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A B S T R A C T   

A deep and detailed understanding of drug-dendrimer conjugates key properties is needed to define the critical 
quality attributes that affect drug product performance. The characterization must be executed both in the 
formulation media and in biological matrices. This, nevertheless, is challenging on account of a very limited 
number of suitable, established methods for characterizing the physicochemical properties, stability, and 
interaction with biological environment of complex drug-dendrimer conjugates. In order to fully characterize 
AZD0466, a drug-dendrimer conjugate currently under clinical development by AstraZeneca, a collaboration was 
initiated with the European Nanomedicine Characterisation Laboratory to deploy a state-of-the-art multi-step 
approach to measure physicochemical properties. An incremental complexity characterization approach was 
applied to two batches of AZD0466 and the corresponding dendrimer not carrying any drug, SPL-8984. Thus, the 
aim of this work is to guide in depth characterization efforts in the analysis of drug-dendrimer conjugates. 
Additionally, it serves to highlight the importance of using the adequate complementary techniques to measure 
physical and chemical stability in both simple and biological media, to drive a complex drug-dendrimer con-
jugate product from discovery to clinical development.   

1. Introduction 

The use of nanotechnology for the diagnosis and treatment of dis-
eases is a novel area of research in medicines (Anselmo and Mitragotri, 
2016; Shi et al., 2017; Hu et al., 2010). Due to their unique character-
istics, drug loaded nanoparticles offer potential to treat a wide spectrum 

of indications (Anselmo and Mitragotri, 2019). Moreover, nano-
medicines can be used in oncology as vectors to deliver a greater pro-
portion of drug to the tumour than what would be possible from 
systemic exposure. Nanomedicine is a broad term and represents a va-
riety of nanoparticles including liposomes, polymeric nanoparticles, 
polymer drug conjugates, micelles, iron oxide, silica and gold 
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nanoparticles (Mitchell et al., 2021; Stiepel et al.). One class of nano-
carriers that is receiving significant attention is dendrimers and drug- 
dendrimer conjugates. Dendrimers are nano-structured three-dimen-
sional polymeric molecules with a tree-like branching architecture. The 
monomers layers between each branching node are called “Genera-
tions.” (Madaan et al., 2014). The molecular weight, size and the 
number of terminal surface groups increase exponentially with each 
generation offering flexibility to optimize the drug loading and den-
drimer properties. Moreover, the rate of release of the active moiety can 
be controlled by careful selection of linker chemistry through which the 
drug is conjugated to the dendrimer (Gupta et al., 2017; Kratz et al., 
2008; Martin et al., 1972; Caminade et al., 2005; Ulaszewska et al., 
2013; Cutler, 2008). Owing to their ability to improve both physico-
chemical and pharmacokinetic properties of drugs, dendrimers have 
been explored in many therapeutic and biomedical applications 
(Anselmo and Mitragotri, 2016; Tran et al., 2017; Fernández et al., 2021; 
Mignani et al., 2020). 

AZD4320 is a potent dual Bcl-2/Bcl-xL inhibitor that has showed 
promising efficacy in preclinical studies; yet, the dose limiting cardio-
vascular toxicity coupled with challenging physicochemical properties 
prevented its clinical development (Patterson et al., 2021). In order to 
improve AZD4320 solubility (<1 μg/ml in aqueous buffers at physio-
logical pH) and therapeutic index, a novel five-generation (G5) drug- 
dendrimer conjugate was designed and named AZD0466. The PEGy-
lated poly-L-lysine dendrimer is based on Starpharma’s DEP® den-
drimer technology and contains up to a maximum of 32 AZD4320 and 
32 PEG molecules (Fig. 1) (Arulananda et al., 2021; StarPharma). 

Noteworthy, drug-dendrimer conjugates require particular consid-
eration during development and for regulatory submissions as they do 
not completely fit either in the small molecule or in the biologics cate-
gory, but they fall under the Food and Drug Administration (FDA) 
guidance titled: “Drug Products, Including Biological Products, that 
Contain Nanomaterials Guidance for Industry”(FDA guidance). This 
guidance reflects the FDA current thinking on the subject and stresses 
the need to use complementary characterization approaches when 
measuring material and drug product properties such as size, poly-
dispersity, morphology and drug release. Additionally, in the case of 
nanomedicines administrated systemically, the guidance highlights the 
importance to evaluate the impact of product stability, and thus 
biocompatibility, induced by the interaction of nanomaterials with 
human plasma and blood components. In fact, the bound plasma pro-
teins on the nanoparticle surface (bio-corona) may modify 

nanomedicines biophysical properties, which may in turn affect their 
safety and efficacy profile (Francia et al., 2020). Overall, these key 
properties, when defined as critical quality attributes (CQAs), must be 
fully investigated, and characterized during development, and then 
tightly controlled throughout drug product lifecycle in order to ensure 
its consistency. The optimal choice of CQAs to monitor for complex 
therapeutics like drug-dendrimer conjugates is not obvious. Further-
more, while regulatory documents, such as the European Medicines 
Agency (EMA) reflection papers and regulatory guidance documents 
have been published for liposomes (EMA; EMA; EMA), intravenous iron- 
based nano-colloidal products, and block co-polymer micelle medicinal 
products (EMA; EMA; EMA), no specific regulatory guidance is available 
for drug-dendrimer conjugates. Both a recent review and the FDA 
guidance on drug products that contains nanomaterials have outlined 
candidate CQAs for general nanomedicines in the clinical context, but 
also acknowledged the need to adapt the selection of CQAs to specific 
nanomedicine types and proposed additional characterizations to be 
considered (Dri et al., 2023; FDA guidance). The complexity of nano-
medicines frequently means that no single analytical methods are able to 
fully provide all relevant information about a given quality attribute. 
Therefore, access to a suite of multiple orthogonal or complementary 
advanced characterization technologies is often required to develop 
process understanding and to implement robust quality control strate-
gies (FDA guidance; ICH Q2). Simon et al. recently published a proposed 
definition for the concepts of orthogonality and complementarity of 
analytical methods, exemplified in the sizing of nanomedicines, to aid in 
the selection of the appropriate set of methods (Simon et al., 2023). 
Orthogonal methods are needed to measure one property or CQA to 
validate the results by measuring the same property by using different 
physical principles and compare the results to address unknown bias or 
interferences. Complementary measurements are used to measure 
different properties (e.g. size and drug release) to get a better under-
standing of their correlation and their impact on safety and efficacy of 
the nanomedicine formulation. This work is, to our knowledge, 
exploring for the first time the use of orthogonal and complementary 
methods, as defined by Simon et al. to perform an in-depth character-
ization of the physicochemical CQAs of drug-dendrimer conjugate 
formulations. 

