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a b s t r a c t 

Asymmetric-flow field-flow fractionation (AF4) has been recognized as an invaluable tool for the char- 

acterisation of particle size, polydispersity, drug loading and stability of nanopharmaceuticals. However, 

the application of robust and high quality standard operating procedures (SOPs) is critical for accurate 

measurements, especially as these complex drug nanoformulations are most often inherently polydis- 

perse. In this review we describe a unique international collaboration that lead to the development of 

a robust SOP for the measurement of physical-chemical properties of nanopharmaceuticals by multi- 

detector AF4 (MD-AF4) involving two state of the art infrastructures in the field of nanomedicine, the 

European Union Nanomedicine Characterization Laboratory (EUNCL) and the National Cancer Institute- 

Nanotechnology Characterisation Laboratory (NCI-NCL). We present examples of how MD-AF4 has been 

used for the analysis of key quality attributes, such as particle size, shape, drug loading and stability of 

complex nanomedicine formulations. The results highlight that MD-AF4 is a very versatile analytical tech- 

nique to obtain critical information on a material particle size distribution, polydispersity and qualitative 

information on drug loading. The ability to conduct analysis in complex physiological matrices is an ad- 

ditional very important advantage of MD-AF4 over many other analytical techniques used in the field for 

stability studies. Overall, the joint NCI-NCL/EUNCL experience demonstrates the ability to implement a 

powerful and highly complex analytical technique such as MD-AF4 to the demanding quality standards 

set by the regulatory authorities for the pre-clinical safety characterization of nanomedicines. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Nanopharmaceuticals are medicinal products where the active 

harmaceutical ingredient (API) is encapsulated in – or associated 

o – biocompatible nanoparticles (NPs) in order to improve the 

PI safety and/or efficacy profiles compared to the free drug. The 
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rst nanomedicine introduced to the clinic was liposomal doxoru- 

icin (Doxil®) in 1995, with notably reduced cardiotoxicity com- 

ared to free doxorubicin. Very recently, the nanomedicine field 

as received significant attention in relation to the ongoing Covid- 

9 pandemic, where several of the frontrunner vaccine candidates 

se nanoparticles to carry either the antigen or the messenger 

NA. 

Physical-chemical properties specific to nanopharmaceuticals, 

uch as particle size and size distribution, morphology, drug load- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ng and stability in biological media are key attributes that influ- 

nce safety and efficacy profile of the formulation. For this reason, 

egulatory agencies, including the US Food and Drug Administra- 

ion (FDA) and the European Medical Agency (EMA), have pub- 

ished multiple regulatory guidance documents requiring the ac- 

urate assessment of these properties as part of the pre-clinical 

haracterisation of any nano-formulation and also for the evalua- 

ion of their bioequivalence when in generic formulations [1–8] . 

n this context, the development of reliable pre-clinical character- 

sation strategies and suitable standard protocols are critical steps 

o sustain the successful industrial development and clinical trans- 

ation of nanopharmaceuticals. The US National Cancer Institute 

anotechnology Characterization Laboratory (NCI-NCL) and, since 

015, the European Union Nanomedicine Characterisation Labora- 

ory (EUNCL) have supported the pharmaceutical community by 

roviding an integrated, holistic and comprehensive pre-clinical 

esting approach, including the measurement of physical-chemical 

roperties and formulation stability in biological settings. 

In the context of physical-chemical characterisation, the EUNCL 

nd the NCI-NCL have proposed and published a three steps ap- 

roach of incremental complexity [ 9 , 10 ]. This summarise in: step 

 is a quick preliminary check for sample integrity and stability by 

ow resolution techniques (pre-screening) aimed at detecting early 

ailures without engaging in more complex, time-consuming, and 

xpensive techniques. In this preliminary "pre-screening" step, size 

easurements are performed with batch dynamic light scattering 

DLS) whereas total drug loading can be evaluated by HPLC-UV-VIS 

r LC-MS/MS. Once step 1 is satisfactorily accomplished, the com- 

ination of complementary high resolution techniques is suggested 

or a robust assessment of sample behaviour in simple buffers, e.g., 

or understanding batch-to-batch variability, or to assess storage 

tability (step 2), and then subsequently in complex biological me- 

ia (step 3). 

Among the high resolution analytical techniques considered for 

teps 2 and 3, asymmetric-flow field-flow fractionation coupled 

ith multiple detectors (MD-AF4) is one of the most versatile for 

he characterisation of particle size, polydispersity, and stability of 

omplex nanopharmaceuticals [ 9 , 11–13 ]. The coupling of a gentle 

eparation of particles according to their size prior to detection by 

sing multiple, orthogonal detection principles, improves the reso- 

ution and accuracy of the analysis, thus allowing the measurement 

f very complex polydisperse samples. Furthermore, the technique 

llows post-detector collection of the eluting fractions and subse- 

uent analysis by further offline techniques, e.g. for chemical com- 

osition. MD-AF4 has been extensively used by NCI-NCL and EU- 

CL for different purposes, including the measurement of particle 

ize distribution and nanocarrier physical stability in biological me- 

ia, for the evaluation of drug loading, and to check stability and 

inetics (e.g. burst release of the active pharmaceutical principle) 

n blood plasma [11] . 

