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SUMMARY

Z
ebrafish (Danio rerio) is a powerful model in biomedical and pharmaceutical

sciences. The zebrafish model was introduced to toxicological sciences in 1960,

followed by its use in biomedical sciences to investigate vertebrate gene func-

tions. As a consequence of many research projects in this field, the study of human ge-

netic diseases became instantly feasible. Consequently, zebrafish have been intensively

used in developmental biology and associated disciplines. Due to the simple administra-

tion of medicines and the high number of offspring, zebrafish larvae became widely more

popular in pharmacological studies in the following years. In the past decade, zebrafish

larvae were further established as a vertebrate model in the field of pharmacokinetics

and nanomedicines. In this PhD thesis, zebrafish larvae were investigated as an early-

stage in vivo vertebrate model to study renal function, toxicity, and were applied in

drug-targeting projects using nanomedicines.

The first part focused on the characterization of the renal function of three-to four-day-

old zebrafish larvae. Non-renal elimination processes were additionally described. More-

over, injection techniques, imaging parameters, and post-image processing scripts were

established to serve as a toolbox for follow-up projects.

The second part analyzed the impact of gentamicin (a nephrotoxin) on the morphology

of the pronephros of zebrafish larvae. Imaging methodologies such as fluorescent-based

laser scanning microscopy and X-ray-based microtomography were applied. A profound

comparison study of specimens acquired with different laboratory X-ray-based microto-

1



TABLE OF CONTENTS

mography devices and a radiation facility was done to promote the use of X-ray-based

microtomography for broader biomedical applications.

In the third part, the toxicity of nephrotoxins on mitochondria in renal epithelial cells

of proximal tubules was assessed using the zebrafish larva model. Findings were com-

pared with other teleost models such as isolated renal tubules of killifish (Fundulus

heteroclitus).

In view of the usefulness and high predictability of the zebrafish model, it was applied

to study the pharmacokinetics of novel nanoparticles in the fourth part. Various in vivo

pharmacokinetic parameters such as drug release, transfection of mRNA/pDNA plas-

mids, macrophage clearance, and the characterization of novel drug carriers that were

manipulated with ultrasound were assessed in multiple collaborative projects.

Altogether, the presented zebrafish model showed to be a reliable in vivo vertebrate

model to assess renal function, toxicity, and pharmacokinetics of nanoparticles. The

application of the presented model will hopefully encourage others to reduce animal

experiments in preliminary studies by fostering the use of zebrafish larvae.
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1
INTRODUCTION

1.1 Kidney anatomy and function

T
he renal-urological system consists of a urethra, a urinary bladder, two ureters,

and two bean-shaped kidneys [1]. In humans, the kidneys lie in the retroperi-

toneum and are situated in the posterior part of the left and right abdomen.

Depending on the body surface area, age, and sex, the kidney comprises approximately

0.51% to 1.08% of the body weight [1]. It is anatomically separated into the renal cortex

(outside layer) and the renal medulla (inside layer) and is strongly supplied with blood,

especially the renal cortex [2]. The kidney receives 25% of the cardiac output [1], and

in a healthy adult, 1 to 1.2 liter of blood passes through the renal blood vessels every

minute.

The purpose of the renal-urological system is the filtration and detoxification of the

blood, thereby regulating salt concentration and maintaining acid-base homeostasis

and pH regulation [3]. In healthy adults, the kidney produces up to 1 to 2 liters of

urine every day from 180 liters of glomerular ultrafiltrate [3]. The filtration of the blood
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CHAPTER 1. INTRODUCTION

occurs in the nephrons, the functional units of the kidney. Figure 1.1 shows a schematic

overview of the mammalian kidney anatomy.

Approximately 1.2 million nephrons are located in the renal cortex and medulla of the

kidney [4]. The nephron is composed of a renal corpus and a renal tubule. The renal

corpus consists of a vast network of capillaries forming the glomerulus in the Bowman’s

capsule. Within the glomerulus, several cell types are present. The contractile mesan-

gial cells are situated between glomerular capillary loops and form a supporting frame-

work that maintains the structural integrity of the glomerular tuft [5]. This, together

with the glomerular basement membrane, creates wall tension in the glomerular capil-

laries, allowing for the change in its geometry that results from mesangial contraction

or relaxation [5]. As a summarizing unit, the glomerular filtration barrier (GFB) forms a

size-dependent penetration layer for effective blood filtration. This consists of a visceral

cell layer formed by podocytes, the glomerular (fenestrated) endothelial cells, and the

glomerular basement membrane [6]. The glomerular endothelial cells have a luminal

endothelial surface layer called glycocalyx, a negatively charged network of proteogly-

cans, glycoproteins, and glycolipids [7]. These components maintain a charge-selective

barrier [7]. The podocytes form specialized cell-to-cell junctions called slit diaphragms,

enabling the size-dependent passage of the plasma filtrate [8]. The GFB allows filtra-

tion selectivity based on molecular weight, hydrodynamic size, hydrophilicity, and the

charge of molecules [6]. It is freely permeable to water, salt, and other hydrophilic low-

molecular-weight substances. The molecular weight cut-off of glomerular filtration is 70

kDa, which correlates to albumin [9].
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1.1. KIDNEY ANATOMY AND FUNCTION

Figure 1.1: Schematic overview of the mammalian kidney anatomy (adapted from [8]).
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Blood pressure is the driving force for blood filtration through the GFB into the in-

terior of the Bowman’s capsule, which is called the Bowman’s or urinary space. From

there, the ultrafiltrate is processed into the renal tubular system. This system consists

of a proximal convoluted tubule, a proximal straight tubule, a distal straight tubule, a

distal convoluted tubule, and the collecting duct. Between the proximal and the distal

tubular section, there is a descending and ascending limb called the loop of Henle.

The principal function of the renal tubular system is the recovery of almost 70% of the

water, electrolytes, and the active secretion of metabolites and xenobiotics [10]. Motile

cilia within the renal tubules facilitate fluid propulsion [11].

First, the ultrafiltrate passes through the proximal convoluted tubules (PCT). Here, es-

sential (filtrated) electrolytes and proteins have to be rescued and xenobiotics excreted.

Therefore, the renal epithelial cells of the PCT are equipped with various active and

passive tubular excretion and reabsorption transporters. These transporters are either

expressed on the apical (urine) or basolateral (blood) side. For salt recovery, the Na+/K+-

ATPase and the H+-ATPase are directly coupled to ATP hydrolysis and actively ex-

change NaCl and potassium [10]. In this way, the electrochemical gradient within renal

epithelial cells of the PCT is maintained. Various Na+-dependent countertransporters

and cotransporters benefit from the energy of this gradient, favoring the movement of

luminal Na+ into the cells. For example, owing to the movement of H+ into the luminal

space, HCO3
- can be reclaimed; this is collectively referred to as renal acidification [10].

Furthermore, glucose is reabsorbed via sodium-independent GLUT or sodium-glucose

cotransporter 2 (SGLT2; SLC5A2), which are expressed on the apical side [10]. Other

ions and molecules, such as phosphate, citrate, and amino acids, are recovered and ex-

changed. It should be noted that proximal tubular protein reabsorption is mediated by

two receptors, megalin and cubulin. These transporters are located in the brush border

of the PCT [12]. They rescue various filtered ligands, medicines, vitamins, and hormones
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1.1. KIDNEY ANATOMY AND FUNCTION

through an endocytotic reabsorption process [12].

Active blood detoxification from metabolites and xenobiotics is done with the help of

energy-dependent transporters belonging to the ATP-binding cassette (ABC) family and

solute carriers (SLC). These transporters are not only present in renal epithelial cells

but are also expressed in various tissues such as the liver, the intestines, and the brain.

They are probably the most important transporters for the absorption, distribution, and

excretion of medicines and toxic compounds [13]. For renal drug detoxification, the most

relevant transporters within the ABC transporter family are the multidrug resistance

protein 1 (MDR1/p-glycoprotein, ABCB1), multidrug resistance-associated protein 2/4

(MRP2/4, ABCC2/4) and the breast cancer resistance protein BCRP (ABCG2) [13]. More-

over, organic cationic and carnitine transporters 1-2 (OCTN1/2, SCL22A4/5) and mul-

tidrug and toxin extrusion proteins (MATE1/2, SLC47A1/2) are also present [14]. These

are all located on the apical side of the proximal renal epithelial cells [13]. The organic

anion transporters 1-3 (OAT1-3, SLC22A66-8) and organic cationic transporter 2 (OCT2,

SLC22A2) are on the basolateral side, enabling active reabsorption from the blood into

the renal epithelial cells [13]. In Chapter 3.1, a detailed list of examples of (fluorescent)

substrates and (non-fluorescent) inhibitors is provided [15].

Compared to the proximal convoluted tubule, with its heavily brushed border, the prox-

imal straight tubule contains fewer microvilli and contributes to the active secretion of

xenobiotics and acid-base homeostasis [10].

After essential nutrients and salts are reabsorbed and xenobiotics excreted, water

needs to be rescued. Accordingly, a counter-current multiplication system allows the

reabsorption of large quantities of filtered water [16]. In this system, the Henle loop

encompasses a descending and an ascending limb. Compared to the ascending limb, the

thin descending limb of the Henle loop is permeable to water and impermeable to so-

7



CHAPTER 1. INTRODUCTION

lutes [16]. The thick ascending limb creates a concentration gradient in the medulla

of the kidney through a Na+/K+-ATPase, which actively pumps sodium out of the cell

[16]. This increases the osmolality of the interstitial fluid from the cortex towards the

medulla from 400 to 1200 mOsm/kg [16]. As a result of osmotic forces and the func-

tional expression of aquaporin-1 channels in the descending limb, water is reabsorbed

from the ultrafiltrate [16, 17]. In the ascending limb, sodium, potassium, calcium, and

magnesium are reabsorbed through transcellular processes [16]. These processes also

have an important role in the acid-base homeostasis and ammonia cycle [16].

The following distal tubular section is responsible for the reabsorption of NaCl, magne-

sium, and calcium [18]. NaCl is rescued by a Na-Cl cotransporter in the apical mem-

brane. A Na+/K+-ATPase subsequently pumps the reabsorbed sodium into the blood-

stream. Similarly, the chloride is rescued by a chloride channel located in the baso-

lateral membrane [18]. Magnesium and calcium are transported by defined unilateral

transporters [18].

The collecting duct is the last segment of the nephron. Aldosterone and vasopressin (an-

tidiuretic hormones) regulate water and electrolyte balance. Importantly, the collecting

duct accounts for only 4 to 5% of the kidney’s reabsorption of sodium and 5% of water

[19].

Finally, the ultrafiltrate is reduced to one to two liters of urine out of the 180 liters

present at the beginning in the PCT. The nephrons reabsorb approximately 178.5 liters

of the starting filtrate in a healthy adult every day.
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1.2. NEPHROTOXICITY

1.2 Nephrotoxicity

Any disturbances of the different physiological mechanisms described in the previous

section influence blood pressure, acid-base homeostasis, and electrolyte concentration in

the blood. In severe cases, these disturbances can lead to renal impairment and kidney

failure. These are usually observed in patients under treatment for diabetes, hyperten-

sion, or heart disease, or in patients with genetic predispositions [20]. Drug-induced

nephrotoxicity and infection-related renal damage are the most commonly observed

causes of renal failure in clinical practice [21, 22].

Drug-induced nephrotoxicity accounts for 20% (66% in older adults) of all episodes that

lead to acute kidney failure in hospitals [23]. Treatments involving multiple drugs and

intoxications lead to a higher risk of kidney damage. In particular, older patients with

comorbidities and complex drug therapies are more susceptible to developing kidney

insults [23]. Although toxicity may be reversible, it is often associated with high treat-

ment costs, hospitalization, mental stress and requires a long recovery [23].

Examples and mechanistic insights into how certain drugs can damage the kidneys

are described in the following chapter.

1.2.1 Glomerular-related nephrotoxicity

Nephrotoxicity in the kidneys has been observed on the glomerular, tubular, and inter-

stitial levels [24]. The following Table 1.1 lists drugs that cause renal toxicities.

Glomerular-related damage has been seen for medicines that damage the podocytes, the

endothelial cells of the glomerulus filtration barrier, and the GBM [24]. Two common

drug-induced diseases in the Bowman’s capsule are minimal change disease (MCD) and

focal segmental glomerulosclerosis (FSGS). MCD is a disease that directly affects the

podocytes. The damaged podocytes connect differently to the GBM and therefore lose
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CHAPTER 1. INTRODUCTION

their ability to filter the blood [24]. MCD is often characterized in clinics by nephrotic

syndrome, including proteinuria, edema, hyperlipidemia, and hypoalbuminemia [25].

Examples of drugs that induce MCD include, amongst others, non-steroidal anti-inflammatory

drugs (NSAIDs), lithium, and pamidronate [24].

Similar clinical damage is observed in patients with FSGS, where direct injury to the

podocytes is described [26]. However, FSGS is more severe than MCD and can lead to

chronic kidney injury [27]. Drugs known to induce FSGS include, for instance, anabolic

steroids, lithium, and sirolimus [24].

Direct cell damage to the endothelial cells of the GFB causes a cell injury termed throm-

botic microangiopathy [24]. Typically, this disease is associated with the formation of

blood clots within the capillaries of the kidney. This results in a reduction in blood

flow and organ damage [24]. Clinical manifestations of thrombotic microangiopathy

are thrombocytopenia, hypertension, proteinuria, and anemia [24]. Associated drugs

include, for instance, gemcitabine, cyclosporine, and clopidogrel [24].

Injury mediated by a strong immune response is described as glomerulonephritis and

membranous glomerulopathy. These diseases are usually seen in patients after chronic

treatments and are associated with inflammation of the glomeruli caused by autoanti-

bodies [24, 28]. Examples are NSAIDs, captopril, and antibiotics such as ampicillin and

penicillin [24].

1.2.2 Tubular-related nephrotoxicity

Renal tubular epithelial cell damage is the most clinical presentation of drug-induced

toxicity of the kidney [46]. Nephrotoxins can induce cellular damage that causes cellular

degeneration and sloughing from the proximal tubular basement membranes, summa-

rized as acute tubular necrosis [46]. Injuries to the epithelial cells of the kidney tubules

lead to direct tubular damage but can also cause a reduction in the glomerular filtration
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1.2. NEPHROTOXICITY

rate. This has been observed in patients administered aminoglycosides such as gentam-

icin. Thus, tubular epithelial cell damage leads to an obstruction of the tubular lumen

and impairs the glomerular filtration ratio owing to a back leakage of the ultrafiltrate

[47].

Tubular damage can lead to morphological changes in renal organs accompanied by

necrosis. Of note, analyzing morphological aberrations and investigating mechanisms

of toxicity is an essential approach in toxicology. Renal morphological abnormalities

are usually studied using renal biopsies from patients. These aberrations of the PCT

and glomerulus are seen on two-dimensional histology slides. For instance, gentamicin

(aminoglycoside) causes tubular vacuolization, glomerular hypertrophy, and congestion

[48]. Atrophic proximal tubules have also been observed in cyclosporin-treated patients

and cadmium chloride-intoxicated humans [49, 50].

There are several reasons why proximal tubules are generally vulnerable to various

xenobiotics. Mechanistic studies investigating renal toxicity highlight multiple trans-

port processes that enable an accumulation of the drug within renal epithelial cells.

Notably, the accumulation of chemicals in these cells is mediated by physiologically

relevant transport systems. Examples are OCT/OAT transport and megalin/cubilin-

mediated endocytotic reabsorption [12, 14, 51]. Further, functional excretion transporters

of the ABC family, including MATE (located on the apical side), play a role in renal toxic-

ity. The pharmacokinetics of substances can be disturbed by, for example, drug-induced

downregulations of transporter systems, individuals genetic polymorphisms of the ex-

pression of these transporters, and competitive inhibition by drugs [14]. This results in

a higher concentration of medicines in the plasma and renal epithelial cell, and favors

renal toxicity.

More in-depth mechanistic studies have revealed that mitochondria are often the target

organelles of nephrotoxins, causing, among other things, ATP depletion [52]. This im-
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pairs the active tubular excretion processes [52]. Mitochondrial damage is well-known

for nephrotoxic drugs such as tenofovir, aminoglycosides, cisplatin, and amphotericin B

[23]. Impaired mitochondrial function leads, in addition to ATP depletion, to oxidative

stress, mitochondrial superoxide formation, and impairment of the mitochondrial mem-

brane potential [48]. Consequently, DNA synthesis is affected, and proinflammatory

pathways are activated, leading to tubular injury [53]. Besides mitochondria, certain

aminoglycosides also accumulate within lysosomes. This results in the inhibition of the

lysosomal enzyme, myelin body formation, and causing lysosomal damage [53].

Another form of renal injury is crystal nephropathy, which is caused by the deposi-

tion and precipitation of drugs in, usually, the distal tubules [35]. Crystallization occurs

when substances are insoluble in human urine, often caused by transient supersatu-

ration of the urine based on changes in the pH [54]. Fast intravenous administration

of drugs such as acyclovir is likely to form crystals [35]. The formation of crystals can

cause renal tubular injury owing to the obstruction of urinary flow and interstitial re-

actions [35]. Examples include antivirals such as acyclovir, indinavir, and antibacterial

agents such as ampicillin, ciprofloxacin, and sulfonamides [35].

12



1.2. NEPHROTOXICITY

Table 1.1: List of commonly known medicines that induce nephropathies (adapted from
[24])

Mechanisms of
Nephrotoxicity

Therapeutic class/Drugs References

Glomerular-related

Minimal change
disease

NSAIDs, lithium, pamidronate, vaccinations [23, 28–30]

Focal segmental
glomerulosclerosis

Anabolic steroids, heroin, vaccinations,
interferons, lithium, pamidronate, sirolimus

[28, 29, 31–33]

Membranous
nephropathy

NSAIDs, penicillamine, bucillamine, captopril [28, 30]

Thrombotic
microangiopathy

Gemcitabine, tyrosine kinase inhibitors,
cyclosporine, clopidogrel, ticlopidine, quinine,
oxymorphone

[23, 28, 30]

Glomerulonephritis NSAIDs, interferon-alpha, procainamide,
ampicillin, penicillin, lithium, pamidronate

[23, 28, 29]

Tubular cell toxicity

Tubular cell toxicity Aminoglycosides, amphotericin B, pentamidine,
adefovir, cidofovir, tenofovir, cisplatin, iodinated
contrast agents

[23, 28, 34]

Crystal
nephropathy

Acyclovir, indinavir, foscavir, sulfonamides,
ampicillin, ciprofloxacin, methotrexate, ascorbic
acid

[23, 28, 35–41]

Interstitial disease

Acute interstitial
nephritis

Sulfonamides, penicillin, cephalosporins,
fluoroquinolones, rifampicin, vancomycin,
acyclovir, indinavir, NSAIDs, allopurinol, loop
diuretics, ranitidine, phenytoin, proton pump
inhibitors, checkpoint inhibitors (ipilimumab,
nivolumab, pembrolizumab)

[23, 28, 29, 42–45]

Chronic interstitial
nephritis

Aspirin, acetaminophen, NSAIDs, cisplatin,
lithium, Chinese herbal medicines containing
aristocholic acid, cyclosporine, tacrolimus

[23, 28]
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1.2.3 Interstitium-related nephrotoxicity

Nephrotoxicity is also observed in the interstitium. The interstitium is the space be-

tween the kidney tubules, which consists of fibroblasts and immune cells [24]. Intersti-

tial diseases are usually immune-mediated. Inflammation accompanied by the infiltra-

tion of lymphocytes and mononuclear cells within the interstitial space causes acute

and, although less likely, chronic interstitial nephritis (AIN/CIN) [24]. Drugs induc-

ing AIN/CIN include sulfonamides, acyclovir, NSAIDs, and proton pump inhibitors [24].

Moreover, infections and autoimmune diseases are common causes of AIN [43]. The

clinical appearance of AIN is diverse, but hypersensitivity reactions, allergic responses,

and eosinophilia are often seen [24]. The gold standard for confirming AIN is a visual

inspection of a renal biopsy [24].

14
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1.3 Using test models to study kidney function and

nephrotoxicity

Drug-induced nephrotoxicity can be highly diverse and is a clinical challenge. Drug ther-

apies that affect kidney function must be monitored, replaced, or even stopped, thus

limiting the clinical use of certain medicines. Biological test models have been exten-

sively used in the last few decades to verify drug safety and predict undesirable side

effects as early as possible in drug development. Various reliable biological test systems

have been developed to investigate the renal function and nephrotoxin-induced impair-

ment. In the preclinical phases, there are established in vitro (tissue culture), ex vivo

(organ-isolated tissues from animals), and in vivo (living organism) models available.

In later-stage clinical trials, biomarkers indicative of nephrotoxicity and others can be

collected in the blood and urine of patients and animals to determine organ-specific

abnormalities. The following chapters introduce these test models in more detail.

1.3.1 In vitro models

There are many kidney-derived cell lines available for cellular in vitro nephrotoxicity

prediction. These cells allow for toxicological high-throughput screening of different

medicines. Noteworthy here is the fact that cells used for in vitro screenings are usually

cultivated in two dimensions and cannot model an entire organ. Novel approaches use

three-dimensional cell culture models that can form spheroids [55], but these are not

yet fully established and are not elucidated in detail here.

In vitro experimentation relies on immortal and primary cell types. Primary cells are

directly isolated from human or animal tissue. They are, therefore, more expensive,

display interdonor variability, are prone to dedifferentiation, lose certain transporter

expressions, and cannot be kept in cell culture [55, 56]. Therefore, immortal cell lines
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are preferred because they can be kept in a culture and are cheap [56]. Oncogenes (such

as E6/E7 or SV40 large T antigen) or telomerase (TERT1) have been incorporated, en-

abling immortality [57–59]. Table 1.2 presents a list of frequently used cell types and

their origin.
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Table 1.2: Established cell types to study renal function and nephrotoxicity (adapted from
[56])

Cells Tissue Species Tight
junctions

Polari-
zation

Transport
activity

LLC-RK1
[60, 61]

Proximal
tubule
epithelia

Rabbit Yes Yes Weak, partially
reserved

LLC-PK1
[62, 63]

Proximal
tubule
epithelia

Pig Yes Yes Partially
reserved

VERO
[64, 65]

Kidney fibrob-
last

Monkey No No Different from
renal tubular
cells

OK [66, 67] Proximal
tubule epithe-
lia

Opossum Yes Yes Partially
reserved

MDCK
[68, 69]

Distal tubule
epithelia

Dog Yes Yes Partially
reserved

PCL [70] Glomerular
podocyte

Mouse No No Different from
renal tubular
cells

HK-2
[57, 66, 71]

Proximal
tubule epithe-
lia

Human Weak Yes Partially
reserved

hRPTEC
[72]

Proximal
tubule epithe-
lia

Human Yes Yes Partially
reserved

hRPTEC/
TERT1 [73]

Proximal
tubule epithe-
lia

Human Yes Yes Partially
reserved

HEK293
[74]

Human
embryonic
kidney cells

Human No Yes Partially
reserved
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Preserving transport and metabolic function in immortal cell lines is challenging.

Immortal cell lines keep their basic physiological functional characteristics if the pro-

teins are transduced. TERT1-immortalized renal proximal tubule cells possess the prop-

erties closest to proximal tubular cells, such as microvilli, endocytic activity, functional

ABC/SLC drug transporters, and tight junctions [55, 75]. HK-2, an immortalized prox-

imal tubule epithelial cell line from a normal adult human kidney, was established

to study proximal tubular cell physiology and pathophysiology [57]. Extracted proxi-

mal tubular cells become immortal using human papillomavirus E6/E7 genes [57], with

functional characteristics such as Na+-dependent/phlorizin-sensitive sugar transport

and glucose reuptake remaining [57, 76], but the expression and function of drug trans-

porters are limited. No mRNA expression of the SLC22 transporter family (OAT1/3,

OCT2), MRP2, and BCRP has been detected [71]. However, the mRNA expression of ef-

flux transporters, such as ABCB1 and several members of the MRP (ABCC) family, has

been detected [71]. Furthermore, human embryonic kidney cells (HEK293) represent

one of the most used host cells of all human-derived cell lines [74]. These cells are used

in toxicology and the production of recombinant therapeutic proteins and vaccines but

are less applied in renal physiology [74]. In toxicology, HEK293 is established for the

evaluation of several toxic endpoints. This model helps to investigate the drug’s effects

on cell viability and membrane integrity and to identify toxicity pathways to predict in

vivo outcomes [74, 77]. To overcome the missing functional drug transporter, ABC/SLC-

specific transport DNA plasmid can be transfected into HEK293T cells. This allows for

studying a specific drug transport function [78, 79].