Collaboration with research centres with specialised expertise in 
nanotechnology characterization may offer an effective way to access 
both the infrastructure and skills needed to develop tailored standard 
operating procedures and to perform an in depth characterization of 

Fig. 1. Tree-like branching architecture of drug-dendrimer conjugate AZD0466. The chemical structures illustrate the poly-Lysine G5, the active small molecule 
(AZD4320) and the PEG comprising the stealth layer. 
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these complex systems by comparing the results obtained by multiple 
characterisation methods. In order to secure access to a wide range of 
advanced characterization techniques and expertise, a collaboration was 
initiated between AstraZeneca, Starpharma and European Nano-
medicine Characterisation Laboratory (EUNCL). EUNCL was established 
under the H2020 research program in 2015 to support the development 
of nanomedicines in Europe, by providing access to a multi-disciplinary 
expertise and a comprehensive infrastructure offering a set of preclinical 
tests (physical, chemical, in-vitro and in-vivo biological testing). EUNCL 
works closely with US National Cancer Institute Nanotechnology Char-
acterisation Laboratory (NCI-NCL) and supports the stakeholders in 
their development and clinical translation of nanomedicine formula-
tions. The two laboratories also collaborated with regulatory bodies and 
metrology institutes, to develop standard operation procedures (SOPs) 
for the assessment of nanomedicine formulations which are relevant for 
regulatory purposes. All the SOPs developed by EUNCL and NCI-NCL are 
published on their website (https://ncl.cancer.gov/resources/assay-ca 
scade-protocols, https://www.euncl.eu/about-us/assay-cascade/). In 
addition, several articles are available where accumulated knowledge 
and insight are shared with the scientific community (Caputo et al., 
2021; Parot et al., 2020; Leong, 2019; Caputo et al., 2019; Gioria et al., 
2018; Mehn et al., 2017; Gioria et al., 2019; Clogston et al., 2019). 

Herein, the colloidal properties of two different batches of AZD0466 
(Patterson et al., 2021), named C1d and C2a depending on the pro-
duction campaign, and a blank dendrimer, SPL-8984, were investigated. 
The latter material has the same architecture and linker of AZD0466 but 
does not contain the active small molecule. To note, AZD0466 C1d was 
an early small scale discovery batch whilst AZD0466 C2a was manu-
factured under good manufacturing practice (GMP) at significantly 
larger scale using a markedly different synthetic route. The structural 
characterization of AZD0466 is published elsewhere and not focus of 
this investigation (Akhtar, 2022). 

Owing to the inherent complexity of the drug-dendrimer conjugate, 
several orthogonal and complementary techniques were applied to 
characterize AZD0466, with a step-by-step approach, namely: (i) pre- 
screening of the physical properties of the formulations with tech-
niques in batch mode, such as dynamic light scattering (DLS), and Taylor 
dispersion analysis (TDA). (ii) Advanced and high resolution measure-
ments of size, molecular weight, and physical stability of the formula-
tion by hyphenated fractionation techniques such as size exclusion 
chromatography (SEC) and asymmetric flow-field flow fractionation 
(AF4) coupled to online concentration and sizing multi-detectors (MD), 
as well as analytical ultracentrifugation (AUC). (iii) Determination of 
morphology of the formulations by transmission electron microscopy 
(TEM) and small-angle neutron scattering (SANS). Furthermore, as a last 
step, the physical stability and drug release of the drug-dendrimer 
conjugates in the presence of plasma proteins was also evaluated. 

The techniques herein discussed where evaluated to enable an 
overall colloidal characterization of a drug-dendrimer conjugate, iden-
tify which characterization techniques are more appropriate at each 
stage of development for this specific family of nanomedicines and, 
eventually, improve understanding of which properties are potential 
CQAs for this drug product. 

2. Materials and methods 

The materials analysed herein were synthesised by Starpharma and 
AZ and shared with EUNCL for the scope of these analyses. The char-
acterizations were performed both at AZ and in the EUNCL laboratories. 
The drug-dendrimer conjugate as a molecular entity (drug substance) 
was additionally analysed by several techniques, including nuclear 
magnetic resonance, mass spectrometry and reverse phase, size exclu-
sion and supercritical fluid chromatography(Akhtar, 2022). Neverthe-
less, the aim of this partnership was to focus on drug product CQAs and 
thus drug substance characterizations are not reported herein. 

2.1. Reconstitution procedure 

The drug-dendrimer conjugates were stored as powder and recon-
stituted to 25 mg/mL in reconstitution buffer (acetate 100 mM + 2.5 % 
w/w glucose, pH 5) unless differently stated. 

2.2. Dynamic light scattering (DLS) 

DLS analysis was performed on a Malvern Zetasizer Nano ZS in-
strument (Malvern-Panalytical Ltd.) with back scattering detector 
(173◦). Measurements were made in disposable polymethyl methacry-
late (PMMA) semi micro cuvettes and data were collected using Malvern 
Zetasizer software (v7.11). The measurements were performed imme-
diately after reconstitution in the reconstitution buffer at 20◦C, without 
further dilution of the samples. Additional measurements were per-
formed by batch mode DLS after dilution of the reconstituted samples 
down to 1 mg/mL in various buffers, including acetate 100 mM + 2.5% 
w/w glucose (pH 5), 10 mM NaCl and PBS + 10% v/v foetal bovine 
serum (FBS) at pH 7.4. The latter condition was tested at 37◦C. 

2.3. Zeta potential measurements 

Zeta potential was measured on a Malvern Zetasizer Nano ZS in-
strument. Prior to the measurements, the reconstituted solutions were 
further diluted to 10 mg/mL in 10 mM NaCl. 

2.4. Automated Taylor Dispersion analysis (TDA) 

Sizing by TDA was performed using a Viscosizer TD (Malvern-Pan-
alytical Ltd.) using an uncoated capillary and 25◦C run temperature. A 
280 nm UV filter was used for AZD0466 batches, whilst a 214 nm filter 
was applied for SPL-8984. The system was calibrated throughout the 
experimental runs using a 1 mg/mL caffeine solution in Milli-Q water, as 
recommended by the manufacturer. All samples, unless otherwise 
stated, were prepared at 25 mg/mL in 25 mM phosphate/citrate buffer 
+ 5% w/w glucose. SPL-8984 was analysed at 40 mg/mL due to low 
exctinction coefficient. For each sample, at least six replicates and two 
independent preparations were analysed. Hydrodynamic radius was 
calculated based on the diffusion coefficient, obtained from the TDA 
analysis, via the Stokes-Einstein relationship (Panalytical). 

2.5. Multi detector-size exclusion chromatography (MD-SEC) 

SEC analysis was performed on a Viscotek TDA302 instrument 
equipped with a GPCMax autosampler and a detector array consisting of 
Differential Refractive Index (RI), single wavelength UV, Right Angle 
(90◦) and Low Angle (7◦) Light Scattering (RALS/LALS) with laser at 
633 nm and Differential Pressure Viscometer (DP) (Malvern-Panalytical 
Ltd). Sample separation was executed on a single pore size (300 Å) silica 
column (300 × 7.8 mm) with a modified coating to minimise hydro-
phobic interactions (PLS3030H, Malvern-Panalytical Ltd.) and column 
oven was kept at 30 ◦C. The detector array was calibrated using a single 
polyethylene glycol (PEG) standard of 24 kDa molar mass and 0.4 dL/g 
Intrinsic Viscosity (IV) and dn/dc in aqueous media of 0.132 (Malvern- 
Panalytical Ltd.). Samples were prepared volumetrically in 25 mM 
phosphate/citrate buffer + 5 % w/w glucose with concentrations at 
approximately 2 mg/mL. Injection volume was 100 μL. Data was pro-
cessed using the OmniSEC v4 software. The dn/dc values were deter-
mined by using a range of solution concentrations and injecting on to the 
SEC system, determining RI peak areas and calculating from the RI de-
tector calibration constant. Values for dn/dc for the SEC analyses were 
similar to those determined via the AF4 of the samples (0.151 for 
AZD0466 C1d and C2a, 0.142 for SPL-8984). Hydrodynamic radius was 
calculated from the molecular mass and IV via the Stokes-Einstein 
relationship (Armstrong et al., 2004). 
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2.6. Multidetector-Asymmetric flow field flow fractionation (MD-AF4) 