In this review we describe the process behind the development 

f a standard operating procedure for MD-AF4 measurements. This 

epresenting the successful example on the know-how and tech 

ransfer of protocols between NCI-NCL and EUNCL laboratories. 

oreover, we will discuss how the acquired knowledge by the two 

nfrastructures, recently allowed initiating the process for a new 

tandard test method in collaboration with ASTM International fo- 

alized on the "Physical characterization of liposomal drug formu- 

ations using multi-detector asymmetrical-flow field flow fraction- 

tion"; currently under finalization within the ASTM E56.02 com- 

ittee. In the second part of the review, we will present three case 

tudies with the aim to demonstrate the versatility of MD-AF4 in 

he analysis of nanopharmaceuticals. Overall, it is our intention to 

ighlight: (i) the potential of AF4 coupled with on-line sizing de- 

ectors such as DLS and MALS to measure size distribution, and 

btain morphological information (e.g. shape distribution) of poly- 
2 
isperse samples; and (ii) the use of MD-AF4 to study the drug ex- 

hange between liposomal vesicles and multilamellar vesicles. The 

D-AF4 results will be compared to the current and most com- 

only used characterization methods; DLS and TEM to measure 

ize and size distribution, and ultrafiltration with post HPLC or LC- 

S analysis and analytical ultracentrifugation to measure drug sta- 

ility and release (free and encapsulated drug ratios) in complex 

edia. In addition, we will illustrate how these measurements (e.g. 

ransmission electron microscopy, dynamic light scattering, analyt- 

cal ultracentrifugation) can support, complement and validate the 

D-AF4 results. 

.1. The principle of MD-AF4 method for nanopharmaceutical 

ractionation and analysis 

The theory, sample applicability, and profile optimization for 

F4, as well as a comparison to other chromatographic techniques, 

ave been reviewed by many authors [ 11 , 12 , 14–16 ]. MD-AF4 has

een successfully applied for the analysis of numerous nanophar- 

aceuticals, including liposomes [17–20] , lipid-based nanoparticles 

9] , virus-like particles [21] , polymeric NPs, but also extracellular 

esicles [22] , nano-crystals, inorganic oxide and gold nanoparticles 

 12 , 15 , 16 ]. 

AF4 separation is achieved by establishing a parabolic laminar 

ow profile of the liquid mobile phase in a thin channel, without 

he need for a stationary phase, thus being a very powerful tool for 

rganic nanoparticles such as liposomes, lipid-based nanoparticles, 

xtracellular vesicles and polymeric particles which are commonly 

sed in nanomedicine. Particles of different sizes exit the separa- 

ion channel at different times, starting from the smallest size to 

he largest. 

Multiple detectors can be added downstream of the AF4 sepa- 

ation step, including sizing detectors such as dynamic light scat- 

ering (DLS) or multi-angle static light scattering (MALS), which 

llows the measurement of particle size with great accuracy. By 

ombining results obtained by both in-line MAL S and DL S detec- 

ion, the radius of gyration (Rg) and hydrodynamic radius (Rh), re- 

pectively, can be measured simultaneously and used to calculate 

he shape factor parameter ( ρ = Rg/Rh) [ 11 , 16 , 23 , 24 ], which is in-

icative of particle shape and morphology. Upon protein binding, 

he shape factor can be a useful tool in anticipating the in vivo be- 

aviour of the formulation [11] . Online measurements performed 

ith concentration detectors (such as UV-VIS, ICP-MS and/or re- 

ractive index) can allow the evaluation of chemical composition 

nd drug loading [ 11 , 19 ]. Interestingly, in cases where the loaded

ctive pharmaceutical ingredient (API) has a specific absorption at 

 wavelength where the nanoparticle components do not absorb, 

 UV-VIS absorbance measurement could also be used to estimate 

rug release and/or drug exchange between particles of different 

izes. 

One of the main challenges in the physical-chemical characteri- 

ation of nanopharmaceuticals is the evaluation of their behaviours 

n biological media, for example the (in)stability induced by the 

nteraction of nanoparticle drug deliver carriers with plasma pro- 

eins. The nanoparticle-protein mixture is a very challenging sys- 

em to measure by batch techniques, such as the widely used 

atch mode DLS. The introduction of the AF4 separation step, al- 

ows separation of the free proteins from the nanoparticles prior 

o the analysis, significantly improving the measurement resolu- 

ion [ 9 , 13 , 23 ]. For this reason, whenever possible MD-AF4 is the

echnique of choice for the analysis of physical stability in complex 

iological media. 

Despite being extremely useful for many NP formulations, MD- 

F4 has some disadvantages that have limited the exploration of 

ts full potential in the pharmaceutical sector until now [10] . First 

f all, the ideal elution conditions are often nanoparticle specific 
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nd method optimization can be laborious, similarly to conven- 

ional chromatography. There are certain important criteria to be 

onsidered for a method for the analysis of nano-objects using 

symmetrical-flow and centrifugal field-flow fractionation to be 

cceptable, as reported by the ISO/TS 21362 [25] . In particular, 

he particles should not be destabilized during the measurement, 

hich could happen due to dilution or if a too strong crossflow is 

pplied. In addition, at least more than 70% of the injected parti- 

les should be eluted as size separated fraction from the channel. 

Sample loss due to particle-membrane interaction is one of the 

ain limitations for some types of nanoparticles, especially in the 

ase of positively charged ones. Moreover, some authors reported 

ess accurate size measurements by using online DLS detector for 

articles larger than 250 nm [17] . Therefore, when performing MD- 

F4, it is strongly recommended to follow an SOP which includes 

ome critical quality checks to be aware of the possible sample loss 

n the channel, and to ensure appropriate analysis of the data ob- 

ained by light scattering [26] . Moreover, when dealing with new 

ype of samples, it is good practice to compare the results with 

rthogonal high-resolution techniques, such as the direct visual- 

zation of the particles by electron microscopy. However, when an 

lution method for specific NPs platforms is successfully developed 

nd if a robust SOP is followed, MD-AF4 is a powerful tool for syn- 

hesis optimization, quality control and monitoring the stability of 

he multiple classes of nanopharmaceuticals in complex biological 

edia [17] . 