Since cells are arranged in a two-dimensional array, functional experiments must be

done using a two-compartment system. Cells are cultivated on a permeable transwell

format coated with an extracellular matrix [55]. This enables the study of transport

from one side to the other. Owing to its simplicity, environmental causes to which kid-
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ney tubules are exposed in an in vivo setting are lost. For instance, fluid flow across

the surface and cell-to-cell signals from other adjacent cell types are missing [55]. As

observed in in vivo settings, the entire glomerular function cannot be imitated correctly

by using a two-dimensional cell format [80]. Additionally, the context of all renal tubu-

lar parts interacting in reabsorption and excretion has to be neglected. An example is

folic acid, an essential vitamin mainly reabsorbed in distal tubules, but small portions

are reported to be rescued in proximal tubules via SLC transporters [81]. To implement

more in vivo relevant test models that benefit from three-dimensional culture systems

with more than one renal cell line present, ex vivo models have been established [55].

1.3.2 Ex vivo models

More complex (three-dimensional) test models are available to study renal physiology

and nephrotoxicity and encompass non-animal and animal tissue methods.

Novel non-animal tissue methods are still experimental, and intensive research is being

done to implement them [55, 56]. Examples are specialized kidney cells that can form

spheroids, engineered renal tissue arrays, and kidneys on a chip using microfluidic de-

vices [55]. Animal tissues are used for ex vivo models such as isolated renal tubules of

animals. The use of laboratory animal tissues raises ethical questions, but it is the most

common and established model so far [55, 80].

Therefore, the following paragraphs focus on isolated renal tubules of animals.

Ex vivo models are considered to bridge the gap between in vitro and in vivo models.

Besides cutting tissues into slices, investigating their morphological changes, or using

them for two-compartment models, there are more reliable strategies for studying pro-

cesses in the entire organ [80]. For instance, perfusion of isolated organs is established.

There are (machine-based) perfusion and non-perfusion strategies available. Perfusion
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models imitate continuous in vivo similar blood flow and hemodynamics [80]. Isolated

perfused kidneys have been established, but only a handful of studies are described [80].

Ex vivo models allow for the analysis of, for instance, biliary and renal excretion via

ABC/SLC transport systems [82–84]. The drawbacks of these models include complex

laboratory skills, low throughput, and tubules are only viable for three to four hours

[80].

In terms of handling, a non-perfused renal ex vivo model was established around 1995

by Dr. David Miller and Prof. Dr. Gert Fricker at the Mount Desert Island Biological

Laboratory (MDIBL) in Maine, United States (US). They used isolated renal tubules

from killifish (Fundulus heteroclitus) from the vicinity of Maine. The renal tubules of

killifish contain almost exclusively proximal tubules but no distal segments [85]. Upon

extraction, proximal tubules form a fluid-filled compartment with sealed ends that al-

lows for studying the renal excretion of specific fluorescent ABC/SLC substrates from

the incubation media into the luminal compartment. As a result of their impressive

work done between 1995 and 2008, Dr. David Miller and Prof. Dr. Gert Fricker could

verify functional ABC/SLC transport systems present in the extracted renal tubules of

killifish [15, 86]. A detailed list of verified transporter and fluorescent substrates used

is provided in Part 3.1 [15].

Furthermore, isolated proximal tubules of killifish allow for the study of transporter

regulation and signaling [87, 88]. The effect of toxic compounds on the ABC transporter

has been investigated, and the impact on the signaling cascade described [89, 90]. Ex-

tracted renal tubules could be used in studies for up to 24 hours in a proper teleost

buffer but are usually used within six hours after the extraction.
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1.3.3 In vivo models

Ex vivo models are reliable, and kidney-specific studies in the entire organ are possi-

ble. Nevertheless, in preclinical research, animal experiments using vertebrates such

as rabbits, rats, and mice are often required to extrapolate and confirm findings from

in vitro/ex vivo models. Experiments with animals allow for the study of the effect of an

administered drug on the entire organism. Not only can the impact of a medicine on a

single organ be studied, but other organs can also be co-investigated. Therefore, in vivo

experimentation is more complex but needed to extrapolate findings to humans.

The advantages of using animals include collecting more human-relevant data, all side

effects in an organism can be assessed, and long-term effects (> 3 days) can be studied.

On the other hand, experiments in individuals/animals cause higher experimental vari-

ability, are expensive, strict rules and regulations set by law must be respected, and

ethical questions about using animals in laboratory settings must be considered. There

are many reported experiments using animals to investigate changes in kidney para-

meters in the urine and blood (biomarkers) as well as the histological examination of

kidney biopsies after intoxication [91–94].

Nevertheless, mechanistic studies are challenging to perform in living animals owing

to their complexity. Translational in vivo models that can bridge the gap between in

vitro/ex vivo models and animals/human beings are beneficial. Thus, in vivo vertebrate

models may be used for screening studies and can therefore foster the reduction, re-

placement, and refinement of animal experiments (3R principles).
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1.4 Zebrafish larvae as a vertebrate model

In biomedical sciences, the use of two- to five-day-old zebrafish larvae as a vertebrate

model for in vivo studies has become popular over the last decade. Zebrafish (Danio

rerio) are tropical freshwater teleosts originating in the Ganges River (India) and north-

ern India [95]. Zebrafish development is a fast process whereby embryogenesis lasts

only two days [96]. From the second day, a functional bloodstream with an intact heart

and circulating erythrocytes is visible in the transparent zebrafish.

Since the genome of the zebrafish has been fully sequenced and is easy to manipulate,

they are widely used in genetic and vertebrate development studies [97]. In most coun-

tries, zebrafish larvae do not count as animals up to 120 hours post-fertilization [98].

This is justified because zebrafish are not considered to experience pain within this

development time frame [99]. Therefore, zebrafish larvae have emerged in broader ap-

plications as excellent models for studying inflammation, pharmacology, toxicology, and

organ diseases [100–102]. For pharmacological and toxicological studies, the incubation

of zebrafish larvae in drug solutions or intravenous injection into the bloodstream en-

ables a defined administration. Research, such as determining LD50 values, behavioral

studies, or organ-specific toxicity, can be done [103–105]. The generation of mutants,

transgenic lines expressing fluorescent proteins in specific cell types, and the targeted

knockdown of genes allow for the broad application of zebrafish [97].

1.4.1 Zebrafish larvae as a vertebrate model for nanomedicines

Using zebrafish larvae to extrapolate mechanistic studies from in vitro to in vivo has

recently been shown in our research group to be possible for nanomedicines [106]. Ze-

brafish larvae were established as a screening model to evaluate the circulation behav-

ior of intravenously injected lipid-based nanomedicine formulations [98]. Furthermore,

the interactions of lipid nanoparticles with macrophages and mammalian liver sinu-
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soidal endothelial cells (stabilin-2) can be studied [107, 108]. Comparative experiments

with rodents verified similar pharmacokinetic characteristics of the nanomedicine for-

mulations used. Zebrafish larvae, as an early-stage in vivo model, help to predict the per-

formance of nanomedicines in higher animals by the pre-selection of promising nanomedicine

formulations and thus facilitate the formulation and development process [98].

1.4.2 Zebrafish larvae as a vertebrate model for renal function

and nephrotoxicity

Since zebrafish are aquatic organisms, kidney function in the early development stages

is considered to be present to maintain osmoregulation. Genetic screenings have de-

tected the expression of various genes in renal epithelial cells that are similar to human

beings and have similarities in kidney anatomy [109, 110] (Figure 1.2)

The question arises if and how zebrafish larvae can be used as a translational in vivo

vertebrate model to study renal function and the mechanism of nephrotoxicity.
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Figure 1.2: (A) Schematic image of a 3-day-old zebrafish larvae. The black line indicates
the pronephros from a lateral point of view. (B) The pronephros from a ventral point of
view. Depicted are the glomerulus (red), the neck (orange), the proximal convoluted
tubule (yellow), the proximal straight tubule (green), the early distal tubule (blue), the
late distal tubule (violet), and the cloaca (purple) (adapted from [15, 109]).
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T
he aim of the present thesis was to establish zebrafish larvae as an early-

stage in vitro/in vivo bridging model that can reduce, refine, and replace cer-

tain animal experiments with a focus on renal function and medicine-induced

nephrotoxicity. Furthermore, zebrafish can be applied to extended studies assessing the

in vivo pharmacokinetics of nanoparticles. To this end, the following four work packages

(Part I-IV) were defined.

(I) The study of the renal function of zebrafish larvae

(i) Key renal functions were verified to establish zebrafish larvae as an in vivo

model.

(ii) The results and the zebrafish model were compared to the killifish model.

(II) Nephrotoxins-induced morphological changes

The impact of gentamicin, a model nephrotoxin, on the morphology of the renal

organ was analyzed. Methodologies such as fluorescent-based laser scanning mi-

croscopy and X-ray-based computer tomography in micrometer size were applied.
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The results were extrapolated to kidney biopsies of gentamicin-treated mice to

confirm the predictability of the zebrafish model.

(III) Mechanistic studies of nephrotoxin-induced kidney damage

Mechanistic insights into the toxicity of nephrotoxins using the zebrafish model

and isolated renal tubules of killifish.

(IV) In vivo assessment of novel drug carriers in zebrafish larvae

In view of the usefulness and high predictability of the zebrafish model, it was

applied to study the pharmacokinetics of novel nanoparticles.
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3.1 Part I: The study of renal function

Zebrafish ( Danio rerio) larva as an in vivo vertebrate
model to study renal function

Jan Stephan Bolten, Anna Pratsinis, Claudio Luca Alter, Gert Fricker, Jörg Huwyler

Am J Physiol Renal Physiol. 2022 Mar 1;322(3):F280-F294.
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Zebrafish (Danio rerio) larva as an in vivo vertebrate model to study renal
function
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1Department of Pharmaceutical Sciences, University of Basel, Basel, Switzerland; 2Institute of Pharmacy and Molecular
Biotechnology, University of Heidelberg, Heidelberg, Germany; and 3Mount Desert Island Biological Laboratory, Salsbury
Cove, Bar Harbor Maine

Abstract

There is an increasing interest in using zebrafish (Danio rerio) larva as a vertebrate screening model to study drug disposition.
As the pronephric kidney of zebrafish larvae shares high similarity with the anatomy of nephrons in higher vertebrates including
humans, we explored in this study whether 3- to 4-day-old zebrafish larvae have a fully functional pronephron. Intravenous
injection of fluorescent polyethylene glycol and dextran derivatives of different molecular weight revealed a cutoff of 4.4–7.6 nm
in hydrodynamic diameter for passive glomerular filtration, which is in agreement with corresponding values in rodents and
humans. Distal tubular reabsorption of a FITC-folate conjugate, covalently modified with PEG2000, via folate receptor 1 was
shown. Transport experiments of fluorescent substrates were assessed in the presence and absence of specific inhibitors in the
blood systems. Thereby, functional expression in the proximal tubule of organic anion transporter oat (slc22) multidrug resist-
ance-associated protein mrp1 (abcc1), mrp2 (abcc2), mrp4 (abcc4), and zebrafish larva p-glycoprotein analog abcb4 was shown.
In addition, nonrenal clearance of fluorescent substrates and plasma protein binding characteristics were assessed in vivo. The
results of transporter experiments were confirmed by extrapolation to ex vivo experiments in killifish (Fundulus heteroclitus) prox-
imal kidney tubules. We conclude that the zebrafish larva has a fully functional pronephron at 96 h postfertilization and is there-
fore an attractive translational vertebrate screening model to bridge the gap between cell culture-based test systems and
pharmacokinetic experiments in higher vertebrates.

NEW & NOTEWORTHY The study of renal function remains a challenge. In vitro cell-based assays are approved to study, e.g.,
ABC/SLC-mediated drug transport but do not cover other renal functions such as glomerular filtration. Here, in vivo studies com-
bined with in vitro assays are needed, which are time consuming and expensive. In view of these limitations, our proof-of-con-
cept study demonstrates that the zebrafish larva is a translational in vivo test model that allows for mechanistic investigations to
study renal function.

drug transporter; glomerular filtration; kidney tubule; renal function; zebrafish

INTRODUCTION

The kidney is an important excretory organ. The func-
tional unit of the human kidney is the nephron, where
blood enters the glomerulus and is passively filtrated.
The ultrafiltrate is processed within the proximal convo-
luted tubule (PCT). Here, small molecules such as salts,
water, glucose, citrate, and amino acids are exchanged or
recovered to sustain homeostasis. Besides this, epithelial
cells of the PCT are equipped with energy-dependent
transporters, enabling the active secretion of xenobiotics
into the tubular lumen. These drug transporters belong
to the superfamilies of ATP-binding cassette (ABC) trans-
porters and solute carriers (SLC), which are either apically
or basolaterally expressed (1). Examples include organic
anion transporters OAT1–3 (SLC22A66-8) for basolaterally
expressed transporters and multidrug resistance gene

MDR1/P-glycoprotein (ABCB1), multidrug resistance pro-
tein MRP2/4 (ABCC2/4), and breast cancer resistance pro-
tein BCRP (ABCG2) for apically expressed transporters (2).
Further downstream within the tubules, Naþ and Kþ are
processed and vitamins such as folate (FA) are reabsorbed
by endocytotic receptor-mediated transport processes
(3, 4).

Aquatic animals such as teleosts have highly con-
served kidney structures, which are homologous to
human. This is not surprising since 70% of protein cod-
ing genes of zebrafish have a related counterpart in
humans (5). With respect to kidney transporters, ABC-
like transporters are phylogenetically conserved in tele-
osts and higher vertebrates (2). For example, mRNA
expression of human homolog renal secretion and reab-
sorption transporters abcc1, abcc2, and FA receptor 1
(folr1) between 24 and 120 h postfertilization (hpf) was
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detected in various organs of zebrafish larvae (ZFL),
including proximal tubule parts (3, 6–8). Furthermore,
abcb4 mRNA expression (a homolog of the human
MDR1-like transporter) has been previously described
(9). This transporter is involved in the secretion of lipo-
philic and uncharged xenobiotics. Naþ -Kþ -ATPase is
highly expressed in proximal tubules of zebrafish (Danio
rerio) and other teleosts, e.g., killifish (Fundulus hetero-
clitus) (2, 10).

The in vivo study of renal function remains a challenge.
Such studies are time consuming and expensive and often
rely on in vivo experimentation with higher vertebrates.
They are often combined with in vitro or ex vivo trans-
porter assays to provide mechanistic insights at a cellular
level. The latter models are reliable and provide a high
throughput, but a translation to the in vivo situation
remains cumbersome (11). In view of these limitations,
there is a high unmet need for cost-effective in vivo test
systems, which should provide a decent throughput and
can be used to bridge the gap between in vitro cell-based
assays and in vivo animal experiments in higher verte-
brates, including humans. To this end, freshly isolated
proximal tubules from killifish can be surgically extracted.
They form fully functional sealed tubules when placed in
culture media (12, 13). By incubating them with a fluores-
cent transporter substrate in the presence or absence of
specific inhibitors, luminal-directed transport of the fluo-
rescent substrate can be visualized ex vivo by confocal
microscopy.

Since this ex vivo model does not respect all relevant kid-
ney functions and aspects of a living organism, in vivo verte-
brate models are desired. ZFL can be used for this purpose.
They are transparent, undergo fast embryogenesis in that
they already hatch by 3 days postfertilization (dpf), are
easy to handle, and are therefore frequently used for toxi-
cological, pharmacological, and developmental studies
(14). Recent studies have demonstrated that ZFL between
2 and 4 dpf can be used to study the systemic circulation
and extravasation of intravenously administered drug for-
mulations (15, 16). These results could be extrapolated to
higher vertebrates (i.e., rodents) and establish ZFL as a
promising screening model for nanomedicines (17).

Therefore, the aim of this work was to implement ZFL
as a translational in vivo vertebrate screening model to
study renal function. In contrast to the established ex vivo
killifish model mentioned above, the zebrafish model is
expected to cover not only proximal tubular secretion but
also glomerular filtration and distal tubular reuptake.
These processes were studied in this work using fluores-
cent model compounds including polymers of different
molecular weight and substrates of specific transporters
in combination with their corresponding inhibitors. Flu-
orescent test compound distribution within the proneph-
ros and blood system was assessed by confocal micros-
copy in living ZFL, using recombinant zebrafish lines
expressing the fluorescent proteins enhanced green fluo-
rescent protein (eGFP) or mCherry in the endothelium or
glomerulus/proximal tubular cells. Finally, tubular secre-
tion of fluorescent substrates was evaluated ex vivo in
killifish to compare our results to a well-established tubu-
lar secretion model.

MATERIALS AND METHODS

Materials

Sulforhodamine 101 (Sulfo101) was purchased from
Chemodex (St. Gallen, Switzerland), 8-(2-[fluoresceinyl]ami-
noethylthio)adenosine-30,50-cyclic monophosphate (8-fluo-
cAMP) was purchased from Biolog Life Science (Bremen,
Germany), a fluorescent cyclosporine A derivative [N-e(4-
nitrobenzofurazan-7-yl)-D-Lys8]cyclosporine A (NBD-CsA)
was synthesized as previously described (18), FA-polyethyl-
ene glycol PEG-2kDa-FITC was purchased from Biochempeg
(Watertown, MA), and NHS-PEG5-Mal and NHS-PEG40-Mal
were obtained from NOF (Tokyo, Japan). SAMSA fluorescein
and NHS-TRITC were purchased from Thermo Fisher
Scientific (Waltham, MA). Agarose, probenecid, erythromy-
cin, verapamil hydrochloride, p-aminohippuric acid, MK-571
sodium salt hydrate, zosuquidar hydrochloride, saquinavir,
indinavir sulfate salt hydrate, folic acid, fluorescein sodium
salt (Fluo), FITC-dextran (40, 70, or 150 kDa), 1-phenyl-2-thi-
ourea (PTU), and ethyl-3-aminobenzoate methanesulfonate
(MS-222, tricaine) were purchased from Sigma-Aldrich
(Buchs, Switzerland).

Ethical Approval

All animal experiments were carried out in accordance
with local animal welfare regulations.

LogD7.4 Prediction

The logD7.4 of test compounds was predicted using the
Partitioning PlugIn of Marvin Sketch 20.19.0 software
(ChemAxon Europe, Budapest, Hungary).

Fluorescent Labeling of PEG5 and PEG40

Coupling of SAMSA fluorescein was performed according
to the manufacturer’s instructions. In brief, SAMSA fluores-
cein was incubated in 100mMNaOH for 10min before being
added to NHS-PEG5 or NHS-PEG40-Mal at a two- to threefold
excess in 100 mM NaPi, 150 mM NaCl, and 5 mM EDTA (pH
7.2). The SAMSA fluorescein PEG mixtures were left to react
overnight at room temperature, before purification by gel
filtration (Sephadex G50 fine), as previously described
(19). Collected fractions were pooled and concentrated
using 3-kDa cutoff Amicon filter device (Merck Millipore,
Burlington, MA).

Fluorescence Correlation Spectroscopy

The hydrodynamic diameter (DH) of fluorescent-labeled
polymers [i.e., FITC-dextran (40, 70, or 150 kDa) and
FITC-PEG (5 and 40 kDa)] was determined by fluorescence
correlation spectroscopy. An Olympus IX73 inverted
microscope (Olympus, Tokyo, Japan) using an immersion
Super Apochromat objective (1.2 numerical aperture, �60,
UplanSApo, Olympus) was used to perform the measure-
ments. Emitted photons were filtered with a bandpass
filter (512 nm) before detection with a single-photon ava-
lanche diode (SPCM CD3516H, Excelitas). The free dye
Atto 488 carboxylic acid (D = 400 μm/s2 at 298 K, Thermo
Fisher Scientific) was dissolved at a concentration of 10
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nM in double distilled water and used to calibrate the con-
focal volume of the excitation channel at 481 nm.
Intensity fluctuations were recorded over 60 s. The experi-
mental autocorrelation curves of the calibration dye Atto
488 and the fluorophore coupled samples were fitted with
a one-component triplet state model, as previously
described (20). Data were processed using PicoQuant
Software (Berlin, Germany).

Intravenous Injections and Imaging of ZFL

Animal experiments and husbandry were carried out
in accordance with Swiss animal welfare regulations.
Regarding the terminology of zebrafish, we followed the
life stage definitions established by Kimmel et al. (21), who
defined >72 hpf old zebrafish as “larvae.” Eggs from adult
zebrafish (Table 1) were collected from different parents at
0.5–1 hpf and kept at 28�C in zebrafish culture media (25).

The number of larvae in a 25-mL dish did not exceed 100.
The formation of pigment cells was suppressed by adding 30
μg/mL PTU to the media. Then, 72 and 96 hpf hatched ZFL
were embedded in 0.3% agar containing PTU and tricaine
(0.01%). Experiments were carried out at room temperature.
Randomly chosen larvae were injected with a calibrated vol-
ume of 1–2 nL of 0.1–2mM stock solutions of test compounds
into the cardinal vein (CV) above the heart. Embryos were
obtained from the mating of six male and six female adult
zebrafish and were randomly assigned to the treatment
groups. Water-soluble substances were dissolved in PBS.
Lipophilic substances such as NBD-CsA, erythromycin,
and probenecid were administered in an up to 15% (vol/
vol) DMSO-PBS solution by injection of 2 � 1 nL with a
delay of 30 s between injections. FA-PEG2000-FITC was
dissolved in Tris buffer (pH 9.3). Chemically reactive
compounds (i.e., Sulfo101) were incubated for 2.5 h in FCS
(BioConcept Amimed, Allschwil, Switzerland) to neutral-
ize reactive moieties followed by a short centrifugation
before injection. For intravenous injections, a microma-
nipulator (Wagner Instrumentenbau, Sch€offengrund,
Germany), a pneumatic Pico Pump PV830 (World Precision
Instruments, Sarasota, FL), and a Leica SAPO microscope
(Leica, Wetzler, Germany) were used. Tail regions were
imaged 0.5–9 h postinjection (hpi) using an Olympus FV3000
confocal laser scanning microscope equipped with a �20
UPIabSApo (numerical aperture of 0.75) objective and a �30
UPIanSApo (numerical aperture of 1.05) objective. Confocal
images were acquired using a sequential line scan, excitation
wavelengths of 488 and 561 nm (argon laser), and emission
wavelengths of 500–540 and 570–620 nm, respectively. Of
note, no signal cross talk was detected between the different
channels.

To reduce intraexperimental variability, comparative ex-
periments were performed during the same day by the same
operator and using the same stage. Droplet size consistency
(sample volume) was permanently checked using a reticle
mounted on the eyepiece of a Leica SAPO binocular to
ensure that the same volume of compound was injected
throughout the course of the experiment. Reproducibility
was verified by repeating series of experiments on at least
three different days. For each condition of each series of
experiments at least five zebrafish larvae were used (n = 5).
For the preparation of figures and the corresponding quanti-
tative analysis, data from one representative series of experi-
ments were used.

Signal Intensity Quantification and Postprocessing of
Images

Obtained confocal microscopy images were analyzed
and edited using OMERO software 5.4.10 (https://www.
openmicroscopy.org/omero/) as an image processing pro-
gram. Quantitative signal intensities in distinct organs
were evaluated using Fiji software 2.1.0/1.53c (https://
imagej.net/software/fiji/) and were done as follows: for
drug transport experiments (i.e., tubular secretion and endo-
cytosis), zebrafish lines were used, which express a fluores-
cent marker (i.e., kdrl:eGFP or kdrl:mCherry or wt1b:eGFP) in
vascular endothelia or renal epithelia. This allowed for a local-
ization of fluorescent-labeled compounds within a defined
three-dimensional anatomic structure such as the dorsal
artery (DA) or kidney tubule. Signals were quantified by
measuring mean signal intensities within this selected
region of interest. Untreated controls and all correspond-
ing treatment groups were analyzed using the same laser
and microscopy settings, which allowed for a direct com-
parison of treatment groups. Alternatively (Figs. 2 and 7),
regions of interest were selected based on bright-field mi-
croscopy images. Analysis of the DA was used to quantify
signals of circulating fluorophores within the blood com-
partment. Quantification of signal intensities was based
on maximum intensity projections. Signal intensities are
presented as fold changes normalized to the mean of the
(experimental) control.

Killifish and Tissue Preparation

Killifish (F. heteroclitus) proximal kidney tubules were iso-
lated and prepared as previously described (12). In brief, killi-
fish were purchased from local fishermen in the vicinity of
Mount Desert Island, ME and maintained at the Mount
Desert Biological Laboratory in tanks with natural flowing,
aerated sea water. Since no sex-related differences were
observed, extracted tubules from at least six randomly

Table 1. Transgenic zebrafish lines with the corresponding promoter coupled to either eGFP or mCherry indicating
which organ is fluorescently marked

Transgenic Line Characteristics Reference Source

AB/T€ubingen Wild-type Prof. Dr. Affolter, Basel, Switzerland
Tg(wt1b:eGFP) Glomerulus and proximal convoluted tubule GFP marker (22) Prof. Dr. Schiffer, Erlangen, Germany
Tg(kdrl:eGFP) Endothelium GFP marker (23) Prof. Dr. Affolter, Basel, Switzerland
Tg(kdrl:mcherry-CAAX) Endothelium mCherry marker (24) Prof. Dr. Affolter, Basel, Switzerland

Shown is an overview of the transgenic lines. eGFP, enhanced green fluorescent protein.
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chosen killifish were incubated in enriched marine teleost
buffer (140 mM NaCl, 2.5 mM KCl, 1.5 mM CaCl2, 1 mM
MgCl2, and 20mM Tris) containing 1 μM of the indicated flu-
orescent substrate in the presence or absence of a 10- to 20-
fold excess of a nonfluorescent inhibitor. Incubations were
carried out at 8�C. Tubular accumulation of fluorescence
signals was monitored using an Olympus FV1000 inverted
confocal laser scanning microscope (�20, PlanFluo Dry,
numerical aperture 0.5). Signal intensities were quantified
using image capture and analysis software (NIH Image
1.61, https://imagej.nih.gov/).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism v.
8.0.2 (GraphPad Software, San Diego, CA) using unpaired
two-tailed t test analysis for direct comparisons. Where
appropriate, individual data points are presented as dot plots
next to the average and SD for the group.