MD-AF4 analysis was performed using an Eclipse AF4 (Wyatt Tech-
nology). The platform included isocratic pump(s), degasser, injector, 
and a trapezoidal long fractionation channel. Online detectors in the 
MD-AF4 configuration used were, in order: UV–VIS absorbance, multi- 
angle light scattering (MALS) with a Wyatt QELS (Quasi-Elastic Light 
Scattering) integrated directly with the MALS at an angle of 99.9◦, and a 
refractive index detector (dRI). The dRI was used as the concentration 
detector of reference for molecular weight (MW) determination. The dn/ 
dc was measured in batch mode by direct injections of the samples into 
the dRI detector (Caputo et al., 2019). The following dn/dc average 
values (standard deviation, SD) were derived by three replicate mea-
surements and used in the calculation of MW performed by MALS: 
AZD0466 C1d = 0.155 (0.001); AZD0466 C2a = 0.158 (0.001); SPL- 
8984 = 0.137 (0.01). Prior to the MD-AF4 analysis, the samples were 
diluted to 2.5 mg/mL (AZD0466 C1d, AZD0466 C2a) or to 10 mg/mL 
(SPL-8984) in the reconstitution buffer and tested at 20◦C. For the 
physical stability analysis in complex biological media, the samples 
were diluted in PBS + 10% v/v FBS and then incubated at 37 ◦C for 1 h 
prior to sample injection. The measurement conditions for MD-AF4 
analysis are summarized in Table S1. Method precision was evaluated 
under repeatability conditions at a minimum as described by ISO/TS 
21362:2018 (ISO ISO/TS, 2018) (same analyst, same instrument, same 
location, same method over a short period of time), by performing three 
replicate injections of each sample. The three replicate fractograms 
measured for each sample are reported in Fig. S2. Data analysis was 
performed by Astra v6.1 (Wyatt Technology). Molecular weight values 
were calculated by applying the Zimm model, with the dn/dc values 
measured as described above. The hydrodynamic diameter was calcu-
lated by a single exponential decay (particle method). The following 
parameters were reported, as indicated by ISO/TS 21362:2018 (ISO 
ISO/TS, 2018):  

a) Complete fractogram(s), showing the elution time on the x-axis (t0 =

starting of the elution) and the detector response(s) on the y-axis.  
b) Molecular weight vs. time calculated by applying the Zimm model 

(1st grade) and the measured dn/dc. The number (Mn), mass (Mw) 
and centrifugation (Mz) average molar mass and the associated PdI 
were calculated averaging the MW values across the peak full width 
half maximum (FWHM).  

c) Hydrodynamic radius (Rh) vs. time and average Rh across the full 
width half maximum (FWHM).  

d) Measured retention times (Tr) for all identified peaks based on the 
signal of the UV–VIS detector  

e) Mass recovery: in each run absorbance of the eluted fractions was 
monitored at 320 nm. The amount of mass recovery was estimated by 
calculating the area under the UV–VIS peak of the samples eluted 
with and without an applied cross flow: 

%massrecovery =
(

UV− VISareaofthesample
UV− VISareaofthesamplewithoutcrossflow

)
*100; 

2.7. Analytical ultracentrifugation (AUC) 

AUC analysis was carried out overnight using a Beckman Coulter 
ProteomeLabTM XL-I analytical ultracentrifuge with an 8-hole rotor, at 
40,000 rpm, at 20◦C. For density estimation the samples were recon-
stituted at 25 mg/mL concentration in glucose free acetate buffer and 
suspensions were analysed within 8 h after preparation. Particle size 
measurements were performed after reconstituting the particles in ac-
etate buffer containing 2.5% w/w glucose and diluting them in the same 
buffer 250 times for absorbance-based measurements at 325 nm and 25 
times for interference-based measurements, respectively. Measurements 
were performed using sample holders with 2 sector centrepieces. Den-
sity of the acetate buffer containing 2.5% glucose was measured using a 

manual picometer (25 mL) and was found to be 1.011 g/mL at 20◦C. 
Viscosity of the acetate buffer containing 2.5% w/w glucose was 
determined using an Anton Paar viscometer and was found to be 1.098 
mPas at 20◦C. Behavior of test samples in the presence of serum was 
tested after incubation in the presence of 10% v/v FBS at 37◦C at 25x 
dilution (1 mg/mL final concentration). 

Measurement of particle density by AUC: Density measurements were 
performed as previously described (Mehn et al., 2020). Sucrose solutions 
were prepared in Milli-Q water at concentrations of 20, 25, 30, 35, 40, 
50% (% w/w) for AZD0466 and 10, 20, 25, 30, 35% for SPL-8984, 
respectively. Particle suspensions were diluted 250 times in the su-
crose solution and the effect on final sucrose concentration was 
considered to be negligible. Measurements were performed using a 6 
sector centrepiece (running 3 experiments in 1 cell) at 325 nm for 
AZD0466 and at 220 nm for SPL-8984, respectively. Density of the su-
crose solutions was considered to be as reported in TableS2. 

2.8. Transmission electron microscopy (TEM) 

Prior to TEM measurements (negative staining), the reconstituted 
samples were diluted to 12.5 mg/mL in Milli-Q water. Sample staining 
was performed by using Negative Stain-Mica-carbon Flotation Tech-
nique (MFT). The samples were absorbed to the clean side of a carbon 
film on mica, stained and transferred to a 400-mesh copper grid. Sodium 
Silico Tungstate (SST) Na4O40SiW12 at 2% w/v in distilled water (pH 
7–7.5) was chosen as dye for the analysis of all the samples. The images 
were taken under low dose conditions (<10 e− /Å2) with defocus values 
between 1.2 and 2.5 μm on a Tecnai 12 LaB6 electron microscope at 120 
kV accelerating voltage using CCD Camera Gatan Orius 1000. Particle 
size distribution of AZD0466 C1d and AZD0466 C2a was calculated by 
manually analysing >400 objects for each sample. Size and shape in-
formation were collected by using the Image J software. To get a 
number-based particle size distribution (PSD), the diameter of an 
equivalent sphere was calculated by converting the area measured for 
each event to the equivalent area circle’s diameter. The PSD of SPL-8984 
was not calculated due to technical issues: despite the staining, the 
contrast was too low to allow defining the 2D projected area of the 
particles (even manually). 

2.9. Small angle neutron scattering (SANS) 

SANS measurements on AZD0466 C1d and C2a were performed on 
the Sans2d beamline at the ISIS Neutron and Muon Source (STFC 
Rutherford-Appleton Laboratory, Didcot, U.K.). Sans2d uses a white 
beam of neutrons with wavelengths, λ, in the range of 1.75–16.5 Å, and 
the scattering is recorded on two detectors placed at 2.4 and 4 m from 
the sample, giving an accessible scattering vector range of 0.005–1 Å− 1. 