. The path from a standard operating procedure to an 

nternational standard 

In 2015, the EUNCL project set the ground as unique first Eu- 

opean Union Horizon2020 infrastructure project with fully inte- 

rated US partner (NCI-NCL), setting the stage for intercontinental 

ollaboration. At that point, NCI-NCL had more than 10 years of ex- 

erience in translational research of nanopharmaceuticals and had 

haracterised more than 400 different potential NP based medical 

roducts using various physical and chemical techniques, in vitro 

ssays, and in vivo studies. A collection of more than 30 standard 

perating procedures (SOPs) was available, which in the meantime 

as been expanded considerably ( https://ncl.cancer.gov/resources/ 

ssay- cascade- protocols ). MD-AF4 was already then proven to be a 

owerful method for analysis of size and size distribution in poly- 

isperse populations of medical nanoparticles. 

.1. Introduction of method development SOP for reliable use of a 

ighly complex analytical method 

Historically, through their first decade of operation, NCI-NCL 

eveloped an integrated approach looking at a given nanophar- 

aceutical with complementary methods. This approach allowed 

he NCI-NCL team a holistic view at the different aspects of the 

otential medical product [27–29] . As an example, they would 

elate a rather complex size distribution of the NP determined 

y MD-AF4 with notable in vitro assay results and complemen- 

ary physical-chemical analysis such as particle size measurement 

y cryo-TEM. Within the EUNCL collaborative framework, NCI-NCL 

hared SOPs and know-how with the EUNCL distributed infras- 

ructure [23] ; followed by hands-on and optimized training at the 

CI-NCL premises in Frederick (MD, USA). Not only their huge 

xperience with individual techniques for the characterisation of 

anopharmaceuticals and their large collection of SOPs, but also 

heir integrated approach in characterization were important as- 

ects of this knowledge transfer [13] . During this process the spe- 

ialist of EUNCL, in discussion with the NCI-NCL, decided to expand 

he complex characterization scope by drafting advance method de- 

elopment SOPs for all those analytical techniques, which require 
3 
n adjustment and optimisation phase prior to the actual measure- 

ents on any given nanomedicine or nano-objects are conducted 

 http://www.euncl.eu/about- us/assay- cascade/ ). As a general prin- 

iple of guidance, the advanced method development SOPs describe 

n detail the optimisation process, which is important to achieve 

or setting the best measurement conditions with specified num- 

er of minimum quality control and acceptance criteria to allow 

he actual measurement series to be conducted. An example is 

he development of the SOP focusing on MD-AF4 measurements 

26] . The step-by-step method development and data analysis pro- 

edure for light scattering (LS) data are reported in Fig. 1 . Critical 

teps during method development includes: (i) optimizing operat- 

ng conditions to obtain an acceptable sample recovery ( > 70%), (ii) 

ssessment of measurement repeatability, (iii) correct procedures 

or calibration and normalization of the light scattering detector 

nd (iv) quality control checking of the whole instrumental setting 

ith suitable standards for both size and molecular weight; which 

re in line with ISO/TS 21362. Provided that all those criteria are 

ulfilled, the standard operating procedure (SOPs) describes how to 

eliably study various critical attributes of the nanopharmaceuti- 

al formulations including: (i) the measurement of size distribution 

f nanoparticles in physiological buffers; (ii) change in nanopar- 

icle size distribution after protein binding (NP-proteins interac- 

ion); (iii) molecular weight (MW) of NPs components (for poly- 

eric carriers); (iv) release of free coatings/surfactants (e.g. PEG) 

rom the surface of the particles. The advanced MD-AF4 SOP was 

ested by means of inter laboratory comparison (ILC) on represen- 

ative nanopharmaceutical formulations (as described in the fol- 

owing paragraph) after which it was made available for the whole 

ommunity. 

.2. Inter-laboratory testing as the first step to confirm applicability 

or regulatory acceptance 

Liposomal drugs are still the most commonly nanomedicine for- 

ulations reaching clinical trials; these are composed of a lipid 

ilayer encapsulating an aqueous core through non-covalent lipid 

nteractions. A publication by the European Nanomedicine Technol- 

gy Platform (ETPN) recently reported that liposomal drugs consti- 

ute > 50% of the currently ongoing clinical trials around the world 

30] . Moreover, the criteria to consider for assessing biosimilarity 

f generic liposomal drug formulations is a topic of intense discus- 

ion (and concerns) for regulatory agencies and the pharmaceutical 

ector alike [31] . These factors both contribute to the immense in- 

erest and importance of liposomes in the field of nanomedicines. 

n this context, a liposomal doxorubicin research grade formu- 

ation, possessing the same physical-chemical properties of the 

rst approved nanomedicine formulation (Doxil) was selected for 

 qualification campaign of the EUNCL infrastructure and of their 

OPs. The different SOPs were tested by performing ILC studies (in- 

olving both EUNCL and NCI-NCL partners) and/or by comparing 

he obtained results with complementary techniques. For the qual- 

fication of the advanced MD-AF4 SOP, two different measurement 

latforms were used for MD-AF4 analytical technique comparison. 

he acquired results were then compared with orthogonal tech- 

iques, including batch mode DLS and cryo-TEM. The details of the 

F4 setup are reported in Table S2, example 1, in the supplemen- 

ary material. 