RESULTS

The pronephros of ZFL consists of two nephrons that are
combined at the larva’s midline just ventral to the dorsal
aorta (26). For a better anatomic visualization of the pro-
nephros, genetically modified tg(wt1b:eGFP) ZFL, expressing
eGFP in epithelial cells of the PCT and glomerulus, were
used. In Fig. 1A, a confocal image of this triangle-shaped

organ can be seen in a lateral and ventral projection. Figure
1B shows a schematic representation of three distinct sec-
tions of the ZFL pronephros indicating the three main kid-
ney processes, passive glomerular filtration, active proximal
tubular excretion, and active distal tubular reabsorption.
Examples of the transport proteins of interest are provided,
and their expression at definedmembrane domains (basolat-
eral or luminal) of epithelial cells is shown. Thus, the used
fluorescent model compounds including polymers of differ-
ent molecular weight and substrates of specific transporters
in combination with their corresponding inhibitors are
illustrated.

In a first step, glomerular filtration was investigated.
This includes the evaluation of the presence of an
adequate barrier to sieve molecules based on their physi-
cochemical properties (e.g., size), whether a molecular
weight cutoff can be established, and how this relates to
values obtained from literature for higher vertebrates. The
glomerular filtration molecular weight cutoff in the 96-hpf
wild-type ZFL was determined using fluorescent dextran
and PEG conjugates. FITC-DX was commercially available;
larger molecular weight PEG was instead coupled to
SAMSA fluorescein in house. The DH and purity of these
polymers were measured using fluorescence correlation
spectroscopy. We obtained a diffusion coefficient of 125
and 48 μm2/s for FITC-PEG5 and FITC-PEG40 samples,
respectively. This corresponds to a DH of 3.7 and 9.7 nm
(Fig. 2A). For FITC-DX40 and FITC-DX70, diffusion coeffi-

Figure 1. Anatomic localization of the pro-
nephros in a 72-h postfertilization (hpf)
zebrafish larva (ZFL) and schematic rep-
resentation of its functional units. A: lat-
eral and ventral projection of a 72-hpf tg
(wt1b:eGFP) ZFL expressing enhanced
green fluorescent protein (eGFP) mainly
in the proximal convoluted tubule (PCT)
and glomerulus (GL). A faint signal was
also present in the exocrine pancreas
(EP). A three-dimensional projection of
the pronephros is shown. Scale bars = 50
mm. B: the pronephros consists of two
nephrons with a fused GL, neck (N), PCT,
proximal straight tubule (PST), distal early
(DE), late distal (DL), and collecting duct
and cloaca (CL). Renal function encom-
passes glomerular filtration (left), renal
secretion (middle), and renal reabsorp-
tion (right). Transporters are listed to-
gether with their substrates (green label)
and inhibitors (red label) used in this
study. abcb4, zebrafish homolog of
human MDR1; DX, dextran; Erythr, eryth-
romycin; FA, folate; Fluo, fluorescein so-
dium salt; folr1, folate receptor 1; mrp,
multidrug resistance-associated pro-
tein; NBD-CsA, NBD-labeled cyclospo-
rin A; oat, organic anion transporter;
PAH, p-aminohippurate; PEG, polyethyl-
ene glycol; PTC, proximal tubule cell;
Sulfo101, sulforhodamine 101; Verap, ve-
rapamil hydrochloride.
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cients of D = 105 and 61 μm2/s translate to a DH = 4.4 and
7.6 nm, respectively (Fig. 2D). Their glomerular filtration
in vivo, assessed by detection of cleared substances in the
lumen of the PCT, was determined at 1 and 9 hpi by confo-
cal microscopy. A representative confocal image of the
pronephros is shown in Fig. 2, B and E. For quantitative
analysis, the luminal signals were each normalized to 9
hpi and are shown in Fig. 2, C and F. Qualitative as well as
quantitative analysis revealed the accumulation of small-
molecular weight PEG and dextran within the proximal tu-
bular lumen, being indicative of glomerular filtration,
whereas high-molecular weight polymers were not fil-
tered. The cutoff of glomerular filtration in ZFL corre-
sponds to a DH of the polymers between 4.4 nm and 7.6
nm. The DH for 40-kDa PEG is significantly higher than

similar 40-kDa dextran polymers, indicating that not the
molecular weight but the DH determines the cutoff of glo-
merular filtration.

Next, distal tubular reuptake of FA by the folr1 homolog
transporter was investigated using a fluorescent labeled de-
rivative of FA, i.e., FA-PEG2000-FITC (Fig. 3A). The purity
and DH of the fluorescent polymer were characterized using
fluorescence correlation spectroscopy. The DH of the FA-
PEG2000-FITC conjugate was 1.08±0.57 nm. The filtered fluo-
rescent FA-PEG polymer appeared in the lumen of the distal
tubule 5 min after injection of a high concentration (1 nL of a
2 mM solution). These high concentrations were necessary
to allow for detection in the patent luminal space of the dis-
tal tubule. To assess FA-mediated tubular reabsorption, a
100-fold molar excess of native FA as a specific inhibitor was

Figure 2. Qualitative and quantitative
assessment of glomerular filtration in
96-h postfertilization (hpf) zebrafish lar-
vae (ZFL). A: the hydrodynamic diameter
of polyethylene glycol (PEG) with a mo-
lecular weight of 5 and 40 kDa was
determined by fluorescent correlation
spectroscopy. The autocorrelation func-
tion G(s) plotted over lag time s was
used to calculate the hydrodynamic di-
ameter of PEGs. B: proximal convoluted
tubules (PCTs) are marked with white
dotted lines. Shown is a qualitative
assessment of PEG (green signal) within
the proximal tubular lumen [5- and 40-
kDa PEG, 1 or 9 h postinjection (hpi)]. C:
quantitative assessment of luminal PEG
signals. Signal intensities were normal-
ized to the respective mean at 9 hpi. D–
F: same experimental setup as in A–C
using dextrans (DX) with molecular
weights of 40 and 70 kDa. Values are
means ± SD, n = 5. ��P < 0.005; ���P <
0.0005. Scale bars = 50 mm.
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preinjected 10 min before administration of 1 nL of 0.1 mM
FA-PEG2000-FITC. Intensity within the DAwas assessed 1 hpi
to evaluate the extent of reabsorption from the tubular
lumen back into the bloodstream. A representative confocal
image is shown in Fig. 3C, left, demonstrating higher signal
intensities (red > blue) in the DA compared with FA-prein-
jected ZFL. This is indicative of continuous tubular reuptake
of FA-PEG2000-FITC in ZFL. This reuptake is reduced by a
factor of 2 in the presence of an excess of native FA, which
indicates competitive tubular reabsorption via folr1 (Fig. 3D,
right).

Proximal tubular secretion was investigated based on spe-
cific clearance of fluorescent labeled transporter substrates
from the bloodstream. The transport substrate/inhibitor
pairs selected for this study were selected based on a com-
prehensive review of the existing literature. Table 2 thus
shows information on the ABC- and SLC-transporter speci-
ficity of fluorescent substrates and nonfluorescent inhibitors
in different teleost species and their tissue-specific expres-
sion patterns. The specificity of fluorescent substrates and
nonfluorescent inhibitor is shown in Table 2.

To evaluate tubular secretion, 72–80 hpf tg(kdrl:eGFP/
mCherry-CAAX) ZFL were preinjected and incubated with a
specific inhibitor (e.g., 10 min except for 1 h for verapamil)
followed by the injection of a fluorescently labeled substrate.
One hour postinjection, the tail region was imaged and sig-
nal intensity within the DA was compared with ZFL that
were not preinjected with the corresponding inhibitor.
Starting with apically located transporters, the functionality
of mrp2 (abcc2) was assessed using Sulfo101 (or Texas red)
as a fluorescent substrate and MK-571 as an inhibitor.
Inhibitor concentration-dependent inhibition of mrp2 by
MK-571 resulted in reduced renal secretion and thus
enhanced retention in the bloodstream (Fig. 4A).
Quantitative analysis of the fluorescent signal within the
DA revealed a three- to fourfold increase in plasma con-
centrations compared with control (i.e., absence of MK-

571). Of note, in these experiments, an increase in Sulfo101
secretion was associated with the appearance of a fluores-
cent signal in the yolk next to the cloaca. This could be in-
dicative of local reabsorption of excreted Sulfo101. As
expected, inhibitors of the basolaterally expressed SLC oat
(slc22), i.e., probenecid and p-aminohippurate, did not
interfere with transport of the mrp2 substrate Sulfo101
(Fig. 4B). Likewise, transport of the mrp4 (abcc4) substrate
fluo-cAMP was inhibited by MK-571 but not by probenecid
and p-aminohippurate, leading to an up to 5.5-fold
increase in plasma concentrations (Fig. 4C). Transport of
Fluo, a substrate of both ABC transporter mrp1 and SLC
oat (slc22), was sensitive to inhibition by MK-571, probene-
cid, and p-aminohippurate (Fig. 4D). NBD-CsA, a substrate
of the P-glycoprotein analog abcb4 in ZFL, showed a statis-
tically significant sensitivity toward typical inhibitors of
human P-glycoprotein (ABCB1), namely, verapamil and
erythromycin (Fig. 4E).

Analysis of the ZFL vasculature after injection of fluores-
cent labeled substrates of proximal tubule transporters
revealed in some instances a punctuated staining pattern at
the level of the dorsal CV (Figs. 4A and 5, A and B).
Experiments in a transgenic fish line expressing mCherry in
endothelial cells [tg(kdrl:mCherry-CAAX)] revealed colocali-
zation of NBD-CsA with endothelial cells 1 hpi (Fig. 5A). Such
signals were not observed in ZFL preinjected with dextran
sulfate, a stabilin scavenger receptor inhibitor (Fig. 5B) (15).
The same was also observed for Sulfo101 but not for fluo-
cAMP. Quantitative analysis of signal intensity ratios
between the CV and DA revealed a 1.5- to 2.5-fold increased
accumulation at the level of the CV of Sulfo101 and NBD-CsA
(Fig. 5C). By preinjecting ZFL with dextran sulfate, signal
intensities led to a balanced CV-to-DA ratio of 1. Besides this,
dextran sulfate had no effect on more hydrophilic com-
pounds such as fluo-cAMP. These findings suggest inhibition
of an endocytotic process in nonprofessional phagocytotic
endothelia cells expressing the dextran sulfate-sensitive

Figure 3. Reabsorption of folate (FA) in the distal tubule.
A: FA receptor 1 (folr1)-mediated distal tubular reabsorp-
tion was studied using a FA conjugate covalently modi-
fied with polyethylene glycol (PEG; molecular weight:
2,000 Da) and the fluorescent dye FITC. B: accumulation
of in the lumen of the distal tubule 5 min postinjection of
a 72-hpf zebrafish larva (ZFL). Scale bar = 30 mm. C: con-
focal microscopy image of the tail region of a 72-hpf ZFL
1 h after intravenous injection of a fluorescent-labeled
FA-PEG2000-FITC derivative in the presence and ab-
sence of a 100-fold excess of native FA (100� FA). D:
quantitative evaluation of the dorsal artery (DA) in C.
Signal intensities (SI) were normalized to the mean of
the control (no inhibitor, 0� FA). Values are means ± SD;
n = 5. �P< 0.0001. Scale bar = 50 mm.
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scavenger receptor stabilin-1/2. It is tempting to speculate
that protein binding precedes stabilin receptor-mediated
endocytosis since stabilin-1/2 is known to mediate blood
clearance ofmacromolecules (15).

To verify the hypothesis that endocytosis of protein-
bound fluorescent small molecules gives rise to the observed
punctuated staining patterns in ZFL, a chemically reactive
fluorescent dye (TRITC-NHS), used as amine-reactive cross-
linker for protein labeling, was intravenously injected.
Indeed, a punctuated staining pattern within, for example,
the PCT was observed (Fig. 6A). Qualitative and quantitative
(Fig. 6B) evaluation of these signals revealed a threefold
reduction of intensity when TRITS-NHS was hydrolyzed
before injection. In a next step, the pronephros region was
photobleached and the signal evolution was monitored over
time. Signals reappeared after photobleaching being indica-
tive of resequestration of fluorescent-labeled species. After
photobleaching, signals reached a new maximum within 7.5
h, pointing to a very long half-life and thus persistence in the
circulation of the labeled species.

We found that indirect assessment of renal clearance of
fluorescent substrates based on their disappearance from
the central blood compartment is more reliable than a mea-
surement of their appearance within the PCT. Although
direct transporter-mediated luminal secretion into the PCT
of hydrophilic test compounds such as fluo-cAMP and fluo-
rescein (logD7.4 < 0.25) could be visualized based on their
appearance within the PCT, their lipophilic counterparts
(i.e., Sulfo101 and NBD-CsA, logD7.4 > 0.25) could not be

detected within the PCT but did accumulate within tubu-
lar epithelial cells (Fig. 6C). In these experiments, ZFL had
to be analyzed within 10 minpi of 1 nL of 2 mM working so-
lution due to rapid disappearance of fluorescent signals
(Fig. 6D).

To allow for a direct assessment of proximal tubular
secretion based on the appearance of fluorescent signals
within the tubular lumen, isolated proximal tubules of
killifish (F. heteroclitus) were used as a renal tubular trans-
port model (Fig. 7). In contrast to the pronephros of the liv-
ing ZFL, these isolated tubules are not patent but sealed
due to partial collapse during the isolation procedure.
Secreted fluorescent substrates could indeed be detected
in the tubular lumen and excretion inhibited using corre-
sponding transport inhibitors. Figure 7 shows a qualitative
assessment by confocal fluorescence microscopy of accu-
mulated transporter substrates (1 mM) within the proximal
tubular lumen in the presence and absence of a 10- to 20-
fold excess of the correlating transport inhibitor. Image
analysis allowed for a statistical assessment of specific
transporter inhibition. The remaining activity in the pres-
ence of inhibitor for the ABC transporters was 65 ± 7% for
mrp2 (abcc2) (substrate: Sulfo 101, inhibitor: MK571), 55 ±
8% for mrp4 (abcc4) (substrate: fluo-cAMP, inhibitor: MK571),
45±8% for mdr1 (abcb1) (substrate: NBD-CsA, inhibitor: vera-
pamil), and 60±9% for bcrp (abcg2) (substrate: mitoxantrone,
inhibitor: KO-143). For the SLC transporter oat (slc22), excre-
tion of fluorescein was reduced to 72± 12% in the presence of
p-aminohippurate and to 11± 15% in the presence of MK-571.

Figure 4. Proximal tubular secretion of fluorescent labeled substrates of drug transporters. A: confocal microscopy analysis of 72-h post fertilization (hpf)
zebrafish larvae (ZFL) at 1 h postinjection (hpi) of sulforhodamine 101 (Sulfo101) in the presence of increasing concentrations of the multidrug resistance-
associated protein (mrp) inhibitor MK-571 (MK). The white arrow shows the gastrointestinal tract and cloaca. Scale bar = 500 mm. Magnified sections of
the tail region vasculature are shown. Increasing signal intensity is shown from blue to red to white. Scale bar = 50 mm. B–E: quantitative analysis com-
pared with control (no inhibitor) of 72 hpf ZFL injected with the indicated transporter substrate (blue bar) and a x-fold excess of inhibitor. The signal was
quantified within the dorsal artery (DA). The inhibitors used were as follows: probenecid (Pro), p-aminohippurate (PAH), verapamil (Vera), and erythromy-
cin (Ery). Values are means ± SD; n = 5. �P< 0.05; ��P< 0.005; ���P< 0.0005; ����P< 0.0001. CV, cardinal vein; Fluo, fluorescein; NBD-CsA, NBD-cy-
closporine A.
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All values are presented as means ± SD, n = 12 and showed a
level of significance of P < 0.05 compared with control (no
inhibitor).

DISCUSSION

Anatomic structures of the developing pronephros in tele-
osts show high similarity to corresponding structures in
mammals, including humans (12, 45). This notion is sup-
ported by the observation that, for example, transcription
factors responsible for patterning the developing kidney in
zebrafish are evolutionary conserved inmammals (2, 45, 46).
With respect to renal functionality, the question arises if ZFL
can be used as a vertebrate screening model to study renal
processing of pharmaceutics. It was therefore the aim of this
study to evaluate to which degree the ZFL pronephros func-
tionality reflects the situation in higher vertebrates, includ-
ing humans.

To control chemical exposure within ZFL, all test com-
pounds were injected intravenously into the duct of Cuvier,
resulting in a bioavailability of 100%. By this approach,
potential interference by intestinal metabolism can be as
well excluded. Of note, alternative clearance mechanisms
via the liver are not considered to take place since liver asso-
ciated xenobiotic metabolism is not operational by 5 dpf (47,
48). Injection volumes in these experiments were 1–2 nL,
which corresponds to an estimated 2% of the total blood vol-
ume of a 72-hpf ZFL. Injected solutions did contain a maxi-
mum of 15% DMSO. This procedure was well tolerated by the
ZFL as demonstrated by monitoring of heart beat and viabil-
ity during the duration of control experiments (i.e., injection

of DMSO-PBS followed by 2-h monitoring). There were no
statistically significant changes in heart beat (n = 16 ZFL) and
no apparent signs of toxicity.

Of note, blood concentrations of circulating fluorophores
were measured within the DA. Signals in the CV are indica-
tive of cellular uptake by nonprofessional phagocytic cells.
This process is mediated by endothelial scavenger receptors
(e.g., stabilin-1/2), as shown in Fig. 5.

In the first series of experiments, we could confirm func-
tionality of the ZFL glomerulus at 96 hpf by the determina-
tion of a DH threshold for glomerular filtration in the range
of 4.4–7.6 nm. This is in line with studies in rats (49, 50) that
demonstrated that the majority of macromolecules are
retained within the glomerulus by small pores of a radius 4–
5 nm or negatively charged slit diaphragms of radius 6 nm.
Thus, the passage of proteins such as, for example, albumin
(human serum albumin: 69 kDa, 7- to 10-nm diameter) (51) is
restricted across these pores (52). The contribution of the glo-
merular basement membrane and its morphology toward
glomerular filtration has been previously discussed (53, 54).

Although ZFL, before reaching 96 hpf, are reported to
have size-dependent glomerular filtration (55), there are
reports indicating that slit diaphragm formation is not yet
completed at this development stage (52). Therefore, we
used in this study 96-hpf ZFL. We assume that at this stage
podocyte foot processes, endothelial cell fenestrations, and
slit diaphragms are mature and fully functional and there-
fore justify the present use of ZFL as an in vivo vertebrate
model to study renal function (24, 35).

Our experiments were carried out using fluorescent la-
beled PEG or dextran of different molecular weight, whose

Figure 5. Cellular uptake by scavenger endothelial
cells of fluorescent test compounds in 72 h postferti-
lization (hpf) zebrafish larvae (ZFL). A: accumulation
of fluorescent NBD-cyclosporine A (NBD-CsA; green
signal) 1 h postinfection (hpi) in the dorsal cardinal
vein (CV) of tg(kdrl:mcherry-CAAX) ZFL. The red
mCherry signal indicates endothelial cells. The yel-
low signal indicates colocalization. B: fluorescent sig-
nal of labeled test compounds in the tail region of
72-hpf ZFL. Experiments in the presence and ab-
sence of dextran sulfate (DXS; intravenous injection)
20 min before intravenous administration of the la-
beled compound are shown. C: signal intensity ratios
between the CV and dorsal artery (DA) as deter-
mined for NBD-CsA, sulforhodamine 101 (Sulfo101),
and fluo-cAMP. A ratio of >1 is indicative of accumu-
lation in scavenger endothelial cells of the CV. –
DXS, no inhibitor; þDXS, dextran sulfate (1 nL of 10
mg/mL). Values are means ± SD; n = 5. �P < 0.0001.
Scale bars = 50 mm.
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purity and hydrodynamic radii were determined by fluores-
cence correlation spectroscopy. Dextran and PEG are fre-
quently used as pharmaceutical excipients (56). Covalently
bound, PEG sterically stabilizes macromolecules and drug-
containing particles (56). In the systemic circulation, PEG
increases the half-life of these molecules. A few studies have
been done describing characteristics of renal clearance
based on PEG length (57). Here, our study revealed that
rather the DH of PEG and dextran polymers determines renal
filtration properties instead of molecular weights, i.e., 40-
kDa PEG is not filtrated, whereas 40-kDa dextran is rapidly
cleared. In ZFL, these results confirm previous reports on
size-selective glomerular filtration in 72-hpf ZFL (55, 58) and
96-hpf ZFL [e.g., 10- vs. 500-kDa dextran polymer (59)], albeit
we are the first who determined a clear cutoff value.

Distal tubular reabsorption was assessed based on recep-
tor-mediated transport of FA/vitamin B9 via folr1 (ZLF ana-
log of the human FOLR1 receptor) (3). FOLR1 is expressed on
the apical side of PCT cells (60) and facilitates transcytosis
(61). However, folr1 is also conserved in a wide range of verte-
brates. Recently, homolog mRNA expression of human
FOLR1 was detected in zebrafish throughout embryogenesis
in distal tubules and showed high structural homology of the
FA-binding site with vertebrates and humans. In particular,
FA-binding site 1, consisting of five amino acids, is conserved
in cows, mice, and rats (3). In our study, we used a fluores-
cent labeled FA-PEG polymer with an experimentally deter-
mined DH of 1.1 nm, which is in alignment with literature
reports of similar PEG polymers (62). The fluorescently la-
beled FA analog was retained in the ZFL circulation but was

Figure 6. Endocytosis of protein-bound TRITC-NHS in the proximal convoluted tubule (PCT) and luminal secretion of hydro- and lipophilic fluorescent
substrates. A: top: “active” indicates the PCT signal of a chemical reactive fluorescent compound (TRITC-NHS) 3 h postinjection (hpi); “inactive” indicates
TRITC-NHS injected after inactivation by hydrolysis. A,middle and bottom: photobleaching of the PCT after injection of active TRITC-NHS and shown af-
ter 3.5, 7.5, and 40 h postbleaching (hpb). The green signal indicates 80-h postfertilization (hpf) tg(wt1b:eGFP) ZFL. Scale bar = 50 mm. B: quantitative
assessment of TRITC-associated signals within the PCT (green) shown in A. Normalized SI is the PCT signal intensity compared with inactive TRITC-
NHS. C: fluorescent substrates of proximal tubular drug transporters were categorized by lipophilicity (logD7.4 < 0.25 and logD7.4 > 2). Representative
lateral projections of 72 hpf ZFL are shown to provide an alignment of hydrophilic/lipophilic classifications and the corresponding tubular signals. The
white arrow indicates the tubular lumen. Scale bars = 50 mm. D: time-dependent depletion of the fluo-cAMP signal in the lumen of the PCT. Minpi,
minutes postinjection. Scale bars = 30 mm. Values are means ± SD; n = 4. �P< 0.02; ��P< 0.002; ���P< 0.0001.
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rapidly renal excreted in presence of an excess of nonlabeled
FA. Our inhibition experiments thus demonstrate specific
and receptor-mediated distal tubular reuptake of FA by a FA
receptor-mediated process. It should be noted that the tubu-
lar system in the living ZFL is patent, i.e., urine is rapidly
expelled to the surrounding media by the continuous action
of cilia lining the inner surface of the tubules (63). It should
be noted that FA-PEG2000-FITC is present in the distal tu-
bular lumen but hardly visible in the surrounding tubular
epithelial cells. We have observed a similar phenomenon
earlier in a transendothelial transport study using a fluores-
cent-labeled IgG monoclonal antibody directed against the
rodent transferrin receptor (64). In these experiments, trans-
cellular receptor-mediated transport (i.e., transcytosis) was
demonstrated to be a highly efficient and fast process result-
ing in very low steady-state concentrations of the trans-
ported IgG within endothelial cells.