The dendrimer samples were prepared by dissolving AZD0466 at 5 or 10 
mg/mL concentration into PBS pH 7.4 prepared with 100% D2O, then 
placed in clean, disk-shaped fused quartz cells of 1 or 2 mm pathlength 
depending on the volume fraction of deuterium in the sample. Size re-
sults reported herein are only from samples at 5 mg/mL as the data at 10 
mg/mL were within error. The raw SANS data were processed using the 
Mantid framework (Arnold et al., 2014) following established proced-
ures for the instrument (detector efficiencies, measured sample trans-
missions, absolute scale using the scattering from a standard polymer, 
etc.) (Heenan et al., 1997). The SANS intensity, I(Q), of AZD0466 as a 
function of the scattering vector, Q = (4π/λ) sin(θ/2), where θ is the 
scattering angle, was obtained from the total intensity, subtracting the 
scattering from the buffer. The data were modelled with a core–shell 
ellipsoid (Berr, 1987) which gave the best fit for the scattering curves 
when compared to spherical or core–shell spherical models. The ag-
gregates were modelled on the core–shell ellipsoid model which assumes 
the core of each monomer is localised in the centre of the aggregate, with 
the PEG layer surrounding the cores. The Guinier approximation was 
applied to calculate the radius of gyration (Rg) and errors are reported as 

S. Sonzini et al.                                                                                                                                                                                                                                  



International Journal of Pharmaceutics 637 (2023) 122905

5

SD of the Guinier approximation (Guinier and Fournet, 1955). The least- 
squares refinements were performed using the SasView software, v5 
(https://www.sasview.org/). Model constraints and initial estimates 
were applied to the fitting parameters based on the size measurements 
from DLS, TDA and the molecular weight determined by MD-SEC. The 
background was fixed based on the high Q average intensity and the 
scale was left as a free parameter; the scattering length density (SLD) of 
the background solvent was fixed, calculated from the SasView SLD 
calculator. 

2.10. Drug release measurements 

Simple media - AZD0466 samples were diluted in phosphate saline 
buffer (PBS) at pH 7.4 to a target concentration of 770 μg/mL and 
incubated up to the scheduled sampling times at the desired tempera-
tures, namely 5, 25, 37 and 41.5◦C. The concentration was selected 
based on pre-existing calculations of possible clinical dose and den-
drimer drug loading. Samples were taken at the following times (hours): 
0, 5, 24, 48, 96 and 168 h, and were immediately diluted 10x in dime-
thylacetamide (DMA) to prevent further drug release and stored at 
− 20◦C until analysis. Before analysis by liquid chromatography coupled 
with mass spectrometry (LC-MS/MS), samples were diluted in acetoni-
trile (ACN). Quantification was performed against standard curves of the 
small molecule AZD4320 prepared in ACN. Stable isotope labelled 
AZD4320 (13C-d7) was added to all samples and standards and used as 
internal reference. Complex media - The drug release in complex media 
(human plasma, pooled from three healthy anonymized donors) was 
performed essentially as described for the simple media above, except 
only at one temperature, 37◦C. Sampling (incubation) times were 0, 4, 
24, 48, 96h. DMA addition as previously described, and subsequent 
dilution in ACN, ensured precipitation of the plasma proteins and 
concomitant solubilization of the released AZD4320. Total dilutions 
before analysis (10x in DMA, and then remaining in ACN) were 1000x. 
All incubation and samplings were performed in triplicate. 

3. Results 

3.1. Particle size distribution measurements by two orthogonal batch 
mode techniques: DLS and TDA 

As first approach, the bulk size of the samples was analysed by batch 
mode techniques to exclude major physical instability such as very large 
aggregates. 

By DLS analysis, the particle size distribution (PSD) of AZD0466 C1d 
and C2a appeared monomodal. The average size and polydispersity 
values obtained by cumulant analysis (z-ave and PdI) over 10 

measurements are reported in Fig. 2a and in Table 1. Both C1d and C2a 
samples presented a higher average size and a PSD shifting to larger sizes 
compared to that obtained with the blank dendrimer. The results 
possibly indicate the presence of multiple populations composed of 

Fig. 2. Pre-screening by batch mode DLS and TDA of AZD0466 and SPL-8984. a) DLS intensity vs. size data collected for samples at 25 mg/mL in acetate buffer at 
20 ◦C. b) Normalised TDA Taylorgrams for samples at 25 (AZD0466) or 40 (SPL-8984) mg/mL in citrate buffer at 25 ◦C; both windows are reported for completeness. 

Table 1 
Summary of the physical characterization of the drug-dendrimer conjugate and 
the blank dendrimer. Average values (SD) are reported, when multiple replicates 
are available. Size values by techniques: DLS, TDA: hydrodynamic diameter 
(Dh), AUC: Stokes diameter (DStokes), TEM: diameter of an equivalent sphere, 
SANS: diameter of gyration (Dg). In the case of the molecular weight, the Mw is 
reported, with the addition of Mn for MD-SEC and AF4. Both for MD-SEC and 
AF4: average size and molecular values calculated over the FWHM; TEM and 
AUC: x10, x50 and × 90 from the cumulative distribution of size and MW. D0 by 
TEM: derived by the number-based particle size distribution, D3 by AUC: derived 
by the volume-based particle size distribution.  

Attribute & Measurement AZD0466 
C1d 

AZD0466 
C2a 

SPL-8984 

Particle size 
(nm) 

DLS 
(Dh) 

15 (1) 17 (1) 11 (1) 

TDA 
(Dh) 

15 (0.4) 17 (0.4) 11 (0.3) 

MD-SEC 
(Dh) 

15 (1) 17 (1) 11 (1) 

AF4-DLS 
(Dh) 

14 (1) 16 (1) 10 (1) 

TEM 
(D0,10,D0,50, 
D0,90) 

9, 11, 30 11, 15, 21 na 

AUC (DStokes) 
(D3,10, D3,50, 
D3,90) 

8.8, 10, 11 10, 12, 14 6.6, 6.8, 
7.0 

SANS 
(Dg, aspect 
ratio) 

9.8, 1.2 12.0, 1.4 na 

Molecular 
weight* 
(kDa) 

AF4-MALS 
(Mn, Mw) 

322, 347 410, 454 76.4, 75.1 

MD-SEC 
(Mn, Mw) 

275, 305 436, 513 72.6, 79.0 

AUC 
(Mw10, Mw50, 
Mw90) 

244, 341, 
535 

349, 606, 
1038 

96, 105, 
115 

Particle density 
(g/mL) 

AUC 
1.13 

1.08 

Intrinsic 
viscosity 
(dL/g) 

MD-SEC 0.091 0.082 0.141 

Surface charge 
(mV) 

Zeta potential 0.1 (0.3) 0.4 (0.2) − 2.4 
(1.1) 

*Molecular weight distributions are calculated considering spherical shape for 
all species. 
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small aggregates (i.e. dimers, trimers) and/or by larger particles which 
may not be resolved by batch mode DLS. Table S3 reports additional 
information obtained by the particle size distribution analysis (intensity 
based), another analytical approach of the DLS correlogram vs. the 
cumulant analysis. As mentioned in previous work (Caputo et al., 2019), 
a comparison between the two approaches applicable to analyse the DLS 
data is always useful to get a better understanding of the samples. 
Usually, if close values are obtained in the two different data treatments, 
it is indicative of well-monodispersed samples, whereas significantly 
different values indicate that the sample particle distribution is poly-
disperse. In this case, the average size values provided by both data 
analysis approaches were well in agreement for the three drug- 
dendrimer conjugates. Only in the case of the blank dendrimer (SPL- 
8984), the intensity-based PSD analysis indicated the presence of a few 
big aggregates, constituting to 20% of the signal by intensity. No sign of 
large aggregates was detected in any of the drug-dendrimer conjugates. 

Noteworthy, extensive measurements to evaluate size dependency 
from buffer ions, pH and concentration were performed by DLS. Dilution 
of the reconstituted samples from 25 mg/mL to 1 mg/mL was executed 
in various buffers, including PBS with 10% v/v foetal bovine serum 
(FBS) at pH 7.4; this specific condition was tested at 37◦C. Overall, no 
dependency of size from buffer, pH, concentration, and temperature was 
noticed (Table S4) allowing the use of slightly different measurement 
conditions based on each technique requirements. 