The results obtained by analysing the doxorubicin liposomal 

ormulation are summarized in Fig. 2 . MD-AF4 shows a rather 

onodisperse sample, characterized by one single population of 

pherical particles with a hydrodynamic diameter of 72-78 nm (in 

ood agreement with results obtained with batch mode DLS and 

ryo-TEM) and a shape factor (Rg/Rh) of about 0.8, which is typical 

f spherical liposomes internally carrying a crystallized API [17] . 

https://ncl.cancer.gov/resources/assay-cascade-protocols
http://www.euncl.eu/about-us/assay-cascade/
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Fig. 1. Brief outline of the workflow of MD-AF4 measurements. Fours step are represented: 1) assessment of sample properties that helps determining the initial testing 

conditions (orange box); 2) MD-AF4 method optimization and testing according to ISO/TS 21362 (yellow box); 3) quality control to be run in parallel to MD-AF4 method 

optimization (blue box); 4) method validation completed (green box). Violet arrows represent data input, red arrows negative results, while green arrows successful ex- 

periments with results allowing stepping forward in the series of experiments. NP = Nanoparticle, BSA = Bovine serum albumin, QC = Quality control. CoV = coefficient of 

variation, PBS = phosphate buffer saline, MALS = multi angle light scattering, RI = refractive index. 
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The repeatability (three repeats between the same lab) and the 

eproducibility of the results obtained across different EUNCL lab- 

ratories equipped with different instrumental setup, as part of a 

reliminary ILC studies, are compared in Figs. 2 A and 2 B. Repeata- 

ility of the measurements in each AF4 setup was very satisfac- 

ory, with a coefficient of variation (COV) of the repeatability for 

ach lab was < 2.5% for the retention time of the peak (UV-VIS 

etector) and for the measurement of the average size by online 

AL S and online DL S (Rg and Rh respectively). However, small but 

ignificant differences in the size measurement results generated 

y two laboratories were observed, due to the intrinsic differences 

f the sizing detectors used (COV of around 5%). This very small 

LC was the starting point for a larger collaborative ILC involving 

xperts from NIST based on the NCI-NCL/EUNCL SOP and in light 

f the criteria reported by the ISO/TS 21362. The results of this ILC 

xercise, recently published [17] , confirmed: i) the great robustness 

f MD-AF4 for measuring the physical properties of multiple lipo- 

omal formulation, and ii) small variations in the measurement of 

article size can be generated by differences in the sizing detec- 

or configurations and by the software for data analysis provided 

y the different manufacturers. Nevertheless, for monodisperse for- 

ulation reproducibility assessment between different platforms 

howed that a coefficient of variation below 5% could be obtained. 

his is quite remarkable and demonstrate the potential of MD-AF4 

or the physical analysis of liposomal formulations during formula- 

ion development. Furthermore, it shows the potential fro use of 

D-AF4 for quality control purposes in pharmaceutical settings. 

he optimized protocol developed in this work is now the basis 

or a new ASTM standard test method focalized on the " Physical 

haracterization of liposomal drug formulations using multi-detector 

symmetrical-flow field flow fractionation " that is currently under 

onsideration within the ASTM E56.02 committee. Importantly, this 

m

4 
ork is one of the first examples on how the collaboration be- 

ween the EUNCL and the NCI-NCL infrastructure with regulatory 

odies (such as EMA and FDA) and metrology institutes (such as 

IST), led to a joint effort to develop a standard test method for 

ddressing regulatory needs. Further ongoing efforts have been ini- 

iated, subsequently to this first experience on particle sizing, fo- 

alizing on the development of methods (i) for the chemical anal- 

sis (e.g. lipid composition of liposomes), (ii) for drug loading and 

rug release and (iii) for the in vitro safety assessment [ 10 , 32 ]. 

. MD-AF4 is applicable for measuring a wide range of 

hysical-chemical properties of nanopharmaceuticals 

.1. Size and morphology of a bimodal liposomal formulation 

For the characterisation of monodispersed liposomal samples 

ike Doxil, most of the reading audience would conclude that 

atch-mode DLS analysis could be sufficient to measure the av- 

rage size and the particle size distribution (PSD) of the sample. 

he use of high-resolution techniques like MD-AF4 and TEM, in- 

eed, provide additional confirmation but may be an excessive 

se of resources. However, as already shown by many studies 

 10 , 11 , 13 , 23 , 33 ], this is not always the case, and surprising results

ould be hidden even in the case of samples showing a single DLS 

eak with a Polydispersity Index (PdI) smaller than 0.2. An exam- 

le of a more heterogeneous liposomal sample, where only mea- 

uring batch-DLS would have resulted in drawing the wrong con- 

lusions is shown in Fig. 3 . The batch-DLS analysis of these clinical- 

rade liposomes loaded with a topoisomerase I inhibitor shows 

nly one population with a size of around 110 nm and a poly- 

ispersity index (PdI) < 0.05, which is usually indicative of well 

onodispersed liposomes ( Fig. 3 ). Surprisingly, the measurement 
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Fig. 2. Transfer of the SOP from NCI-NCL (Lab3) to EUNCL (Lab1, Lab2). A) The fractogram (repeatability) and the Dg measured by Lab1 is shown as an example. B) Com- 

parison of average size values and standard deviation of the mean obtained by AF4 analysis (geometric diameter, Dg and hydrodynamic diameter, Dh) in the three labs, 

and size values obtained by orthogonal analysis of the same batch, including batch-mode DLS (Int-Pk = Intensity based distribution, Num-Pk = Number based distribution), 

and cryo-TEM are reported; C) intensity based PSD by batch mode DLS and D) cryo-TEM analysis. In the histogram and in the table the diameter of an equivalent sphere 

calculated by cryo-TEM is shown. Cryo-TEM was performed on only one sample, so the SD of the mean is not available. 
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f this sample by AF4-MALS (experimental details in supplemen- 

