, forming a layer. 80% of the DSPE-PEG is 
bound to the surface of the CNP and 20% remains free in the D2O 
solution. D2O might partially penetrate the PEG layer. 

DNP solid-state NMR experiments were performed on frozen 
CNP dispersions.  

DNP Samples and experiments  

About 30 mg of 99.95% 12C enriched glycerol-d8 was trans-
ferred to an Eppendorf vial and weighed (ρ = g/ml). A vial of 
CNP-D2O dispersion was stirred for 2 hours at room temper-
ature, and sonicated for 1 minute in an ultrasonic bath before 
use. The required amount of the CNP-D2O dispersion was 
added to the glycerol vial to obtain a 30% 12C-glycerol-
d8/70% CNP-D2O dispersion by volume. The required amount 
of H2O was added to the vial to obtain a 30% 12C-glycerol-
d8/60% CNP-D2O/10% H2O solution by volume. A few mil-
ligrams of the biradical polarizing agent AMUPol24 was 
weighed out into a third Eppendorf vial to afford a concentra-
tion of 10-12 mM. All of the AMUPol was observed to com-
pletely and rapidly dissolve in the CNP-D2O-H2O-glycerol 
dispersions. Finally, a small amount (typically 0.5 mg) of 13C 
labelled sodium formate was weighed out into an Eppendorf 
vial, and the CNP-D2O-H2O-12C-glycerol-d8-AMUPol disper-
sion was then transferred into the vial and stirred to dissolve 
the sodium formate.  

For DNP experiments, typically 20-25 µL of the 
AMUPol/CNP-D2O/H2O/12C-glycerol-d8/13C-formate disper-
sion was transferred with a micro-pipette into a 3.2 mm sap-
phire DNP rotor. The rotors were capped with a silicone plug 
and a zirconia drive cap. The filled DNP rotor was then in-
serted into the pre-cooled (ca. 100 K) 3.2 mm MAS DNP 
NMR probe where the solution was rapidly frozen within sev-
eral seconds.  

DNP experiments were performed on a 263 GHz/400 MHz 
Avance III Bruker DNP solid-state NMR spectrometer. The 
spectrometer is equipped with a LTMAS 3.2 mm triple reso-
nance probe and a 263 GHz gyrotron capable of outputting ca. 
5-10 W of CW microwaves. The probe was configured into 
1H/13C/15N triple resonance HXY mode. The sweep coil of the 
main magnetic field was optimized so that the microwave ir-
radiation gave the maximum positive proton DNP enhance-
ment with AMUPol. DNP enhancements were determined by 
comparing the peaks areas of the spectra acquired with and 
without microwave irradiation. Variable amplitude cross-po-
larization was used to transfer polarization from 1H to 13C. 
SPINAL-64 heteronuclear 1H decoupling with rf fields of 100 
kHz was applied in all cases.   

Numerical Simulations. 

Numerical simulations were performed using the Matlab dif-
ferential equation solver “pdepe”, which solves initial-bound-
ary condition problems for partial differential equations in 
space (x) and time (t) domains. As described in detail in ref-
erence 22, two different differential equations were used for 
the cases where the microwave irradiation (μwave) is on or 
off. Initial and boundary conditions do not change between 
the μwave on and off cases, whereas the local equilibrium po-
larization P0 changes between μwaves on and μwaves off 
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cases. The values of T1 or TB and P0 where defined using a 
hyperbolic secant function that depends on space. For both 
μwaves on and off cases, numerical values of the polarization 
function that satisfy the differential equations were found, and 
the polarization was scaled by |J(x)|, where |J(x)| is the Jaco-
bian. The simulated signal was obtained by integration of the 
resulting polarization using a trapezoidal numerical integra-
tion. The simulated enhancement was calculated as the ratio 
of the integrated μwaves on and off signals. The normalization 
factors for the signals were obtained using the value of the 
fitted signal at steady state. 

Results and Discussion 

Relaxation Times 

1H saturation recovery experiments were performed in order 
to determine the longitudinal relaxation times T1 of both pure 
dry compound P and pure dry DSPE-PEG molecules. In a sat-
uration recovery sequence, the 1H magnetization is first satu-
rated, then allowed to recover to equilibrium polarization. The 
time constant of the (exponential) recovery of the polarization 
in a dry solid sample exempt of any radical is labelled T1. 1H 
longitudinal relaxation time measurements were performed 
on the pure solids and gave T1,P = 37 s and T1,DSPE-PEG = 6.8 s. 
This measurement is important in order to be able to estimate 
how strong the inherent relaxation in the two domains are, 
vide infra.  

DNP enhanced solid-sate NMR.  

In our approach, the sample was doped with a paramagnetic 
polarization source following the procedure described in the 
sample preparation section above. 1H recovery rates were then 
measured using carbon detected 1H-13C CPMAS saturation re-
covery experiments. A 1H-13C CPMAS saturation recovery 
sequence is shown in Figure 3. In these experiments the build-
up of the 13C resonances in the spectrum as function of t cor-
responds to the recovery of 1H magnetization close to the cor-
responding carbon. If the different spatial components of the 
sample have resolvable carbon signals, this allows us to fol-
low the magnetization recovery in the corresponding domains 
within the formulation. In the present case we observe resolv-
able 13C signals for the labelled sodium formate in the radical 
solution, for the PEG in the surface layer, and for compound 
P in the nanocrystals. 

