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Targeted nanoliposomes to improve enzyme 
replacement therapy of Fabry disease
Judit Tomsen-Melero1,2, Marc Moltó-Abad1,3, Josep Merlo-Mas4, Zamira V. Díaz-Riascos1,3,5,  
Edgar Cristóbal-Lecina1,6, Andreu Soldevila7, Thomas Altendorfer-Kroath8, Dganit Danino9,10, 
Inbal Ionita9, Jan Skov Pedersen11, Lyndsey Snelling12, Hazel Clay12†, Aida Carreño1,2,  
José L. Corchero1,13, Daniel Pulido1,6, Josefina Casas6,14, Jaume Veciana2,1, Simó  Schwartz Jr.1,3,15, 
Santi Sala4, Albert Font7, Thomas Birngruber8, Miriam Royo1,6, Alba Córdoba4*, Nora Ventosa2,1*, 
Ibane Abasolo1,3,5,15*‡, Elisabet González-Mira2,1*

The central nervous system represents a major target tissue for therapeutic approach of numerous lysosomal stor-
age disorders. Fabry disease arises from the lack or dysfunction of the lysosomal alpha-galactosidase A (GLA) en-
zyme, resulting in substrate accumulation and multisystemic clinical manifestations. Current enzyme replacement 
therapies (ERTs) face limited effectiveness due to poor enzyme biodistribution in target tissues and inability to 
reach the brain. We present an innovative drug delivery strategy centered on a peptide-targeted nanoliposomal 
formulation, designated as nanoGLA, engineered to selectively deliver a recombinant human GLA (rhGLA) to tar-
get tissues. In a Fabry mouse model, nanoGLA demonstrated improved efficacy, inducing a notable reduction in 
Gb3 deposits in contrast to non-nanoformulated GLA, even in the brain, highlighting the potential of the nano-
GLA to address both systemic and cerebrovascular manifestations of Fabry disease. The EMA has granted the Or-
phan Drug Designation to this product, underscoring the potential clinical superiority of nanoGLA over authorized 
ERTs and encouraging to advance it toward clinical translation.

INTRODUCTION
Addressing the therapeutic needs of the central nervous system (CNS) 
remains a major challenge in the treatment of numerous lysosomal stor-
age disorders (LSDs) and represents an unmet clinical need. Fabry dis-
ease (FD: OMIM ID #301500) is one of the most frequent LSD. FD 
incidence has been estimated at 1:40,000 to 1:117,000 live births (1). 
Mutations in the alpha-galactosidase A (GLA) gene lead to the mal-
function or absence of the GLA enzyme and the accumulation of globo-
triaosylceramide (Gb3) and similar glycosphingolipids in the lysosomes 

throughout the body, provoking multisystemic clinical manifestations 
such as progressive kidney disease, cardiac complications, and cerebro-
vascular disease (2). First clinical signs of FD occur during childhood 
and, over time, microvascular lesions of the affected organs progress, 
leading to early death. Vasculature is directly involved in the pathophys-
iology and progression of the FD (3, 4), and thus, endothelial cells are 
the most predominantly affected cell type in this disease (5).

The main treatment option for patients with LSD is the enzyme 
replacement therapy (ERT), which consists of the intravenous ad-
ministration of an active recombinant version of the defective en-
zyme (5, 6). The rationale for ERT is to restore a level of enzymatic 
activity (EA) sufficient to clear the substrate accumulation in the 
organ tissues, thereby preventing, stabilizing, or reversing the pro-
gressive decline in function of these organs before irreversible dam-
age has occurred (7).

For the treatment of FD, two ERTs are authorized in the European 
Union (EU) since 2001: Replagal (agalsidase alfa) and Fabra-
zyme (agalsidase beta; also commercialized in United States) (8, 9). 
However, these treatments offer clinically limited efficacy due to (i) 
poor biodistribution in target tissues, (ii) inability of recombinant 
enzymes to cross the blood-brain barrier (BBB), (iii) rapid enzyme 
degradation and short plasma half-life, and (iv) high immunogenic-
ity (9, 10). Consequently, frequent dosing is required (every other 
week), resulting in high-cost treatments. To highlight, very recently, 
a new ERT has been approved by the European Medicine Agency 
(EMA) and the U.S. Food and Drug Administration, named Elfabrio, 
which is a novel pegylated, covalently crosslinked form of GLA, 
which has demonstrated considerable extension of the enzyme’s 
half-life and lower generation of anti-drug antibodies (ADAs) (11). 
However, it has been reported that clinical studies have not estab-
lished that half-life results in superior efficacy or safety based on 
clinically relevant end points. The main measure of effectiveness was 
based on glomerular filtration rate, a measure of how well kidneys 
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are working; supportive data showed a substantial decrease in the 
levels of Gb3 in the kidneys and blood of patients treated with 
Elfabrio (ClinicalTrials.gov ID NCT03180840, NCT02795676).

In addition to these ERTs, a pharmacological chaperone therapy, 
migalastat hydrochloride (Galafold, Amicus Therapeutics UK Ltd), 
was approved in 2016 only for patients with Fabry disease with ame-
nable GLA mutations (12). Migalastat binding stabilizes these mu-
tant forms of GLA in the endoplasmic reticulum and facilitates their 
proper trafficking to lysosomes (13). Once in lysosomes, dissocia-
tion of migalastat restores GLA activity, leading to the catabolism of 
Gb3 and related substrates (14). Although migalastat shows several 
advantages, such as an oral administration, nonimmunogenic re-
sponse, and potential to cross the BBB, its use is limited to specific 
FD genetic variants (15).

In this context, in the race to develop more effective treatments 
for FD, several other new strategies are currently under R&D. There 
are four products in the pipeline, with the majority in phase II, pre-
dominantly related to gene therapies: Two of these are adeno-
associated virus (AAV) vector variants, e.g., CD34+ hematopoietic 
stem cell therapy [FLT-190 (ClinicalTrials.gov ID NCT04040049, 
NCT04455230)] and an AAV2/6 vector-mediated gene transfer 
[ST920 (ClinicalTrials.gov ID NCT04046224)], and one of these is a 
lentiviral vector–based therapy [AVR-RD-01 (ClinicalTrials.gov ID 
NCT03454893)]. In phase III clinical trial, there is the glucosylceramide 
synthase inhibitor lucerastat (ClinicalTrials.gov ID NCT03425539). 
Therefore, the FD market is expected to have several novel entrants 
by 2030 if these aforementioned products, now in clinical phase, 
succeed. These novel therapies will provide a key opportunity to ad-
dress the need for long-term highly efficacious therapies. Novel for-
mulations should protect the active biomolecules from degradation, 
reduce enzyme immunogenicity, enhance enzyme cellular internal-
ization, and improve the treatment efficacy by reaching not only pe-
ripheral organs but also the brain (16). Accessing the CNS is still one 
of the main challenges of ERT. Actually, recombinant enzymes in-
fused intravenously fail to cross the BBB and access the CNS (17–
19). This indicates that there is still room to improve ERT formulations 
for treating FD and other LSD (20).

Here, we present a potentially more effective ERT for FD, which is 
based on a peptide-targeted nanoliposomal formulation that delivers 
selectively a recombinant human GLA (rhGLA) to endothelial cells. 
This new liposomal formulation of GLA, named as nanoGLA, has 
overcome many limitations from the physicochemical point of view, 
yielding a high-quality liposomal product in line with demanding 
regulatory requirements. The nanoGLA has demonstrated improved 
ERT efficacy in preclinical models of FD, inducing a substantial re-
duction in Gb3 deposits in contrast to non-nanoformulated enzymes, 
even in the brain. On the basis of the potential clinically relevant ad-
vantage of the nanoGLA versus authorized ERTs, such as agalsidase 
alfa, the EMA has granted nanoGLA the Orphan Drug Designation 
(21). This designation has important implications for the translation 
of this new therapeutic product from bench to bedside.

RESULTS
Preparation of nanoGLA batches with a specific composition 
and well-defined production process
New rhGLA and enzyme entrapment into nanoliposomes
In the present work, a new tag-free rhGLA encoded by the GLA 
gene has been produced using Chinese hamster ovary (CHO) cell 

culture (CHO K1 cells) following standard cell culture techniques 
(stable expression-based production method) (22) (detailed in Ma-
terials and Methods). The rhGLA is a homodimeric enzyme com-
posed of two subunits of 398 amino acids with a monomer weight of 
48.8 kDa; the whole GLA has an approximated molecular weight of 
100 kDa. Each monomer contains three N-linked glycosylation 
sites. The amino acid sequence presents 12 cysteines, 10 of which are 
involved in five disulfide bonds, and therefore, two are free cyste-
ines. Unlike previous reported studies (23–25), the new rhGLA pro-
duced in this work does not contain tags, which reduces the risk of 
being a highly immunogenic protein (26). The amino acid sequence 
of this rhGLA is identical to the natural GLA, i.e., not chemical-
ly modified.

A single 50-liter batch of the new rhGLA was produced and used 
for the experiments, showing a quality in line with the medicinal 
product agalsidase beta (Fabrazyme). The latter is used as reference 
in the quality control of this new rhGLA because both are produced 
in CHO cells. To note, excipients such as mannitol (30.0 mg ml−1), 
sodium phosphate monobasic monohydrate (2.75 mg ml−1), and 
sodium phosphate dibasic heptahydrate (8.0 mg ml−1) (around 
pH 7) (hereafter named as “rhGLA raw excipients”) have been added 
to stabilize the protein. For the rhGLA batch produced in this work, 
the physicochemical/biological properties that are critical for re-
combinant proteins’ quality were analyzed and are summarized in 
Table 1 and fig. S1. The results revealed an identity, potency, struc-
ture, and product-related variants consistent with the commercial 
agalsidase beta product.

The new rhGLA is entrapped through a noncovalent binding 
into nanoliposomes composed of dipalmitoylphosphatidylcholine 
(DPPC), cholesterol, and cholesterol–PEG400 (polyethylene glycol, 
molecular weight 800)–RGD targeting ligand moiety (cyclic-RGDfk, 
arginine-glycine-aspartic acid) in a molar ratio 10:6.5:0.5, with a small 
amount of the nonlipid cationic miristalkonium chloride (MKC) sur-
factant (5 mole % in respect to the other membrane excipients). The 
resulting nanoformulation has been designated as nanoGLA. Briefly, 
the nanoGLA is produced in two steps: (i) DELOS (i.e., depressuriza-
tion of an expanded liquid organic solution) manufacturing process 
produces an intermediate aqueous dispersion of GLA-loaded nanoli-
posomes, and (ii) this intermediate dispersion undergoes a tangential 
flow filtration (TFF) process to concentrate the formulation, diafil-
trate, and exchange the dispersant medium and remove the organic 
solvents and nonintegrated molecules to obtain the final product 
(fig. S2).