Transporter-mediated proximal tubular excretion of fluo-
rescent labeled xenobiotics was studied based on their
appearance within the PCT or, alternatively, their disappear-
ance from the central blood compartment. Criteria for the
selection of the used fluorescent substrates and nonfluores-
cent inhibitors as well as information on their selectivity and
use by other authors are shown in Table 2. The studied ABC
transporters include abcb4, mrp1 (abcc1), mrp2 (abcc2), and
mrp4 (abcc4). mRNA expression levels in ZFL determined
between 24 and 120 hpf point to homolog expression of these
transporters in teleosts and mammals, including humans, in
various organs and proximal tubules (6–8). The abcb4 trans-
porter has been described as a homolog of human p-glyco-
protein/MDR1 (9). In this study, we could demonstrate that
these transporters are fully functional in ZFL at 72 hpf and
mediate active secretion into the PCT of their respective sub-
strates. SLC [i.e., oat (slc22)] transport functionality was

confirmed using negatively charged Fluo as a substrate (34,
65). In addition, we could show in this study that fluorescein
was transported by anmrp transporter. This finding suggests
functional expression of mrp1 in zebrafish since, first, fluo-
rescein is a substrate of human MRP1 (ABCC1) (66) and, sec-
ond, mrp1 expression in zebrafish has been previously
demonstrated by genetic analysis (7). Specificity of transport
was demonstrated in these experiments using combinations
of fluorescent transporter substrates and their respective
inhibitors. Again, the appearance of fluorescent signals
within the tubular lumen was a less reliable measure com-
pared with disappearance of transporter substrates from the
central blood compartment, recorded based on fluorescent
signals present in the DA. This underlines that the proneph-
ros of ZFL is an open fluid compartment and that clearance
of drugs is a rapid process. The higher luminal accumulation
of hydrophilic substances can be explained by the fact that
hydrophilic compounds experience both saturable active as
well as dose-linear passive (glomerular filtration) clearance,
whereas most lipophilic compounds are only transported
actively (4). Furthermore, some lipophilic compounds, such
as NBD-CsA, did not reveal any luminal signals but
showed an association with renal epithelial cells instead.
Consequently, hydrophilic compounds are cleared faster
and show higher transient signals in the tubular lumen.

Although the human homolog p-glycoprotein/MDR1 (ABCB1)
gene is absent in ZFL, active secretion of lipophilic, uncharged,
or moderately basic substrates in ZFL can be compensated by
an abcb4 transporter (2, 9, 67). Furthermore, and to the best of
our knowledge, the results of our study suggest, for the first
time, functional expression of mrp1 (abcc1) in teleosts, i.e.,
zebrafish and killifish.

We cannot exclude that expression of drug transporters
outside of the pronephros may have an impact on the

Figure 7. Excretion of fluorescent model substrates in iso-
lated killifish proximal tubules in the presence or absence of
specific inhibitors. Freshly isolated proximal tubules were
incubated with fluorescent transporter substrates and ana-
lyzed by confocal microscopy. Renal secreted substrates
were detected in the lumen of isolated proximal tubules.
Left: no inhibitor. Right: incubations in the presence of fold
excess of the indicated inhibitor. Signals within the luminal
space (white arrows and dotted area) indicate tubular excre-
tion of the transported substrate. Scale bar = 50 μm.
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indirect measurements of fluorescent substrates within the
blood compartment. This can potentially lead to the accu-
mulation of fluorescent signals in specific organs and tissues
such as the brain or developing liver. However, we have not
observed such effects (e.g., Fig. 4). This can be explained by
the fact that drug transporters studied in the present work
have a protective function preventing cellular accumulation.
Of note, stabilin-mediated endocytosis by endothelia of the
CV leads to a punctuated staining pattern. This latter obser-
vation has prompted us to study elimination of circulating
compounds by pathways others than renal excretion in
greater detail.

When comparing tail images from our transporter experi-
ments, a punctuated staining pattern after injection of NBD-
CSA and Sulfo101 was observed within the CV. Experiments
with 72-hpf tg(kdrl:mCherry-CAAX) ZFL expressing mCherry
in endothelial cells revealed a colocalization of fluorescent
signals. This observation is indicative of cellular uptake of
fluorescent molecules by scavenger endothelial cells located
in the CV. Such endothelial cells with a scavenging function
can be found in various organs in teleost fish, sharks, and
lampreys (68). In mammals, they predominantly line the
liver sinusoids. In a previous study (15), we could demon-
strate stabilin-2-dependent scavenging of lipid nanoparticles
in the CV region of ZFL. In this as well as the present study,
stabilin-2-mediated clearance could be selectively blocked
by preinjection of dextran sulfate. Dextran sulfate is an in-
hibitor of stabilin-2 and related scavenger receptors. Since
stabilin-2 mediates cellular uptake of negatively charged
macromolecules or nanoparticles by a clathrin-coated pit
pathway (69), it is reasonable to assume that in our experi-
ments not the free fluorescent small molecule was recog-
nized but a protein-associated conjugate thereof. Indeed,
cyclosporine analogs are characterized by a very high pro-
tein binding of>98% (70). Sulfo101 or Texas red is used as an
astrocyte-specific marker (71). Its hydrolysis product is a
water-soluble sulfonic acid derivative, which shows reduced
adsorption to proteins. This is in line with the observation
that preincubation of Sulfo101 in serum or buffer reduces the
appearance of the punctuated staining pattern in zebrafish.
These experiments suggest that protein adducts accumulate
within endothelial cells of the CV by a stabilin-mediated
endocytotic process.

Of interest, chemically reactive TRITC-NHS (amine-reac-
tivity via N-hydroxysuccinimide) showed an additional
punctuated staining of the PCT. This finding is in line with
previous reports of PCT endocytosis of smaller 10-kDa dex-
tran-FITC conjugates (72, 73) or endocytosis and lysosomal
processing of a red fluorescent protein consisting of the
monomeric vitamin D-binding protein (1/2vdp-mCherry)
(74). Again, the punctuated staining pattern was only visible
using the chemically reactive fluorescent marker but not
when using its hydrolyzed counterpart. This and photo-
bleaching experiments suggest that long circulating protein
adducts were present in the circulation up to 40 h post-
bleaching, leading to continuous endocytosis and cellular
accumulation at the level of the PCT. It remains to be eluci-
dated by which mechanism the protein adducts are reab-
sorbed from the tubular lumen.

To confirm the conservation of transport functions in an
additional teleost species, freshly isolated and sealed tubuli

of killifish (F. heteroclitus) were used as a complementary ex
vivo transport model (12). These tubuli are characterized by
collapsed and thus sealed ends. Therefore, accumulation of
transporter substrates within a closed tubular lumen can be
monitored (18, 34). Indeed, using the same representative
inhibitors and fluorescent substrate pairs, our results in ZFL
could be confirmed. This supports that tubular transporters
are highly conserved in teleosts.

Perspectives and Significance

The ZFL is an attractive in vivo vertebrate model that is
extensively used, for instance, in toxicological, pharmaco-
logical, and nanomedicine research (16, 58). Our study
revealed that ZFL at 96 hpf have a fully functional pro-
nephros. Glomerular filtration is characterized by a cutoff
similar to that of higher vertebrates. Small-molecule sub-
strates of ABC and SLC transporters are actively secreted
at the level of the proximal tubule. Receptor-mediated
endocytosis by the FA receptor could be demonstrated for
the distal tubule. The here-proposed protocol uses intra-
venous injections (allowing for a precise dosing and
defined exposure of the ZFL) in combination with fluores-
cent reference compounds to study renal function in 3- to
4-dpf larvae. If transport experiments are carried out
using calibrated amounts of transport substrates dose-de-
pendent kinetic effects can be monitored. During such
experiments, additional information can be obtained with
respect to the tolerability, circulation behavior, extravasa-
tion, cellular interaction, and tissue accumulation of test
compounds in vivo. The ZFL model provides a higher
throughput compared with alternative screening models
in vertebrates. It can therefore be considered to be a cost-
effective and attractive translational tool to bridge the gap
between cell culture-based test systems and pharmacoki-
netic experiments in higher vertebrates such as rodents.
We propose that this model can be used as a screening
model to identify interactions of unknown test com-
pounds with renal transport based on their interactions
with coinjected fluorescent markers.
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Abstract

Nephrotoxicity is an important drug safety aspect to be assessed during drug discovery

and development. To study renal toxicity, in vitro cell-based assays are often used. Unfortu-

nately, translating the results of such cell assays to vertebrates including human remains

challenging. Therefore, we aim to evaluate whether zebrafish larvae (ZFL) could serve as

a vertebrate screening model to detect gentamicin-induced changes of kidney glomeruli

and proximal tubules. To validate the model, we compared the results of ZFL with those

obtained from kidney biopsies of gentamicin-treated mice. We used transgenic zebrafish

lines expressing enhanced green fluorescent proteins in the glomerulus to visualize glomer-

ular damage. Synchrotron radiation-based computed tomography (SRμCT) is a label-free

approach providing three-dimensional representations of renal structures with micrometre

resolution. Clinically used gentamicin concentrations induce nephrotoxicity and affect glo-

merular and proximal tubular morphology. Findings were confirmed in mice and ZFL. There

was a strong correlation between fluorescent signals in ZFL, SRμCT- derived descriptors

of glomerular and proximal tubular morphology and the histological analysis of mouse kid-

ney biopsies. A combination of SRμCT and confocal microscopy provides unprecedented

insights into anatomical structures of the zebrafish kidney. Based on our findings, we sug-

gest to use ZFL as a predictive vertebrate screening model to study drug-induced nephro-

toxicity and to bridge the gap between cell culture-based test systems and experiments in

mammals.

Introduction

The kidney is an essential excreting organ. Renal function comprises glomerular filtration,

tubular excretion, and tubular reabsorption. Thereby, certain xenobiotics accumulate within

the kidney and may cause nephrotoxicity at the vascular, glomerular, or tubular level. Exam-

ples of such nephrotoxic compounds include aminoglycosides, heavy metals, and antiviral
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agents [1]. In clinical settings, therapies with potentially nephrotoxic drugs need to be moni-

tored, and doses have to be adjusted in the case of renal impairment. For instance, nephrotoxic

side effects are common in patients treated with the antibiotic drug gentamicin. In 50% of

patients, signs of nephrotoxicity can be detected after 14 days of drug therapy [2, 3]. Gentami-

cin-induced nephrotoxicity is thus clinically relevant and was described as a class effect of

aminoglycosides leading to acute kidney injury [4]. The toxic effect is associated with recep-

tor-mediated accumulation in renal epithelial cells by megalin/ cubulin [5, 6].

The problem of potential nephrotoxic side effects of drugs should be addressed during the

early phases of preclinical development. Usually, in vitro cell-based assays are standard meth-

ods for safety and toxicity assessments [7]. They are cost-effective and provide mechanistic

insights. However, in vitro assays do not cover certain renal functions, such as glomerular

filtration [7, 8]. Therefore, findings must be confirmed in living organisms, which is a

demanding task. Here, various challenges have to be addressed. Animal experiments are time-

consuming, involve substantial costs and rely on in vivo experimentation with higher and

more complex vertebrates, such as rats and mice. There is an urgent and unmet need to

reduce, replace, and refine animal models (as described in the 3R principles) and establish

animal-reducing (screening) in vivo test systems.

Previously we demonstrated that zebrafish larvae (ZFL) between two and four days post-

fertilization (dpf) can be used as a predictive vertebrate in vivo screening model for nanomedi-

cine [9]. ZFL are transparent, have a short generation time, and have the regulatory status of

cell culture models up to 120 hours’ post-fertilization (hpf). They are widely used in develop-

mental biology, toxicology, and pharmacology [10, 11] including nephrotoxicology [12, 13].

Intravenous (i.v.) administration of fluorescent substances allows for studying the pharmaco-

kinetics and tissue distribution of test compounds [8, 14]. Semiquantitative assessment of sys-

temic circulation and extravasation of intravenously injected drug formulations [14, 15] allows

for extrapolation to higher vertebrates including rodents.

Previously, we could demonstrate that 3-to-4-day-old ZFL has fully developed renal func-

tions [8]. The teleost pronephron shares high similarities with the function and anatomy of the

vertebrate kidney [16, 17]. Indeed, ZFL were used to study aspects of nephrotoxicity on cellular

and glomerular levels [12, 18, 19].

Nevertheless, it is still unclear how nephrotoxins affect excreting organs of the ZFL,

especially with respect to the morphology of the pronephron. Therefore, the present study

aimed to clarify whether ZFL can be used as a model for the morphological characteriza-

tion of kidneys exposed to toxic drugs and for the extrapolation of such results to higher

vertebrates.

For this study, gentamicin sulphate, a well-established nephrotoxic antibiotic drug, was

chosen as a model compound to induce acute toxicity in proximal tubules [20]. Several studies

in ZFL have demonstrated functional impairment of glomerular filtration upon gentamicin

treatment [19, 21]. These results correlate with clinical findings [22]. We, therefore, treated

ZFL with nephrotoxic concentrations of gentamicin and used a transgenic zebrafish reporter

line that expresses enhanced green fluorescent protein (eGFP) in the glomerulus/proximal

convoluted tubule cells [23]. Glomerular impairment was visualized by confocal microscopy.

SRμCT [24–27] was used for three-dimensional visualization of ZFL and mouse kidney biop-

sies and the semiquantitative evaluation of morphological changes. By SRμCT, a label-free

visualization of anatomical structure can be achieved [24], in our case, at 0.65 μm pixel size.

A scheme of workflow and methods is provided in Fig 1. To our knowledge, SRμCT was not

used previously to assess renal damage. We, therefore, used drug-treated zebrafish larvae

and animals to visualize and quantify structural alterations of the kidney after exposure to the

nephrotoxin gentamicin.
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Materials and methods

Animals

Five- to six-week-old C57BL/6JRj mice were purchased from Janvier Laboratories (France).

The animals were housed in pathogen-free conditions at the animal facility of the Department

of Biomedicine of the University Hospital Basel. All methods used on the animals were chosen

to minimize pain. In addition, animals were monitored daily during gentamicin treatment

using a score sheet. Zebrafish husbandry and intravenous injections were done as described

[8]. Animal and zebrafish experiments were carried out in accordance with Swiss animal

welfare regulations. They were approved by regulatory authorities of the Canton Basel Stadt

(License 2755_29404 for mice/ 1027H, 1014HE2, 1014G for zebrafish studies).

Materials

Gentamicin sulfate (725 g/mol) was purchased from Biowest (Nuaillé, France). Agarose,

1-phenyl-2-thiourea (PTU) and ethyl-3-aminobenzoate methanesulfonate (MS-222, tricaine)

were purchased from Sigma-Aldrich (Buchs, Switzerland). The transgenic (Tg) wt1b:eGFP

Fig 1. Analytical technologies, workflow, and outcome. Summary of employed imaging strategies to study toxic effects using zebrafish pronephros

and mouse kidney biopsies. Methods include confocal laser scanning microscopy, synchrotron radiation-based computed tomography (SRμCT), and

semiquantitative image analysis of H&E/PAS stained histology slides.

https://doi.org/10.1371/journal.pone.0284562.g001
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ZFL line expressing enhanced green fluorescent protein (eGFP) in the glomerulus and parts

of sthe PCT were kindly provided by Prof. Dr. Schiffer from the University of Erlangen in Ger-

many [23].

Intravenous injections and imaging of zebrafish larvae

Regarding terminology, we follow the life stage definitions established by Kimmel et al. [28],

which defines >72 hpf old zebrafish as "larvae". In brief, eggs from adult zebrafish were col-

lected from different parents 0.5–1 hpf and kept at a temperature of 28˚C in zebrafish culture

media [29].

The number of larvae in a 25-mL dish did not exceed 100. The formation of pigment cells

was suppressed by adding 30 μg/ml 1-phenyl-2-thiourea (PTU) to the media. 72 and 96 hpf

hatched ZFL were embedded in 0.3% agar containing PTU and tricaine (0.01%). Experiments

were carried out at room temperature. Randomly chosen larvae were injected with a calibrated

volume of 1 nL of 14.4, 21 and 42 mM stock solutions of gentamicin sulfate into the cardinal

vein (CV) above the heart. Injected sample volume was verified by calibration measurements

using a reticle mounted on a Leica SAPO binocular eyepiece. For intravenous injections, a

micromanipulator (Wagner Instrumentenbau, Schöffengrund, Germany), a pneumatic

Pico Pump PV830 (World Precision Instruments, Sarasota, FL, US), and a Leica SAPO micro-

scope (Leica, Wetzlar, Germany) were applied. Larvae were immobilized in agar and laid on

their back for imaging. The kidney region was imaged 24 hours post-injection (hpi) using an

Olympus FV3000 inverted confocal laser scanning microscope (Olympus Ltd., Tokyo Japan)

equipped with a 30X UPIanSApo (numerical aperture of 1.05) objective. Confocal images

were acquired using a sequential line scan, an excitation wavelength of 488 nm (argon laser)

and emission wavelengths of 500 to 540 nm.

Signal intensity quantification and post-processing of images

Confocal microscopy images were analyzed and edited using the open-source OMERO soft-

ware (version 5.4.10, https://www.openmicroscopy.org/omero/) as an image-processing pro-

gram. Signal intensities (SI) in distinct organs were quantified using the open-source Fiji

image analysis software (version 2.1.0/1.53c, https://imagej.net/software/fiji/) as described [8].

Controls and corresponding treatment groups were analyzed during the same experiment and

using the same laser and microscopy settings. A self-written FiJi script allowed for the auto-

matic quantification of SI based on maximum intensity projections using a selected threshold.

SI are presented as fold-change normalized to the mean of the PBS-treated control. Tubular

dilatation was scored semi-quantitatively by a blinded observer who evaluated PAS-stained

sections of nine microscopy images of three control and three treated mice. At least 20 PCT

were examined at 40x magnification.

Sample processing for microtomography experiments

ZFL were processed for microtomography experiments as described [24]. In brief, ZFL were

euthanized with tricaine methanesulfonate and fixed for one hour in 4% paraformaldehyde

(PFA). Fixed specimens were dehydrated using ethanol at increasing concentrations (25%,

50%, 70%, and�99.8%) for 15 min each under gentle agitation and stored at a temperature of

4˚C. Larvae fixed in ethanol were transferred into plastic pipette tips filled with ethanol shortly

before imaging and mounted on a sample holder for imaging.

Kidney tissue samples were obtained from mice treated intraperitoneally with gentamicin

at 150–170 mg/kg body weight daily for ten days. The saline-treated animals were used as con-

trol animals. After 14 days, mice were euthanized by intraperitoneal injection of 150 mg/kg
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pentobarbital, perfused transcardially with phosphate-buffered saline (PBS), and the kidneys

were isolated. For histology examination, the right kidney was cut in half, fixed in 4% ice-cold

PFA for 40 hours, washed with PBS, and transferred to 70% ethanol. For microtomography

measurements, the left kidney was immediately put on dry ice after extraction, followed by

-80˚C freezing. Needle biopsies were prepared by punching small cylindrical samples from

frozen tissue using a G18 injection needle. They were immediately transferred to ice-cold 4%

PFA for half an hour. Biopsies were washed three times with ethanol, stored in >99% ethanol,

and then mounted on a microtomography sample holder.

Histology of mice kidney biopsies

Kidneys were paraffinized using a tissue processor and a tissue embedding station (TPC15,

Medite Medical GmbH, Burgdorf, Germany). In brief, 3 μm paraffin tissue slices were pre-

pared using a Thermo Scientific rotary microtome (Waltham, MA, US) and mounted on thin

glass slides (Menzel, Braunschweig, Germany). Histological slices were stained with hematoxy-

lin and eosin (H&E) or periodic acid-Schiff stain (PAS) performed by a Gemini AS automated

stainer (Epredia, Portsmouth, NH, US). Stained slices were imaged using a laser microscope

(Olympus Ltd., Tokyo, Japan) equipped with a 40X UPIanSApo (numerical aperture of 1.05)

objective. To quantify the glomerular area, samples were blinded to limit the biased interpreta-

tion of treatment and were analyzed by up to three operators. Thirty glomeruli per mouse

were visually examined. The ratio between the mean glomerulus area and the mean glomeru-

lus area occupied by cells was determined based on manual segmentation using a Wacom

Intuos pen tablet (Wacom, Kazo, Japan) and Fiji software for quantification.

Synchrotron radiation-based microtomography analysis

Synchrotron radiation-based computed tomography (SRμCT) was performed at the ANATO-

MIX beamline of Synchrotron SOLEIL (Saint-Aubin, France) [30]. The undulator X-ray

source was set to a magnetic gap of 8.3 mm. A 10 μm Au filter was implemented to obtain a

filtered white beam with a mean photon energy of around 17 keV. The detector was placed 50

mm downstream of the sample to allow for propagation-based phase contrast. Projections

were recorded with an effective pixel size of 0.65 μm. The detector consisted of a 20 μm LuAG

scintillator coupled via a 10× objective to a scientific CMOS camera (Hamamatsu Orca Flash

4.0 V2, 2048×2048 pixels, 6.5 μm physical pixel size) [31]. An exposure time of 50 ms was

selected, providing an average detector signal of approximately 30,000 analog-digital units

(ADU) in the flat field. For tomographic imaging, 4,000 projections were recorded over 180˚

in flyscan mode. Each height step covered a cylindrical volume with 1.3 mm diameter and 1.3

mm height and required a scan time of approximately 3.5 minutes. Depending on alignment,

one or two height steps were needed to image the whole zebrafish larva.

Tomographic reconstruction was performed using the software pipeline and computational

resources available at the ANATOMIX beamline, which uses the PyHST2 software (ESRF,

Grenoble, France) for the filtered backprojection step. Prior to reconstruction, projections

were phase-retrieved using Paganin’s filter [32] with a kernel length of 15 μm [33]. A double

flat-field correction was applied to suppress ring artefacts [33].

Three-dimensional rendering and segmentation

The lumen of proximal tubules of ZFL and glomeruli of mouse biopsies were manually seg-

mented using Amira software (Version 6.2.0, ThermoFisher, Massachusetts, US). The seg-

mented volume was subsequently analyzed in Matlab (release R2020a, The MathWorks Inc.,

Natick, US). Tubules of treated ZFL were compared by extracting their centerlines via medial
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axis transformation. The medial axis consists of all points which have more than one closest

point on the object’s boundary. It was extracted with the Matlab function "bwskel". The tubules

were aligned based on the manually identified turning point (TP) and the geodesic distance

along the centerline. The geodesic distance was determined by reducing the three-dimensional

centerline coordinates to one dimension via the Isomap mapping software provided by van

der Maaten et al. [34]. The length, as well as spatially-resolved diameters, cross-section areas,

and SI of the areas, were calculated for each centerline and summarized.

Statistical analysis

Statistical analysis was performed with GraphPad Prism Version 8.0.2 (GraphPad Software,

San Diego, CA) using one-way analysis of variance (ANOVA) followed by Dunnett’s multi-

comparison tests or unpaired two-tailed t-test analysis for direct comparisons. Where appro-

priate, individual data points are presented as dot plots next to the group’s average and stan-

dard deviation (SD). The number of individual ZFL and mice is indicated as (n). The statistical

significance of the difference against the control population was evaluated at the 0.05 and

0.001 probability level and marked by asterisks. Data are shown as a box-and-whisker plot

indicating the datasets’ minimum, maximum, median, first quartile, and third quartile.

Results

The zebrafish larvae’s kidney formation is illustrated in Fig 2A. The pronephros consist of two

renal tubules that are glomerular fused ventral to the dorsal aorta at the larvae’s midline [16].

The pronephros can be divided into three functional units (Fig 2A). First, the blood is filtered

within the glomerulus (GL). The filtrate is collected within the proximal tubules (PT) and

drained through the distal tubules (DT) to the cloaca. The anatomy and morphology of the

upper renal system of the ZFL can be visualized using transgenic lines expressing eGFP in the

glomerulus and parts of the PT, e.g. Tg(wt1b:eGFP). Confocal laser scanning microscopy

allows for the three-dimensional imaging of the glomerulus, marked in Fig 2B by a white dot-

ted quadrant. A confocal laser scanning microscope was used for dorsal imaging. This allows

for the quantitative determination of SI and three-dimensional volume calculations of the glo-

merulus. Results show a steady monotonic decrease in SI of eGFP in the transgenic lines as the

concentrations of the injected gentamicin are increased (Fig 2C). The intensity decrease is sta-

tistically significant at the 0.001 level for the tested gentamicin concentrations. The volume of

the glomerulus, calculated based on thresholding the eGFP signal, is not significantly changed

for injected concentrations up to 1 nL of 21 mM gentamicin. However, for the highest injected

concentration (1 nL of 42 mM), we observed a statistically significant decrease at the 0.05 level

of the glomerulus volume.

In Tg(wt1b:eGFP) ZFL, eGFP expression is limited to the glomerulus and the proximal

tubules. To analyze the tubular system more completely, we used SRμCT with voxels of

(0.65 μm)3 (Fig 3). As observed, fixation of the samples with PFA was necessary to avoid the

formation of gas bubbles in aqueous buffers upon X-ray irradiation. Fig 3A shows two stacked

tomograms of control and treated ZFL (1 nL of 42 mM gentamicin injected, 24 h incubation).