TDA is a technique used for measuring protein size (Lavoisier and 
Schlaeppi, 2014) and its usage has also been reported for lysine den-
drimers sizing (Cottet et al., 2007). It is orthogonal to DLS, since it is 
based on a completely different detection principle (TDA based on 
sample UV absorbance, proportional to sample quantity vs. DLS based on 
intensity of light scattered by the sample, proportional to r6). On this 
account, it was selected as a second approach to measure the particle 
size distribution of SPL-8984, AZD0466 C1d and C2a batches. The TDA 
Taylorgrams for the first and second reading window are reported in 
Fig. 2b, showing reproducible profiles. According to the Taylor Disper-
sion Analysis of the obtained curves (Latunde-Dada et al., 2016; 
Latunde-Dada et al., 2015; Latunde-Dada et al., 2015), the three 
AZD0466 batches showed a larger average hydrodynamic diameter (Dh) 
compared to the blank dendrimer, SPL-8984, in agreement with the DLS 
data reported above (Table 1). The obtained Dh values are comparable 
with the DLS measurements, providing a confirmation of the previously 
obtained sizing results. 

Additionally, the particle surface charge was analysed. The average 
zeta potential values over five measurements and the average zeta po-
tential distribution of the four samples analysed are reported in Table 1. 
All the samples presented a net neutral surface charge. 

3.2. In depth physical characterization by complementary techniques with 
online multi-detector measurement settings: MD-SEC, MD-AF4 and AUC 

Once the bulk properties of the drug-dendrimer conjugate samples 
were analysed by batch-techniques, as second step, complementary 
hyphenated approaches were used to obtain an in depth understanding 
of the physical properties of the drug-dendrimer conjugates. Three ap-
proaches were selected: (i) SEC coupled with UV–Vis, static light scat-
tering (RALS/LALS), refractive index (RI) and differential viscometer 
(DP) detectors (ii) AF4 coupled with UV–VIS, multiangle light scattering 
(MALS), RI and DLS detectors and (iii) AUC equipped with UV–VIS and 
refractive index detectors. The MD-SEC and MD-AF4 represent com-
plementary methods to first fractionate particles according to their 
physical properties (size and shape), and then to estimate molecular 
weight and particle size of the eluted fractions online. AUC is a true 
orthogonal technique that allows determination of the size of particles 
based on their sedimentation velocity under the application of a cen-
trifugal force. 

The single MD-SEC measurements are reported in Fig. S1, where an 
overlay of representative chromatograms from the multi-detectors used 

for analysis (RI, RALS/LALS, DP) is shown for each of the samples. The 
measurements of the different samples organised by detector are then 
overlayed in Fig. 3 and a summary of the results is reported in Table 1 
and Table S5. The hyphenation of sample fractionation followed by 
online measurements allows to resolve the presence of different species 
in the samples. It is worth noting that both the RALS and LALS responses 
were identical in shape, indicating that all the species in the eluted 
range, as anticipated, are isotropic scatterers and therefore below the 
critical size (radius ~ 1/20 of the laser wavelength 633 nm ≈ 31 nm) 
where the Rayleigh scattering theory is applicable(Kato et al., 2018). 

The blank dendrimer, SPL-8984, was composed by >90% (from the 
RI signal) of a main single species eluting at 8.4 mL with a MW of 
approximately 72 kDa, in line with its chemical structure. Some smaller 
peaks were also detected at lower retention volume (Vr), i.e. higher MW, 
these are likely originating from chemically bonded oligomeric species 
generated during the synthesis of the dendrimer construct. In contrast, 
both the AZD0466 C1d and C2a showed very low response at an 
equivalent Vr, indicating that little if any free monomeric species were 
present in these samples. This infers that the drug-dendrimer conjugate 
samples were present as physical aggregates in aqueous solution. This 
hypothesis was confirmed by independent MD-SEC analyses in organic 
solvent which demonstrated that the drug substance is mainly mono-
meric in nature (>90% monomer vs. higher order species) with molec-
ular weight between 100 and 105 kDa (Akhtar, 2022). Interestingly, 
whilst the profiles of the AZD0466 drug product samples (Fig. 3a) were 
relatively broad they also showed pronounced peaks, which may 
represent different individual oligomeric states. Focusing on the MW 
analysis in the Vr where most of each sample eluted, the MW measured 
for AZD0466 C1d ranged between 230 and 350 kDa (Vr between 6.9 and 
8.5 mL), suggesting the presence of physical aggregates formed by 2 or 3 
molecules; whilst, in the AZD0466 C2a the range was between 250 and 
550 kDa (Vr between 6.4 and 8.5 mL), suggesting the presence of 
physical aggregates up to pentamers. Additionally, in Fig. 3b the 
viscometric Dh (calculated from the MW and IV of each Vr increment) 
showed a corresponding trend in size among the various samples. 
Furthermore, the results for the differential pressure response from the 
viscometer along with the resultant intrinsic viscosity data vs. retention 
volume are reported in Fig. 3c; the IV did not change throughout elution 
for the AZD0466 batches but it did for SPL-8984, in contrast to what 
observed for molecular weight and size. This means that the effective 
molecular density must be increasing with molecular weight and phys-
ical aggregation, and this is likely driven by the presence of the small 
molecule (AZD4320). 

Whilst not strictly applicable to non-linear polymers such as the 
AZD0466 pegylated dendrimer, plotting the data from the MD-SEC 
analysis as a Mark-Houwink plot (logIV vs. log M) is useful, as it gives 
information on the conformation and solvent–solute interactions. As 
shown in Fig. 3d, SPL-8984 occupies a different space in the Mark- 
Houwink plot in comparison to the AZD0466 samples. The exponent 
from the Mark-Houwink fit provides some insight into how the intrinsic 
viscosity relates to molar mass. For typical linear polymers that are able 
to expand relatively unconstrained with molecular weight in a theta 
solvent or better, the exponent is 0.5 or higher. For the fit of SPL-8984, 
the exponent is approximately 0.39, whereas for AZD0466 C1d and C2a 
the values are 0.17 and 0.13 respectively. Thus, these drug-loaded 
constructs act as very dense materials, with only a very small increase 
of intrinsic viscosity with molar mass, whereas the higher molar mass 
species present in SPL-8984 are more free to interact with the available 
solvent as they are not hampered in doing so by the very hydrophobic 
AZD4320 moieties. 

As complementary to the MD-SEC approach, the MD-AF4 analyses 
were also performed on the AZD0466 and SPL-8984 dendrimers sam-
ples. A representative fractogram for each sample is reported in Fig. 4, 
while the average values obtained for sample recovery, molecular 
weight, and average size (Dh) are summarized in Table 1 and Table S6. 
The replicate fractograms measured for each sample are shown in 
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Fig. S2a-c. In line with SEC, also the AF4 fractograms (Fig. 4) indicated 
that the drug-dendrimer conjugates are composed by multiple species 
possessing a higher average size and molecular weight than the SPL- 
8984 blank dendrimer. It is possible to observe a similar but symmet-
rical elution profile as seen in the MD-SEC analysis, in fact SPL-8984 
shows one main single peak and AZD0466 samples show a very broad 
peak with a shoulder at later time point (elution time is directly corre-
lated to higher MW and larger Dh in this technique, conversely to SEC). 
As possible to observe in the SEC profiles, whilst the Dh does not vary too 
much across the peak, the MW is increasing almost in a continuum for 
both AZD0466 samples, from 100 up to ~ 1000 kDa. The SPL-8984 
blank dendrimers have a hydrodynamic diameter (Dh) around 10 nm 
and molecular weight of around 75 kDa, while the loaded samples 

AZD0466 C1d and C2a has average diameter of 14 and 16 nm and an 
average MW of 350 and 450 kDa, respectively. Overall, these results are 
in agreement with the MD-SEC analysis and further support the presence 
of small multimers for the drug-dendrimer conjugates samples. Addi-
tionally, also in the MD-AF4 analysis the C2a samples were generally 
composed by larger species and possess a slightly higher polydispersity 
index (PdI) than AZD0466 C1d (PdI = Mw/Mn). Intriguingly, similar 
considerations around the MW increase of the drug-dendrimer conju-
gates vs. the blank dendrimer being much more significant than the 
increase in particle size can be drawn through the AF4 analysis as well as 
SEC, despite being orthogonal fractionation techniques based on very 
different separation principles. 