The TFF step allows the concentration of the nanoformulation to 
increase rhGLA concentration to ≥0.2 mg ml−1, to ensure a mini-
mal effective dose to enter in vivo efficacy testing. Previously, a strat-
egy of directly producing liposomes at higher cargo of rhGLA by 
DELOS has also been explored. However, this option was discarded 
after observing that the weight ratio between rhGLA and the com-
ponents forming the nanoliposomal system (i.e., DPPC, cholesterol, 
cholesterol-PEG400-RGD, and MKC) had a critical impact on the 
physicochemical properties and stability of the nanoGLA. Batches 
prepared by DELOS at ratios ≤36 μg of GLA per mg of liposomal 
components presented homogeneous opalescence and maintained 
stable appearance over time, a mean particle size around 120 to 150 nm 
and a polydispersity index (PDI) below 0.20 in all cases. On the 
other hand, batches prepared with higher ratios of GLA to mem-
brane components showed a compromised colloidal stability, lead-
ing to aggregation and sedimentation of the liposomal dispersion 
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just few hours after their preparation, and increase of PDI values in 
particle size distribution (≥0.40) (fig. S3).
Selection of an optimal isosmotic dispersant medium
The selection of the optimal dispersant medium in which both the 
nanoliposomes and the enzyme are stable, as well as the suitable pH 
and osmolality for the intended route of administration (intrave-
nous), is another critical aspect that has been considered. It is well 
known that parenteral liposomal products should aim toward being 
isotonic (approximately 280 mOsm kg−1) to prevent rupture or con-
traction of the liposomal structure and to ensure hemocompatibility.

The osmolality of the nanoGLA has been monitored when pure 
water is used as dispersant medium during the two steps of the 
manufacturing route: (i) The intermediate product from the DELOS 
shows high osmolality (close to 800 mOsm kg−1, being hyperosmot-
ic) due to the presence of traces of both organic solvents used to 

solubilize the membrane components during the DELOS process, 
ethanol (EtOH) and dimethyl sulfoxide (DMSO) (fig. S4 and table 
S1), while (ii) osmolality falls to zero (being hypoosmotic) after the 
TFF diafiltration process (i.e., after removing the organic solvents 
used during the DELOS process and nonintegrated molecules such 
as free GLA), as shown in Fig. 1A. During diafiltration, the osmolal-
ity decreases, indicating the successful removal of the organic sol-
vents through the exchange of the initial medium for another, in this 
case phosphate-buffered saline (PBS) buffer or pure water. These 
findings highlight the need to explore the addition of more excipi-
ents to adjust the nanoformulation osmolality.

To adjust the nanoformulation osmolality, a screening of differ-
ent isosmotic media suitable for the GLA-loaded liposomes has 
been carried out. The use of salts composed of ions (e.g., phosphates 
and sodium), as well as sugars (e.g., sucrose, glucose) and some 

Table 1. CQA and specifications of rhGLA. Relevant attributes or CQA of the produced rhGLA and the specifications that must need to ensure the drug 
substance quality. N/A, not applicable; cIEF, capillary isoelectric focusing; HMW, high–molecular weight; HPLC: high-pressure liquid chromatography; LAL: 
limulus amebocyte lysate; qPCR: quantitative polymerase chain reaction; RP: reverse phase; SDS-PAGE: SDS–polyacrylamide gel electrophoresis; SEC: size 
exclusion chromatography; CFU, colony-forming unit.

CQA rhGLA batch Specification range for drug 
substance

Content Protein concentration 3.11 mg ml−1 N/A

Identity Immunological detection Consistent with reference material Immunoreactive band at 50 kDa (by 
Western blot)

Isoelectric point determination 5.11 5.5 ± 0.5 (by cIEF)

 Potency Enzymatic activity 84% 80 to 120% respect to reference 
material (by fluorescence)

 Purity Electrophoretic pattern 93.14% >90% (by non-reducing SDS-PAGE)

91.62% >90% (by reducing SDS-PAGE)

HMW variants 85.91% >85% (by SEC-HPLC)

C-terminal heterogeneity 94.51% (purity) >90% (by RP-HPLC)

Main species 89.94% 

Species 1 3.29% 

Species 2 6.77%

 Process related impurities Microbial contamination <10 CFU ml−1 <10 CFU ml−1 (by bioburden)

Endotoxins <80.4 EU mg−1 <100 EU mg−1 (by LAL method)

Fig. 1. Impact of the dispersion media on the nanoGLA formulation. (A) Evolution of the osmolality of liposomal formulation during buffer exchange by TFF diafiltra-
tion, in water (L-water) or in PBS (L-PBS), determined by measurements of the freezing point. Media refers to water and PBS alone. (B) GLA-liposomes after TFF concentra-
tion and diafiltration in 5% glucose solution (L-Glc). Size distribution of three independent batches.
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amino acids, is widely used for osmolality adjustment in liposomal-
based nanomedicines approved for the intravenous route (27, 28). 
Therefore, GLA-loaded liposomes were prepared in water by DELOS, 
and then, water was exchanged for a set of different isosmotic 
media in the TFF diafiltration step (schematized in fig. S5A) based 
on excipients reported in the literature. These media were composed 
of sugars (glucose, trehalose, and sucrose), in addition to some ami-
no acids (histidine and glycine), salts as sodium chloride, and a mix 
of sodium phosphates and mannitol, similar to the buffer used with 
the rhGLA to stabilize the protein (previously introduced as rhGLA 
raw excipients buffer). The concentration of each media was adjusted 
to a range of 260 to 300 mOsm kg−1 (see table S2).

The results showed the following trend: When sugars or amino 
acids [such as glucose (Glc), trehalose (Tre), sucrose (Suc), and 
combinations such as sucrose and glycine (Suc/Gly) or sucrose/
histidine (Suc/His)] were used as osmotic agents, the stability and en-
zyme entrapment efficiency (EE) of the nanoformulation were largely 
preserved after the diafiltration process; however, when salts were 
used (e.g., sodium chloride and PBS), the enzyme was markedly re-
leased from the nanoliposomes during the diafiltration process, re-
ducing the enzyme EE, as shown in Table 2.

Among nanoformulations with dispersant medium composed of 
sugars, those containing sucrose and its combination with the amino 
acids (i.e., Suc/His and Suc/Gly) showed lower colloidal stability, as 
predicted by the lower ζ-potential values. In addition, the morphol-
ogy of the nanoliposomes assessed by cryo–transmission electron 
microscopy (cryo-TEM) (see fig. S6) displayed some changes when 

sugars were added: In the presence of glucose, nanoliposomes were 
similar to those detected after diafiltration in water, with a majority 
of unilamellar vesicles and no presence of aggregates. Conversely, di-
afiltration with added trehalose induced elongation of some vesicles 
and an apparent thicker membrane bilayer and in glycine presence 
nanoliposomes showed a more heterogeneous morphology. GLA-
specific EA was maintained when nanoliposomes were diafiltrated in 
the different isosmotic media, and in all samples, values were compa-
rable to the commercial standard agalsidase alfa, selected as the com-
parator for preclinical development (fig. S5C). Only liposomes in 
glycine 2.5% seemed to show a slightly lower biological activity, 
probably because of the high pH of this media. GLA is a lysosomal 
enzyme whose optimal working pH is more in the acidic range.

Last, 5% glucose solution was selected as the optimal isosmotic 
medium for the nanoGLA for the final product because liposomes 
in this media maintained good physicochemical characteristics, 
unilamellar morphology, and stability and retained GLA with high 
entrapment efficiencies and EA (fig. S5, C and D).
Robust manufacturing process: Batch size increase for the first 
preclinical studies
The manufacturing of the required nanoGLA amount to carry out 
the first in vivo studies in the preclinical phase, which involve high 
number of animals, turned out to be a big challenge.

A set of identical batches, with a batch size between 600 and 
700  ml, was produced by DELOS up to the required quantity. 
DELOS is a robust and green nanoformulation production platform 
based on compressed carbon dioxide (CO2). Briefly, the process 

Table 2. Summary of physicochemical characterization of GLA-liposomes (L) diafiltrated in different isosmotic media at time 1 day after production or, 
in parenthesis, 2 weeks after production. Details of the media composition are shown in table S2. Glc, glucose; Tre, trehalose; Suc, sucrose; His, histidine; Gly, 
glycine; NaCl, sodium chloride; Exc, mixture of excipients (mannitol, sodium phosphate monobasic monohydrated, sodium phosphate dibasic heptahydrated. 
Average of two independent batches.

Diafiltration media Size* (nm) PDI† ζ-pot‡ (mV) GLA§ (μg ml−1) EE (%)¶ Osmolality  
(mOsm kg−1)

L- DELOS 121 ± 2 (125 ± 5)# 0.26 ± 0.02 
(0.27 ± 0.01)#

61 ± 1 (56 ± 1) 21 ± 1 – 1049 ± 10

L- Water 138 ± 3 (134 ± 7) 0.29 ± 0.02 
(0.26 ± 0.01)

41 ± 8 (35 ± 4) 19.6 ± 0.4 92 ± 7 0 ± 2

L- Glc 113 ± 4 (110 ± 3) 0.21 ± 0.01 
(0.20 ± 0.01)

47 ± 1 (49 ± 3) 21 ± 1 99 ± 9 294 ± 5

L- Tre 120 ± 1 (122 ± 1) 0.25 ± 0.01 
(0.23 ± 0.01)

38 ± 1 (35 ± 5) 17.8 ± 0.2 84 ± 5 324 ± 23

L- Suc 132 ± 8 (148 ± 14)** 0.23 ± 0.01 
(0.25 ± 0.02)**

29 ± 2 (22 ± 4) 19 ± 2 90 ± 14 284 ± 4

L- Suc/His 232 ± 2** 
(300 ± 15)††

0.43 ± 0.06** 
(0.49 ± 0.06)††

15 ± 2 (14 ± 1) 23.1 ± 0.2 100 ± 10 291 ± 5

L- Suc/Gly 143 ± 3 (174 ± 1)** 0.24 ± 0.01 
(0.25 ± 0.02)**

26 ± 3 (30 ± 2) 17.1 ± 0.1 87 ± 2 282 ± 5

L- Gly 128 ± 1 (124 ± 1) 0.26 ± 0.01 
(0.23 ± 0.01)

35 ± 1 (35 ± 2) 21.6 ± 0.6 110 ± 6 297 ± 5

L-NaCl 125 ± 1 (134 ± 1)†† 0.25 ± 0.01 
(0.41 ± 0.03)††

6 ± 1 (7 ± 1) <LOD 0 256 ± 5

L-Exc 125 ± 1 (123 ± 1) 0.19 ± 0.01 
(0.20 ± 0.01)

13 ± 1 (14 ± 1) <LOD 0 275 ± 5

*Liposome diameter.    †Polydispersity index.    ‡ζ-potential.    §GLA concentration in the formulation.    ¶GLA entrapment efficacy.    #Some 
sediment but resuspended well.    **Milky appearance.    ††Milky appearance and some sedimentation.
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consists of the addition of liquid compressed CO2 into an organic 
solution containing all membrane components, followed by the de-
pressurization of the CO2-expanded solution into an aqueous solu-
tion containing the rhGLA, resulting in the formation by self-assembly 
of the nanoGLA liposomes dispersed in water with small amount of 
organic solvent (around 5% volume). All produced batches showed 
an extreme robustness of the DELOS process. The coefficient of 
variation (CV) was ≤10% in several parameters such as size (CV, 
7%; n = 6), PDI (CV, 10%; n = 6), and ζ-potential (CV, 7%; n = 6). 
This low batch to batch variability in the production method is a 
very important milestone for translation of nanomedicines from the 
bench to bedside.