Applying Paganin’s filter, body surfaces and inner organs can be visually inspected after 3D

surface rendering. Gentamicin-treated ZFL shows malformations, i.e. a pronounced body cur-

vature. A prominent feature is the enlarged pericardial sac, indicative of cardiac edema caused

by acute kidney injury (Fig 3B).

Virtual slices of the processed data through sagittal (XZ), traverse (YZ) and coronal (XY)

planes allow for the manual localization of the renal tubules. Representative images are shown

in Fig 4. The latter has a weak SI and is easily identifiable. Renal epithelial cells have diverse SI,
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Fig 2. Gentamicin-induced damage to the pronephros in 96 hpf Tg(wt1b:eGFP) ZFL. (A) Schematic representation of renal pronephros in

96 hpf ZFL. GL: glomerulus, PT: proximal convoluted and straight tubule, DT: distal early and late tubule. Pronephros are fused together at

the midline above the yolk and heart. Transgenic expression of eGFP leads to a fluorescent signal (green) in the glomerulus and upper parts of

the tubules. (B) 72 hpf Tg(wt1b:eGFP) ZFL were injected with 1 nL of 14.4 mM to 42 mM gentamicin. Representative images of maximum

projections. The color-coded heat map indicates SI, e.g. white correlates to high SI values and black to weak SI. Scale bar: 25 μm. Gent:

gentamicin. (C) Relative SI and relative volume of the glomerulus (panel B, white dotted rectangle) as compared to normalized control is

shown using a box-and-whisker plot, n� 10 ZFL. *p< 0.001, **p < 0.05.

https://doi.org/10.1371/journal.pone.0284562.g002
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such as cell nuclei (white), cell membranes (dark grey) and cytosols (black). Comparing renal

tubules of the gentamicin treated with control ZFL, a clear enlargement of the tubular lumina

in the PT region was observed.

To quantify aberrations in the morphology of proximal tubules of gentamicin-treated ZFL,

renal tubules were manually segmented in two dimensions (XY and YZ), and diameters along

Fig 3. Synchrotron radiation-based computed tomography (SRμCT) of control and gentamicin-treated ZFL. (A)

3D renderings of 96 hpf ZFL at 24 hpi of 1 nL of control buffer (left panels) or 1 nL of 42 mM gentamicin (right panels)

with sagittal cuts. Pixel size: 0.65 μm. Anatomical structures: 1 = eye lens, 2 = mouth, 3 = muscle tissues, 4 = optical

nerve, 5 = otoliths, 6 = liver, 7 = notochord, 8 = hindbrain, 9 = midbrain, 10 = frontbrain, 11 = intestine, 12 = heart. (B)

Representative virtual slices through the heart chambers (yellow reticle) of control (left) and 1 nL of 42 mM gentamicin

(right) treated ZFL. Scale bar: 100 μm.

https://doi.org/10.1371/journal.pone.0284562.g003
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the centerline were determined. A representative 3D rendering of control and treated renal

tubules is shown in Fig 5. Confirming observations from the virtual slices in Fig 4, the shape

and thickness of the volume of control and treated tubules differ in both a lateral (Fig 5A) and

ventral (Fig 5B) view. Based on a three-dimensional segmentation and evaluation, the thick-

ness of renal lumina (Fig 5C) can be represented using a color-coded map. Red indicates

enlarged diameters of the luminal space (6 μm), which was observed in gentamicin-treated

animals only. Analysis of eight treated and four control ZFL showed no difference in the length

of the segmented tubules (Fig 5D) but a statistically significant 1.75-fold increase in diameter

(Fig 5E and S1 Fig). Differences in the entire volume are not statistically significant (Fig 5F).

To quantify the extent of tubular damage in distinct tubule sections, the segmented proxi-

mal tubule was manually divided into PCT and proximal straight tubules (PST), as shown in

Fig 6A. Furthermore, the centerline along the tubules was projected onto a coordinate system

Fig 4. Microtomography-based visualization of the ZFL pronephros. (A) Orthogonal sections from the 4 dpf ZFL through the microtomography

volume of PBS (control) and treated with 1 nL of 42 mM gentamicin (24 hour incubation). Yellow lines show the position of the virtual slices, which

intersect at the reticle point located in the luminal space. Luminal space is outlined in red, renal epithelial cells are in yellow. Schematic illustrations

indicate the cutting planes. Scale bar: 100 μm.

https://doi.org/10.1371/journal.pone.0284562.g004
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(Fig 6B). The turning point (TP) was defined as zero. The distance between TP and the glo-

merulus (neck) is approximately 100 μm essentially in the x-direction, whereas the last seg-

mentable lumen of the nephros is located around 300 μm with an overall orientation in the y-

direction. The area along the center line was plotted for control and gentamicin-treated ZFL.

Semiquantitative analysis of distinct regions (–75 μm to 175 μm) reveals a significant increase

in the tubular lumen of gentamicin ZFL in the PCT but not in the PST.

In a next step, extracted mouse kidneys were subjected to histology and SRμCT analyses

(Fig 7). In contrast to ZFL, the mouse kidney cortex contains a multitude of nephrons (i.e.

glomeruli and renal tubules). Histological examination of periodic acid-Schiff (PAS) stained

Fig 5. SRμCT-based reconstruction and quantification of ZFL proximal tubules. Rendered proximal renal tubules of control and gentamicin-treated

ZFL (1 nL of 42 mM gentamicin, analysis 24 hpi) are shown in (A) lateral and (B) ventral projection. (C) Color-coded heat map, with values at the

centerline corresponding to the diameter of the luminal area (blue: 0 μm; dark red: 6 μm) of tubules shown in B. (D, E, F) Semiquantitative analysis of

length, diameter, and volume of treated ZFL tubules (n = 8) in terms of fold change as compared to the mean of control ZFL tubules (n = 4). Box plots

are shown. *p< 0.05. ns: p> 0.05.

https://doi.org/10.1371/journal.pone.0284562.g005
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3 μm-thin tissue sections reveals distinct differences between control and treated animals.

Compared to the control, gentamicin-treated kidney biopsies show enlarged PCT lumina,

whereas DT are unaffected. More detailed studies focusing on glomeruli are depicted in Fig

7B. Hematoxylin and eosin (H&E) stained kidney sections reveal a homogenous arrangement

of mesangial cells (Me) and their Nuclei (Nu) in control animals. The basal membrane (BM) is

visible and present, and the Bowman’s space (BS) is narrow and uncolored.

In comparison, kidney sections from gentamicin-treated mice show a heterogeneous pat-

tern (Fig 7C right panel). It has an enlarged BS, and the BM is hardly present. Further, cellular

waste and debris are located within the glomerular space.

For semiquantitative analysis, histology images of 30 glomeruli of three mice from each

treatment group were compared (Fig 7B) and further evaluated. 75% of analyzed PCT of gen-

tamicin-treated mice showed tubular dilatation compared to 13% of the control group (Fig 7C,

left panel). The ratio of the glomerulus area divided by the cellular area of the same glomerulus

shows a significant 1.2-fold increase (p<0.01) in the gentamicin group (Fig 7C, right panel).

The mean glomerular area of the control group was (3 337 ± 322) μm2, and the corresponding

area of the gentamicin group was (3 524 ± 295) μm2 (ns). The mean cellular area of the control

group was (2 866 ± 321) μm2 vs (2 565 ± 226) μm2 (ns) of the gentamicin group. The morpho-

logical changes observed using SRμCT to obtain 3D representations of glomeruli are similar

to 2D analysis, but the volumes are statistically significant (p<0.01). Two representative, seg-

mented glomeruli are shown colored in red (Bowman’s space) and green (mesangial cells of

the glomerulus). Next, the quantitative analysis of five glomeruli from three control and three

treated mice was performed (Fig 7E). Gentamicin leads to a 1.4-fold increase in the ratio of

the glomerular to cellular volume. Thus, using this alternative imaging method, we could

Fig 6. Localization of gentamicin-induced tubular damage. (A) Rendered renal tubules are divided into PCT and PST. Distances to the turning point

(TP, defined as zero) are indicated in the direction of the glomerulus (negative values) and towards the cloaca (positive values). (B) The plot of tubule

cross-section area against distance from TP. Gentamicin treatment: 1 nL of 42 mM gentamicin, analysis 24 hpi injection. Symbols: mean cross-sectional

area, color coded with respect to significant differences between control (n = 4) and gentamicin (n = 8) treated ZFL. Green symbols: p> 0.05. Red

symbols: p< 0.05.

https://doi.org/10.1371/journal.pone.0284562.g006
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demonstrate that the glomerular volume is significantly (p< 0.01) elevated in the gentamicin-

treated group (81 083 μm3 ± 19 479 μm3 vs 25 379 μm3 ± 7 756 μm3). In contrast, the cellular

volume is not significantly (p = 0.09) reduced compared to the control group (121 265 μm3 ±
15 682 μm3 vs 131 994 μm3 ± 22 455 μm3).

Fig 7. 2D and 3D assessment of kidney damage in gentamicin-treated mice. (A) Representative PAS-stained histology slices (3 μm) from a kidney

biopsy of a control and a gentamicin-treated mouse. Gentamicin treatment: daily i.p. injections for ten days of 150 mg gentamicin. Glomerulus = GL,

proximal convoluted tubules = PCT, distal tubules = DT. (B) Representative images of an H&E stained 3 μm histological slice of a glomerulus of control

and a gentamicin-treated mouse. Mesangial cells = Me, Nuclei = Nu, basal membrane = BM, basal space = BS. (C) Semiquantitative analysis of % of

PCT showing tubular dilatation and the ratio of glomerular to cellular area normalized to the mean of the control. 180 PCT of three mice (control or

treated) and 30 glomeruli of six mice (control or treated) were analyzed, respectively. (D) SRμCT analysis and visualization of a representative 3D

rendered glomerulus of a control and a gentamicin-treated mouse. Mesangial cells are labelled in green, and Bowman’s space in red. (E) SRμCT-based

analysis of the ratio of glomerular to cellular volume as compared to the mean of the control. Box plots are shown of five manually segmented glomeruli

of three mice each. *p< 0.01. Scale bar: 25 μm.

https://doi.org/10.1371/journal.pone.0284562.g007
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Discussion

Xenobiotics such as the aminoglycoside antibiotic gentamicin accumulate within renal tissue

during their elimination and cause nephrotoxicity. We used in the present study ZFL as a

vertebrate model to assess the impact of gentamicin on kidney morphology. Findings were

compared to results from SRμCT of kidney biopsies of gentamicin-treated mice. We could

demonstrate that extrapolation of findings in ZFL to rodents is possible thus confirming simi-

larity of anatomical and functional structures of the developing pronephros of ZFL and corre-

sponding structures in mammals, including humans [16, 35].

Zebrafish larvae offer the possibility to inject a defined dose into the bloodstream using an

appropriate injection platform. Hereby, an initial concentration is known, and blood concen-

tration follows a kinetic profile as done with other in vivo (vertebrate) studies. Bathing zebra-

fish larvae in a toxin solution is an easier approach but lacks information about initial blood

concentrations. Therefore, we believe that i.v. injection of nephrotoxins into zebrafish larvae

is the better and more vertebrate-relevant approach for nephrotoxicity studies. This approach

was also confirmed in other literature reports using zebrafish larvae in nephrology [12, 36].

The concentration used for zebrafish studies in this study was chosen based on clinical rele-

vant plasma concentrations in the range of 2 to 20 μM gentamicin, daily doses for seven to ten

days [37, 38]. For serious bacterial infections, a longer course of therapy might be necessary.

With respect to zebrafish, the model drug was intravenously injected into the cardinal vein

using an injection volume of 1 nL, corresponding to approximately 0.8% of the total blood vol-

ume of a 96 hpf ZFL [8]. This was a prerequisite to obtain defined exposure of ZFL towards

gentamicin and to avoid potential interference with intestinal metabolism. Trough to peak

plasma concentrations reached in our study (single bolus injection) are therefore estimated to

cover a range of 12 to 350 μM gentamicin.

Using a transgenic zebrafish line expressing eGFP in the glomerulus and parts of proximal

renal tubules under the wt1b promoter [23], mean SI in the glomerulus was assessed 24 hours

post gentamicin injection. A concentration-dependent SI decrease indicated a cytotoxic effect

interfering with eGFP expression. These findings are in agreement with previous studies using

wild-type ZFL at three dpf [21]. Functional assays using FITC-DX 70 kDa showed that genta-

micin-induced nephrotoxicity lead to impaired glomerular filtration resulting in an acute kid-

ney injury with loss of cell polarity of proximal tubules [12, 18]. Exposure towards different

types of nephrotoxins led to impaired kidney function (e.g., reduced clearance of FITC-dex-

tran) and upregulation of kidney injury marker genes [21]. It should be noted that a decrease

in the fluorescent SI of a marker protein is not necessarily indicative of renal damage. We

therefore used synchrotron radiation-based microtomography with a pixel size of 0.65 μm to

visualize morphological aberrations of renal tubules. It was thus possible to study unstained

organs, including renal tubules and the changes in the morphology of the heart. In contrast to

previous studies using a mean photon energy of 10.5 keV [24], the central photon energy used

in this study was higher, at around 17 keV. However, this did not offer additional advantages

as images were of similar quality. It is tempting to speculate that recent laboratory-based

tomography instruments providing phase-contrast capabilities, liquid metal X-ray source tech-

nology, and X-ray detector optics may provide a spatial and density resolution comparable to

the present study [25]. This will provide opportunities for a broader applicability of the pre-

sented tomography-based approach, although at the expense of longer acquisition times.

The toxic effect of gentamicin caused impairment of larval development in general, leading

to body curvature and cardiac edema [18], in addition to renal impairment. This finding is

similar to previous studies using the same transgenic line to assess drug-induced kidney mal-

formation and other toxicants [39, 40]. The pronephric kidney of the ZFL is located caudal of
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the head and above the yolk. The glomerulus is located above the heart. The microtomography

cross sections easily reveal the pronephros since it is a pair-wise organ with a low x-ray absorb-

ing fluid-filled luminal space surrounded by a high x-ray absorbing cell layer.

In contrast, the segmentation of PCT tubules with a diameter of two to 30 pixels from the

surrounding tissue was a challenge. We had to rely on manual segmentation, since automated

procedures using dedicated software tools were not applicable. Consequently, we focused on

determining volumetric parameters (e.g., tubule diameter, length, area, and volume). This

approach allows for a label-free microtomography imaging of organ-specific morphological

aberrations caused by nephrotoxin in ZFL. Thus, in contrast to previous studies, no density-

based labelling strategies using density-rich elements such as zinc, iron and copper [41] were

employed.

This study used SRμCT analysis to visualize and analyze the pronephros of ZFL. Glomeruli

were not segmented, since mesangial cells are densely packed within Bowman’s capsule.

Therefore, no separation of cell layers was possible. In mice, renal tubules were analyzed using

2D tissue sections. This was sufficient to allow for rapid and precise evaluation of tubular

toxicity.

There is a strong correlation between findings in the ZFL and rodents. In agreement with

ZFL findings, histology sections of H&A/PAS-stained mouse renal biopsies revealed gentami-

cin-induced damage of glomeruli and an increase of the lumen of proximal tubules. This

correlated with findings in the rat [42–44] and was corroborated by three-dimensional recon-

struction of murine glomeruli based on SRμCT analysis. It is noteworthy that 3D image recon-

struction allowed for a visualization of the whole glomerulus, which is superior to the analysis

of histology sections due to the asymmetric distribution of collapsed apoptotic cells and

capillaries within the damaged glomerulus [45]. Functional studies in gentamicin-treated mice

confirms renal impairment by elevated kidney function biomarkers, such as serum creatinine,

blood urea nitrogen and urea together with increased cytokine levels, such as interleukin-6

and tumor necrosis factor-alpha (TNF-α) [46, 47].

Conclusion and outlook

ZFL is a useful in vivo vertebrate screening model that is frequently used in pharmacological,

toxicological and nanomedicine research [9, 21]. The study using gentamicin as a model

nephrotoxin reveals a similarity between morphological aberrations in ZFL and rodent kidney.

Glomerular and proximal tubular damage can be visualized by confocal microscopy using the

Tg(wt1b:eGFP) fish line that expresses GFP in the glomerulus and parts of the PCT. Alterna-

tively, label-free SRμCT-based tissue analysis can be employed. We, therefore, propose ZFL

as a translational model to assist in the extrapolation from cell-culture-based test systems to

mammals. The approach is cost-effective, in agreement with 3R principles of animal welfare,

and could therefore be of interest for identifying potential nephrotoxins in drug discovery.
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11. Ellertsdóttir E, Lenard A, Blum Y, Krudewig A, Herwig L, Affolter M, et al. Vascular morphogenesis in

the zebrafish embryo. Dev Biol. 2010; 341: 56–65. https://doi.org/10.1016/j.ydbio.2009.10.035 PMID:

19895803

12. Cosentino CC, Roman BL, Drummond IA, Hukriede NA. Intravenous Microinjections of Zebrafish Larvae

to Study Acute Kidney Injury. JoVE J Vis Exp. 2010; e2079. https://doi.org/10.3791/2079 PMID: 20729805

13. McKee RA, Wingert RA. Zebrafish Renal Pathology: Emerging Models of Acute Kidney Injury. Curr

Pathobiol Rep. 2015; 3: 171–181. https://doi.org/10.1007/s40139-015-0082-2 PMID: 25973344

14. Sieber S, Grossen P, Detampel P, Siegfried S, Witzigmann D, Huwyler J. Zebrafish as an early stage

screening tool to study the systemic circulation of nanoparticulate drug delivery systems in vivo. J Con-

trolled Release. 2017; 264: 180–191. https://doi.org/10.1016/j.jconrel.2017.08.023 PMID: 28851572

15. Campbell F, Bos FL, Sieber S, Arias-Alpizar G, Koch BE, Huwyler J, et al. Directing Nanoparticle Biodis-

tribution through Evasion and Exploitation of Stab2-Dependent Nanoparticle Uptake. ACS Nano. 2018;

12: 2138–2150. https://doi.org/10.1021/acsnano.7b06995 PMID: 29320626

16. Drummond IA, Davidson AJ. Chapter 9—Zebrafish Kidney Development. In: Detrich HW, Westerfield

M, Zon LI, editors. Methods in Cell Biology. Academic Press; 2010. pp. 233–260.

17. Drummond I. Making a zebrafish kidney: a tale of two tubes. Trends Cell Biol. 2003; 13: 357–365.

https://doi.org/10.1016/s0962-8924(03)00124-7 PMID: 12837606

18. Hentschel DM, Mengel M, Boehme L, Liebsch F, Albertin C, Bonventre JV, et al. Rapid screening of glo-

merular slit diaphragm integrity in larval zebrafish. Am J Physiol-Ren Physiol. 2007; 293: F1746–F1750.

https://doi.org/10.1152/ajprenal.00009.2007 PMID: 17699558

19. Hentschel DM, Park KM, Cilenti L, Zervos AS, Drummond I, Bonventre JV. Acute renal failure in zebra-

fish: a novel system to study a complex disease. Am J Physiol-Ren Physiol. 2005; 288: F923–F929.

https://doi.org/10.1152/ajprenal.00386.2004 PMID: 15625083

20. Randjelovic P, Veljkovic S, Stojiljkovic N, Sokolovic D, Ilic I. Gentamicin nephrotoxicity in animals: Cur-

rent knowledge and future perspectives. EXCLI J. 2017; 16: 388–399. https://doi.org/10.17179/

excli2017-165 PMID: 28507482

21. Bauer B, Liedtke D, Jarzina S, Stammler E, Kreisel K, Lalomia V, et al. Exploration of zebrafish larvae

as an alternative whole-animal model for nephrotoxicity testing. Toxicol Lett. 2021; 344: 69–81. https://

doi.org/10.1016/j.toxlet.2021.03.005 PMID: 33722575

22. Ali BH. Gentamicin nephrotoxicity in humans and animals: Some recent research. Gen Pharmacol

Vasc Syst. 1995; 26: 1477–1487. https://doi.org/10.1016/0306-3623(95)00049-6 PMID: 8690234

23. Perner B, Englert C, Bollig F. The Wilms tumor genes wt1a and wt1b control different steps during for-

mation of the zebrafish pronephros. Dev Biol. 2007; 309: 87–96. https://doi.org/10.1016/j.ydbio.2007.

06.022 PMID: 17651719
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Abstract

Purpose: Synchrotron radiation-based tomography yields microanatomical features in human
and animal tissues without physical slicing. Recent advances in instrumentation have made lab-
oratory-based phase tomography feasible. We compared the performance of three cutting-edge
laboratory systems benchmarked by synchrotron radiation-based tomography for three speci-
mens. As an additional criterion, the user-friendliness of the three microtomography systems
was considered.

Approach: The three tomography systems—SkyScan 2214 (Bruker-microCT, Kontich, Belgium),
Exciscope prototype (Stockholm, Sweden), and Xradia 620 Versa (Zeiss, Oberkochen, Germany)—
were given 36 h to measure three medically relevant specimens, namely, zebrafish larva, archaeo-
logical human tooth, and porcine nerve. The obtained datasets were registered to the benchmark
synchrotron radiation-based tomography from the same specimens and selected ones to the
SkyScan 1275 and phoenix nanotom m® laboratory systems to characterize development over the
last decade.

Results: Next-generation laboratory-based microtomography almost reached the quality
achieved by synchrotron-radiation facilities with respect to spatial and density resolution, as
indicated by the visualization of the medically relevant microanatomical features. The
SkyScan 2214 system and the Exciscope prototype demonstrated the complementarity of phase
information by imaging the eyes of the zebrafish larva. The 3-μm thin annual layers in the tooth
cementum were identified using Xradia 620 Versa.

*Address all correspondence to Bert Müller, bert.mueller@unibas.ch
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Conclusions: SkyScan 2214 was the simplest system and was well-suited to visualizing the
wealth of anatomical features in the zebrafish larva. Data from the Exciscope prototype with
the high photon flux from the liquid metal source showed the spiral nature of the myelin sheaths
in the porcine nerve. Xradia 620 Versa, with detector optics as typically installed for synchrotron
tomography beamlines, enabled the three-dimensional visualization of the zebrafish larva with
comparable quality to the synchrotron data and the annual layers in the tooth cementum.

© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-
lication, including its DOI. [DOI: 10.1117/1.JMI.9.3.031507]

Keywords: phase-contrast tomography; image registration; x-ray microscopy; phase retrieval;
tooth cementum; porcine nerve; zebrafish larvae; spatial and density resolution.

Paper 21289SSR received Nov. 4, 2021; accepted for publication Mar. 8, 2022; published online
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1 Introduction

Hard x-ray microtomography is a three-dimensional (3D) imaging technique that allows for the
quantitative evaluation of microstructures in post mortem tissues.1 Advanced instrumentation is
applied for myriad scientific purposes, including the anatomical analysis of zebrafish larvae,2

the characterization of annual layers in cementum of human teeth,3 and the visualization of
paraffin-embedded nerves.4 Traditionally, the highest density and spatial resolutions have been
achievable at synchrotron radiation facilities. However, this unique instrumentation only offers
limited beam times based on successful applications or extra payments. Laboratory-based sys-
tems have been improved substantially by incorporating improved x-ray sources, phase-contrast
capabilities, and x-ray detector optics.5 With the increasing number of such systems on the
market, a detailed comparison is needed to understand the performance of these next-generation
scanners with respect to other available laboratory systems and dedicated microtomography
beamlines at synchrotron radiation facilities. To this end, the performances of three cutting-edge
laboratory-based tomography systems, employing absorption and phase-contrast modes, were
compared for the above-mentioned scientific applications. The common volumes extracted
from datasets were three-dimensionally registered to synchrotron radiation-based micro com-
puted tomography from the TOMCAT beamline at the Swiss Light Source (SLS) [Paul Scherrer
Institute (PSI), Villigen, Switzerland] or the ANATOMIX beamline at the Synchrotron SOLEIL
(Gif-Sur-Yvette, France) and then evaluated with respect to spatial resolution and contrast. In
addition, the user-friendliness of the three next-generation scanners was appraised by a single
novice.

1.1 Laboratory-Based Phase-Contrast X-Ray Tomography

Conventional x-ray tomography used in medicine relies on absorption contrast, which is very
suitable for imaging hard tissues. Soft tissue imaging usually requires appropriate staining. As an
alternative, one can take advantage of phase contrast modes to visualize tissues consisting of
light elements together with hard tissue components, including teeth, bone, and plaque, because
of the linear dependence of the phase shift on the electron density.6 For attenuation-contrast x-ray
tomography, it is especially demanding, since x-ray attenuation versus atomic number exhibits a
power law with an exponent between 3 and 4. As the x-ray beam passes through condensed
matter, it exhibits both absorption, and with sufficient beam coherence, a phase shift.7 For soft
tissues, the linear absorption coefficient is three orders of magnitude lower than the related coef-
ficient for the phase shift.8 Thus, for the majority of medically relevant hard x-ray images of
tissues in health and disease, phase-contrast methods are preferred.8 Several phase tomography
approaches have been evaluated for soft tissue imaging.6,8–12 Single-distance propagation-based
approaches are often the simplest to implement and generally offer the best spatial resolution.
Therefore, these systems are frequently used with micro- and nanotomography beamlines at
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synchrotron radiation facilities and are implemented in sophisticated laboratory-based microto-
mography systems.