 

Figure 3. 1H-13C saturation recovery pulse sequence used for ac-
quisition of spectra. 𝜏d is the saturation delay and was set to 20 
ms. The number of saturation loops was 20. 𝜏 is the polarization 
delay. 

All the 13C resonances in the spectra of the formulations were 
assigned to the different components, as shown in Figure 4, 
using reference spectra of the pure dry solids at the same tem-
perature and spinning rates. 

13C CPMAS spectra of frozen CNP dispersions acquired with 
(red spectra) and without (black spectra) DNP for signal 
build-up and signal enhancement are shown in Figure 4. Since 
the solution was fully 13C-depleted, 1 mg of 13C-sodium for-
mate (called formate from now on) was added to the solution 
in order to be able to follow the behavior of the radical con-
taining solution through 13C nuclei. The silicone plug used to 
cap the rotors gives a large signal around -2.3 ppm in the 13C 
NMR spectrum. 

 

 

Figure 4. DNP enhanced 13C CPMAS solid-state NMR spectrum 
of frozen CNP dispersion in 12C-glycerol-d8/D2O/H2O (60/30/10 
v/v/v) containing 0.5 mg of sodium formate and 12 mM 
AMUPol, with (red) and without (black) microwave irradiation 
obtained at 100 K, 8 kHz MAS, and B0 = 9.4 T. The number of 
scans and polarization delay are shown on the right side of the 
spectra. Stars indicate spinning sidebands. 

Both build-up time and enhancement as a function of the po-
larization delay were measured for compound P, formate, and 
DSPE-PEG resonances as shown in Figure 5. 

In Figure 5e, the formate build-up time is seen to be mono-
exponential, independent of the microwave irradiation, and 
with a time constant around 1.2 s, which is expected for a ho-
mogeneous radical containing solution.25 As a consequence, 
we see in Figure 5f that the formate enhancement is constant 
as a function of the polarization delay. This observation con-
firms that formate is restricted to the solution outside the 
CNPs, and that the radical is homogeneously dispersed in this 
domain, in agreement with literature.22 In Figure 5c, longer 
build-up times for the compound P (both with and without 
µwaves) than for the formate are measured. This observation 
suggests that the compound P domain is, as expected, not 
doped with the radical molecules. The build-up time of the 
compound P is shorter than its intrinsic T1,P. This is due to the 
fact that spin diffusion accelerates the apparent build-up of 1H 
spins inside the compound P domain.22,26-28 Also, we notice 
that the compound P resonance build-up time is slightly 
smaller in the off than in the on case. This is also a signature 
of a domain being polarized by spin diffusion.22,26-28 As a con-
sequence we measure an increase of the DNP enhancement of 
compound P as a function of the polarization delay is meas-
ured, as shown in Figure 5d (this is the first example of the 
observation of such a monotonic increase in enhancement).  
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Figure 5. (a) Simulated polarization as a function of position for 
different time steps. (b) Normalized signal from the 13C DSPE-
PEG resonance with microwaves as a function of the polarization 
delay. (c) Normalized signal from the 13C compound P reso-
nances with (purple) and without (blue) microwaves as a function 
of the polarization delay. (d) Compound P enhancement as a 
function of the polarization delay. (e) Normalized signal from the 
13C formate resonances with (blue) and without (orange) micro-
waves as a function of the polarization delay. In figures (b) to (f), 
circles represent experimental data. The errors on the signals and 
enhancements were calculated using the signal to noise ratio of 
both µwaves on and off spectra as a standard deviation. Solid 
lines represent numerical simulations with the parameter given in 
the manuscript and SI. 

The signal to noise ratio of the µwaves off spectra of the 13C 
DSPE-PEG resonance was not good enough to extract a 
proper build-up curve. The µwaves on DSPE-PEG resonance 
shows a fast build-up which accounts for the presence of rad-
ical molecules in proximity to the DSPE-PEG groups, both at 
the surface of the nanocrystal and in the solution.  

Numerical Simulations 

The transport of DNP enhanced polarization by 1H spin diffu-
sion in the CNP system behaves like thermal or other classical 
diffusion processes that follows the  Fick’s 2nd law:29 

𝑪(𝒙) ∙
𝝏𝑷(𝒙, 𝒕)
𝝏𝒕 = (1) 

𝛁,𝑫(𝒙) ∙ 𝑪(𝒙) ∙ 𝑷(𝒙, 𝒕). − 𝑪(𝒙) ∙
𝑷(𝒙, 𝒕) − 𝑷𝟎(𝒙)

𝑻𝟏(𝒙)
 

where x is the distance from the center of the nanocrystal in 
μm, t  is the time in seconds (0 < t < ∞), P  is the instantaneous 
polarization (arbitrary units), P0 is the local equilibrium polar-
ization in units of Boltzmann polarization, D is the diffusion 

coefficient at position x in μm2s-1, T1 is the longitudinal relax-
ation time at position x in seconds, C is the proton concentra-
tion at position x in mol.L-1, and ∇ is the Nabla operator 
which depends on the symmetry of the system. The nanocrys-
tal and the DSPE-PEG layer are proposed here to form a 
spherical core-shell structure. More details on numerical sim-
ulations can be found in ref22. 