Next, individual batches were mixed in a pool, obtaining up to 
3.5 liter of intermediate nanoGLA. This represented an increase in 
batch size over the initial production capacity of the system (24, 25). 
Intermediate nanoGLA was then submitted to a TFF process, con-
sisting in a 7.5-fold concentration followed by a diafiltration step to 
substitute the initial dispersion media [water with 5% (v/v) of or-
ganic solvent] for a glucose solution [5% (w/v)] and to remove non-
incorporated compounds, obtaining the final nanoGLA.
Quality assessment, specifications, and complementary 
characterization
Before initiating in vivo studies, the nanomedicine candidates were 
characterized by using robust, straightforward, and affordable meth-
ods, to ensure the production of a high-quality product, and control 
of the physicochemical/biological properties that influence efficacy 
and safety. The accurate identification of critical quality attributes 
(CQAs) for both the drug substance and the resulting drug product 
remains a crucial step in the quality and safety assessment of nano-
medicines under development. The identification of the CQAs and 

control strategies to ensure that these CQAs are within an appropri-
ate limit, range, or distribution (i.e., specifications) to guarantee the 
desired product quality was preliminary performed and reported by 
Merlo-Mas et al. (25).

For the nanoGLA batches produced in this work (nanoGLA#1 
and nanoGLA#2), the physicochemical/biological properties that 
are critical for product quality were characterized and summarized 
in Table 3. Notably, the intermediate products immediately after 
DELOS (without any post-processing such as TFF) were also char-
acterized to ensure the quality of both in-process and final products.

The morphology of the systems was studied using cryo-TEM 
after sample vitrification. This methodology allows direct investiga-
tion of colloidal systems, such as liposomes, in the hydrated state, so 
their structure is well preserved close to the native state. Cryo-TEM 
analyses have depicted that these nanoformulations were uniform, 
and vesicles were spherical and mostly unilamellar, with diameters 
ranging between 50 and 300 nm (see Fig. 2A). Therefore, this CQA 
was within specifications as well. GLA was visible interacting with 
the vesicles (arrows).

The cross-section structure of the bilayers, the lamellarity of the 
nanovesicles, and the concentration of the GLA in the nanoformula-
tions were further determined by small-angle x-ray scattering (SAXS) 
in a similar way as done previously (24, 25). The data were analyzed 
by a model where the cross section of the membrane is described by 
three Gaussian functions of fixed width, where the central Gaussian 
describes the low-electron density hydrocarbon region, and the two 
outer ones describe the head groups and RGD. The central Gaussian 
has a fixed scale factor of −1, and the scale of the head boxes is opti-
mized in the fit. The width of the bilayer is given by the full width half-
maximum value of the profile. The multilamellarity was described by 

Table 3. CQA and specifications of nanoGLA. Relevant attributes or CQAs of the nanoGLA, and the specifications that must meet to ensure the product 
quality. DLS, dynamic light scattering. ELS, electrophoretic light scattering; UV, ultraviolet.

nanoGLA #1 batch nanoGLA #2 batch

﻿CQAs﻿ Specification range 
for final product

Intermediate product 
(in process control)

Final product Intermediate product 
(in process control)

Final product

﻿Appearance﻿ Homogeneous aqueous 
dispersion without  

sediment and  
opalescent appearance 

macroscopically

Homogeneous whitish 
aqueous dispersion 

without sediment and 
opalescent appearance 

macroscopically

Homogeneous whitish 
aqueous dispersion 

without sediment and 
opalescent appearance 

macroscopically

Homogeneous whitish 
aqueous dispersion 

without sediment and 
opalescent appearance 

macroscopically

Homogeneous whitish 
aqueous dispersion 

without sediment and 
opalescent appearance 

macroscopically

﻿Particle size﻿ 50–300 nm (by DLS) 151 ± 1 nm 124 ± 1 nm 176.3 ± 0.2 nm 153 ± 1 nm

﻿Polydispersity index﻿ ≤0.45 (by DLS) 0.16 ± 0.01 0.13 ± 0.01 0.20 ± 0.01 0.09 ± 0.02

  Z potential﻿﻿ >+20 mV (by ELS) 41 ± 1 mV 45 ± 2 mV 39 ± 2 mV 40 ± 1 mV

﻿Potency- specific EA﻿ Bioactive (ratio of  
nanoGLA versus freeGLA 

≥0.50)

Bioactive (0.92 ± 0.05) Bioactive (0.65 ± 0.02) Bioactive (0.84 ± 0.01) Bioactive (0.63 ± 0.02)

﻿Total GLA content﻿ ≥30 μg ml−1 (for  
intermediate)/≥200 μg 
ml−1 (for final product) 

(by RP-HPLC-UV)

27 ± 1 μg ml−1 216 ± 10 μg ml−1 37 ± 2 μg ml−1 270.90 ± 0.04 μg ml−1

﻿pH﻿ 6.0–7.0 (for final 
product)

5.2 ± 0.2 6.27 ± 0.08 5.5 ± 0.2 7.04 ± 0.04

﻿Osmolality﻿ 260–300 mOsm kg−1 
(for final product)

936 ± 5 mOsm kg−1 291 ± 5 mOsm kg−1 932 ± 5 mOsm kg−1 265 ± 5 mOsm kg−1
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Fig. 2. Morphology and stability of nanoGLA. (A) Morphology of nanoGLA, analyzed by cryo-TEM, 1-week after production. White arrows highlight interactions be-
tween the enzyme and the nanoliposome. (B to E) Stability of nanoGLA stored at 2° to 8°C in terms of: (B) size, (C) PDI, (D) ζ-potential for 10 weeks. For each system, three 
independent batches per time point are represented (symbols) and the average (continuous line; SD represented by dotted lines). (E) Stability of specific enzymatic activ-
ity (EA) for 12 weeks, average of three independent batches. Values expressed in relation to reference GLA (agalsidase alfa).
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a para-crystal model, where only one and two membranes are in-
cluded. The spacing between the layers is described by D, and the 
disorder of this distance is described by σdisord and is a fraction of 
D. The fraction of single layers was also calculated and is given in 
table S3. The concentration GLA was determined as the scale factor 
of a contribution to the scattering measured separately for a pure 
GLA solution. All these parameters were calculated for intermediate 
and final nanoGLA, as detailed in table S3. The modeling provided 
good fits to the data as reflected by the reduced χ2 values (good-
ness of fit) in table S3, although it is somewhat higher for the 
high-concentration sample due to the better counting statistics 
for this sample. The model gives similar cross-section profiles 
with a nearly constant bilayer width of 50 to 52 Å and a low degree 
of multilamellarity.

The GLA concentration in the nanoGLA formulations could be 
also estimated by having the SAXS curve for a GLA dimer as a back-
ground component. The protein concentration estimations from the 
SAXS data (table S3) are in very good agreement with the values 
obtained by reversed phase high-pressure liquid chromatography 
(RP-HPLC) (Table 3).

The stability of rhGLA drug substance was tested by RP-HPLC, 
size exclusion chromatography HPLC (SEC-HPLC), and EA after be-
ing stored at −80°C for 7 months. The C-terminal variability by RP-
HPLC showed consistency after 7-month storage (purity of 92.79%, 
main species = 89.63%; species 1 = 3.82%; species 2 = 6.55%), indi-
cating no changes in protein integrity. The appearance of new mo-
lecular weight variants by SEC-HPLC, related to protein stability 
during course study, was not detected (main peak  =  90.67%). Re-
garding the EA, no major changes were observed related to the stor-
age at −80°C after 7 months.

The colloidal stability of the nanoGLA formulation, as an aque-
ous dispersion of nanoliposomes containing the rhGLA, was moni-
tored for 10 weeks. The formulation was stable for at least 2 months 
(Fig. 2, B to D), indicating that the product development was mature 
enough to carry out longer studies, e.g., repeated-dose efficacy stud-
ies, since the drug product stability covers the period time required 
for these studies. Regarding EA, GLA in the final nanoGLA lipo-
somes retained its bioactivity for at least 2 months (Fig. 2E).

Advanced preclinical evaluation of nanoGLA for 
FD treatment
Hemocompatibility
Because the nanoGLA was designed to be administered intrave-
nously, hemocompatibility of the formulation was tested before 
in vivo assays. In detail, nanoGLA has shown to be nonhemolytic in a 
hemolysis test using mouse red blood cells (RBCs). Hemolysis 
values did not surpass 5% of total hemolysis to be considered hemo-
lytic in any of the tested concentrations (fig. S7). In addition, no 
substantial variations in plasma coagulation times were detected 
after incubation of plasma with nanoGLA (table S4). In this case, 
assays were conducted using human plasma from volunteers, which 
was incubated with liposome dispersion (0.1 mg ml−1). None of 
the three tested coagulation times—activated partial thrombo-
plastin time (APTT), prothrombin time (PT), and thrombin time 
(TT)—showed any important alteration when compared to the 
controls, nontreated plasma and vehicle-treated (PBS) plasma. Thus, 
nanoGLA was shown to be safe for intravenous administration 
because no hemolysis signs or alterations in plasma coagulation 
times were found.