High-resolution microtomography is more and more often referred to as “virtual histology,”
because it extends the anatomical information from conventional histological sections to the
third dimension.13,14 Virtual histology yields anatomical information without physical slicing.
The spatial resolution is roughly equal in the three orthogonal directions—a distinct feature
compared to serial sectioning and essential for the anatomical context, e.g., nervous tissue,
as well as simple and fast data acquirement for much larger samples.5,13 Using nanoholotomog-
raphy, one can even reach a spatial resolution beyond the optical limits given by the optical
means employed to image the histological slices.15 Such measurements, however, suffer from
limited access to synchrotron radiation facilities, since the purchase of beamtime is only
common for industrial research, and a research proposal can only be submitted a few times per
year, which leads to substantial delays and a focus on a smaller number of priority samples. As
an alternative, several research teams use virtual histology based on laboratory-based microto-
mography systems. The obtained results, however, are generally compromised with respect to
data from synchrotron radiation-based systems. The gap between laboratory- and synchrotron
radiation-based tomography data, clearly obvious a decade ago,16 is becoming narrower and
narrower (see e.g., see Refs. 17 and 18) with only minor differences in image quality.5,13,19

These advances in laboratory-based approaches motivated our team to evaluate cutting-edge
instrumentation with the goal to directly compare the tomographic imaging of selected, med-
ically relevant scientific questions related to the cellular anatomy of zebrafish larvae, to the
annual layers in human tooth cementum, and to the 3D representation of paraffin-embedded
porcine nerves. The acquisition of the necessary radiographs from the three selected specimens,
and their reconstruction, was restricted to a period of 36 h per advanced instrument, to guarantee
comparability and to have a reasonable timeframe for future experiments. It should be noted that
while longer experiments could yield substantially better deliverables, the 36-h period was
selected as tradeoff between standard user experience and the manufacturers’ requests. As a
benchmark, the three specimens were imaged, prior to measurements with the advanced instru-
mentation, at the tomography setups of the TOMCAT (SLS, PSI, Villigen, Switzerland) or
ANATOMIX (Synchrotron SOLEIL, Gif-sur-Yvette, France) beamlines. To validate progress
in imaging the three selected specimens, the laboratory-based systems SkyScan 1275 (Bruker
microCT, Kontich, Belgium) and nanotom m (Waygate Technologies, phoenix|x-ray, Wunstorf,
Germany) available at the core facility of the University of Basel were included in the compari-
son. The four to six datasets per specimen were three-dimensionally registered to segment the
common volume for a qualitative and quantitative comparison of image quality.

1.2 Zebrafish Larvae—A Versatile Biomedical Research Model

The zebrafish larva is a well-established animal for in vivo biomedical research. This rather basic
vertebrate model offers an outstanding balance between relevant physiology and accessibility
regarding ethical context, a rapid and effective life-cycle, and husbandry, as well as an attractive
similarity to the human genome.20 Therefore, the zebrafish larva finds numerous applications,
including studies in pathological conditions such as kidney injury21 and treatment such as trans-
plantation,22 to name a few. High-resolution hard x-ray tomography was used to examine the
single organ-centered anatomy of zebrafish heart23 and muscles,24 as well as nanoparticle
distribution.25 In a recent study, synchrotron radiation was applied in whole-organism histoto-
mography, thereby enabling the extraction of cellular architectures.26 This study promises a
broader understanding of anatomy and corresponding physiology and pathophysiology.
Previously, we showed that more than 50% of anatomical features identified by synchrotron
radiation-based microcomputed tomography (SRμCT) can also be identified with standard lab-
oratory-based tomography systems.27 We can, therefore, expect that the cutting-edge laboratory-
based systems will provide images comparable to the tomography setups at synchrotron
radiation facilities. Such a level of success implies the possibility to easily perform large
experimental series of high-resolution imaging fundamental in zebrafish larva-based research
activities.
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1.3 Tooth Root Cementum—A Lifelong Growing, Mineralized Tissue

Tooth cementum is a mineralized tissue that exists in vertebra teeth and covers the entire surface
of the tooth root, belonging functionally to its anchor, the periodontium. In contrast to bone,
this avascular complex is independent of regular remodeling, and thus it expands over a lifetime
with location-dependent growth rates.28,29 For humans, the homogeneous structure reveals
about 3-μm thin incremental layers, as originally found in optical micrographs of thin tooth
slices.30 These incremental layers were recently detected using synchrotron radiation-based
microtomography.3 Our team is currently evaluating data for entire teeth collected during a
beamtime session at the ANATOMIX beamline in February 2021. The related analysis pipeline
is presented in a recent paper.31 Incremental layers are seasonally deposited, similar to the well-
known layers in a tree trunk. Thus, a pair of layers, consisting of dark and bright structures,
represents one year.32 Resulting predictions of the season of death based on these layers33 indi-
cates tooth cementum as a tissue highly valuable for anthropology32 and forensics.34 Layer thick-
ness is influenced by a number of factors, including hormonal changes in pregnancy and stress
events, such as pathologies as well as nutrition, as examined profoundly in recent studies.33,35

Nonetheless, cervical acellular extrinsic fiber cementum provides the steadiest growth rate in
terms of conserving layer thickness.28,29,32 Unfortunately, counting these layers is error-prone
and observer-dependent, leading most commonly to an underestimation of age despite high-
resolution imaging methods.36,37 Further investigation is therefore desired and suggested in
archeological samples with corresponding life history.32,37 For these unique ancient samples,
tomographic imaging should be favored to conventional microscopy, the latter requiring physical
slicing.3 In this study, we show to what extent the incremental layers can be detected by means of
laboratory-based tomography setups. It can be reasonably assumed that owing to the develop-
ments in x-ray source and detector technology for the advanced instrumentation, incremental
layers could come to light.

1.4 Nerves—Clinical Application of Hard X-Ray Tomography-Controlled
Products

Nerves show slow self-healing and some reinnervation potential after damage up to a minimum
twelve months post-injury following a degenerative phase. Surgical treatment might be needed,
especially in neuronal endplate involvement, i.e., neurorrhaphy or even grafting in the case of
potential tension by end-to-end suturing.38 Still, more than one-quarter of patients do not regain
motor function39 without substantial improvement over the last two decades.38,39 Additionally,
the quantification of nerve damage, which currently relies on conventional histology, assists in
understanding the pathomechanisms, diagnostics, and therapy for multiple sclerosis40 and vas-
culitis, including Wegener’s polyangiitis.41 Microtomography with resolution down to the sub-
cellular level has been proposed as a tool for nerve imaging and further investigations into nerve
regeneration.4,42 In contrast to histology, phase-contrast microtomography of myelinated nerves
provides visualization and the quantification of the microanatomy of nerves and may lead to
profound physiological comprehension.43,44 We hypothesize that advanced laboratory instru-
mentation will lead to substantial improvements in microanatomical feature visibility compared
to established laboratory-based tomography systems.4,42,45

1.5 Assessment of User-Friendliness

A satisfying experience with a purchased product strongly depends on a subjective evaluation of
usability rather than purely objective criteria such as effectiveness and efficiency.46 Assessments
of software user-friendliness have thus been well-established since the 1980s through the use of
standard questionnaires, including the system usability scale.46 Crucial criteria appraised by the
analysis of comments on tested systems include easy handling and intuitive design.47 Unintuitive
systems run the risk of malfunction, leading to reduced overall performance of technology, and
may even be hazardous in a medical context.48 Therefore, we included the user-friendliness of
advanced laboratory systems as a valid purchasing criterion for next-generation systems. We
integrated four criteria to appraise novice user experience in cutting-edge setups: (i) intuitive
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interface, (ii) structural organization, (iii) efficiency and effectiveness, and (iv) reliability. These
areas were scored by a single beginner-level user who participated in the test measurements.

2 Materials and Methods

2.1 Sample Preparation

2.1.1 Preparation of three-day-old paraffin-embedded zebrafish larvae

Three-day-old zebrafish larvae were euthanized using tricaine methanesulfonate containing
0.612-mM trisamino-methane. Subsequently, the larvae were fixated in 4% paraformaldehyde
at room temperature before refrigerating the samples at a temperature of 4°C for storage. These
fixed larvae were dehydrated in a dilution series of ethanol from 25% via 50% and 70% to above
99.5% in time steps of 15 min. Then, the dehydrated zebrafish larvae were washed twice in
xylene, >98%, Carl Roth, Switzerland, and subsequently transferred into liquid paraffin at a
temperature of 68°C (Leica Microsystems, Wetzlar, Hesse, Germany). After cooling, metal
punches with inner diameters of 2.8 or 3.6 mm were used to cut out the embedded specimens
to obtain cylinders for the imaging tasks. For the synchrotron radiation-based experiments, the
paraffin cylinders were further manually trimmed to remove excess paraffin.

2.1.2 Selection of archaeological human tooth

The selected premolar tooth from the maxilla of a woman who died at the age of 36 comes
from the reference skeleton series Basel-Spitalfriedhof, which is archived at the Natural History
Museum Basel, Switzerland.

The skeletons were exhumed in 1988 and 1989 from the cemetery of the former Basel City
Hospital. Based on historical sources, it was possible to identify the skeletons of former hospital
patients, who died between 1845 and 1868. In addition, further information on social and geo-
graphical origin, information on living and working situations, medical histories, etc., are avail-
able. This detailed historical information, combined with corresponding skeletons from the 19th
century, is unique worldwide and allows, e.g., the reconstruction of biographies taking into
account biological and historical sources. Furthermore, these skeletons are used for method veri-
fication and the development of future methods.

2.1.3 Preparation of porcine nerves for tomographic imaging

After excision, the peripheral nerves were processed by following a standard histology protocol for
formalin fixation and paraffin embedding. Briefly, the nerves were straightened by firmly tugging
both ends with surgical forceps, fixed in histology-grade 4% formalin over a period of 24 h, and
then dehydrated in ascending ethanol solutions. Subsequently, nerves were transferred to xylene
and then perfused in a liquid paraffin-polymer mixture (Leica Paraplast, Muttenz, Switzerland).

When liquid paraffin perfusion was completed, the nerves were removed from the histologi-
cal tissue processor, placed in a metal container, and left for a period of 24 h inside an oven at a
temperature of 60°C. This step is important in removing air bubbles trapped inside or around the
specimen, as they can potentially cause artifacts during x-ray imaging and compromise auto-
matic data analysis. Subsequently, the specimens were thoroughly washed under flowing liquid
paraffin, to remove high-absorbing particles or debris on the sample surface that would affect
imaging quality. Finally, the nerves were immersed in paraffin several times while holding on
one edge, until a uniform cylindric specimen was formed and then cooled down to a temperature
of 4°C over a period of 15 min.

2.2 Data Acquisition with SkyScan 2214

The samples were mounted on a thin carbon fiber stage for high-resolution nanoCT scanning in
the SkyScan 2214 system. It is noteworthy that the SkyScan 2214 setup consists of up to three
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cameras that can be easily exchanged by the user. The selected x-ray camera was set in a near
position with a source-camera distance of ∼235 mm (for details, see Tables 1–3). Acceleration
voltage was set to 40 kV for imaging the zebrafish larva, 70 kV for imaging the tooth cementum,
and 30 kV for the porcine nerve bundle. A 0.5-mm thin aluminum filter was only applied for data
acquisition of the human tooth. An LaB6-type source filament was employed for all scans;
depending on the desired spatial resolution and flux, W or LaB6 cathodes can be implemented.
The individual scans were limited to a duration of <11 h. Spot size was about 0.5 μm for zebra-
fish larva and tooth radiograph recording, and about 1.5 μm for nerve bundle recording. Scan
pixel sizes were set to 330, 750, and 800 nm for zebrafish larva, tooth, and nerve bundle, respec-
tively. The total numbers of recorded projections were 3001, 2118, and 2401, for zebrafish larva,
tooth, and nerve fiber bundles, respectively. All scans were acquired over 360 deg, and frame
averaging was employed. For the zebrafish larva and tooth imaging, two images per projection
were averaged, while four images were used per nerve projection. Active ring artifact suppres-
sion by random horizontal (compensated) camera movement was done for all scans. Post-scan

Table 1 Scanning parameters used in zebrafish larva microtomography.

Nanotom
m

SkyScan
1275

SkyScan
2214 Exciscope

Xradia 620
Versa TOMCAT

Source-camera distance (mm) 600 286.0 237.5 280.0 12.6 25,012.0

Source-object distance (mm) 6.5 13.7 8.65 225.0 6.0 25,000.0

Effective voxel size (μm) 1.1 3.7 0.33 1.28 0.33 0.33

Acceleration voltage (kV) 60 15 40 40 50 (12 keV)

Beam current (μA) 310 156 116 1400 90

Horizontal FOV (pixels) 3072 1944 4032 2048 2048 2560

Number of radiographs 720 720 3001 3600 4801 2000

Rotation steps (deg) 0.5 0.5 0.12 0.1 0.07 0.09

Exposure time (s) 9 2.5 4.7 7 8 0.2

Scan time (h) 2.5 4 10.5 7.25 14 0.15

Table 2 Scanning parameters used in human tooth cementum microtomography.

SkyScan
2214 Exciscope

Xradia 620
Versa ANATOMIX

Source-camera distance (mm) 235.2 280.0 128.55 170,050.0

Source-object distance (mm) 10.1 225.0 13.55 170,000.0

Effective voxel size (μm) 0.75 1.28 0.71 0.65

Acceleration voltage (kV) 70 70 80 (33 keV mean)

Beam current (μA) 80 1400 125

Horizontal FOV (pixels) 4032 2048 2048 11,300

Number of radiographs 2118 3600 2501 9000

Rotation steps (deg) 0.17 0.1 0.14 0.04

Exposure time (s) 7 12 7 to 14 0.1

Scan time (h) 11 12.25 8.5 0.75
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correction was applied49 to minimize thermal movement artifacts. Image reconstruction was per-
formed by a Feldkamp-type cone-beam algorithm,50 using Bruker NRecon™ software with GPU
acceleration and by applying Gaussian smoothing, ring artifact, and beam hardening corrections.
Phase retrieval was also carried out for the acquired data.51

2.3 Data Acquisition with Exciscope

The three selected samples were imaged at KTH Royal Institute of Technology in Stockholm,
Sweden. The setup is based on the MetalJet D2 x-ray source (Excillum AB, Kista, Sweden), the
XSight Micron LC 1080 sCMOS X-ray detector (Rigaku Innovative Technologies Europe s.r.o.,
Czech Republic) and the URS100BCC rotation stage (Newport, California, United States). Both
acquisition control and image reconstruction were done using Exciscope software (Exciscope
AB, Kista, Sweden). The experimental setup had a source-object distance of 225 mm and a
source-detector distance of 280 mm. Effective pixel size was set to 1.28 μm at the scintillator
and 1.03 μm at the object, due to geometric magnification. Projections were acquired equian-
gularly over a full 360 deg rotation. The reconstruction included phase retrieval with Paganin’s
method52 and tomographic reconstruction using the FDK method.50 The scan parameters for the
three samples are listed in Tables 1–3.

2.4 Data Acquisition with Xradia 620 Versa

X-ray microscopy measurements were performed on a Zeiss Xradia 620 Versa system (Carl Zeiss
X-ray Microscopy, Inc., Dublin, California, United States). Projections of the samples were
recorded in a unique two-stage magnification process that included optical magnification.
For the zebrafish larva data recording, we employed an acceleration voltage of 50 kV, a beam
current of 90 μA, a 20× objective, 325-nm effective pixel size, an 8 s exposure time, and 4801
projections. For the human tooth we used an acceleration voltage of 80 kV, a beam current of
125 μA, a 4× objective, narrowing of the x-ray bandwidth by the LE4 filter, 710-nm effective
pixel size, a rotation angle-dependent exposure time ranging from 7 to 14 s, and 2501 projections.
The porcine nerve was imaged with an acceleration voltage of 60 kV, a beam current of 108 μA,
a 4× objective, 709-nm effective pixel size, an exposure time of 6.2 s, and 3201 projections. The
tomography datasets were reconstructed with ZEISS Scout-and-Scan Reconstructor software,
using the cone-beam method for the tooth and zebrafish larva data and the OptiRecon method
for the nerve data. In addition, the zebrafish larva data were reconstructed with the DeepRecon
Pro reconstruction module and post-processed with the PhaseEvolve software module.

Table 3 Scanning parameters used in porcine nerve microtomography.

SkyScan
1275

SkyScan
2214 Exciscope

Xradia 620
Versa ANATOMIX

Source-camera distance (mm) 286.0 235.2 280.0 44.35 170,050.0

Source-object distance (mm) 30.2 10.8 225.0 9.35 170,000.0

Effective voxel size (μm) 8.5 0.8 1.28 0.71 0.65

Acceleration voltage (kV) 20 30 40 60 (33-keV mean)

Beam current (μA) 175 150 1400 108

Horizontal FOV (pixels) 1944 4032 2048 2048 15,000

Number of radiographs 720 2401 3600 3201 9000

Rotation steps (deg) 0.25 0.15 0.1 0.11 0.04

Exposure time (s) 0.65 1.1 10 6.2 0.05

Scan time (h) 2.3 6.0 10.25 7.5 0.5
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2.5 Data Acquisition at the TOMCAT Beamline

Synchrotron radiation-based phase-contrast x-ray microtomography measurements of zebrafish
larva were acquired at the TOMCAT beamline X02DA of the SLS.53 The x-ray beam generated
by the 2.9 T superbend magnet was monochromatized to 12 keV at a bandwidth of around 2%,
using an Ru/C double multilayer monochromator. Projection images of the sample placed about
25 m from the source were converted to visible light by a 20-μm thick Lu3Al5O12∶Ce scintillator
(Crytur, Turnov, Czech Republic) positioned 12-mm downstream of the sample. The image on
the scintillator was magnified 20-fold by a visible-light microscope (Olympus UPLAPO 20×
objective) and recorded by a pco. Edge 5.5 sCMOS camera (PCO, Germany) with a native pixel
size of 6.5 μm, resulting in an effective pixel size of 0.325 μm. During the continuous 180 deg
rotation of the sample (parallel beam geometry), 2000 projections with 200-ms exposure time
were recorded for the reconstruction, resulting in an angular step of 0.09 deg and a scan time of
400 s. Additionally, 30 dark-field and 50 white-field images were recorded for image correction.
Propagation-based phase-contrast projections were calculated from the flat field- and dark field-
corrected radiographs, using Paganin’s algorithm with the parameters δ ¼ 10−7 and β ¼ 2 10−9.52

The absorption- and phase-contrast reconstructions were then computed from the corrected and
phase-filtered projections, respectively, with the gridrec reconstruction algorithm.54

2.6 Data Acquisition at the ANATOMIX Beamline

Measurements at the Synchrotron SOLEIL, ANATOMIX beamline55 were taken with a filtered
white beam at a gap of 5.5 mm from the U18 in-vacuum undulator source of the beamline. The
beam was filtered with 20-μm thick Au and 100-μm thick Cu films. The resulting beam had
an estimated mean photon energy of about 33 keV. The detector consisted of a 20-μm thick
Lu3Al5O12∶Ce scintillator (Crytur, Turnov, Czech Republic) coupled to a scientific-grade
CMOS detector (Hamamatsu Orca Flash 4.0 V2) of 2048 × 2048 pixels by microscope optics
(Mitutoyo 10× M PLAN APO, numerical aperture 0.28) and with a magnification of 10, result-
ing in an effective pixel size of 0.65 μm. As the size of the nerve and the tooth were larger than
the field of view, we performed an extended-field acquisition, where we acquired scans at four
and three off-center positions, respectively. The neighboring radiographs were stitched together
based on maximizing cross-correlation in the overlapping regions. At an electron current of
450 mA in the SOLEIL storage ring, exposure time for each of the 9000 projections per height
step/ring taken over a range of 360 deg was 50 and 100 ms, respectively. The scan was taken in
continuous on-the-fly mode. With the time required for the acquisition of flat and dark images,
and including dead time, the overall scan time for each height step was around 30 and 45 min,
respectively. Before the absorption-contrast reconstruction, the projections were filtered with a
Gaussian of width σ ¼ 1.25 pixel and 0.75 pixel, respectively, to increase the contrast-to-noise
ratio (CNR).56

2.7 Data Acquisition with Nanotom m® and SkyScan 1275

Parameters for data acquisition of the three selected specimens, i.e., paraffin-embedded zebrafish
larva and porcine nerve, using the established microtomography systems nanotom m® and
SkyScan 1275 are given in Tables 1 and 3.

2.8 Data Registration

The registration pipeline consisted of several steps. First, we found an approximate position in
the SRμCT datasets corresponding to the volume imaged in the laboratory scanner. The labo-
ratory-based volume was then manually pre-aligned with this SRμCT image region via ITK-
SNAP57 (version 3.8.0). The images were then automatically registered with an affine or sim-
ilarity transformation employing the open-source registration toolbox elastix (version 4.9).58,59

In the case of the zebrafish larva and tooth specimens, the foreground region was determined
by semi-automatic segmentation via thresholding and morphological operations. Image regis-
tration parameters were tuned by checking the progression of the image similarity measure
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during registration and by visually inspecting alignment. The original laboratory-based μCT
volumes were transformed to the space of the SRμCT volumes region using cubic B-spline
interpolation, as this preserved image intensities far better than nearest-neighbor and linear
interpolation.60 Registrations of the zebrafish larva, tooth cementum, and porcine nerve bundle
images were performed independently by three of the authors (G.R., M.O., and C.T.). The regis-
tration parameters are listed in Table 4.

2.9 Identification of Anatomical Structures

Representative slices of the tomography datasets were compared in anatomy to atlas data. For the
paraffin-embedded zebrafish larva, the images were compared to histological slices published in
the Zebrafish Lifespan Atlas.61 Qualitative comparison was done for the zebrafish larva dataset,
because the same region is imaged in every dataset.

For the paraffin-embedded porcine nerve, the porcine sciatic nerve model was used.62

3 Results and Discussion

Image quality was initially evaluated by visual assessment, i.e., a microanatomical description,
with subsequent calculation of the spatial resolution. The representative cross-sectional virtual
histology slices acquired with synchrotron radiation sources showed a wealth of anatomical fea-
tures, therefore, serving as the gold standard. In Sec. 3.1, we present a comparison of the zebra-
fish larva and the porcine nerve alongside the results of the currently available inhouse systems
nanotom m® and SkyScan 1275. Sections 3.2, 3.4, and 3.6 contain the results of the next-
generation laboratory systems for the three selected specimens in comparison to the synchrotron
radiation-based microtomography data for the same specimens.

3.1 Descriptive Microanatomy of Selected Tomographic Slices

Cross-sectional slices of the paraffin-embedded zebrafish larva head are shown in Fig. 1, top row.
The data acquired at the TOMCAT beamline, image on the right, are phase-retrieved and
demonstrate true single-cellular and even subcellular resolution. In particular, one can see mes-
encephalic and ophthalmic nuclei. Individual ocular cell layers that can be distinguished are
the ganglion cells, inner plexiform, amacrine cells, the photoreceptor layer, and the retinal pig-
mented epithelium—apart from the distinction between the bipolar and outer plexiform layers.
Mesencephalic nuclei with high electron density are separated from their surroundings; however,
corresponding cartilage features around the pharynx remain low in contrast.

The established laboratory-based systems SkyScan 1275 and nanotom m® (top row, left and
center images of Fig. 1) do not yield sufficiently high spatial resolution or contrast, respectively. It
is noteworthy that the nanotom m® data barely provide meaningful images of this low-absorbing
specimen, since the aluminum layer on the detection unit suppresses photons with energies below
30 keV. Therefore, only the otoliths and the overall shape are visible as shown in a recent study.25

Table 4 Main registration parameters for the three classes of samples.

Zebrafish larva Tooth cementum Pig nerve bundle

Transformation Affine Affine Similarity

Image similarity measure Normalized correlation
coefficient

Normalized correlation
coefficient

Advanced Mattes
mutual information

Multi-resolution image
pyramid with three levels

16×, 8×, 4× 4×, 2×, 1× 4×, 2×, 1×

Number of iterations 4000 2000 or 3000 3000

Number of sample points 8192 130,000 or 1,950,000 65,536
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The SkyScan 1275 system allows the detection of photons with an energy down to 10 keV, where
even the ocular layers can be distinguished. The contrast between the denser nuclear mesence-
phalic region and its surroundings is satisfactory. Limited spatial resolution, however, prevents
true cellular resolution.