ary material, Table S2 - example 2) and by cryo-TEM show a more 

omplex situation, demonstrating that this is a rather polydisperse 

ample composed of two distinct populations of liposomes, where 

atch-DLS was simply not able to resolve. The cryo-TEM analysis 

ndicates that the two populations are characterized by two differ- 

nt shapes. The smaller population is composed of spherical vesi- 

les possessing an aspect ratio (AR) smaller than 1.1 (population 

 represented by grey circles in Fig. 3 C), while the larger popula- 

ion is characterized by elongated particles similar to coffee beans, 

ith AR in the 1.1-4.0 range (population 2 represented by orange 

llipses in Fig. 3 C). In both populations it is possible to see the

rystal of the drug inside the particles. AF4 could be also used to 

eparate the various shapes, and collect fractions for further off- 

ine analysis like EM [11] , chemical analysis, drug loading or in 

itro assays to discriminate the potential role of different PCC prop- 

rties, such as shape in determining biological effects. Calculating 

he shape factor (Dg/Dh) could also give information about the par- 

icle shape and morphology. As shown in Fig. 3 D, the shape factor 

f 0.8 for peak 1 is consistent with spherical liposomes encapsu- 

ating API. Unfortunately, it was not possible to obtain the same 

nformation for the second population because the obtained values 

f hydrodynamic diameter by online DLS for non-spherical parti- 

les larger than 200 nm become unreliable. Similar examples on 

he use of MD-AF4 to identify multiple populations in apparently 

imple samples has been recently published by Hu et al. [11] . 
5 
.2. Drug release: measurement of the (in)stability in biological 

edia 

Most nanomedicine formulations are administered by intra- 

enous injection, and for this reason their stability should be anal- 

sed in conditions representative of the physiological administra- 

ion, such as, for example, in human serum [ 13 , 34 , 35 ]. The mea-

urement of physical-chemical parameters such as size and drug 

oading and release in complex protein matrices (as human serum 

hat contains a complex mixture of different proteins and com- 

onents) is a difficult and time-consuming process, that requires 

he combination of different high-resolution techniques and care- 

ul protocol development. 

MD-AF4 for measuring physical stability in plasma 

For the analysis of size changes in presence of plasma proteins, 

D-AF4 is one of the best techniques of choice. In fact, thanks to 

he addition of a separation step between particles and proteins 

rior to sizing detection, size can be measured at high resolution 

liminating interferences generated by the free protein fraction. 

his is extensively described in the advanced MD-AF4 SOP [26] . 

ased on this, very promising results have been published by NCI- 

CL or EUNCL on multiple samples, including liposomal formula- 

ions characterised by different PEG coverage [11] and lipid-based 

anoparticles [9] . Furthermore, the recent work by Hu et al. also 

howed how AF4-MAL S-DL S analysis could be used to qualitatively 

ssess the amount of protein binding and amount of the interac- 
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Fig. 3. Bimodal liposomes with particles possessing different size and shapes. a) Batch DLS, intensity-based size distribution of liposomes at 100 x dilution in PBS. Averages 

of 10 measurements. b) AF4 fractogram reporting the UV-VIS absorbance (black) and the geometrical diameters (Dg) determined by MALS of the two peaks (grey and orange). 

c) Representative cryo-TEM image. (d) Table summarizing the size values measured by different techniques. e) Number based size distributions by cryo-TEM. f) Size vs aspect 

ratio by cryo-TEM analysis. The diameter of an equivalent sphere is reported as size parameter for both populations. 
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ion of nanoparticles with plasma proteins by varying the PEG cov- 

rage on the surface of the liposomes [11] . 

MD-AF4 for qualitative information about burst drug release in 

omplex media 

In addition to changes in size distribution, another very impor- 

ant attribute to monitor in plasma is the drug release profile gen- 

rated by the interaction of nanoparticles with proteins. The de- 

ermination of the free vs encapsulated drug ratio and the mea- 

urement of the drug release kinetic profile in plasma are usually 

erformed by combining an ultrafiltration step to separate the free 

rug from liposome-bound fractions, followed by HPLC-UV or LC- 

S detection of the drug in the different fractions. As previously 

escribed [23] , and also referenced by FDA [6] , a careful evalua- 

ion of API lost due to possible interaction with the ultrafiltration 
6 
evice should be considered. For example, to ensure that the fil- 

ration step does not cause loss of material(s) [23] . As shown in 

he supporting Figure S1, in the case of doxorubicin, nonspecific 

inding of doxorubicin dispersed was observed when using filters 

ade of regenerated cellulose for ultrafiltration prior to measure- 

ent of free vs encapsulated drug loading by LC-MS/MS. Satura- 

ion of the filters with the free API was necessary, prior to carry 

ut reliable separation of the particles from the free drug com- 

onents. The non-equilibrium filter binding observed significantly 

omplicates the calculation of free drug fraction in simple media 

nd in plasma when combining ultrafiltration and HPLC-UV-VIS or 

C-MS/MS measurements. This should be taken into account with 

roper quality control in order to not bias the results [23] . Alter- 

atively, the adsorption of the drug at various concentrations could 
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e monitored and corrected. A robust approach taking into account 

he API loss during ultrafiltration, is monitoring the presence, in 

he different fractions collected by ultracentrifugation, of a known 

oncentration of a stable isotope tracer of the API, that is behav- 

ng as the API in the complex media, but that could be discrimi- 

ated from the API in the MS profile [36–38] . This approach also 

llows to precisely measure the degree of API bonded to plasma 

rotein, in addition to the free, and encapsulated API fractions. De- 

pite being a very powerful method for the measurement of drug 

elease in plasma, the ultrafiltration plus MS detection analysis us- 

ng a stable isotope tracer is very expensive and time consuming. 

t is therefore suggested as the golden standard for the analysis 

f drug release in complex media, after performing a first screen- 

ng of the formulation stability in plasma with less expensive tech- 

iques, such as MD-AF4 or analytical ultracentrifugation. 