In vitro efficacy
The ability of the nanoGLA to reduce (hydrolyze) the Gb3 substrate 
was measured by using a fluorescent-labeled Gb3 [nitrobenzoxadia-
zole (NBD)–Gb3] substrate in mouse aortic endothelial cell (MAEC) 
derived from Fabry knockout (KO) mice, as previously described 
(23, 24, 29). This in vitro assay measures the ability of the enzyme to 
reach the lysosomes and hydrolyze the substrate of the GLA enzyme, 
offering a rapid and clear assay to test both the internalization and 
the efficacy of the tested samples. The nanoGLA prototypes (both 
intermediate and final products) showed better efficacy than free 
GLA, with a 50% increased activity over agalsidase alfa at enzyme 
concentration (0.25 μg ml−1) (see Fig. 3). Conversely, the control 
nanoformulation without rhGLA (named “empty liposomes” in Fig. 
3) showed no substantial activity. The formulation of the rhGLA in 
nanoGLA notably increases the ability of the enzyme to hydrolyze 
the Gb3 substrate.
Pharmacokinetic studies in rats
According to the International Council for Harmonisation of Tech-
nical Requirements for Pharmaceuticals for Human Use (ICH) 
S6R1 (30), which provides guidance on preclinical safety evaluation 
of biotechnology-derived pharmaceuticals, information on tissue 
distribution, disposition, and clearance in relevant animal models 
should be evaluated. This is essential to assess the pharmacokinetic 
(PK) properties of the pharmaceutical candidate and its potential 
effects on various tissues and organs. Therefore, this novel nanolipo-
somal formulation with promising physicochemical and in vitro 
biological properties was characterized with respect to PKs to con-
firm increased half-life of GLA when administered in the nanolipo-
somes. The rat was the species of choice because the higher blood 
distribution volume in these animals ensures better PK profiling 
compared to mice.

PK profile of the unloaded nanoliposomes. A preliminary PK 
study was carried out, following intravenous administration of the 
unloaded nanoformulation (without the rhGLA enzyme) to healthy 

Fig. 3. In vitro efficacy in primary cultures of FD model. Gb3 reduction of the 
nanoGLA in comparison with the free rhGLA, and the free agalsidase alfa in pri-
mary endothelial cells derived from Fabry KO mice. Incubation of GLA (0.25 μg 
ml−1) (or at the equivalent liposome concentration for empty liposomes) at 37°C 
for 48 hours. Empty liposomes refer to the nanoformulation without GLA (at the 
equivalent concentration), used as control. The assay corresponds to a single repre-
sentative experiment, replicated in three independent assays.
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Sprague-Dawley rats. Although the rhGLA enzyme is the drug sub-
stance that must be measured to determine the PK profile, we wanted 
to explore the way to track also the nanocarrier (i.e., the nanolipos-
omes that contain the rhGLA) in vivo. Accordingly, in this study, we 
explored the potential of using the MKC surfactant, which is a com-
ponent of the liposomes but is not naturally present in the body, as a 
surrogate of the nanoliposomes for in vivo monitoring. The absence 
of a basal level of this molecule makes it virtually ideal for tracking 
liposomes in biological matrices. A free MKC group was used as a 
control (i.e., MKC aqueous solution).

To confirm the suitability of the strategy of using MKC for nano-
liposomes tracking, empty liposomes were prepared as described 
for nanoGLA, but skipping the rhGLA addition step. Empty lipo-
somes showed very narrow vesicle size distribution in the nanomet-
ric range, as well as spherical and mostly unilamellar morphology 
(fig. S8).

Wild-type (WT) rats were assigned to two groups (n = 6 male 
rats per group) and were dosed either with concentrated empty lipo-
somes at liposomes of 30 mg kg−1 (equivalent to MKC of 1 mg kg−1) 
or with free MKC at an equivalent concentration. Blood samples 
were collected at different time points over the course of 98 min, and 
plasma MKC concentration was quantified by a liquid chromatogra-
phy–mass spectrometry LC-MS (see Materials and Methods). Our 
results indicate that the PK profile of the MKC-containing nanoli-
posomes is completely different from the free MKC (Fig. 4). The 
nanoliposomes group showed a total plasma half-life (t1/2) of 98 min 
(t1/2,distribution = 3 min, t1/2,elimination = 95 min), while free MKC t1/2 
was <5 min.

This different PK profile was expected since MKC, as free com-
pound, at 0.30 mg ml−1 (equivalent to MKC concentration in the li-
posomal sample) is below the critical micelle concentration (CMC), 
which is approximately 2.16 mM (0.79 mg ml−1) at 25°C. In the case 
of the free MKC in solution, before IV bolus administration to 
rats the MKC concentration was below the CMC, thus as dissolved 
monomers. In addition, later dilution in the blood stream accentu-
ates this dilution effect. It is known that small molecules, such as the 
hydrophilic MKC, can be rapidly removed from the circulation after 
renal or hepatic excretion (31, 32). In contrast, MKC contained in 
the nanoliposomes showed higher plasma half-life, suggesting that 

MKC is retained in the nanoliposomes traveling together and, thus, 
preserving its integrity.

PK profile of the nanoGLA. The aim of this study was to compare 
the PK of nanoGLA and free rhGLA following intravenous admin-
istration to healthy Sprague-Dawley rats (n = 3 male rats per group). 
A bolus dose of nanoGLA [GLA (1 mg kg−1)] or the free rhGLA was 
injected intravenously, and blood samples were collected at different 
time points over the course of 8 hours to measure the plasma con-
centration of the total GLA enzyme (Fig. 5 and table S5). The nano-
formulated GLA showed a different PK profile, with a higher volume 
of distribution (0.18 liter kg−1 for nanoGLA versus 0.037 liter kg−1 
for the free rhGLA) and comparable clearance (2.35 ml min−1 kg−1 
for nanoGLA versus 1.8 ml min−1 kg−1 for the free rhGLA). This is 
translated into an extended half-life of the GLA when nanoformulat-
ed compared to the free rhGLA enzyme (1.8 hours versus 1.1 hours). 
Average concentration values for total GLA were measurable through 
8-hour post-dosed the nanoGLA, as shown in Fig. 5.
Biodistribution of nanoGLA’s EA in Fabry mouse model
Enzyme biodistribution after intravenous administration of 1 mg 
kg−1 of the liposomal product, agalsidase alfa, or the free rhGLA was 
studied in Fabry mice. These are KO animals for the GLA enzyme 
(33), and thus, all the GLA EA found in these animals corresponds 
to the exogenously administered recombinant enzyme. EA was as-
sessed in plasma and organ tissues 30 min after administration and 
referred to the activity found in plasma 1 min after administration 
to better normalize to the administered EA (n = 4 per time point). 
The results showed that animals treated with the nanoGLA had sig-
nificantly higher levels of EA in plasma compared to the free en-
zymes (commercialized agalsidase alfa or rhGLA) (Fig. 6). The 
percentage of EA in plasma was 18.9 ± 0.7% when the rhGLA was 
nanoformulated in the novel nanoliposomes, and only 2.9 ± 0.2% of 
EA was measured in the case of free enzymes (P = 0.024). Therefore, 
the nanoGLA protects and prolongs the EA of the active principle 
(rhGLA) in bloodstream.

The same EA analysis was then performed in the organ tissues to 
confirm the improved uptake of GLA in these target tissues (Fig. 6). 
The biodistribution based on EA showed that nanoformulated rhGLA 
and the free enzymes were mainly retained by the liver (~40 to 80% 

Fig. 4. PK profile of empty liposomes. PK of MKC-containing nanoliposomes ver-
sus free MKC (n = 6 animals per group, values correspond to the means ± SEM). 
Both curves have been normalized to the maximum concentration (Cmax) for better 
comparison. # denotes values below the limit of detection.

Fig. 5. PK profile of nanoGLA. Mean (± SEM) concentration of total rhGLA in male 
rat plasma following a single intravenous administration of free rhGLA or nanoGLA 
(GLA dosing of 1 mg kg−1) (n = 3 animals per group). # denotes value below the 
limit of quantification.
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EA) and the spleen (1.5 to 13% EA), as shown in Fig. 6. At 30 min after 
administration, EA retention was higher for rhGLA and nanoGLA 
compared to agalsidase alfa in the liver and spleen (P = 0.0012 and 
P = 0.0017, respectively). In addition, nanoGLA had a higher accu-
mulation in the spleen and lung compared to free GLA (P < 0.0001 
and P = 0.0001, respectively).

NanoGLA reached the kidney and heart, two of the target or-
gans for FD ERT, in a greater extent than the commercially available 
enzyme (agalsidase alfa), with statistical P values being 0.0061 and 
0.0389, respectively. No significant differences were observed be-
tween rhGLA and nanoGLA in terms of EA in these two organs 
(Fig. 6). Differences between the rhGLA and the agalsidase alfa 
might be due to the different cell source, resulting in enzymes with 
different patterns of glycosylation; rhGLA, as agalsidase beta, is ob-
tained in CHO cells, whereas agalsidase alfa is obtained in cells of 
human origin. Compared to agalsidase alfa, agalsidase beta has 
higher levels of mannose-6-phosphate and higher kidney accumula-
tion (34). However, the superior cardiac and renal accumulation of 

rhGLA versus agalsidase alfa might be also due to an improved GLA 
production method because alternative versions of human recombi-
nant GLA enzyme obtained from CHO cells have rendered lower 
enzymatic activities in the kidney than aglasidase-beta (29).
Efficacy studies in Fabry mouse model
The in vivo efficacy of the nanoGLA, as an alternative to the conven-
tional ERT therapy, was tested in the Fabry KO mice. The Fabry KO 
mice model (GlatmKul in C57BL6 background) is the most wide-
spread animal model for FD and has a complete absence of the GLA 
gene (33). These mice exhibit typical lipid inclusions with lamellar 
structures in the lysosomes and progressive accumulation of Gb3 in 
target tissues, including the heart and kidneys, following the same 
pattern as in the human patients with Fabry disease. Thus, for deter-
mining the in vivo efficacy of nanoformulated GLA, Fabry mice 
were treated with a single intravenous administration of nanoGLA, 
free (nonentrapped) rhGLA, or the clinically available agalsidase 
alfa (free enzyme as well) at the dose of 1 mg kg−1 (n = 8 animals per 
group). For the repeated-dose efficacy assay, animals received eight 
doses of the test compounds. In the absence of any record of side-
effect or weight loss in the animals, we concluded that the treatment 
was well-tolerated in the tested dose range. One week after the last 
administration (for single dose) or 24 hours after the last adminis-
tration (for repeated dose), mice were euthanized and Gb3 levels in 
the different organs (liver, spleen, kidney, heart, lung, and brain) 
were determined by LC in tandem with high-resolution MS (LC-
HRMS) (see Materials and Methods).