The data from ANATOMIX beamline have revealed the characteristic anatomy of the periph-
eral nerve, which consists of epi-, peri- and endoneurium, as well as primary nerve fiber bundles
surrounded by myelin sheaths. The latter is highlighted in the magnified view (Fig. 1, lower
right, with location given by the yellow dashed box). The vasa nervorum was invisible due

Fig. 1 First row: corresponding virtual slices through the zebrafish larva head by means of the
established laboratory-based microtomography systems SkyScan 1275 and nanotom m® in
comparison with data from the TOMCAT beamline (left to right), which can obviously serve as
the gold standard in zebrafish larva imaging. Second row: corresponding cross-sectional slices
of unprocessed, paraffin-embedded porcine nerves. Using 5-μm wide pixels, SkyScan 1275 (left)
provides poorer spatial resolution in comparison to the ANATOMIX beamline (right) with 0.65-μm
wide pixels and propagation-based phase contrast, obtaining anatomical features down to the
sub-cellular level. The magnified views in the third row, the locations of which are indicated by the
yellow-colored dashed lines, show a selected nerve fiber bundle. The image clearly demonstrates
the gap between established laboratory-based systems and tomography setups at synchrotron
radiation facilities.
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to a lack of contrast. The absorption-contrast SkyScan 1275 datasets (cp. second row of Fig. 1
left) allowed for visualization of the blood vessels; however, myelin sheaths could not be
resolved due to insufficient spatial resolution or contrast.

3.2 Comparing Zebrafish Larva Imaging of Next-Generation
Laboratory-Based Scanners with Tomographic Imaging
Available at TOMCAT Beamline

3.2.1 Performance of SkyScan 2214

The comparison of the images in the top row of Fig. 1 with the ones in Fig. 2 elucidates the leap
in evolution from established microtomography to cutting-edge systems. Even the most afford-
able among the three systems, namely, SkyScan 2214, allows for the resolution of the individual
cells within the zebrafish larva head, as especially recognized in the images with higher mag-
nification provided in the right column (see left part of the top row). The similarity to the gold
standard data (right part of the top row) is striking. The eye region with ophthalmic cells were
used for estimating spatial resolution, using the Fourier domain.63 Briefly, the logarithm of the
squared norm of the Fourier transform was plotted as a function of the squared distance from the
origin, then a linear fit allowed for the estimation of the width of a Gaussian point spread func-
tion. The instrument at the TOMCAT beamline yielded 1.3 μm, whereas SkyScan 2214 data
produced 1.6 μm.

Fig. 2 The tomographic imaging of the zebrafish larva shows comparable results between the
synchrotron radiation-based and next-generation laboratory-based instrumentation. First column:
corresponding virtual slices through the zebrafish larva head by means of the cutting-edge, labo-
ratory-based microtomography SkyScan 2214 system (top row) in comparison with data acquired
at Exciscope (second row) and absorption-contrast tomography images from Xradia 620 Versa
(third row). The dashed yellow squares indicate the position of the enlarged views (second col-
umn). Third column: corresponding virtual slices through the head of the zebrafish larva recorded
at the TOMCAT beamline; the first row shows data reconstructed without phase retrieval, and the
second row shows it after Paganin phase retrieval. The dashed yellow squares indicate the posi-
tion of the enlarged views (fourth column). The image in the third column and third row is obtained
from the Xradia 620 Versa instrument using software including the Zeiss PhaseEvolve algorithm.
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3.2.2 Performance of Exciscope

The related virtual slices through the zebrafish larva shown in the left part of the second row
in Fig. 2 were prepared by including phase retrieval with Paganin’s method. Therefore, the
TOMCAT beamline data given in the right part of the second row of Fig. 2 exhibit modified
contrast with respect to the images in the top row of Fig. 2. In addition, the spatial resolution
has been compromised. Cellular resolution was mostly preserved, although several anatomical
features of the eye vanished, owing to noise level. This behavior is even more pronounced in the
data for Exciscope, most probably because of the less appropriate detector optics. The individual
cells can hardly be recognized; hence, the Exciscope system—at least in the configuration used
herein—cannot resolve the cells within a paraffin-embedded zebrafish larva. The eye region with
the ophthalmic cells (magnified view) was also used for estimating spatial resolution within the
phase-retrieved datasets.63 Here, the phase retrieved data from the TOMCAT beamline yielded
1.8 μm and the Exciscope 4.3 μm.

3.2.3 Performance of Xradia 620 Versa

The selected virtual slice through the zebrafish larva obtained with the Xradia 620 Versa system
was recorded in the absorption contrast mode (see left part of third row in Fig. 2). Xradia 620
Versa resembles data from the TOMCAT beamline, see top row right part, best, most probably
because of the same optical components in both detection systems. Some edge enhancement is
visible in these two datasets, e.g., the feature in the lower-right corner. The eye region with the
ophthalmic cells used to estimate spatial resolution63 gave rise to a spatial resolution of 1.6 μm,
slightly above the value mentioned for the tomography setup at TOMCAT beamline (1.3 μm).

The Xradia 620 Versa setup could only provide reconstructions based on absorption contrast
(status March 2021). The manufacturer, however, has stated that a feature for image enhancement
using phase contrast will be available soon. In August 2021, the reconstruction module DeepRecon
Pro was presented.64 In this reconstruction, the image contrast with respect to propagation-based
phase-contrast effects was enhanced using the PhaseEvolve module with parameters: fringe width
5.24 and fringe strength 12 (right image in bottom row of Fig. 2). Depending on the chosen param-
eters, the result is comparable to the single-distance phase-retrieved data set, shown above in the
second row of Fig. 2.

3.3 Zebrafish Larva—Full-Specimen Imaging in Pre-Medical Studies

Concerning the detection of anatomical features Xradia 620 Versa showed the highest resolution,
i.e., down to single nuclei; the contrast in the provided images was further improved with the
software PhaseEvolve. SkyScan 2214 produced a likewise high-quality dataset with a slight
increase in noise. Distinction of cells was impossible with Exciscope, but it nonetheless showed
satisfactory layer separation within the zebrafish larva eye. It is noteworthy that this was
achieved in unstained samples, whereas, previously, staining has been widely used with labo-
ratory instrumentation.23 A detailed comparison of the three x-ray microscopes was impossible,
as at the time of our measurement, i.e., March 2021, the DeepRecon Pro and PhaseEvolve soft-
ware modules were not available yet in Europe for the Xradia 620 Versa, SkyScan 2214 data
measurements had to be repeated, and the Exciscope prototype only provided detector optics
with an effective pixel size of 1.3 μm. Following visual inspection, however, advances in table-
top μCT systems, in comparison to the established systems in our lab, were evident, leading to an
image quality close to that of SRμCT, although at longer scan times.

Recent studies of zebrafish larvae, e.g., their complete histological phenotyping26 and the deter-
mination of nanoparticle distribution,25 have relied on SRμCT. Based on the present results with
cutting-edge μCT systems, future studies of the zebrafish larva in a laboratory setting are planned.
Moreover, with the attractive homology to humans, as underlined by exemplary drug target con-
servation,65 further investigations of pharmacological and phenomics studies with high-resolution
imaging of organs and whole zebrafish larva will be led by cellular resolution in an accessible setup
for fast-feedback and follow-up imaging. This volumetric imaging provides a 3D context—in con-
trast to conventional histology serving as an alternative for pharmacological studies. Future
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zebrafish larva studies will include imaging the progression of kidney diseases and the renal regen-
eration with the goal to identify therapeutics that enhance human renal regeneration.21

3.4 Comparing the Imaging of Annual Layers in Human Tooth Cementum
by Applying Next-Generation Laboratory-Based Scanners and
ANATOMIX Beamline Microtomography

Applying mosaic-style acquisition,66 the entire human tooth cementum was made visible by
means of single-distance phase-contrast tomography. This approach avoided the presence of
artifacts known from local scans with true micrometer resolution when objects with centimeter
diameters were studied. Thus, local tomography data from the three selected next-generation,
laboratory-based tomography systems could be registered to the large dataset from the
ANATOMIX beamline. This approach was helpful, since local tomography at pre-defined posi-
tions could not be guaranteed. Therefore, the data shown in Figs. 3 and 4 do not cover the same
regions of the human tooth, but they have been always registered to the same ANATOMIX
dataset. Consequently, the comparability of tomography data from the cutting-edge instrumen-
tation is definitely provided.

3.4.1 Performance of SkyScan 2214

The part of the human tooth shown in the first row of Fig. 3 is a superb choice, because many
annual layers can be traced from left to right within data from the ANATOMIX beamline

Fig. 3 Selected regions of interest from the human tooth cementum acquired at the ANATOMIX
beamline (images in the left column) and registered data from SkyScan 2214 (right image, top
row), from Exciscope (right column, middle image), and from Xradia 620 Versa (right column, bot-
tom image). The registered data are represented in a special 3D fashion: 100 slices were rendered
using the sum along ray tool from VGStudio MAX to improve the visibility of the incremental layers
(see yellow arrows).31 Annual layers are visible not only in data acquired at the synchrotron radi-
ation facility, but also in the dataset gathered at the cutting-edge laboratory-based Xradia 620
Versa system. The width of each image equals about 600 μm.
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(see left image). As found previously,3 the 3-μm thin annual layers are much clearer in the low-
absorbing parts of the tooth cementum. The SkyScan 2214 setup, however, only shows contrast
between the lower and higher x-ray-absorbing regions in the tooth cementum, while the annual
layers remain invisible. This observation is also supported by Fig. 4 (first row), when scrolling
through the 160 selected virtual slices obtained from the datasets of the two tomography
systems.

3.4.2 Performance of Exciscope

The images in Fig. 3, middle row shows a part of the human tooth with the following anatomical
features. In the upper part, one finds dentin with a crack of characteristic morphology. In the
middle, tooth cementum with the annual layers is found. The lower part in black represents
the surrounding air. Whereas the annual layers are easily recognized within the data from the
ANATOMIX beamline, indicated by the yellow-colored arrow, Exciscope instrumentation in
the configuration used could not resolve these anatomical features with an average thickness
of only 3 μm. An objective with higher resolution, however, might master this deficiency.
These findings are further elucidated by Fig. 4. It is noteworthy that in Fig. 4, middle part explic-
itly shows that the thin lines, usually termed incremental lines, are actual 3D layers, given by the
continuity of the visible lines scrolling through the 160 slices of the synchrotron radiation-based
dataset.

Fig. 4 A still image of Video 1 showing the annual layers are detectable in the movies in the
left column and at the one on the bottom in the right column: Scroll-through 160 cross-sectional
virtual histology slices, prepared by the software VGStudio MAX, of the human tooth obtained
at the ANATOMIX beamline (images in the left column) and corresponding local scans by means
of SkyScan 2214 without phase retrieval (right column, top row), of Exciscope with a priori phase
retrieval (right column, middle row), and of Xradia 620 Versa without phase retrieval (right column,
bottom row). The width of each box equals about 600 μm (Video 1, MP4, 11639 KB [URL:
https://doi.org/10.1117/1.JMI.9.3.031507.1]).
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3.4.3 Performance of Xradia 620 Versa

The bottom rows in Figs. 3 and 4 demonstrate that annual layers can also be made visible with a
laboratory-based system. Although Xradia 620 Versa does not reach the resolution of the syn-
chrotron radiation-based setup, this result is nevertheless promising and could even be further
improved by substantially increasing acquisition time. It is noteworthy that the manufacturers
had only 36 h to image the three selected samples, and the flux from the laboratory sources is
orders of magnitude less than that of the synchrotron radiation facilities.

3.5 Human Tooth Cementum—Requirement for Non-Destructive Imaging
Techniques in Unique Samples

To date, incremental layers may only be imaged to a satisfying extent at synchrotron radiation
facilities37 or by means of conventional optical microscopy of thin sections. 32,34,36 A laboratory-
based μCT was suggested by Mani-Caplazi et al.3 based on physically sliced samples and a close
source-sample position. In the current study, we showed that advanced laboratory instrumenta-
tion generates great potential for facilitating high-resolution incremental layer imaging in a non-
destructive manner. Barely identifiable lines in tooth cementum obtained with Xradia 620 Versa
were enhanced by an oriented projection of 100 slices.31 High-resolution, 3D imaging of human
tooth cementum, as evidenced in the SRμCT or μCT, provides a sufficient anatomical context
to show that the thin lines actually correspond to curved 3D layers,67 which we showed in scroll-
through Fig. 4, where those lines were continuous.

Our findings demonstrate great potential for laboratory sources in ongoing research into tooth
cementum annulation (TCA). This phenomenon has been studied in humans for around four
decades32; however, there is—as of yet—neither a coherent explanation nor a standard protocol
for tooth selection, preparation, and layer counting, and yet many advances have been made.32,34

Laboratory-based μCT may benefit region selection applied a priori to SRμCT3 or conventional
microscopy, where samples are cut irreversibly into about 100-μm thin slices.36 Furthermore, the
promising results offered by Xradia 620 Versa indicate that laboratory-based μCT alone could be
used to quantify these layers, e.g., in large-scale studies of archeological samples with recorded
history, to standardize age estimation or examine the factors influencing layer growth. This
approach might be extended to animal studies.

3.6 Comparing the Three-Dimensional Imaging of the Spiral Organization
in a Paraffin-Embedded Porcine Nerve by Applying the
Next-Generation Laboratory-Based Scanners and ANATOMIX
Beamline Microtomography

Similar to tooth imaging, a paraffin-embedded nerve with a diameter of 6 mm does not fit into
the field-of-view of the microtomography setups at the spatial resolution selected. Therefore,
mosaic-style acquisition66 was also applied for porcine nerve imaging at the ANATOMIX
beamline. Again, local tomograms from the cutting-edge laboratory-based instruments were
registered to data acquired at the ANATOMIX beamline. Figure 5 shows parts of the regis-
tered data comparing the gold standard from the ANATOMIX beamline with the selected
cutting-edge laboratory-based systems SkyScan 2214, Exciscope, and Xradia 620 Versa,
respectively. In the movies, one clearly recognizes a spiral structure to the nerve fiber bundles,
which can be approximated by right-handed or left-handed helices with a pitch of about
830 μm. To provide an idea to the readers without access to the movies, Fig. 6 shows a
sequence of 20 virtual slices indicating this spiral structure. This representation of the data
from the ANATOMIX beamline, however, is much less convincing than scrolling through the
series of adjacent slices in Fig. 5.

3.6.1 Performance of SkyScan 2214

It is not really surprising that data from the laboratory-based system show much more noise that
the ones from the synchrotron radiation facility, as easily explained by the photon statistics.
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The myelin sheaths are slightly more visible in tomography data from the SkyScan 2214
instrument than for the Xradia 620 Versa, as demonstrated by Fig. 5, cp. right column movies
at top and bottom.

3.6.2 Performance of Exciscope

Since Exciscope is equipped with a liquid metal source, the photon flux is much higher than for
the other two laboratory-based tomography devices. Thus, the density resolution is superior, as
seen by the well-preserved myelin sheaths in Fig. 5, second row, right part. This phenomenon is
even enhanced by implemented phase retrieval, and consequently, the spiral structure is far more
visible. It should be noted that there are right- and left-handed spirals.

Fig. 5 A still image of Video 2 showing the scroll-through 160 cross-sectional virtual histology
slices, prepared by the software VGStudio MAX, of the porcine nerve obtained at the ANATOMIX
beamline (left column) and registered local tomography data of SkyScan 2214, Exciscope, and
Xradia 620 Versa (right column from top to bottom). The spiral structure of the primary nerve fiber
bundles is recognized via rotation during scrolling. The width of each box equals about 780 μm
(Video 2, MP4, 11503 KB [URL: https://doi.org/10.1117/1.JMI.9.3.031507.2]).).
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3.6.3 Performance of Xradia 620 Versa

Figure 5 (bottom row) clearly demonstrates the substantial improvement of Xradia 620 Versa
imaging with respect to the SkyScan 1275 system (cp. Fig. 1). Nevertheless, the myelin sheaths
were barely resolved. Regardless, one can detect the spiral structure of the nerve fiber bundles.

3.7 Nerve—Clinical Application

High-density resolution and sub-micrometer spatial resolution are required to quantify changes
in axonal bundles and myelin sheaths as the result of nerve injury and regeneration. We showed
that the cutting-edge tomography systems SkyScan 2214, Exciscope, and Xradia 620 Versa yield
enough spatial and density resolution to enable the visibility of several myelin sheaths and axo-
nal bundles. Therefore, x-ray virtual histology, combined with bioengineering, could facilitate
protocols for stepwise de- and re-cellularization, including follow-up laboratory imaging for fast
feedback control. Already, laboratory-based μCT, with or without the combination of conven-
tional histology, can assist in studies of nerve regeneration, including grafting.45,68 Furthermore,
μCT could support the urgent diagnostic need of Wegener’s polyangiitis,69 the gold standard
of which is histological examination of tissue biopsy.41 Moreover, μCT allows for the further
investigation of pathomechanisms of this vasculitis and other neurovascular diseases via the
computational extraction of neurovascular networks,70 or supporting the 3D prospective map-
ping of neuron connectivity, to understand the anatomical context.71 Based on the image quality
demonstrated herein, we expect the further integration of advanced μCT into the study of nerve
disease, injury, and regeneration.

In Fig. 5, the spiral shape of nerve bundles is observed as one scrolls through the recon-
structed slices. This behavior has been described previously as a chevron pattern in longitudinal
histotomographical nerve slices.43,44 Whilst the function of this pattern warrants further inves-
tigation, one explanation could be a gain in stability, analogous to (steel) wire ropes.72

Fig. 6 The sequence of 20 virtual slices from the dataset recorded at the ANATOMIX beamline
signifies the spiral structure of the selected nerve fiber bundle (counterclockwise).
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3.8 Limitations of the Study

The comparative study of next-generation tomography systems for virtual histology has several
drawbacks, as already pointed out by manufacturers during data acquisition. The 36-h limit was
chosen to create comparable and fair conditions between the laboratory systems as well as to
address the real-life lab operation at an imaging platform. Longer scanning times would probably
yield improved results considering the reference images from the synchrotron radiation facilities
were acquired with a much higher photon flux. The present study did not consider the unequal
numbers of photons used for the individual tomograms.

Measurements with the SkyScan 2214 system in March 2021 did not achieve expected data
quality; therefore, the measurements were repeated in July 2021, which might have resulted in
some bias in terms of direct comparison.

At the time of the measurements (March 2021), the Exciscope system was still in a prototype
stage. Therefore, the optics only allowed for data acquisition with an effective pixel size of
1.3 μm. Simply exchanging a standard optical element would allow for pixel sizes of 0.65 μm.
Since the experiments, Exciscope has designed and built a system with improved specifications.
This system has an entirely rebuilt mechanical platform complete with vibration dampening,
temperature control, redesigned radiation shielding, electrical control, and safety systems.
Furthermore, the system has now a motion system with seven motorized axes, which allows
for improved control and automation through the software interface. The vertical object stage
is ready to make 280-mm helical CTs with a few microns’ resolution. In addition, the rotation
stage has a typical error motion of only 0.5 to 0.6 μm, which together with a high-resolution
detector will allow for an isotropic spatial resolution of 1 μm.

The lack of the PhaseEvolve software for the Xradia 620 Versa system at the stage of data
analysis, and the limited pixel size of the Exciscope system, made a direct comparison of the
CNR impossible. Together with spatial resolution, CNR is an essential metric in assessing the
image quality of acquired tomograms.56

Spatial resolution depends not only on the pixel size employed, but also on many other
parameters such as the mechanical stability of the entire system and the design of the detection
unit. The spatial resolution, we have calculated here, should be treated with care, because the
analysis of the power spectrum of reconstructions used63,73 is challenging and less straight-
forward than, for example, the measurement of test patterns. Nonetheless, the quantities derived
with the model provided by Mizutani et al.63 are consistent with visual inspection.

3.9 User-Friendliness

The main author, a master’s student in medicine, together with the second author, an experienced
physicist and an expert in the field, observed the 36-h measurements at the three manufacturers
of the cutting-edge, laboratory-based microtomography systems. During the setup of the experi-
ments, the software for the x-ray microscopes was explained in detail. The user-friendliness of
the software was compared on the basis of (i) intuitive interface, (ii) structural organization,
(iii) efficiency and effectiveness, and (iv) reliability.

Overall, the operation by a novice was best supported by the Xradia 620 Versa software. This
interface allowed for a rather simple and intuitive measurement setup. Proceeding through the
well-structured software required user input, which was assisted by a compact two-page manual.
A live camera showed the sample position within the instrument. Time saving and precise sample
centering were based on double-clicking on radiographs at 0 deg and 90 deg rotation angles.
A single click allowed for repositioning the sample along the x axis, y axis, and z axis as well as
the source and detector along a single axis. Fragile samples were protected from collisions by
automatically measuring the sample diameter. Filter and source settings could be comfortably
modified via software. A table in the short two-page overview assisted in choosing the best
suitable filter, and rapid pre-scanning enabled scouting. Subsequent fine-tune sample centering
was performed automatically after manual center identification in the pre-scan data. In addition,
“recipes” could be created to facilitate a session for scanning multiple samples. The estimated
scanning time was met.
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Bruker’s software for SkyScan 2214 was also user-friendly. The interface, however, was less
self-explanatory. It consisted of one screen combining visualization of the sample using a cam-
era, an immense live-view x-ray window, and the necessary settings. This approach was advanta-
geous for experienced users, but a novice might miss essential adjustments, due to the absence
of guidance throughout the preparation steps. Additional settings were hidden in the “options”
panel. The sample could be rotated by 360 deg and relocated in the x, y, and z directions, auto-
matically. Translation in the x and y dimensions was simplified by drag-and-drop. Additionally,
the detector could be mechanically moved in one dimension. Automatic sample protection was
unavailable, but the source and filter could be chosen comfortably via software. The selection of
these settings, however, was not guided and linked to the user’s prior experience with measure-
ments. Similar to Xradia 620 Versa, rapid pre-scanning allowed for scouting, whilst fine-tune
centering was performed manually. Finally, estimated scanning time was generally reliable,
although it once underestimated the required scan time.

The user-friendliness of Exciscope could not be assessed, since the prototype was missing a
user interface in March 2021, when the measurements took place. The prototype required numer-
ous modifications that precluded operation by a novice user. The reliability of the estimated scan
time was satisfactory.

In summary, the software of the Xradia 620 Versa convinced the novice user in terms of ease of
use. Bruker’s software for SkyScan 2214 offered an almost similarly satisfactory interface, albeit
with less simplicity, and user-friendliness could not be assessed for the Exciscope prototype.

The assessment of the usability of the tomography systems was restricted to one novice user,
which is a limitation of the present study in consequence of the constraints during the COVID-19
pandemic.

3.10 Laboratory-Based Phase Tomography

The present study belongs to the very few comparative experimental approaches to microtomog-
raphy13,14,16 and should support the purchase of next-generation, laboratory-based systems, espe-
cially for the field of medicine. The time is now ripe to combine absorption and phase
tomography in a single laboratory-based device and reach an isotropic spatial resolution close
to 1 μm, maybe even to 100 nm and below. The gap between the tomography setups at the
synchrotron radiation facilities and the established laboratory-based microtomography systems
is becoming more and more narrow.

The volumetric evaluation of tissues of human and animal origin is currently mainly done
by serial sectioning, staining, and microscopic imaging of individual slices. This approach has
its drawbacks, though, such as restricted spatial resolution perpendicular to the slices, and the
numerous preparation artifacts. High-resolution hard x-ray tomography can complement histol-
ogy. Prior to sectioning, the stained and unstained tissues can be made visible in absorption and
phase contrast modes, to extract local densities. Histotomography similarly facilitates decision-
making in terms of the cutting location and the angle of a probe for further histological
examination.74 Similarly, laboratory-based phase tomography can support choosing a region
of interest prior to valuable beamtimes at synchrotron facilities.

The zebrafish larva is an appropriate example through which to demonstrate complementary
information from the absorption and phase contrast modes (see Fig. 2). The combination of 3D
data, using a bivariant histogram, can allow for dedicated segmentation tasks.75

3.11 Outlook for Virtual Histology

This work demonstrates that the latest laboratory-based systems employing phase and absorption
contrast provide scans with the adequate contrast and resolution to differentiate single cells.
Previous work has shown that microtomography has excellent correlation with the conventional
histology of embedded tissue slices,14,24,26,74 and so x-ray microtomography can be referred to
as virtual histology. This imaging technique is also compatible with prior MRI-techniques, e.g.,
diffusion MRI,76 or subsequent electron microscopy.77 Furthermore, volumetric virtual histology
provides a third dimension for histopathological investigation that has typically relied on irre-
versible, sparse, two-dimensional sectioning. Microtomography does not require stained samples
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and avoids slicing them, which results in irreversible destruction of the sample. The conventional
approach has further drawbacks, including preparation artifacts such as tears, folds, and non-
uniform strains, as well as a requirement for staining.

Laboratory-based systems have the potential to enable the faster availability of virtual
histology, as it is currently carried out in synchrotron radiation facilities with limited user
access—and most often at a great distance from hospitals. Therefore, further potential benefits
of the laboratory-based technique should be explored. While it finds broad application in many
research areas, as shown in this study, microtomography could complement future clinical work.