Analytical ultracentrifugation can be used to estimate particle 

Fig. 3. MD-SEC derived data overlays for SPL-8984 (black), AZD0466 C1d (blue) and C2a (red). a) RI response (solid lines) and molecular mass (dashed lines); b) 
RALS response (solid lines) and Dh (dashed lines); c) DP response (solid lines) and IV (dashed lines). d) Mark-Houwink type plot for SPL-8984, AZD0466 C1d and 
C2a; dashed lines are best fit of experimental data. Analyses were carried out reconstituting the samples at 2 mg/mL in 25 mM phosphate/citrate buffer + 5% w/w 
glucose. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Overlay of a) molecular weight and b) size by MD-AF4 for SPL-8984 (black), AZD0466 C1d (blue) and C2a (red). Samples were prepared at 25 mg/mL in 
acetate buffer a diluted to 2.5 mg/mL before analysis. Chromatograms of triplicate analysis are reported in the SI. For both graphs, left-side Y-axis is related to the 
chromatogram peak solid lines; right-side Y-axis is related to cross-peak solid lines/dots. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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density as already reported in the literature (Mehn et al., 2017). With 
this aim, sedimentation velocity experiments of the samples were run in 
different sucrose solutions with density values close to the expected 
particle density. Particles are expected to sediment in a liquid phase that 
has a lower density than the particles and float in a medium that has a 
higher density. As shown in Fig. 5b and Fig. S3, AZD0466 C1d and C2a 
behaved similarly in the experiments at various sucrose concentrations. 
They sediment in 25%, float in 35% sucrose, and neither float nor 
sediment significantly in 30 % sucrose, suggesting they possess a density 
of about 1.13 g/mL. SPL-8984 has a lower density, similar to the one of 
20% sucrose (1.08 g/mL) with negligible sedimentation or floating of 
the particles being observed during an overnight experiment. Size 
measurements at 25-fold dilution of the original suspension, using AUC 
with interference optics (Fig. 5d), resulted in Stokes diameter distribu-
tions as shown in Fig. 5a and the correlated molecular weights data as 
reported in Fig. 5c. Fits were done applying the continuous c(s) model, 
linear binning, s resolution 200 in the 1 < s < 20 range. The calculated 
particle size and molecular weight distributions of the drug-dendrimer 
conjugates fit well with the results of the analyses performed by 
orthogonal methods (Table 1). AZD0466 C1d appears to have a particle 
population with a diameter of about 9 nm and to also contain other small 
aggregates. The second peak of the particle size distribution appears at 
1.16 times the size value of the first peak, suggesting the presence of 
oligomers in the sample (Mehn et al., 2017). Size distributions of 
AZD0466 C2a have a mode at about 12 nm and are less resolved, most 
probably because of the superposition of a wider size distributions of 
different oligomeric states. SPL-8984 has a smaller size, with a Stokes 
diameter of about 7 nm and a very narrow particle size distribution. 
Calculated molecular masses are comparable, if slightly higher than the 
values determined by MD-SEC and AF4 (Table 1). Measurements at the 
absorption maximum of the encapsulated drug confirm the absence of 
free (non-sedimenting) species in the samples. This is further confirmed 
by the direct measurement of free AZD4320 by LC-MS/MS, which was 

shown to constitute <1.1% of the total drug (data not shown here). 
Fig. 5d illustrates the raw data collected by the absorbance optics for the 
drug loaded particles without background subtraction. The data indicate 
the absence of a signal of low sedimentation coefficient, small species 
that would result in a stable absorbance background at the applied 
rotational speed (40,000 rpm). 

3.3. Study of morphology and size by TEM and SANS 

To complement the understanding of AZD0466 batches and blank 
dendrimers properties with morphology information, TEM (in the dry 
state) and SANS (in solution) were performed. These techniques further 
enabled additional orthogonal size measurements. 

The raw images acquired after negative staining and TEM visuali-
zation of the samples, and the derived PSD are reported in Fig. 6, while 
the calculated diameter values, D10, D50 and D90 are summarized in 
Table 1. The samples are all appearing heterogeneous, showing multiple 
populations: 1) a population of small particles, peaked at 10–15 nm 2) a 
few larger objects of > 50 nm in diameter and 3) a small amount of 
aggregates > 200 nm (which were not considered in the analysis of the 
PSD). On account of the nature of the samples, it was not possible to 
collect any morphology data. Most of the objects visualized in AZD0466 
C2a seems to possess a spherical shape while some of the particles 
observed in the AZD0466 C1d sample possess a less regular, more 
elongated shape. Few particles that resembled multimers were detected 
in AZD0466 C1d, but they represented a very small proportion of the 
sample population. The TEM observations seem to suggest that the 
larger particles present in the drug-dendrimer conjugates are mainly 
associated to the presence of larger and compact objects with a spherical 
shape. Interestingly the electron contrast of the objects in the 10–15 nm 
size for the empty dendrimer was much lower than for the drug- 
dendrimer conjugates. The results are in agreement with MD-SEC, 
MD-AF4 and AUC analysis of particle intrinsic viscosity and density, 

Fig. 5. Particle size distribution, molecular mass, particle density and free vs. encapsulated drug estimation by AUC. a) Particle size distribution, b) Example of 
analysis of particle density (AZD046 C2a): percentage values various represent sucrose concentrations, meniscus on the left, bottom of cell on the right. Various 
colours represent measurement time points starting from dark blue, ending with red. c) Cumulative molecular mass distribution d) Sedimentation profiles measured 
at 25-fold dilution (~1 mg/mL), 325 nm, 40,000 rpm. No signal of free, non-sedimenting species is detected at 325 nm. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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further supporting the evidence of a more compact morphology and a 
higher density of the drug-dendrimer conjugates vs. the SPL-8984 blank 
dendrimer. 

In an effort to further understand interactions and self-assembly of 
drug-dendrimer conjugates, SANS measurements were conducted on 
AZD0466 C1d and C2a dissolved in deuterated PBS. 

AZD0466 was measured in deuterated PBS to obtain the form factor, 
which is described by a core–shell ellipsoid model as shown in Fig. 7. 
This model results in the best fit to the scattering curves when compared 
to spherical or core–shell spherical models. From the fitting reported in 
Fig. 7, it was possible to calculate a gyration diameter (Dg) of 9.8 nm and 
12 nm for AZD0466 C1d and C2a, respectively (Tables 1 and S8). Taking 
into account the conversion factor from gyration to hydration diameter 
of 1.3 (Evans and Wennerström, 1999; Tande et al., 2001), these values 
(12.7 nm and 15.6 nm, respectively) are in line with the hydrodynamic 
diameter values measured by TDA and DLS (Table 1). To be noted, the 
same measurements were also performed at 37◦C returning values 
within error (data not shown). Through the fitting, it was also possible to 
calculate the ellipsoid aspect ratio, revealing a value of 1.2 and 1.4 for 
C1d and C2a, respectively (Table 1). The complete list of dimensions of 
the core and shell and respective SLDs are reported in Table S8. Despite 
the inadequacy of the core–shell ellipsoid model to fully represent the 
physical self-assembly of dendrimers, this model still gives a good 

indication on the overall shape in solution. The model also suggests that 
C2a has slightly higher aspect ratio than C1d, conversely to what 
observed in TEM in the dry state. 