Absolute Gb3 levels in picomole equivalent per milligram of pro-
tein of animals treated with a single dose are shown in table S6. For 
clarity, Gb3 levels are presented in Fig. 7 as Gb3 loss (%), showing 
the basal situation of WT animals with the 100% of Gb3 loss com-
pared to that of nontreated KO mice with a 0% of Gb3 loss. In be-
tween, GLA-treated animals showed a variable response, but in all 
organs analyzed, except the liver, Gb3 loss is higher in the nanoGLA-
treated group than in the agalsidase alfa or rhGLA-treated groups 
(Fig. 7A). In the liver, where large amounts of GLA are delivered 
after systemic administration (see previous biodistribution results), 
Gb3 reduction in GLA-treated groups is close to the expected values 
in WT animals, and differences between treatments are minimal. In 
other organs receiving lower amounts of enzyme, nanoGLA showed 
a greater ability to reduce the Gb3 deposits than rhGLA or agalsi-
dase alfa. Specifically, in the kidney and heart, two of the organs 
most affected by FD, nanoGLA showed greater efficacy compared to 
the rhGLA or agalsidase alfa (Fig. 7A; P = 0.0166 and P = 0.0035 in 
the kidney and heart, when comparing with rhGLA). These results 
are consistent with a higher volume of distribution found in the PK 
study for the nanoGLA formulation and superior distribution found 
in the mentioned tissues.

Having demonstrated the ability of nanoGLA to reduce Gb3 
levels after a single intravenous administration, a repeated-dose 
efficacy study was conducted. The results obtained showed that, 
after eight administrations of 1 mg kg−1 equivalent of enzyme to 
Fabry KO mice (n =  6 animals per group, receiving intravenous 
administrations every other day), nanoGLA induced a higher and 
significant loss of Gb3 in plasma and all tissues tested (liver, spleen, 
lung, kidney, heart, and brain) compared to the free enzymes (see 
Fig. 7, B and C; P values being 0.0043 and 0.0095 in the kidney and 
heart, when compared to the agalsidase alfa). Furthermore, in the 
kidney, the Gb3 loss induced by repeated nanoGLA administra-
tion was more significant than that observed with single dosing 

Fig. 6. GLA EA in Fabry mice 30 min after administration. Animals (n = 8 per 
group) received intravenous nanoGLA, rhGLA or agalsidase alfa (A.alfa) (1 mg kg−1). 
Activity was measured in plasma and tissues 30 min after administration (n = 4) 
and referred to activity at 1 min (n = 4). Values in the y axis correspond to the % of 
injected dose (% ID) and are expressed as the means ± SEM.
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Fig. 7. In vivo efficacy of nanoGLA in Fabry mice. (A) Loss of Gb3 in Fabry mice with single intravenous administration of nanoGLA, free rhGLA, and free agalsidase alfa 
(A.alfa) (n = 8 animals per group). (B) Loss of Gb3 in Fabry mice receiving eight doses (every other day) of the same treatments (n = 6 animals per group. All administration 
were at 1 mg of GLA kg−1 dose. WT animals are included as controls (100% of Gb3 loss). (C) Comparative efficacy of the nanoGLA treatment in the brain of Fabry mice after 
a single or repeated dosing, as percentage of Gb3 loss. Results are compared with the nontreated WT and KO animals, as well as with the efficacy of the free non-
nanoformulated enzymes (rhGLA and A.alfa) after repeated dosing. Analysis of variance (ANOVA) test and Tukey’s multiple comparison test were performed to compare 
results. Statistical differences that are not obvious and are relevant for understanding the behavior of nanoGLA are shown [n.s. (nonsignificant), P ≤ 0.05; **P ≤ 0.01, 
***P ≤ 0.001, or ****P ≤ 0.0001].
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(see absolute Gb3 values in tables S6 and S7, corresponding to 
4557 ± 860 and 8339 ± 689 pmol eq/mg of protein in the kidneys 
of repeated and single-dose administration groups, respectively, 
with a P value of 0.0024), indicating that the efficacy already ob-
served after a single-dose administration can be improved by sub-
sequent dosing.

Repeated dose of nanoGLA also induced a reduction of Gb3 
levels in brain (Fig. 7C). The efficacy of repeated-dose nano-
GLA in the brain (approximately 28%) was higher than that ob-
served with a single dose (ca. 21%), although these differences 
were not significant (see Fig. 7C). This reduction in Gb3 levels 
in brain when mice were treated with single or repeated dose of 
nanoGLA was not seen with any of the free non-nanoformulated 
enzymes (neither the free rhGLA nor the commercial agalsidase 
alfa). This is an interesting finding as it suggests that, unlike any 
of the currently approved recombinant enzymes for ERT, nano-
GLA is able to cross the BBB and reduce the Gb3 deposits in the 
brain parenchyma.

DISCUSSION
The current work presents a comprehensive optimization process of 
the GLA-loaded RGD-targeted nanoliposomes formulation, desig-
nated as nanoGLA and developed as potential advanced therapy for 
FD to target systemic and cerebrovascular manifestations. CQAs for 
nanoGLA were accurately defined, encompassing both physicochem-
ical and biological properties crucial for ensuring product quality. 
Furthermore, these established CQAs were validated by the EMA 
through a scientific advice procedure.

Unlike the GLA model used in previous studies (24, 25), these 
nanoliposomes were loaded with a new tag-free rhGLA with the po-
tential for further advancement in pharmaceutical development. 
This advancement contributed to enhance the quality of the nano-
GLA formulation, meeting all established CQA criteria. Besides, 
successful scaled-up production of nanoGLA was achieved, provid-
ing the required quantity and quality for preclinical testing. It was 
possible to first scale up the nanoGLA production from 25 ml to 
volumes ranging between 150 and 900  ml per batch using the 
DELOS process. DELOS is a robust and eco-friendly technology for 
the manufacturing of nanomedicines, including liposomes and other 
colloidal systems, which offers a high control over particle proper-
ties. It enables to nanoformulate a large variety of drug modalities, 
from small chemical molecules to peptides, proteins, and nucleic 
acids (25, 35, 36). The process is based on the use of compressed 
CO2, is scalable, and is compliant with the Good Manufacturing 
Practice requirements. The nanoGLA production scale up demon-
strated a notable flexibility in terms of batch size, reinforcing the 
suitability of the DELOS for the consistent preparation of nanocon-
jugates. This reliable batch-to-batch reproducibility represents an 
important milestone for the successful translation of nanomedicines 
from the bench to the bedside. To achieve the required GLA con-
centration in the nanoGLA formulation, an additional diafiltration/
concentration step through a TFF procedure was implemented to 
enable in vivo dosing at therapeutic levels (1 mg kg−1). This dosage 
was selected after a comprehensive review of previous preclinical 
studies assessing GLA’s efficacy in Gb3 clearance assays, where doses 
ranging from 1 to 3 mg kg−1 were consistently effective after single-
dose or repeated administrations (37–42).

Another pivotal consideration was the selection of an optimal 
nanoliposomal dispersant medium for the intended administration 
route (intravenous), ensuring stability of the nanoliposomes and en-
zyme, as well as appropriate pH and osmolality to prevent nanoves-
icle structural compromise and guarantee hemocompatibility. Initial 
osmolality assessments of the nanoGLA prototype highlighted the 
necessity of the use of isosmotic agents to adjust it, as nanoformula-
tions deviated notably from blood osmolality, a key parameter for 
intravenous administration. Osmolality measurements of the sam-
ples just after DELOS production revealed hyperosmotic conditions 
attributed to traces of the organic solvents used during component 
solubilization in the manufacturing process. While the clinical field 
well knows this effect and the measurement of the serum osmolality 
is used to determine the presence of a possible toxic alcohol inges-
tion or evidences for other certain types of diseases (e.g., dehydra-
tion or hyperglycemia) (43–45), its consideration in formulation 
development when organic solvents are used is little reported. Here, 
osmolality measurements facilitated indirect estimation and control 
of residual organic solvents in the nanoformulation.

Reviewing literature on marketed liposomal-based nanomedi-
cines approved for intravenous administration revealed different 
approaches to osmolality adjustment, including not only the use of 
salts composed by small ions (e.g., phosphates and sodium), which 
are the most broadly used, but also the use of sugars and amino acids. 
Notably, details concerning media incompatibilities are typically out-
lined in the information leaflet for several marketed liposomal-based 
nanomedicines. For instance, AmBisome explicitly advises against 
reconstitution with saline, specifying dilution only with 5% dextrose 
solution to prevent precipitation saline (46). Similar directives are 
found for other liposomal drugs such as DaunoXome, Doxil, Caelyx, 
or Visudyne, emphasizing meticulous media selection to preserve 
formulation integrity (47–50). This screening was crucial in nano-
GLA development, where testing different isosmotic media revealed 
substantial impacts on enzyme EE. The use of PBS, for instance, re-
sulted in GLA leakage due to a reduction of the electrostatic interac-
tion of the enzyme with the liposomal membrane, resulting in the 
need of alternative isosmotic media exploration. Optimal results 
were achieved with 5% glucose solution, which was selected as the 
isosmotic dispersant medium for nanoGLA.

Furthermore, new analytical methodologies were implemented, 
including an RP-HPLC method for GLA quantification and an LC-
MS method for determining MKC concentration in biological sam-
ples. The tracking of the MKC from nanoliposomes in plasma 
showed extended circulation half-life of this liposomal membrane 
component compared to the free MKC surfactant used as control. 
This different PK profile of the MKC surfactant indirectly confirmed 
the sustained presence of these nanoliposomes in blood circulation, 
preserving their integrity.

Overall, we achieved successful optimization of the nanoGLA, 
enabling its progression to an advanced stage of preclinical develop-
ment. Efficacy studies in a murine model of FD, involving both single- 
and repeated-dose administrations, demonstrated increased GLA 
activity in plasma and enhanced Gb3 clearance in the liver, spleen, 
lung, heart, kidney, and even in the brain parenchyma compared to 
non-nanoformulated enzymes (including the commercially avail-
able agalsidase alfa, Replagal). These findings were consistent with 
the extended plasma half-life observed in a PK study in rats when 
compared with the free rhGLA enzyme.
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In patients with Fabry disease, the accumulation of Gb3 in the 
kidneys can begin as early as 17 weeks of gestation, progressing 
gradually and correlating directly with early renal damage and albu-
minuria (51). The Gb3 accumulation in kidney cells and conse-
quently podocyte loss in urine precedes clinical manifestations (i.e., 
proteinuria), meaning that the cellular damage occurs before tissue 
damage becomes clinically evident. A similar trend of Gb3 accumu-
lation preceding clinical symptoms is observed in other organs, in-
cluding the heart (52). In preclinical and clinical samples, Gb3 
accumulation can be visualized and quantified using immunohisto-
chemistry, thin-layer chromatography (TLC), electron microscopy, 
and mass spectroscopy (MS), being the last one the most quantita-
tive and sensitive technique available.