The diameter of compound P particles was taken to follow a 
Weibull distribution with a mean diameter of 165 nm as de-
scribed in SI, in line with light diffraction measurements, Fig-
ure S1. The thickness of the coating layer was taken to be 150 
nm from the particle concentration of 28 nM. The local equi-
librium polarization is taken to be 1 with and without micro-
waves for compound P since no DNP is occurring directly in 
this region. In the surrounding radical solution, the local equi-
librium polarization is P0,ON = ε0‧εdepo = 220‧0.6 = 132 with 
microwaves corresponding to the experimentally measured 
enhancement (Figure 5f) and εdepo = 0.6 in line with values 
found in the literature.30 Without microwaves, the equilibrium 
polarization is taken to be P0,OFF = εdepo = 0.6. The proton con-
centration is taken to be CP = 74 M for compound P, CDSPE-PEG 
= 101 M for the DSPE-PEG layer, and CRS =  11 M in the 
radical solution, all calculated according to their respective 
molar mass, density, and number of proton spins per mole-
cule. The reference spin diffusion coefficient value used here 
corresponds to 5 10-4 μm2s-1 for polystyrene at 100 K and 12.5 
kHz MAS (C = 70 M). D is then scaled for the corresponding 
proton concentration in line with literature31 for the different 
regions of the CNP system: DP = 7.5 10-4 μm2s-1, DDSPE-PEG = 
8.3 10-4 μm2s-1 and DRS = 4.0 10-4 μm2s-1 in the radical solution. 
The experimental values for the intrinsic T1 was measured to 
be 26 s inside compound P and 1.2 s in the surrounding radical 
solution, in line with experimental measurements (Figure 5e). 

Figure 5b-f show the comparison between experiment and 
prediction from numerical simulations for a spherical nano-
crystal having a mean diameter of 165 nm, with a DSPE-PEG 
layer of 5 nm. In Figure 5e and 5f, numerical simulations re-
produce the behavior of both the formate signals and enhance-
ments as a function of time. We confirm here with numerical 
simulations that the formate is restricted outside the CNPs. In 
Figure 5c, numerical simulations reproduce the fast build-up 
times of compound P compared to its intrinsic T1 value (T1 = 
37 s whereas TB,ON/OFF ≈ 2-3 s) which is in agreement with 
compound P exempt of radical molecules and polarized from 
the outside by spin diffusion. In Figure 5d numerical simula-
tions reproduce the increasing enhancement of compound P 
with time. This is due to a faster signal build-up without mi-
crowave irradiation (TB,OFF = 2.3 s) than with microwave irra-
diation (TB,OFF = 3.2 s), as measured in Figure 5c. Physically, 
this means that hyperpolarization arrives in compound P by 
spin diffusion only after the time needed to go through the 
DSPE-PEG layer. This explains the delayed increase of the 
µwaves on compound P signal in Figure 5c, and the delayed 
increase of the experimental and simulated enhancements. 
This is a clear signature of compound P being located below 
a surface layer. Finally, numerical simulations also reproduce 
the fast signal build-up of the DSPE-PEG with microwaves. 

The fit between numerical simulations and experimental data, 
as shown in Figure S2, suggests that the PEG forms a layer 
between L = 5 and 10 nm thick, with a T1,DSPE-PEG = 100-500 
ms. As detailed in the SI, the simulated compound P build-up 
depends on the size of the PEG layer.  
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We notice here that the DSPE-PEG T1 is much shorter than 
expected from experimental measurements (6.8s). This sug-
gest that the radical AMUPol has an affinity for the DSPE-
PEG layer, as previously observed for silica materials by Per-
ras et. al32 and that the “PEG layer” is actually a “PEG + 
AMUPol layer”. We note that a high AMUPol/DSPE-PEG af-
finity would lead to a significant signal quenching in the 
DSPE-PEG layer but would affect the spin diffusion process. 

Note that that deviations of the particle shape from exactly 
spherical assumed here do not significantly affect the deter-
mination of the thickness of the layer (unless the deviation 
causes the surface to volume ratio to change substantially).  

Conclusions 

We have shown that CNPs can be efficiently polarized by 
DNP relayed by 1H spin diffusion. By performing only two 
saturation recovery experiments, we can measure the time de-
pendence of signals and enhancements which are characteris-
tic of the spatial arrangement and relaxation properties of each 
of the components of the system. We model the transport of 
polarization with numerical simulations, and determine by 
comparing numerical simulations and experimental data the 
thickness of the PEG layer in CNPs of compound P is between 
5 and 10 nm. 
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