Here, we want to show that in some specific cases MD-AF4 

an be used to identify a quick burst release of API in the pres-

nce of plasma proteins. Using MD-AF4 for such measurements 

oes not require an ultrafiltration step prior to the analysis. It is 

mportant to remember, that this approach is only possible when 

rugs possess an absorbance at specific wavelength (e.g. doxoru- 

icin at 490 nm, curcumin at 425 nm) where the structural com- 

onents of the nanoparticle carrier (lipids, polymers) do not ab- 

orb/interfere. The experiment presented here was performed on a 

olymeric nanoparticle system conjugated to doxorubicin, named 

ere as Doxo-Polymer conjugate, in order to distinguish it from the 

iposomal formulations presented earlier. The Doxo-Polymer con- 

ugate was analysed by MD-AF4 (experimental details in supple- 

entary material, Table S2 - example 3) in a buffered aqueous 

edia and after incubation for 1 hour at 37 °C with 10% commer- 

ial fetal bovine serum (FBS) in the same buffered aqueous me- 

ia (see material and method sections in the supplementary ma- 

erials for more details). As shown in Fig. 4 A- 4 C, DLS and MD-

F4 analysis bef ore and after incubation with FBS were able to 

onfirm that the particle physical stability in serum was not im- 

acted by particle interactions with serum proteins, e.g. no sign 

f major aggregation dramatically changing the particle size distri- 

ution profile. The most interesting evidence in the MD-AF4 mea- 

urement is the appearance of a well visible void peak detected 

ith the UV-VIS detection at 490 nm, a wavelength where only 

he doxorubicin, but not the proteins or the liposomal excipients 

ould absorb, and thus generate a signal (blue arrow in Fig. 4 B). 

his peak is about 27% of the total integrated signal intensity of 

he fractogram, while in absence of serum it was only 2%, indi- 

ating that a significant amount of the drug is now eluted in the 

oid peak, and thus have been released from the particles. It is 

mportant to remember that the doxorubicin drug in presence of 

lasma could be in three fractions: (i) in its free form outside 

he carrier (free-API fraction), (ii) bound to serum proteins out- 

ide the carrier (API-protein fraction) and (iii) encapsulated in the 

articles (API-polymer NP fraction). The free-API fraction is very 

mall and it is probably not fully retained during focusing (dox- 

rubicin MW = 543.5 g •mol −1 ) thus it may not be completely de-

ected during the analysis, since a significant portion may go to 

he waste instead of reaching the UV-VIS detector. On the other 

and, the doxorubicin bound to serum proteins will be eluted and 

egistered by the UV-VIS detector in the void peak. In our spe- 

ific case, using a gentle crossflow (the same used for analysing 

he particles), the doxorubicin-protein fraction appears in the void 

eak. Therefore, even if with MD-AF4 we cannot reliably quan- 

ify the total amount of the released drug, by seeing such an in- 

rease of the void peak we have an immediate indication of a burst 

rug release and of sample instability after incubation with plasma 

roteins. 

In order to confirm the above results by a complementary 

echnique, analytical ultracentrifugation was used to quantify the 
7 
ree vs encapsulated fraction in aqueous buffer and after incu- 

ation with plasma, applying the approach recently published by 

ehn and al. [ 35 , 36 ]. Analytical ultracentrifugation (AUC) is a first 

rinciple-based technique, requiring no calibration by particle size 

tandards. Particle size of polymeric nanoparticles and liposomes 

an be determined from their sedimentation speed in an aqueous 

edium. AUC can measure sedimentation of a nanopharmaceuti- 

al suspension using both absorbance and/or refractive index (RI) 

etector(s). If the density of the particles is known, the measured 

edimentation coefficient distributions can be converted to mass- 

ased size distributions. Moreover, as the molecular mass of a typ- 

cal small drug molecule is generally about 5 orders of magnitude 

ower than the mass of an encapsulating nanoparticle, sedimen- 

ation speed of the free API is negligible compared to the sedi- 

entation speed of the nanoparticles. If the API molecule has a 

pecific UV-VIS absorbance, this results in a constant absorbance. 

he ratio of this "background" signal relative to the signal from 

he sedimenting nanoparticle fraction(s) gives information about 

he amount of free API outside the nanocarrier. Fig. 3 B shows the 

edimentation profile (the first, every fifth and the last measure- 

ent) detected at 490 nm for the sample before and after incuba- 

ion with serum. In the aqueous buffer, the remaining stable back- 

round signal (the doxorubicin outside of the particles) correspond 

o 7.0 ± 0.3% of the total signal. This result is in very good agree- 

ent with HPLC-UV-VIS and LC-MS/MS measurements, where the 

mount of free drug in the formulation is calculated to be 6.7% of 

he total drug. AUC also provides an orthogonal confirmation of the 

SD of the sample ( Fig. 4 E). Fig. 4 D (right panel) shows the sedi-

entation profile of this sample measured at 490 nm after incu- 

ation with serum proteins. The data shows at least three different 

ain species absorbing at 490 nm. First, at lower speed, the dox- 

rubicin loaded particles (doxorubicin-polymer conjugates) are set- 

ling, followed by the sedimentation of the protein fraction bound 

o doxorubicin (API-proteins which is 16% of the total absorbance 

ignal) at higher speed. Finally, the background absorbance corre- 

ponds to doxorubicin that does not sediment at 40 0 0 0 rpm (free- 

PI) and is about 17% of the total signal. Therefore, by AUC, we 

ere able to confirm a burst release in serum of about 33% (the 

ree API plus the protein-bound components) of the doxorubicin 

rug. This result is consistent with the amount of 27% obtained by 

D-AF4. The discrepancy could be due to MD-AF4 underestimating 

he free drug fraction, that is not retained by the semipermeable 

embrane. 