The enhanced efficacy of nanoGLA, particularly in cardiac and 
renal tissues, and importantly in the brain, holds promise for ad-
dressing limitations observed with conventional ERT. The outcomes 
achieved with the nanoGLA formulation provides sufficient pre-
clinical proof-of-concept data for the assumption that this nanoli-
posomal product containing GLA will be of substantial benefit to 
those patients affected by FD, and according to this, the EMA has 
granted to this product the orphan drug designation (ODD) (21). 
This designation underscores the potential clinical superiority of 
nanoGLA over authorized ERT, thereby validating the efficacy of 
this nanoencapsulation strategy and encouraging to advance this 
new therapeutic product toward clinical translation.

Therefore, an optimized nanoGLA production, combined with en-
hanced biodistribution and increased treatment efficacy, could allow for 
a reduced amount of API while achieving the same or improved thera-
peutic outcomes. This would result in a more cost-effective treatment. 
In addition, this gain in the efficacy could permit lowering the clinical 
dose and/or spacing the administration regimen for patients with Fabry 
disease. However, despite the important milestones achieved in this 
work, further studies must be carried out to determine the dose-
response relationship and establish the appropriate dosing regimen 
showing efficacy, which will be crucial for a proper posology selection in 
preclinical species, and in patients with Fabry disease. Although the EE 
of the nanoGLA obtained by the DELOS process is high, the GLA load-
ing capacity of the nanoliposomes without jeopardizing their physico-
chemical properties is limited. This is the reason why the nanovesicle 
concentration step by a TFF procedure was implemented to increase the 
GLA concentration in the formulation and enable in vivo dosing at 
therapeutic levels. In the present work, the applied concentration 
factor enabled performing in vivo efficacy studies at the GLA dose 
of 1 mg kg−1. Subsequent investigations may involve adjusting this con-
centration factor after establishing the effective dose range for nano-
GLA formulation.

Note that while the aqueous liquid dispersion represents the 
most advanced dosage form developed for the nanoGLA formula-
tion, its EA stability is limited (≤3 months at 2⋅° to 8°C). Conse-
quently, a lyophilized-based product is being explored to enhance 
nanoGLA formulation stability.

Furthermore, regulatory toxicology studies are essential to assess 
the safety profile and define the therapeutic window of our nanomed-
icine to establish the optimal balance between efficacy and safety. 
NanoGLA is expected to reduce the immunogenicity against GLA. By 
encapsulating the GLA enzyme into the nanoliposomes, enzyme rec-
ognition (opsonization) is minimized, thereby reducing the genera-
tion of ADAs and the overall immune response. However, antibody 
measurement (ADA) will be conducted during repeated-dose toxicity 

studies. Antibody response will be characterized, and their appearance 
will be correlated with toxicological changes, according to ICH S6 (R1): 
Preclinical safety evaluation of biotechnology-derived pharmaceuticals 
(30). In addition, metabolomic analysis could provide insights into the 
complex interaction between the altered lipid metabolism in FD and 
how the liposomal components are processed. Collaboration with 
regulatory authorities will be continued to ensure compliance with rel-
evant guidelines and standards. Through thorough investigation and 
adherence to regulatory requirements, we will be able to confidently 
progress toward clinical application of our nanomedicine, ultimately 
realizing its potential for improving patient outcomes.

MATERIALS AND METHODS
Materials
Cholesterol (chol; purity of 95%) was purchased from Panreac 
(Barcelona, Spain). 1,2-DPPC [molecular weight (MW) of 734.04, 
purity of 99%] was obtained from CordenPharma (Plankstadt, 
Germany). MKC (MW of 368.05, purity of 99.2%) was acquired 
from US Biological Life Science (Salem, USA). The cholesterol-
PEG400-c(RGDfk) was specifically designed and synthesized 
by M. Royo’s group from the Institut de Química Avançada de 
Catalunya (IQAC-CSIC, Barcelona, Spain) in the Synthesis of 
Peptide Unit (U3) of NANBIOSIS. The cyclic c-RGDfK peptide 
(simplified here as RGD) was synthesized and incorporated to a 
previously produced cholesterol-PEG400 intermediate, obtain-
ing the cholesterol-PEG400-RGD, described as Chol-PEG8-RGD 
by E.C.-L. et al. (53). EtOH (HPLC grade, purity of ≥99.5%) was 
purchased from J.T.Baker (New Jersey, USA). DMSO (ACS re-
agent, purity of ≥99.9%) was obtained from Sigma-Aldrich (Madrid, 
Spain). CO2 (purity of 99.9%) and nitrogen (N2; purity of 99.9%) 
were supplied by Carburos Metálicos S.A. (Barcelona, Spain). The water 
was always pretreated with a Milli-Q Advantage A10 water purifica-
tion system (Millipore Ibérica, Madrid, Spain). d-(+)-glucose 
(glucose, MW of 180.16, purity of ≥99.5%) was supplied from 
Sigma-Aldrich (Saint Louis, USA).

Production of rhGLA
The rhGLA was produced from a single batch at 50-liter scale in 
Leanbio SL facilities by mammalian cell culture using a stable clone 
of CHO cell line expressing a human α-galactosidase gene. This syn-
thetic gene sequence was optimized for its expression in CHO cells 
and expresses the human GLA enzyme as described in UniProt en-
try P06280.

The broth culture was clarified by centrifugation and filtration 
followed by concentration step by TFF. A virus inactivation step in-
troduced before chromatography purification. A series of two chro-
matography steps, anion exchange chromatography and hydrophobic 
interaction chromatography, was applied, and the eluate material 
was concentrated and diafiltrated using TFF. The product was for-
mulated at same formulation buffer than commercial agalsidase beta 
formulation (Fabrazyme) and filtered by polyvinylidene difluoride 
(PVDF) (0.22 μm).

Production of intermediate nanoGLA (DELOS)
An EtOH:DMSO solution (4:1 volume ratio) containing DPPC 
(13.31 mg ml−1), cholesterol (4.56 mg ml−1), chol-PEG400-RGD 
(1.56 mg ml−1), and MKC (0.64 mg ml−1) was sonicated (10 min, 
40°C) and loaded into a 50-ml high pressure vessel. The solution was 
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volumetrically expanded with liquid compressed CO2 at a given 
CO2 molar fraction (XCO2  =  0.45 to 0.55), working temperature 
(35°C), and pressure (8.5 MPa). The CO2-expanded solution was 
kept 15 min under stirring (500 rpm) to achieve a complete homog-
enization. Then, a given volume of rhGLA stock solution (3.11 mg/
ml, measured by RP-HPLC) was dissolved in purified water to reach 
the desired final rhGLA concentration (30 μg  ml−1). To form the 
nanoconjugates, the CO2-expanded solution was depressurized into 
the aqueous solution containing the rhGLA. A N2 flow (10 MPa) 
was used to plunge the CO2-expanded solution from the reactor. In 
this way, intermediate nanoGLA batches were obtained [lipid (1.2 mg 
ml−1), 5% (v/v) ethanol, and 1.25% (v/v) DMSO] and stored at 
2° to 8°C.

Production of final nanoGLA (TFF)
Intermediate nanoGLA was submitted to a purification step based 
on TFF in aseptic-like conditions using a KrosFlo Research IIi TFF 
System (Repligen, Waltham, USA) placed inside a class II laminar 
flow biological safety cabinet (Maxisafe 2020, Thermo Fisher Scientific), 
following the procedures previously described in J.T.-M.’s thesis (54). 
All the material (tubes, reservoirs, and volumetric glass recipients) 
was sterilized by pressurized saturated steam autoclave (Presoclave-
III 50, J.P.Selecta, 121°C, 20 min); plastic pieces (such as tubing 
connectors or reservoirs caps) were submerged overnight in ethanol. 
Hollow fiber columns (D04-E300-05-S) and pressure transductors 
were purchased directly in a sterile packaging (Repligen, USA). 
TFF system was set up following the manufacturer’s recommen-
dations. Hollow fiber columns were previously hydrated with water 
(2 ml cm−2). Intermediate nanoGLA was concentrated 7.5-fold and 
diafiltrated six cycles in glucose solution [5% (w/v)], setting a cer-
tain feed flow (159 ml min−1) and transmembrane pressure (5 to 
10 TMP) during all the process, obtaining the final nanoGLA batches. 
All the process was done in cold conditions (ice-water bath) to pre-
serve GLA activity. Obtained samples were stored at 2° to 8°C and 
always manipulated inside the laminar flow cabinet.

Determination of pH and osmolality
Samples were left at least 15 min at room temperature before deter-
mining pH (HI5221-02 pH meter, Hanna Instruments, USA). Values 
were expressed as the average of three measurements ± SD. No 
stirring was used to avoid sample disturbing.

Osmolality was measured using a freezing-point depression based 
osmometer (Osmomat-030, Gonotec, Germany) based on freezing-
point determination, following the procedures previously described 
in J.T.-M.’s thesis (54). The equipment was calibrated at two points, 
zero adjustment (using pure water) and 300 mOsm kg−1 [using a 
standard calibration of physiological solution NaCl 0.9% (w/v) 
(Stada, Germany)]. Each solution (50 μl) was placed in a small 0.5-ml 
Eppendorf and introduced in the equipment for their measurement, 
ensuring that there were no visible air bubbles. Then, samples (50 μl) 
were measured under the same conditions. Reported values corre-
spond to the average of three measurements ± SD.

Dynamic light scattering
Particle size distribution, PDI, and ζ-potential for nanoGLA were 
measured using a dynamic light scattering (DLS) and electropho-
retic light scattering (ELS) analyzer combined with noninvasive back-
scatter technology (NIBS) (Malvern Zetasizer Nano ZS, Malvern 
Instruments, U.K), following procedures previously described in 

J.T.-M.’s thesis (54). The equipment was equipped with a 4 mW “red” 
He-Ne laser (λ = 632.8 nm) and with a thermostatic sample chamber. 
The detector was set at 173° for particle size distribution and 13° for 
ζ-potential measurements. Samples (1 ml) were placed in a disposable 
polystyrene cuvette (for DLS measurements) or in a disposable folded 
capillary cell (for ζ-potential measurements, applied voltage 40 mV). All 
samples were diluted in water if needed and analyzed at a concentration 
of 1.2 mg/ml. All reported values correspond to the average result of 
three consecutive measurements at 20°C on the same sample, recorded 
using the Zetasizer Software 7.13 (Malvern Panalytical, UK). Size data 
were based on intensity size distribution and correspond to z average 
(diameter) ± SD between the three measurements. The ζ-potential data 
were based on Smoluchowski model and correspond to ζ-potential 
average ± SD between the three measurements. For those samples that 
contain ethanol, solvent correction was applied to the values (ethanol, 
0.8727 M). For stability studies, nanoGLA was stored at 2° to 8°C, and 
an aliquot was taken and analyzed at the established time points.