3.4. Physical stability in biological media 

As mentioned, physical stability in biological media is an important 
parameter for nanomedicines (FDA guidance). This characterization 
generally comprises separation of the drug delivery system from free 
(not strongly interacting with the nanoparticles) plasma proteins. 
Although, in the case of drug-dendrimer conjugates, that have sizes 
comparable to serum proteins, this analysis is particularly challenging as 
the required separation is not trivial (Åkesson et al., 2012). 

Herein, in order to attempt the separation of free serum proteins 
from the drug-dendrimer conjugates complexed with plasma proteins, 
AUC and MD-AF4 were selected as characterization techniques 
comprising online size and molecular weight measurements. AUC can 
separate plasma components from nanomedicine formulations, such as 
polymeric particles and liposomes, according to the difference of sedi-
mentation speed between nanoparticles and the free proteins and pro-
tein aggregates (Mehn et al., 2020). Unfortunately, in the case of 
AZD0466, the size and density determining the sedimentation properties 
of the drug-dendrimer conjugate are too similar to the ones of proteins. 

Fig. 6. TEM analysis. Representative images of AZD0466 a) C1d and b) C2a, c) and SPL-8984. Scale bars in the bottom-left corner represent 50 nm. Differential and 
cumulative PSD of AZD0466 d) C1d and e) C2a. Due to a very low electron contrast, it was not possible to reliably calculate the PSD of the SPL-8984 sample. 

Fig. 7. Scattering curves and geometrical model fitting for AZD0466 C1d and C2a. Scattering curves of C1d (a) and C2a (b). Dots are experimental data. The best fit 
to the experimental data was obtained using a core–shell ellipsoid model (solid lines). Both AZD0466 batches were dissolved at 5 mg/mL concentration in deuterated 
PBS at 25◦C. 
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Therefore, it is not possible to separate and distinguish the contribution 
of the various species in the complex mixture by AUC, unless large ag-
gregates are forming, inducing a significant size difference that may 
strongly impact the sedimentation coefficient distribution. For the 
AZD0466 batches, it was not possible to evaluate any change in size in 
the presence of serum proteins. Additionally, measurements of AZD0466 
after incubation in serum, were performed at 325 nm using the AUC 
absorbance optics (a wavelength specific for absorption of the drug- 
dendrimer conjugate) to confirm the absence of large aggregates after 
incubation of AZD0466 in serum. The sedimentation coefficient distri-
bution reported in Fig. S4, does not show any contribution due to large 
aggregates, suggesting that interaction with plasma proteins does not 
lead to the formation of large particle aggregates. 

AF4 separation was further tested to evaluate dendrimer conjugates 
physical stability in plasma, in the attempt to obtain a better separation 
of free plasma proteins and AZD0466, prior to measuring size and mo-
lecular weight of the drug-dendrimer conjugates after incubation in 
serum. The fractograms of the samples incubated in serum are shown in 
Figs. 8d and S2. Unfortunately, the AF4 fractionation was able to 
separate the drug-dendrimer conjugates only partially from free serum 
proteins, since some serum proteins (second peak in the yellow control 
curves) are eluted at the same time of a portion of the nanoparticle 
populations (Rt ≈ 24 min). Therefore, in the fractogram of the particles 
incubated in 10% serum, there is a small shoulder attributed with the 
presence of free proteins. Nevertheless, by comparing the elution time, 
MW and Dh values of the samples diluted in PBS with and without serum 
proteins, it is possible to conclude that, in the specific condition tested, 
the size and the MW of AZD0466 C1d, C2a and SPL-8984 are not 

affected by the presence of serum proteins. Thus, it is possible to exclude 
the presence of strong dendrimer-protein interactions and of aggrega-
tion phenomena. 

3.5. In vitro release in buffer and in biological media 

The results presented in the previous section suggest physical sta-
bility of AZD0466 batches; nevertheless, even with MD-AF4, complete 
separation of the drug-dendrimer conjugates from plasma proteins prior 
to the analysis could not be achieved. 

A complementary approach to evaluate drug-dendrimer conjugate 
behaviour in complex media is to measure the difference in drug release 
rates of the formulation in simple buffer vs. in plasma. In the case of 
significant interactions of AZD0466 with enzymes differences in release 
rates could be expected, e.g. accelerated drug release by enzymatic 
cleavage in plasma vs. purely chemical hydrolysis of the ester bonds in 
simple buffered media. Therefore, to complement the physical stability 
data, in vitro release was analysed as AZD4320 release kinetics from the 
AZD0466 batches. Incubation in simple buffer of the two drug- 
dendrimer conjugates batches C1d and C2a and the free drug 
AZD4320 was performed. Drug release was quantified as concentration 
of AZD4320 as function of incubation time, measured by LC-MS/MS. 
First, incubation was tested in simple aqueous media at pH 7.4 
(approximating human plasma) and the effect of incubation tempera-
ture on drug release kinetics was investigated; the temperatures tested 
were 4◦C, 20◦C, 37◦C and 41.5◦C. The latter temperature point was 
included as this is very close to the melting point of the drug-dendrimer 
conjugate (41.6◦C) as measured by differential scanning calorimetry 

Fig. 8. MD-AF4. Representative fractograms of AZD0466 a) C1d and b) C2a, diluted in PBS (green curves), PBS ± 10% serum (orange curves) and of PBS ± 10% 
serum alone (yellow curves). Prior to the MD-AF4 analysis, the samples were left incubating 1 h at 37◦C. No differences were detected by analysing the particles in 
PBS with/without incubation at 37◦C (data not shown). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 9. Drug release experiments in simple and complex media. Percentage (%) of AZD4320 released after incubation at 37◦C of the drug-dendrimer conjugates 
AZD0466 a) Cd1 and b) C2a, up to 96 h. Solid lines represent buffered human plasma and dotted lines PBS pH 7.4. Data in human plasma are N = 3, data in PBS are 
N = 1. 
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(data not reported), with a melting curve that showed significant 
melting characteristics already at temperatures corresponding to phys-
iological fever. The results (Fig. S5) showed a consistently faster release 
at higher temperatures; drug release was nearly complete after 48 h at 
the highest temperature tested. No fundamental change in release ki-
netics was observed at 41.5◦C as compared to 37◦C, suggesting that the 
melting of the dendrimer did not significantly affect drug release. Then, 
drug release in human plasma (pH adjusted to 7.4) was studied at 37◦C. 
The free drug AZD4320 was incubated as a control and no significant 
degradation of the compound was observed at the time scales studied in 
this experiment (up to 168 h). Drug release kinetics did not show sys-
tematic differences between the two batches (C1d and C2a), and 

importantly, no significant difference was seen in release kinetics when 
comparing the simple aqueous medium with plasma, at the same tem-
perature and pH, as shown in Fig. 9 and Figs. S6–S7. The above results 
indicate that drug release is primarily a function of physicochemical 
parameters (temperature, pH) and is not significantly accelerated by 
enzymatic cleavage or otherwise by plasma proteins. Importantly, these 
results support the assumption that interactions of the analysed drug- 
dendrimer conjugates with plasma proteins are negligible. 