To further confirm the presence of unbound drug, we also as- 

essed in vitro the cytotoxicity of the Doxo-Polymer conjugate by 

sing two methods: the 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl- 

H-tetrazolium bromide (MTT) reduction and the lactate dehydro- 

enase (LDH) release according to the EU-NCL-GTA01 and EU-NCL- 

TA02 SOPs (available at www.euncl.eu/about- us/assay- cascade ). 

s reference, free doxorubicin was included in the study. Results 

re presented in Figure S2 (LDH) and Figure S3 (MTT) and show at 

he highest time points of 24 and 48 h for both cell lines used (LL-

PK1 and HepG2) an evident dose-dependent toxicity in terms of 

DH release as well as of reduction of the cell metabolic activity. 

he kinetic of toxicity induced by the Doxo-Polymer conjugate is 

imilar to the one of the free| doxorubicin, indicating that a signifi- 

ant amount to the toxic API (doxorubicin) is quickly released from 

he nanoformulation. The data obtained were also in line with the 

orphological observation (data not shown). 

To summarize MD-AF4 can be considered as a pre-screening 

echnique to quickly identify stability issues of nanomedicine for- 

ulations in plasma, before considering the more expensive and 

ime-consuming ultrafiltration and MS detection analysis using a 

table isotope tracer. In cases like the one presented here, MD- 

F4 and/or AUC combined with in vitro cytotoxicity measurements 

ould be sufficient to detect problems of the formulation (in this 

http://www.euncl.eu/about-us/assay-cascade
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Fig. 4. Analysis of API-Polymer NP conjugate in aqueous buffer and after incubation with plasma proteins. A) PSD by intensity by batch DLS. B) UV-VIS fractrogram (detected 

at 490 nm) vs time. C) Light-scattering intensity and Dh vs time with and without plasma proteins. The blue arrow indicates the increase of the void peak in presence of 

plasma proteins. D) Sedimentation profiles and E) PSD by AUC with and without plasma proteins. F) Summary table reporting the measured size and % of API fractions not 

encapsulated in the NP with and without plasma proteins. 
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ase an unpredicted burst release of the free API) that would need 

n optimization step before going into further expensive character- 

sation and/or in vivo experiments. 

.3. Drug Partitioning measurements 

Drug loading and release is associated to the drug localization 

nside the nanoparticle carrier. Information where the drug ends 

p can give insight as to where the drug is initially located within 

 nanoparticle. For example, drug loaded into liposomes can either 

e bilayer-loaded or contained within the aqueous interior cavity. 

f the drug is bilayer loaded, it is possible for the drug to parti-

ion to other phospholipid bilayer structures via bilayer exchange 

echanism [37] . Precise drug loading quantification of different 

anoparticle populations and study of the drug exchange mecha- 

isms, can be performed off-line with HPLC, after fraction collec- 

ion and isolation by AF4, another very useful application of AF4 

or nanopharmaceutical analysis. 

To test the MD-AF4 technique for this application, liposomes 

oaded with a single drug were incubated with multilamellar large 

esicles (MLVs) and analysed. MLVs were chosen as model system 
8 
ecause they can be separated and resolved from liposomes by AF4 

hanks to their different size, and also because they represent an 

nteresting model of red blood cells, to simulate drug partition ef- 

ects between nanoparticles and blood cells once the nanopharma- 

euticals reach the blood vessels. 

The MD-AF4 fractogram (experimental details in supplementary 

aterial, Table S2 - example 4) for the liposomes loaded with a 

ingle drug is shown in Fig. 5 A; this serves as the control. The to-

al drug recovered measured offline by HPLC was 88% across the 

hree peak fractions collected. Of this, 92% was contained in the 

ain peak with a size range of 75–128 nm. The second collected 

eak (71 - 88 minutes) corresponds to the time when the cross- 

ow rate is reduced to zero and represents any particles that were 

orcibly (artificially) agglomerated. In this case, 7.4% of the total 

rug recovered is present in this fraction. A very small amount, 

.6%, of drug was found in the sample loop cleaning step. The frac- 

ogram for the MLVs alone is shown in Fig. 5 B. As expected, they 

lute at a much later elution time, namely when the cross-flow 

ate is reduced to zero. The MLVs ranged from 163–390 nm in size 

nd contained no drug (as expected). A very small peak was ob- 

erved during the sample loop cleaning step. 
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Fig. 5. Flow-mode diameter (AF4 separation with in-line DLS) for A) ‘bilayer-loaded drug liposomes’. B) Multi-lamellar vesicles (MLV). C) ‘Bilayer-loaded drug liposomes’ 

incubated with MLV. The hydrodynamic size was measured across the peaks (green squares) using the on-line Malvern Zetasizer and was based on an intensity threshold of 

> 500 (A), > 500 (B), and > 400 (C) kcps. The size ranges are given in the figure for each peak. Collected peak fractions are designated by dashed vertical lines along with the 

elution times. The % drug relative to the total amount recovered is given for each peak. Equilibration time (19’) is indicated by black arrows. 

m

a

i  

p

a

g

p

o

t

The liposomes and the MLVs were co-incubated at 37 °C for 35 

inutes to test potential drug partitioning and their fractogram, 

s shown in Fig. 5 C. Sample concentrations and conditions were 

dentical to the individual runs ( Figs. 5 A and 5 B). The same three

eak fractions (i.e., elution times) were collected as in Fig. 5 A and 
9 
ccounted for 95% of the total drug injected, representing a very 

ood recovery. The first eluting peak, which corresponds to the li- 

osomes, had a size range of 99 - 106 nm, and contained 60.2% 

f the total recovered drug. In comparison to the liposomes con- 

rol ( Fig. 5 A), the drug distribution dropped from 92% to 60% af- 
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er incubation with MLVs. The second peak, corresponding to the 