Cryo–transmission electron microscopy
Samples were equilibrated for 30 min at 25°C and then vitrified 
from this temperature in a controlled specimen preparation 
chamber following well-established procedures (55) and examined 
in a T12 G2 Tecnai (FEI) and a Talos F200C (Thermo Fisher Scientific) 
microscopes at cryogenic temperatures. Perforated Ted Pella grids 
were used; vitrified specimens’ temperature was always kept be-
low −170°C. Images were recorded with a Gatan UltraScan 2kx2k 
charge-coupled device camera or a Ceta camera at low dose opera-
tion, as previously described. No image processing was applied ex-
cept for background subtraction.

Small-angle x-ray scattering
SAXS measurements were carried out at the instrument at Aarhus Uni-
versity. It is a NanoSTAR instrument (Bruker AXS) optimized for solu-
tion scattering with a liquid metal jet source (Excillum) and home-build 
scatterless slits (56). It is equipped with an automated sample handler, 
which injects 0.100 ml of the samples into a reusable quartz cell, in which 
both sample and background buffers were measured. The samples were 
measured without dilution. The data were background-subtracted and 
normalized to absolute scale using water as a standard employing pro-
grams from the SUPERSAXS package (57). The data were modeled 
(24, 25) using a model of vesicles with a polydisperse overall size (fixed to 
300 nm in diameter and a relative polydisperse of 25% due to limited 
low-q resolution of the experiment, where q is the modulus of the scatter-
ing vector the resolution of the experiment) with a bilayer cross section 
with a central Gaussians describing the low-electron density hydrocar-
bon moieties and two outer layers describing the more electron dense 
headgroup regions. Multilamellarity was described by a para-crystal 
model which included only single and double bilayers. The scattering 
from the alpha galactosidase dimer was used as a scalable background 
contribution for the samples containing the proteins. Because the PEG-
RGD moieties give rise to a similar contribution to the scattering, the 
contribution from these were determined independently by measuring 
it for nonloaded samples, so that it could be taken into account in 
the modeling.

GLA concentration and EE
The rhGLA present in nanoGLA samples were analyzed in a RP-
HPLC following the procedures previously described in J.T.-M.’s 
thesis (54) using an Infinity 1260 II HPLC system (Agilent 
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Technologies, USA), with a Zorbax 300SB-C18 (3.5 μm, 4.6 mm × 
150 mm) column (Agilent Technologies, USA) at 60°C, and equipped 
with a ultraviolet detector (λ = 215 nm). NanoGLA was diluted in 
water to get an approximate rhGLA concentration of 20 to 30 μg/ml 
before its dispersion in an organic mixture, containing acetic acid 
(AcOH, 0.010 M, pH 5.5) and methanol (MeOH) in 1:1:1 volume 
(sample:AcOH:MeOH). Samples were prepared in replicates and in-
jected into the equipment (100 μl, flow rate of 1 ml min−1) after 
filtration (0.22-μm polytetrafluoroethylene). The mobile phase A 
consisted of 95% water, 5% acetonitrile, and 0.1% trifluoroacetic acid, 
and the mobile phase B consisted of 5% water, 95% acetonitrile, and 
0.09% trifluoroacetic acid). Separation was done using a linear gradi-
ent from 0 to 60% of B (30 min) and cleaning step of 100% of B (5 min).

EE of rhGLA into liposomes was determined by comparing the 
amount of the enzyme encapsulated in the nanovesicles after remov-
ing the free GLA by diafiltration with the amount of initial GLA pres-
ent in the raw batch obtained just after their production: EE% = (mass 
GLA after diafiltration/mass initial GLA) × 100.

Specific EA assay
GLA EA was assayed using fluorometric methods initially described 
by Desnick (58) with the modifications of Mayes et al. (59). The 
EA assay is based on the conversion of a nonfluorescent substrate 
[4-methylumbelliferyl α-d-galactopyranoside (4-MUG)] in a fluores-
cent product [4-methylumbelliferone (4-MU)] when active GLA is 
present. The protocol included the use of 4-MUG (M-7633 Sigma-
Aldrich) as a substrate (2.46 × 10−3 M) in assay buffer [0.01 M acetic 
acid and 0.01 M acetate (pH 4.5)]. A typical assay reaction mixture 
contains 100 μl of 4-MUG and 25 μl of the sample. Enzymatic reac-
tions took place in agitation (GLS Aqua 12 Plus, USA) at 25 rpm, 37°C 
for 1 hour. The reaction was stopped by glycine buffer (1.25 ml, 0.2 M, 
pH 10.4) and the released product (4-MU) was determined by fluo-
rescence measurement (λexc = 365 nm, λem = 450 nm) using a micro-
plate fluorescence reader (96 dark well plate, 200 μl per well, 
FLx800, Biotek, USA). Samples of commercial product 4-MU (Sigma- 
Aldrich) ranging from 5 to 500 ng ml−1 in glycine-NaOH buffer (0.2 M, 
pH 10.4) were used to obtain a calibration curve to transform fluores-
cence readings into product 4-MU concentration. Measurements 
were adjusted per time and protein quantity. Specific EA (expressed as 
μmol 4-MU mg−1 GLA hour−1) was referred to EA of control refer-
ence GLA, agalsidase alfa (Replagal). Assays corresponded to a single 
representative experiment, replicated in three independent assays. 
For stability studies, nanoGLA was stored at 2° to 8°C, and an aliquot 
was taken and analyzed at the established time points.

Hemolysis test
For the hemolysis test, RBCs (isolated from WT mice) were resus-
pended in 2% (v/v) of PBS and exposed to different concentrations of 
test compounds during 1 hour at 37°C in duplicates. The amount of 
released hemoglobin was measured in a spectrophotometer at 405 nm 
(Biotek ELx800) after centrifugation (1000g, 10 min). Absorbance 
values were referred to a positive control of 100% hemolysis obtained 
after incubating RBC with 1% of Triton X-100. According to the manu-
facturer’s protocol, samples showing hemolysis values below 5% can be 
considered nonhemolytic.

Plasma coagulation times
The effect of the nanoGLA in plasma coagulation was tested as previ-
ously reported (60) using the Start4 equipment (Stago, France) and 

following the manufacturer’s protocol to determine the APTT, the 
PT, and the TT. Values were compared to the normal reference time 
ranges. Generally, prolongation ≥2-fold versus untreated control is 
considered physiologically significant. Testing samples (0.1 mg ml−1) 
were incubated with human plasma (30 min, 37°C) in duplicates.

In vitro efficacy assays
MAECs from GLA-deficient mice (GlatmKul1) at passages 2 to 5 were 
seeded in 24-well plates. Twenty-four hours after seeding, 0.6 μM 
fluorescent N-dodecanoyl-NBD-ceramide trihexoside (NBD-Gb3, 
Matreya LCC) was added to the cultures along with specified con-
centrations of tested compounds. After 48-hour incubation, cells 
were trypsinized, and NBD-Gb3 fluorescent signal was analyzed by 
flow cytometry (FacsCalibur, Beckton Dickinson) and FCS Express 
v4 software. To calculate the percentage of NBD-Gb3 signal, fluores-
cent signal in control cells (without treatment) was established as 
100%, and the values were accordingly normalized. The efficacy of 
GLA in reducing the Gb3 deposits was obtained as the percentage of 
Gb3 loss (i.e., % Gb3 loss = 100 − % Gb3-NBD signal).

Pharmacokinetic profile of empty liposomes
Animals
Protocols with rats used in this study were approved by the Austrian 
Ministry for Science and Research Ref.II/10b, Vienna. Male Sprague- 
Dawley rats with a weight of 400 to 800 g (Charles River Laborato-
ries, Germany) were housed individually in acrylic glass cages with 
a 12-hour light/12-hour dark cycle, and food and water were avail-
able ad libitum.
Intravenous catheter surgery
Two days before dosing and sampling, animals were anesthetized by 
inhalation [% isoflurane in O2 (1.9  liter hour−1)] for placement of 
the intravenous catheter. The animals received one intravenous 
catheter into jugular vein. In addition, the animals were treated with 
the analgesic fentanyl (5 μg kg−1, ip). After surgery, animals were 
transferred to awake-animal equipment (Raturn, BASi, USA) to re-
cover from the surgery and to acclimatize to the equipment.
Dosing
Animals were connected to an awake-animal sampling system to 
allow assessment of blood sampling in conscious animals. Animals 
(n = 6 animals per group) were dosed intravenous with the testing 
compounds, empty liposomes (liposomes of 30 mg kg−1; equivalent 
to MKC of 1 mg kg−1), or free MKC at the equivalent concentration. 
Blood samples were taken according to sampling regimen.
Quantification of MKC in plasma by LC-MS
Procedures previously described in J.T.-M.’s thesis were followed 
(54). Briefly, plasma samples (10 μl) were diluted with an internal 
standard solution (ISTD) (10 μl) in CH3CN (10 μl). As ISTD, a solu-
tion of cetyltrimethylammonium bromide (CTAB) (160 ng ml−1 in 
acetonitrile, CH3CN) was used, which is a compound that also be-
longs to the quaternary ammonium surfactant family. The mixture 
was vortexed and then centrifuged (5 min, 3000g). The supernatant 
was then analyzed by LC-MS. For calibration standards, a similar 
procedure was followed, diluting known amounts of MKC in buffer 
containing bovine serum albumin for obtaining a calibration curve 
in the range of 25 to 600 ng ml−1 for plasma samples. A solution of 
cetyltrimethylammonium bromide (CTAB) [160 ng ml−1 in aceto-
nitrile (CH3CN)] was used as internal standard solution, which is a 
compound that also belongs to the quaternary ammonium surfac-
tant family. LC was performed using HPLC equipment (Vanquish, 
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Thermo Fisher Scientific), equipped with an Atlantis T3 (3 μm, 
150 mm × 2.1 mm) column (Waters, USA) at 25°C. Injection sam-
ple volume was 4 μl, and the flow rate was 200 μl min−1. The mobile 
phase A was composed by 0.3% of formic acid (HCOOH) in water, 
and the mobile phase B was composed by 0.3% of HCOOH in 
CH3CN. Separation was done using a multistep gradient: 0.0 min 
(20% A, 80% B), 1.0 min (20% A, 80% B), 2.0 min (5% A, 95% B), 
3.0 min (5% A, 95% B), 3.1 min (20% A, 80% B), and 5.1 min (20% 
A, 80% B). Approximate retention times were 3.2 and 3.6 min for 
MKC and CTAB, respectively. Next, MS was done using a triple 
quadrupole mass spectrometer equipment (TSQ Ultra AM, Thermo 
Fisher Scientific). The ionization method used positive electrospray 
ionization. Typical ionization parameters were the following: spray 
voltage of 3.0 kV, sheath gas of 15 AU, auxiliary gas of 5 AU, transfer 
capillary temperature of 320°C. The selected scan mode was SRM 
(selected reaction monitoring), which allows the selection of an ion 
of a particular mass in the first stage of the tandem MS and then is 
used as precursor of the second fragmentation reaction. For MKC 
(analyte), parent mass is 332.3 Da, product mass is 240.2 Da, and 
collision energy level is 18 eV. For CTAB (internal reference), parent 
mass is 284.3, product mass is 60.24 Da, and collision energy level is 
28 eV. Detection parameters were the following: scan width of 0.4, 
scan time of 0.1, positive polarity, and peak width of 0.7.