4. Discussion 

Drug-dendrimer conjugates, such as AZD0466, are covalently linked 

Table 2 
Evaluation of the applicability of techniques tested for the measurement of physical properties of drug-dendrimer conjugates.  

Techniques Bulk/hyphenated 
or single particle 
technique 

Physical principle Attributes 
measured 

Applicability for 
measuring drug- 
dendrimer conjugates 

Simple vs. complex 
media 

Simple quality control vs. 
Chain management/drug 
development  

DLS Bulk Brownian motion (particle 
autocorrelation) via light 
scattering detection  

• Dh  
• PdI  
• Zeta potential 

if PdI < 0.3  

Polydisperse samples 
or in presence of 
aggregates. 

Simple media  

Complex biological 
media, due to the low 
resolution 

Quality control  

Chain management 
(complementary high 
resolution assays 
required)  TDA Taylor Dispersion Analysis and 

UV detection combined 
with Poiseuille flow law  

• Dh Simple media  

Complex biological 
media, due to media 
baseline subtraction  

MD-SEC Hyphenation of 
particle 
separation +
online 
measurements 

Separation based on diffusion 
through stationary phase 
hyphenated with multi 
detectors to measure particle 
size, molecular weight, and 
intrinsic viscosity  

• Molecular 
weight  

• PdI  
• Size (Dh or 

Dg)  
• Intrinsic 

viscosity 

SEC recovery is > 70 
%.  

DP, MALS and RI 
allow size measurement  

Online MALS is 
applicable to measure 
the MW but not particle 
size due to the small size 
of the particles 

Simple media  

Complex biological 
media, due to 
interaction with 
column  

Quality control, if 
easily available and 
robust method is 
developed  

Chain management/ 
drug development   

MD-AF4 Separation based on diffusion 
rate dictated by laminar flow 
hyphenated with multi 
detectors to measure particle 
size and molecular weight  

• Molecular 
weight  

• PdI,  
• Size (Dh or 

Dg) 

AF4 recovery is > 70 
%.  

Online DLS is suitable.  

Online MALS is 
applicable to measure 
the MW but not particle 
size due to the small size 
of the particles. 

Simple media  

Complex biological 
media   

AUC Monitoring of particles 
sedimentation profile by 
UV–Vis and/or interference 
optics  

• Molecular 
weight  

• PdI  
• Size (Dh or 

Dg)  
• Density  
• Free drug 

To obtain 
sedimentation profile, 
measure particle density 
and estimate particle size 
and molecular weight  

Simple media  

Complex biological 
media, since the 
separation of drug- 
dendrimer conjugate 
from free proteins is 
not possible  

TEM Bulk, but single 
particle 
technique. 

Particle visualization by 
electron contrast in 
transmission mode  

• Morphology  
• Size  
• Polydispersity 

Drug-dendrimer 
conjugate  

Smaller, less dense 
blank dendrimer  

Morphology hard to 
define with such small 
particles 

Simple media  

Complex biological 
media 

Quality control 
(expensive, not easily 
available)  

Chain management/ 
drug development (only 
technique allowing direct 
particle visualization)  

SANS Bulk Measuring elastic neutron 
scattering at small scattering 
angles to investigate structures  

• Morphology  
• Crystallinity  
• Size 

Able to identify shape 
and morphology  

Polydisperse samples 
or in presence of 
aggregates   

Simple media  

Complex biological 
media   

Quality control 
(expensive, not easily 
available)  

Chain management/ 
drug development 
(allows complementary 
structural information)     
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nanoparticles that are widely used in research and development for 
delivery of drug molecules. Their complex structure and protein-like size 
pose a significant challenge to both understanding and controlling the 
CQAs. In order to thoroughly characterize AZD0466 and discern the 
differences between early batches produced using different 
manufacturing processes, the colloidal properties of drug-dendrimer 
conjugates were analysed in the formulation buffer and biological 
media using multiple orthogonal techniques. The evaluation of the 
applicability of the techniques tested for the measurement of the phys-
icochemical properties of drug-dendrimer conjugates is summarised in 
Table 2. Batch techniques such as DLS and TDA enabled a primary un-
derstanding of the particle size distribution of the sample, showing 
significant size differences only between AZD0466 batches and the 
blank dendrimer. Then, advanced characterization techniques such as 
MD-SEC, MD-AF4, AUC, TEM and SANS were used for an in depth un-
derstanding of the batch-to-batch variability. In the case of MD-SEC and 
AF4 a fractionation step prior to sizing measurements helped to increase 
resolution in the determination of the particle size distribution and 
molecular weight, overcoming some inherent limitations of the batch 
techniques. These hyphenated techniques were able to discern small 
differences in molecular weight and physical aggregates formed be-
tween the AZD0466 batches, C1d and C2a. Microscopy provided the 
information at the single particle level and AUC allowed direct mea-
surements of the average particle density. SANS was further able to 
inform on particles shape, showing that AZD0466 batches are elongated, 
and not perfect spheres as assumed in all the other solution techniques. 
Understanding the behaviour of AZD0466 batches in a biological media 
constituted though the greatest challenge as, currently, no standard 
analytical solutions exist, so multiple advanced techniques were 
explored in this work. Unfortunately, none of the available methodol-
ogies was able to completely separate the drug-dendrimer conjugates 
from plasma proteins, as they are of similar size and density. Never-
theless, a partial fractionation was achieved by MD-AF4, allowing a 
physical stability assessment of drug product performance in presence of 
plasma proteins. In fact, the measurements in complex media, showed 
no changes in AZD0466 molecular weight or size, confirming physical 
stability in biorelevant conditions. Furthermore, the analysis of release 
rate of the small molecule, AZD4320, in buffer and complex media, with 
comparable pH and temperature conditions, confirmed that AZD4320 
release is only hydrolytically driven. This assay was also able to show 
similar release profile between AZD0466 C1d and C2a batches, proving 
that physical aggregation is not impacting AZD4320 release. Therefore, 
considering the nature of AZD0466 as drug-dendrimer conjugate, many 
attributes are determined (and controlled) at the manufacturing stage 
during the chemical synthesis (e.g. in-vitro release via linker chemistry, 
drug-dendrimer conjugate molecular weight via controlled chemical 
synthesis). Therefore, from the overall investigation of colloidal prop-
erties, applying a batch method, such as DLS or TDA, as quality control 
at batch release to test particle size is adequate as there is no evidence 
that small variation of particle size distribution has a direct impact on 
drug product performance at this stage. On the other hand, the advanced 
characterization techniques herein presented could be applied to sup-
port equivalence studies in case of future manufacturing changes. 

5. Conclusions 

The thorough investigation reported herein highlights the necessity, 
for these complex systems, to design an analytical strategy at the pre-
clinical stage by defining the drug product (and drug substance) CQAs. 
Based on the information collected, the strategy can be designed into 
two-layers. A first layer including quality control characterizations to 
perform on each batch produced, which should be robust, accessible and 
user friendly analytical methods (e.g. batch methods). Then a second 
layer combining complementary techniques to apply during early 
development for drug product and process understanding and later, if 
process changes are required, to confirm batch equivalence (ICH-Q5E) 

(EMA ICH). Nevertheless, no standard specifications or methods spe-
cifically developed for drug-dendrimer conjugates exist and are avail-
able for the community. As future perspective, the authors envisage that 
the methodologies established during this work could be harmonised 
and standardised, thus supporting the development of techniques and 
standards specifically applicable to drug-polymer conjugates. This 
would allow an easier implementation of the suitable methodologies and 
relevant expertise in the field, ultimately supporting a faster clinical 
translation of the most promising drug-dendrimer conjugates to the 
market. 
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