LVs, had a similar size range as the MLVs alone and contained 

9.2% of the total drug recovered. Note, the light scattering signal 

ecrease within this peak is most likely due to multiple scattering 

i.e. concentration is too high). Also, the liposomes peak is small 

ue to its low concentration relative to the MLVs (compare Inten- 

ity in Figs. 5 A and 5 B). The last peak, representing the sample

oop cleaning step, contained 0.6% of the drug, similar to the li- 

osomes control (see Fig. 5 A). Based on the HPLC measurement of 

he fraction associated to the liposomes peak before and after in- 

ubation with MLVs, a decrease of 31.8% of the drug content was 

bserved in the liposomes, while the drug fraction associated to 

he MLVs peak increased to 39.2%. Interestingly, there is overlap 

etween the second peak (71–88 minutes) in the liposomes con- 

rol (see Fig. 5 A) with the MLVs peak (see Fig. 5 B). Accounting for

his amount of drug, 7.4%, the drug transferred to the MLVs peak is 

9.2%–7.4% = 31.8%, which is consistent to the decrease of drug in 

he liposomes peak. Hence, the data shows partitioning of the drug 

rom one bilayer (single bilayer of liposomes) to another bilayer 

multiple bilayers of MLVs). More importantly, the results demon- 

trate another application of the MD-AF4 analytical technique. 

As mentioned earlier, the drug partitioning experiments can 

elp to determine where the drug is initially loaded in the 

anoparticle. However, it can also give insight as to the stabil- 

ty of the drug formulation in the presence of blood. Up to this 

oint, partitioning of the drug to plasma proteins has been stud- 

ed. Another important measurement is the drug partitioning into 

ed blood cells as this will dictate its in vivo pharmacokinetic pro- 

le and biodistribution [37–39] . While this example did not use 

ed blood cells, the MLVs could be used to represent them as an 

vailable lipid bilayer source to which the drug can partition. Al- 

hough field flow fractionation of red blood cells [40–42] is not 

ew, the use of MD-AF4 and MLVs to mimic red blood cells to de- 

ermine drug distribution is novel. The MLVs provide a cleaner sys- 

em and avoids all the complexities (i.e. decontamination of instru- 

ents, waste disposal, specialized training) associated with work- 

ng with human red blood cells. Also, because of the large size of 

ed blood cells, steric mode elution [43] may occur (large particles 

lute first) and the red blood cells might co-elute with the much 

maller nanoparticles. 

. Conclusions and future perspectives 

In this work, we have described the high-end use of MD- 

F4 in the challenging field of characterization of nanomedicines. 

he joint effort, of the two state-of-the-art infrastructures for 

anomedicine pre-clinical characterisation, namely NCI-NCI and 

UNCL in developing SOPs and a standard test method has been 

 key factor in the successful application of MD-AF4 in this highly 

egulated field. On a more general level, it shows how the interna- 

ional cooperation, together with key interactions with regulatory 

gencies and metrological institutes, is helping the community by 

roviding standard operating procedures and standard test meth- 

ds that are so urgently needed to fill currently existing method- 

logical gaps. Also, this kind of collaborations are hopefully con- 

ributing to the harmonization of the regulatory framework for 

anomedicine characterization between Europe and USA. 

In particular, MD-AF4 is a very versatile analytical technique 

o (i) measure size and shape distribution of highly heterogenous 

amples, (ii) to evaluate drug loading and drug partitioning, and 

iii) to check particle (in)stability in plasma. Those are all key qual- 

ty attributes to be monitored during formulation development and 

hen after, for manufacturing quality control purposes. Size, shape, 

rotein binding, and release kinetics can influence biodistribution, 

ff-target toxicities, and ultimately safety and efficacy, while drug 

oading is essential for correct dosing. Interestingly, formulations 
10 
hat are unstable in physiological matrices, which prematurely ag- 

regate or involuntary release drug(s), are unfit to meet the safety 

nd efficacy criteria, thus risking to fail in their clinical transla- 

ion. Importantly, the AF4 temporal/spatial fractionation prior to 

ize analysis significantly enhances the analytical power vs many 

atch techniques, resulting in the high-resolution sizing analysis of 

omplex heterogeneous samples or in plasma. Furthermore, when 

nalysing drug loading and release, MD-AF4 can be used to rapidly 

nd easily checking for burst drug release in plasma. MD-AF4 can 

hus fit as a very powerful technique for a "pre-screening" ap- 

roach, giving semi quantitative indication of particle stability in 

lasma before proceeding with more expensive and complex anal- 

sis. Finally, fractions obtained by AF4 can be analysed off-line im- 

roving analytical resolution and identifying differences between 

ifferent populations in a complex sample. 

In conclusion, as presented in this review, MD-AF4 is a 

ersatile technique for the physical-chemical characterisation of 

anomedicines; either as single technique or when in combina- 

ion with other complementary analytical techniques. It can be 

onsidered as an asset in the early preclinical R&D development 

ettings, for getting accurate, robust and reproducible understand- 

ng of the physical properties and stability of potential nanophar- 

aceutics under pre-clinical evaluation. Similarly, during the later 

tages of product development and manufacturing, it could be one 

f the chosen techniques for quality control (e.g. batch to batch 

ariability, burst release) within the pharmaceutical setting. De- 

pite not being currently very widespread in the pharmaceutical 

ndustry, AF4 will become more widely used in the near future, 

ue to continuous developments by the instrument manufactur- 

rs in line with industry needs (e.g. software meeting GLP require- 

ents) and due to the availability of future newly developed stan- 

ardized testing methods. Provided that the latter conditions will 

e met in a reasonable time, it is the view of the authors that MD-

F4 will become an enabling technology platform to provide high 

uality analytical characterisation supporting and enabling the reg- 

latory evaluation of complex nanopharmaceutical formulations. 
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