Pharmacokinetic profile of nanoGLA
Animals and dosing
The study was performed in accordance with Labcorp Drug Develop-
ment Standard Operating Procedures (Labcorp, UK) and following 
the procedures previously described in J.T.-M.’s thesis (54). Han 
Wistar healthy male rats (Charles River Laboratories, UK) with ages 
ranging from 63 to 70 days and target weight ranging from 210 to 
290 g at dosing were kept in environmentally controlled rooms (19° to 
25°C temperature, 40 to 70% relative humidity), and fluorescent light 
(nominal 12 hours) each day. All animals were allowed free access to 
main water from bottles attached to the cages. All procedures carried 
out on live animals as part of this study were subjected to provisions 
of United Kingdom National Law, particularly the Animals (Scien-
tific Procedures) Act 1986. Male rats (n = 3 per group) were adminis-
tered with the testing substances (free rhGLA or nanoGLA) at 1 mg 
kg−1 (GLA). Each animal received a single intravenous administra-
tion, as a bolus injection via a lateral tail vein, at a nominal dose vol-
ume of 0.32 ml kg−1 for rhGLA or 3.7 ml kg−1 for nanoGLA. Serial 
blood samples (300 μl) were collected from all the animals at eight 
time points (0.016-, 0.16-, 0.5-, 1-, 2-, 4, 6-, and 8-hour post-dose) by 
venepuncture from the jugular vein, except for the final sample that 
was collected by cardiac puncture while under terminal inhalation 
anesthesia (isoflurane in oxygen). All animals were observed at the 
beginning and the end of the working day and at each blood sampling 
occasion for any abnormal signs. Blood was collected into tubes con-
taining K2-EDTA (ethylenediaminetetraacetic acid) anticoagulant 
and centrifuged (800g, 10 min, 4°C) to produce plasma for analysis, 
and residual blood cells were discarded. The resultant plasma samples 
were split into two aliquots of approximately equal volume. Samples 
were processed to plasma within 30 min of collection and snap-
frozen on dry ice within 60 min (<−50°C).
Quantification of GLA in plasma by ELISA
The amount of rhGLA present in rat plasma was quantified by an 
enzyme-linked immunosorbent assay (ELISA) method performed by 
Labcorp Drug Development (UK) and Unilabs York Bioanalytical 

Solutions (UK) (54). Briefly, mouse anti-GLA antibodies solution 
(mouse polyclonal antibody to GLA, reference no. 169315, Abcam, 
UK) was added into a 96-well immunoplate (50 μl per well; Nunc 
MaxiSorp, Thermo Fisher Scientific) and incubated for 14 to 24 hours at 
4°C. After washing [3×, 300  μl per well of PBS solution containing 
0.05% (v/v) Tween 20], the plate was blocked (200 μl) using SuperBlock 
(reference no. 37515, Thermo Fisher Scientific, USA) for 1 to 2 hours. 
After another wash step (3×, 300 μl), plasma samples diluted 1.5 in buf-
fer (low cross buffer, reference no. 100500, Candor Biosciences) con-
taining Triton X-100 (2% w/v) were then added to the plate and 
incubated for 1 hour. The use of Triton X-100 was required to disrupt 
the nanoliposomes and allow GLA release for quantification. After a 
further wash step, sheep anti-GLA antibodies solution (sheep poly-
clonal antibody to GLA, reference no. AF6146, R&D Systems, USA) 
was added to the plate (50 μl per well) and incubated for 1 hour. After a 
further wash step, anti-sheep peroxidase conjugate solution (anti-sheep 
immunoglobulin G peroxidase, reference no. A3415, Sigma-Aldrich, 
USA) was added to the plate (50 μl per well) and incubated for 1 hour. 
After a final wash step, a trimethylboron substrate (reference no. T4444, 
Sigma-Aldrich, USA) was added (50 μl per well). Reaction was stopped 
after 20 min, adding the stop solution (0.5 M, sulfuric acid, reference 
no. 07208, Sigma-Aldrich). Absorbance was read within 15 min of the 
reaction being stopped in a suitable plate reader (Tecan Infinite 200 Pro), 
at λAbs = 450 nm with a reference λRef = 620 nm. Besides, calibration 
standards were also prepared in rat plasma using known amounts of 
rhGLA and following the same protocol.

In vivo biodistribution and efficacy studies in Fabry 
mouse model
All animal experimentation using Fabry mice, including the obtention 
of MAEC, was performed following procedures previously approved 
by the Ethical Committee for the Use of Experimental Animals at the 
Vall d’Hebron Research Institute, Barcelona and the local government 
(CEA-OH/9572). Monitoring of the animals included the close re-
cording of any signs of distress, toxicity, or abnormal physical condi-
tions that could be related to the administration of nanoGLA, rhGLA 
or agalsidase alfa. These biodistribution and efficacy assays were per-
formed by the ICTS “NANBIOSIS” at the CIBERBBN’s Functional 
Validation and Preclinical Research (FVPR)/U20 (www.nanbiosis.es/
portfolio/u20-in-vivo-experimental-platform/; Barcelona, Spain) us-
ing male GLA-deficient mice (GlatmKul1, C57BL/6 background) with 
ages ranging from 2 to 4 months. Once completed, blood and tissues 
samples were collected and stored at −80°C upon analysis.

In biodistribution assays, Fabry KO mice (n = 8 per group) were 
treated by tail vein injection with total GLA protein (1 mg kg−1), 
following the procedures previously described in J.T.-M.’s thesis 
(54). Treatment groups included nanoGLA and free enzymes (rh-
GLA and agalsidase alfa -Replagal). WT and KO mice without GLA 
treatment were also included as controls. In each treatment group, 
half of the animals were euthanized 1 min after administration and 
the other half 30 min after administration. GLA EA was measured 
in harvested tissues, following procedures described above, a re-
ferred to the total protein content determined by the bicinchoninic 
acid (BCA) method (Pierce, Thermo Fisher Scientific). Last, EA 
values at 30 min were referred to those in plasma 1 min after admin-
istration and expressed as % of injected dose (ID).

For single-dose efficacy assays, Fabry KO mice (n = 24) were ran-
domized by age in four different groups [nanoGLA, rhGLA, agalsidase 
alfa (Replagal), and vehicle] and received a single dose of GLA protein 
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(1 mg kg−1) and were euthanized 1 week after treatment (54). Repeated 
dose efficacy assays used the same number of animals and group distri-
bution. In this later assay, animals received eight doses of 1 mg kg−1 
every other day and were euthanized 24 hours after the last administra-
tion. Vehicle treated animals receive the corresponding volume of PBS, 
and additional group of nontreated WT male littermates was also in-
cluded in both experiments. In the absence of any record of side-effect 
or weight loss in the animals, we concluded that the treatment was well-
tolerated in the tested dose range.

Gb3 and LysoGb3 levels were determined with LC-HRMS at the Insti-
tute of Advanced Chemistry of Catalonia (IQAC-CSIC). In detail, 750 μl of 
a methanol-chloroform (2:1, v/v) solution containing internal standards 
(N-dodecanoylsphingosine, N-dodecanoylglucosylsphingosine, N-dod
ecanoylsphingosylphosphorylcholine, and N-heptadecanoylceramide 
trihexoside; 0.2 nmol each) were added to the plasma (0.1 ml) or tissue 
homogenates (0.1  ml, protein around 0.3 mg/ml). Samples were ex-
tracted at 48°C overnight and cooled, 75 μl of 1 M KOH in methanol 
was added, and the mixture was incubated for 2 hours at 37°C. Following 
the addition of 75 μl of 1 M acetic acid, samples were evaporated to dry-
ness and stored at −20°C until the analysis of sphingolipids. Before the 
analysis, 150 μl of methanol was added to the samples and centrifuged at 
13,000g for 5 min, and 130 μl of the supernatant was transferred to a new 
vial and injected. Sphingolipids were measured with an Acquity ultraper-
formance LC (UPLC) system connected to a time-of-flight (TOF) (LCT 
Premier XE) detector controlled with Waters/Micromass MassLynx soft-
ware. Sample was injected onto an UPLC BEH C8 column (particle size, 
1.7 μm; 100 mm by 2.1 mm); flow rate of 0.3 ml min−1 and column tem-
perature of 30°C were used. The mobile phase was methanol with 1 mM 
ammonium formate and 0.2% formic acid (solution A) and water with 
2 mM ammonium formate and 0.2% formic acid (solution B). Gradient 
elution started at 80% solution A was increased to 90% solution A over 
3 min, held for 3 min, increased to 99% solution A over 9 min, and then 
held for 3 min. Initial conditions were attained for 2 min, and the system 
was stabilized for 3 min. The acquisition range of the TOF detector was 
mass/charge ratio 50 to 1500, the capillary voltage was set to 3.0 kV, the 
desolvation temperature was 350°C, and the desolvation gas flow rate was 
600 liter hour−1. Quantification was carried out using the ion chromato-
gram obtained for each compound using 50-mDa windows. The linear 
dynamic range was determined by injection of standard mixtures. Posi-
tive identification of compounds was based on accurate mass measure-
ments with an error <5 parts per million and LC retention time compared 
to that of a standard (<2%). Quantification of was carried out against 
internal standard (N-heptadecanoylceramide trihexoside), whereas 
lysoGb3 was quantified using external standard calibration.

Results for in vivo efficacy assays were expressed as % Gb3 loss. 
For calculation of the relative Gb3 loss, it was assumed that the dif-
ference in Gb3 levels between nontreated KO mice and WT coun-
terparts corresponds to a 100% of Gb3 loss in WT. Then, the Gb3 
levels in different treatment groups were referred to this total Gb3 
loss in WT, meaning that those treatments with a higher percentage 
of Gb3 loss are the ones with a higher efficacy.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S7
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