The gold standard for histopathological investigation is conventional histology, based on
two-dimensional sectioning, staining, and imaging with optical microscopy. This approach runs
the risk of missing important areas or of being time-intensive for the pathologist searching for the
region of interest in large samples. Therefore, certain tissues could be examined beforehand,
using a laboratory-based system to locate relevant areas and define the best sectioning angle,74

and to help removing unreasonable samples early.77 This will support that subsequent histology
shows the relevant areas under the microscope.

The extent to which virtual histology could support pathology as a diagnostic tool in the
future needs to be investigated. Open questions could revolve around the effectiveness of pre-
scans using microtomography. Scouting might reduce the overall diagnostic time in larger tissue
samples. Nevertheless, a rapid scan followed by slicing needs sufficient spatial resolution and
contrast in a reasonable measurement time to indicate a slicing position. The question here arises
as to what an appropriate time might be. If one plans first to perform a high-resolution scan of the
tissue, subsequent histology might not be necessary because of virtual histology’s recently estab-
lished and validated value for histopathological analysis. However, staining and histology may
remain the gold standard in certain cases, e.g., a recent study has shown that Tau proteins in
human brains of Alzheimer’s disease patients remain undetected in virtual histology.13 Still, for
many cases, virtual histology could serve as the sole diagnostic tool with scan-times of approx-
imately 10 h per probe. Future studies should determine and validate label-free virtual histology
as a reliable diagnostic tool.

4 Conclusions

Due to the advances in instrumentation over the last decade, propagation-based phase-contrast
microtomography is no longer reserved for synchrotron radiation facilities. Laboratory x-ray
microscopes can provide satisfying (sub-) cellular resolutions to visualize anatomical features
with true micrometer resolution. The compared scanners will be further complemented, but they
can already provide high-quality datasets of medically relevant hard and soft tissue specimens.
These laboratory-based systems not only support beamtime planning by a priori non-destructive
isotropic overview scans, but they can also be used in stand-alone imaging. Such imaging can be
applied for pre-clinical trials to quantify pathological mechanisms through the versatile zebrafish
larva model, the analysis of TCA in mammals, as well as pre-clinical and clinical trials on the
regeneration and grafting of nerves.
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A B S T R A C T   

Iopamidol is a nonionic, low-osmolar iodinated contrast agent used for angiography. Its clinical use is associated 
with renal dysfunction. Patients suffering from preexisting kidney disease have an increased risk of renal failure 
upon iopamidol administration. Studies in animals confirmed renal toxicity, but the involved mechanisms remain 
unclear. 

Therefore, the aim of the present study was to use human embryonic kidney cells (HEK293T) as a general cell 
model of mitochondrial damage, as well as, zebrafish larvae, and isolated proximal tubules of killifish to 
investigate factors promoting renal tubular toxicity of iopamidol with a focus on mitochondrial damage. 

Results from in vitro HEK293T cell-based assays indicate that iopamidol affects mitochondrial function 
Treatment with iopamidol induces ATP depletion, reduces the mitochondrial membrane potential, and elevates 
mitochondrial superoxide and reactive oxygen species accumulation. Similar results were obtained with 
gentamicin sulfate and cadmium chloride, two well-known model compounds associated with renal tubular 
toxicity. Confocal microscopy confirms changes in mitochondrial morphology, such as mitochondrial fission. 
Importantly, these results were confirmed in proximal renal tubular epithelial cells using ex vivo and in vivo 
teleost models. 

In conclusion, this study provides evidence for iopamidol-induced mitochondrial damage in proximal renal 
epithelial cells. Teleost models allow studying proximal tubular toxicity with translational relevance for humans.   

1. Introduction 

Due to the high metabolic activity and excretory function of the 
kidney, high concentrations of metabolites and xenobiotics can accu-
mulate within its tubular system. This may cause nephrotoxicity, as 
evident by vascular, glomerular, or tubular damage. Examples of 

nephrotoxins inducing renal tubular damage are gentamicin sulfate (an 
aminoglycoside antibiotic), cadmium chloride (a heavy metal), and 
iopamidol (a member of the class of iodinated contrast agents) 
(Naughton, 2008). 

Acute adverse reactions to iodinated contrast agents are observed in 
1 to 12% of patients, with severe reactions, such as renal failure, from 

Abbreviations: AK, Adenylate kinase; CdCl2, Cadmium chloride; Ctrl, Control; DHR123, Dihydrorhodamine 123; DMEM, Dulbecco’s modified eagle medium; 
eGFP, Enhanced green fluorescent protein; FCCP, Carbonylcyanid-4-(trifluormethoxy)phenylhydrazone; Gent, Gentamicin sulfate; hpf, Hours post-fertilization; Iopa, 
Iopamidol; LTDR, Lysotracker Deep Red; MDIBL, Mount Desert Island Biological Laboratory; MMP, Mitochondrial membrane potential; Mrp2, Fish homologue of 
human multidrug resistance protein 2 (MRP2); MTG, Mitotracker green; O2

•–, Mitochondrial superoxide; PCT, Proximal convoluted tubule; PTC, Proximal tubular cell; 
Rho123, Rhodamine 123; ROS, Reactive oxygen species; SI, Signal intensity; Sulfo101, Sulforhodamine 101; TMRM, Tetramethylrhodamine methyl ester; ZFL, 
Zebrafish larva(e). 
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0.01 to 3% of total cases (Bush and Swanson, 1991; Gomi et al., 2010; 
Katayama et al., 1990; Kim et al., 2017). These numbers of acute 
nephrotoxic events are most pronounced in patients with underlying 
renal dysfunction (Andreucci et al., 2014). The older ionic contrast 
agents (high-osmolar) are more nephrotoxic than the newer generation 
of nonionic (low and isoosmolar) contrast agents, such as iopamidol 
(Jiang et al., 2019; Wolf et al., 1989). Many studies showed that iopa-
midol has fewer side effects among contrast agents (Gomi et al., 2010; 
Wolf et al., 1989), and it is currently used in diagnostics for computer 
tomography, with over 75 million applications per year (Bottinor et al., 
2013). 

The uptake of iopamidol into renal epithelial cells occurs through 
passive diffusion and is favored by its high extracellular diffusion 
characteristic (Deray, 2006). Since iopamidol is eliminated mainly 
through glomerular filtration, a high urinary concentration of iopamidol 
facilitates renal tubular epithelial uptake by diffusion (Deray, 2006). To 
investigate iopamidol-induced renal impairment, several animal and 
cell-based studies were carried out. Toxicity studies in animal models, 
such as rats and rabbits, confirmed iopamidol-induced nephropathy 
manifested by GFR reduction, reduced blood flow, damage of tubular 
epithelial cells, and renal tubular cell apoptosis (He et al., 2017; Sugiura 
et al., 2020). Several biomarkers were found in the urine of treated rats 
that indicate renal damage, such as increased blood urea nitrogen and 
plasma creatinine (Sugiura et al., 2020). Damage on the level of prox-
imal tubular epithelial cells was prominent in rats with repeated 
administration of iopamidol (Niu, 1993). Antioxidants were reported to 
ameliorate nephrotoxic effects by reducing oxidative stress (Oh et al., 
2019). In vitro cell-based assays using porcine proximal tubule cells were 
indicative of impaired mitochondrial membrane potential (Hardiek 
et al., 2001). It was therefore the aim of the present study to follow up on 
these preliminary observations and to investigate to which extent 
mitochondrial damage contributes to the nephrotoxic effects of 
iopamidol. 

Mitochondrial damage caused by toxins is usually studied in vitro 
using fluorescence and luminescence-based assays (Roos et al., 2020). In 
vitro experiments provide mechanistic insights and are cost-effective. 
However, they do not cover important renal functions, such as flux, 
gradient- and energy-dependent tubular transport, and glomerular 
filtration (Allen et al., 2005; Bolten et al., 2022). Confirming findings 
from in vitro assays in living animals is demanding. Various challenges 
need to be overcome due to the anatomical complexity, species-specific 
differences, and non-transparency of, e.g., rodents. Furthermore, there is 
a high and unmet need to reduce, replace, and refine animal experiments 
(according to the 3R principles) by studying mitochondrial damage in 
animal-replacing living systems. 

Our previous work extensively demonstrated that teleost models can 
be used in Pharmaceutical Sciences and Toxicology (Bolten et al., 2022; 
Fricker et al., 1999; Sieber et al., 2019). We studied renal drug transport, 
the involved signaling cascades, and the effects of toxicants on mem-
brane transporters in isolated renal tubules of killifish (Miller et al., 
1997; Oezen et al., 2022; Zaremba et al., 2017). Furthermore, we 
showed that zebrafish larvae (ZFL) between two to four days old are an 
ideal in vivo vertebrate model for mechanistic and screening studies of 
nanomedicines (Sieber et al., 2017a, 2019). Recently, we verified that 
three to four days old ZFL have fully functional pronephros. This allows 
for using ZFL for physiology and nephrotoxicology studies according to 
the 3R-principles (reduce, refine and replace animal experiments) 
(Bolten et al., 2022). 

Therefore, we combined in vitro cell-based assays with ex vivo (kil-
lifish) and in vivo (ZFL) teleost models to evaluate the mitochondrial 
damage caused by iopamidol. 

We assessed mitochondria-specific parameters, such as ATP content, 
mitochondrial membrane potential, and the generation of mitochondrial 
superoxide as well as cellular reactive oxygen species (ROS) in the 
human embryonic kidney cell line HEK293T. These assays were carried 
out using fluorescence and luminescence-based standardized assays in 

living cells, killifish, and zebrafish models. The killifish models offer an 
ex vivo experimental setup using isolated proximal renal tubules. Finally, 
in ZFL, the toxic effect of iopamidol was studied in isolated renal 
epithelial cells (ex vivo) and in vivo. A schematic representation of the 
assays, workflow, and experimental setup is provided in Fig. 1. 

To our knowledge, this is the first study that applies teleost models to 
investigate the tubular toxicity of compounds with a focus on mito-
chondrial impairment. We provide evidence that ZFL can be used as a 
screening vertebrate model to study renal tubular toxicity. 

2. Methods 

2.1. Cell culture 

Human embryonic kidney cells (HEK293T) were kept at 37 ◦C with a 
5% CO2 supply in a cell culture incubator. Cells were cultivated in 
Dulbecco’s modified eagle medium (DMEM) high glucose, containing 
4.5 g/L D-glucose, 0.584 g/L L-glutamine, and 0.11 g/L sodium pyruvate. 
The medium was supplemented with 10% (v/v) inactivated fetal calve 
serum (FCS), penicillin (100 units/mL), and streptomycin (100 μg/mL). 
Cells were passaged using Trypsin-EDTA (0.25%) solution and harvested 
at 80% confluency. A Neubauer hemocytometer from BRAND (Merck 
KGaA, Darmstadt, Germany) was used to count the viable cells. Cells 
were used between passages 13 and 42. 

2.2. Clarification of concentration units used 

The mitochondrial damage of iopamidol, gentamicin sulfate, and 
cadmium chloride (CdCl2) was tested in different models. Gentamicin 
sulfate and CdCl2 were purchased from Sigma-Aldrich (Buchs, 
Switzerland), and iopamidol (Iopamiro, Bracco, Switzerland) was pur-
chased from a local pharmacy. The concentrations used are of clinical 
relevance, as argued in the discussion. For easier comparison with 
existing literature, we kept the concentration units most frequently used 
in the literature (gentamicin: mM; CdCl2: μM; iopamidol: (milligram 
iodine per milliliter (mgI/mL)). Thereby, 6.25, 12.5, 25, and 50 mgI/mL 
equal 16.4, 32.8, 65.5, and 131 mM of iopamidol. 

2.3. Treatment of HEK293T cells 

HEK293T cells were treated with different concentrations of genta-
micin sulfate (3, 6, 12 mM), iopamidol (6.25, 12.5, 25, 50 mgI/mL), and 
CdCl2 (10, 50, 100 μM) for 6 and 24 h. Stock solutions were prepared in 
1× phosphate-buffered saline (PBS) and stored at 4 ◦C (gentamicin 
sulfate and CdCl2) or room temperature (iopamidol). The pH was 
adjusted to physiological conditions. Working solutions were prepared 
in cell medium, and the same amount of PBS was used in the control 
treatment. 

2.4. Cellular ATP content 

To measure the ATP content of treated HEK293T cells, the CellTiter- 
Glo 2.0 Assay (Promega Madison, WI) was used. Experiments were 
carried out according to the manufactures instructions. Celltiter-Glo 
Reagent (50 μL/well) was added to 50 μL of cell medium, followed by 
incubation on an orbital shaker for 2 min (400 rpm, 24 ◦C), and the plate 
was equilibrated at room temperature for another 10 min. The lumi-
nescence was recorded with a microplate reader (Infinite 200 PRO, 
Tecan Group, Männedorf, Switzerland). The measurements were carried 
out at a final temperature of 30 ◦C. Data were normalized to control 
incubations. We used Triton X (0.1%) as a positive control. 

2.5. Cellular membrane permeability assay 

To assess the cytotoxicity, the release of adenylate kinase (AK) of 
treated HEK293T cells into the surrounding medium was measured 
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using the ToxiLight Bioassay Kit (Lonza, Walkersville, MD). Damaged 
plasma membranes result in a loss of cell integrity with leakage of 
intracellular content (e.g., adenylate kinase) into the surrounding cell 
culture medium. For the 6 h treatment experiments, 20,000 cells/well/ 
100 μL were seeded in poly-D-Lysine (0.1 mg/mL) coated white wall 96- 
well plates with a transparent ground. Cells were let to adhere for 24 h. 
For the 24 h experiments, 15,000 cells/well/100 μL were seeded. Next, 
cells were treated with a compound solution for 6 or 24 h. After drug 
treatment, 20 μL of the cell supernatant was transferred to a white 96- 
well plate with a white bottom. The Toxilight detection reagent (50 
μL/well) was added, followed by incubation on an orbital shaker for 5 
min (400 rpm, 24 ◦C). The luminescence was recorded with a microplate 
reader (Infinite 200 PRO, Tecan Group, Männedorf, Switzerland). The 
measurements were carried out at a final temperature of 30 ◦C. Data 
were normalized to control incubations. Triton X (0.1%) was used as a 
positive control. 

2.6. Assessment of mitochondrial membrane potential, mitochondrial 
superoxide, and reactive oxide species using flow cytometry 

Flow cytometry was used to measure the fluorescent intensity of 
indicator dyes for mitochondrial membrane potential (TMRM, 
ab228569, Abcam, Cambridge, United Kingdom), mitochondrial su-
peroxide content (MitoSOX, Thermofisher Scientific, MA), cellular ROS 
content (Dihydrorhodamine 123, Sigma-Aldrich, Buchs, Switzerland). 
For the 6 h treatment experiments, 200,000 cells/well/400 μL were 
seeded in poly-D-lysine (0.1 mg/mL) coated transparent 24-well plates 
for 24 h. For the 24 h experiments, 100,000 cells/well/400 μL were 
seeded. After drug treatment, the fluorescent dye solution was added for 
25 min (tetramethylrhodamine methyl ester, TMRM, 100 nM) or 15 min 
(MitoSOX, 2.5 μM; Dihydrorhodamine 123, 1 μM), subsequently 
removed, and washed with PBS. Cells were detached with trypsin (50 
μL) for 2 min, followed by blocking the trypsinization with prewarmed 
cell medium containing 10% FCS (150 μL). The cell suspension (200 μL) 
was transferred to a transparent v-bottom 96-well plate and centrifuged 
(150 xg at 22 ◦C) for 4 min using a 5804 R Eppendorf centrifuge 
(Hamburg, Germany) equipped with a plate rotor and plate holder. Cell 

Fig. 1. Schematic illustration of the experimental setup. (A) Illustration of a mitochondrion with the outer membrane, intermembrane space, inner membrane, and 
mitochondrial matrix. Parameters of interest (bold), such as mitochondrial superoxide (O2

•–), cellular ROS (H2O2), mitochondrial membrane potential (Δψm), ATP, 
and morphology were studied using fluorescent and luminescent assays or imaging devices (blue). Oxidative stress induced by a toxic insult leads to parameter 
changes, which are indicated in red. (B) Molecular structure of the tested compounds. (C) The assessment of the mitochondrial damage of (B) was studied in 
HEK293T cells, isolated tubules of killifish, and ZFL. In HEK293T (in vitro) and killifish experiments (ex vivo), toxic compounds and fluorescent markers were added to 
the media. In zebrafish experiments, substances of (B) and fluorescent markers were either intravenously injected (in vivo) or added to the incubation media con-
taining single cells of lysed ZFL (ex vivo). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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supernatant was removed, and the cells were resuspended by adding 
PBS (200 μL). Carbonylcyanid-4-(trifluoromethoxy)phenylhydrazone 
(FCCP) and hydrogen peroxide (H2O2) were used as positive controls. 

Samples were analyzed using a CytoFLEX flow cytometer (Beckman 
Coulter, Indianapolis, IN). Single cells were gated by forward scatter 
area (FCS-A) and side scatter area (SSC-A). The laser used were 488 nm 
and 638 nm with the corresponding filters FL1, FL3, and FL5. In total, 
10,000 cells/well were analyzed and evaluated by Flow Jo software VX 
(TreeStar, Ashland, OR). 

2.7. HEK293T cells imaging 

The cellular morphology of HEK293T cells was evaluated after 24 h 
of treatment using fluorescence laser scanning confocal microscopy. 
Organelles such as the mitochondria network, lysosomes, and nuclei 
were labeled with MitoTracker Green (MTG), Lysotracker Deep Red 
(LTDR), and Hoechst 33342 (obtained all from Thermofisher Scientific). 
In brief, cells were seeded (20,000 cells/well) into poly-D-Lysine (0.1 
mg/mL) coated Ibidi μ-Slide eight well (Ibidi GmbH, Gräfelfing, Ger-
many) for 24 h. Next, cells were treated and stained with a staining 
solution (100 nM MTG, 100 nM LTDR, 2 μg/mL Hoechst) for 60 min. 
Then, the cell medium was removed, and the cells were washed twice 
and covered with prewarmed phenol red-free DMEM (300 μL). Live cell 
imaging was performed by 37 ◦C and 5% CO2 supply with an Olympus 
FV-3000 (Olympus Ltd., Tokyo, Japan) fluorescent microscope equipped 
with a 60× UPlan oil-immersion objective (numerical aperture 1.40). 
Confocal images were acquired using a sequential laser scanning method 
(1024 × 1024 pixels), with excitation wavelengths of 405, 488, and 640 
nm (argon laser) and emission wavelengths of 430–470, 500–540, and 
650–750 nm, respectively. The step size between stacks was 2.5 μm. For 
representative images, 2048 × 2048 pixels, a line scanning laser setting 
with an average of two was chosen. 

2.8. Semiquantitative image analysis of HEK293T cell images 

Obtained confocal microscopy images were analyzed and edited 
using OMERO software 5.4.10 (https://www.openmicroscopy.org/o 
mero/) as an image processing program. Quantitative signal in-
tensities of stained cell organelles were evaluated using Fiji software 
2.1.0/1.53c (https://imagej.net/software/fiji/). Areas of interest were 
measured based on a threshold applied on the average intensity pro-
jection of at least twenty z-stacks of four to sixteen HEK293T cells. Areas 
were normalized to one nucleus. Areas are presented as fold changes 
normalized to the mean of the (experimental) control. These experi-
ments are independent (n = 5). 

2.9. Killifish experiments 

Killifish (Fundulus heteroclitus) proximal kidney tubules were isolated 
and prepared as described previously (Fricker et al., 1999). In brief, 
killifish were purchased from local fishermen in the vicinity of Mount 
Desert Island, Maine (US), and maintained at the Mount Desert Biolog-
ical Laboratory (MDIBL) in tanks with naturally flowing, aerated 
seawater. Since no sex-related differences were observed, extracted tu-
bules from at least 6 randomly chosen killifish were incubated in 
enriched marine teleost buffer (140 mM NaCl, 2.5 mM KCl, 1.5 mM 
CaCl2, 1 mM MgCl2, 20 mM TRIS pH 8.25, and 5 mM glucose). In-
cubations were carried out at 8 ◦C. To label mitochondria, Mitotracker 
Red was used (Thermofisher). Tubular accumulation of the fluorescence 
markers was assessed using an Olympus FV1000 inverted confocal laser 
scanning microscope (20×, PlanFluo Dry, numerical aperture 0.5). 
Signal intensities were quantified using image capture and analysis 
software (NIH Image 1.61, https://imagej.nih.gov/). 

2.10. Zebrafish husbandry & experiments 

Zebrafish (Danio rerio) larva experiments and husbandry were car-
ried out in accordance with Swiss animal welfare regulations. Regarding 
the terminology of zebrafish, we followed the life stage definitions 
established by Kimmel et al., 1995 (Kimmel et al., 1995), who defined 
>72 h-post fertilization (hpf) old zebrafish as “larvae.” Eggs from adult 
zebrafish were collected from different parents 0.5 to 1 hpf and kept at 
28 ◦C in zebrafish culture media (Sieber et al., 2017b). The tg(wt1b: 
eGFP) and tg(cdh17:eGFP) were kindly provided by Prof. Dr. Schiffer 
(Erlangen, D) and Prof. Dr. Ian Drummond (MDIBL, US). Zebrafish ex-
periments were performed as described previously (Bolten et al., 2022). 
In brief, randomly chosen larvae were injected with a calibrated volume 
of 1 to 2 nL of 25 μM TMRM or test compounds into the cardinal vein 
above the heart. Organs of interest were imaged using an Olympus 
FV3000 confocal laser scanning microscope equipped with a 30×
UPIanSApo (numerical aperture of 1.05) objective. 

Reproducibility was verified by repeating a series of experiments on 
at least three different days. For each condition of each series of ex-
periments, at least five zebrafish larvae were used. 

2.11. Signal intensity quantification and post-processing of images 

Quantitative signal intensities in distinct organs were evaluated 
using Fiji software 2.1.0/1.53c, as described recently (Bolten et al., 
2022). In brief, zebrafish lines were used, which express a fluorescent 
marker (i.e., cdh17:eGFP or wt1b:eGFP) in renal epithelial cells. This 
allowed for the localization of fluorescently labeled compounds within a 
defined 3-dimensional anatomical structure such as the renal epithelial 
cells. Signals were quantified by measuring the mean signal intensities of 
the selected region of interest. Untreated controls and all corresponding 
treatment groups were analyzed using the same laser and microscopy 
settings, allowing a direct comparison of treatment groups. Signal in-
tensities are presented as fold-change normalized to the mean of the 
(experimental) control. 

Three-dimensional rendering of renal epithelial cells was done using 
Imaris Software V.9.9.0 (Oxford Instruments, Abingdon, UK). 

2.12. Zebrafish lysis protocol 

The dissociation protocol for generating ZFL single-cell suspension is 
based on published protocols (Bresciani et al., 2018; Samsa et al., 2016). 
Compared to reports, in our study, 50 to 60 ZFL were used for each 
treatment group and were euthanized as described previously (Cörek 
et al., 2020). Next, ZFL were rinsed twice with deyolking solution (5 mM 
glucose added to 1× Ringer solution) and 1× Ringer solution. ZFL were 
transferred in 4 mL of 0.3% trypsin-EDTA containing 20 μL DNAse for 
lysis. The solution was pipetted every 5 min for around a minute using 
1000 μL pipette tips for 20 to 25 min. Trypsin degradation was stopped 
by adding FCS to reach a final concentration of 10%. The solution was 
filtered through a 70 μm cell strainer (Thermofisher Scientific) followed 
by centrifugation at 300 rcf for 7 min at 4 ◦C. The supernatant was 
removed, and the pellet was resuspended with 2 mL of 1× DPBS +5% 
FCS. This step was done in total three times. In the last round, only 0.8 
mL of 1× DPBS +5% FCS was added. The solution was filtered again 
using a 40 μm FlowMI filter (Sigma-Aldrich), and the cell suspension was 
diluted in 2 mL of 1× DPBS +5% FCS. Confocal microscopy and he-
mocytometer analyses were initially carried out to verify single-cell 
formation. The same amount of ZFL led to the same amount of single 
cells, as confirmed for every experiment. 

The cell suspension was transferred to a 96-v-well plate followed by 
incubation with 2.5 μM MitoSOX (Thermofisher Scientific) for 15 min 
and recommended concentration of Cellrox (Cellular ROS Assay Kit Red, 
Abcam, Cambridge, United Kingdom) for 30 min. Fluorescence in-
tensities were analyzed using the Cytoflex and the indicated laser and 
detectors. Gating was done based on wild-type (non-eGFP expressing) 
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ZFL. Single cells were gated based on the area of the sidewards scattering 
(SSC) and the FL1-eGFP detector. 1500 GFP+ cells were analyzed and 
evaluated using the Flow Jo VX software (Treestar). PBS-injected ZFL 
did not show any differences from non-treated ZFL. 

2.13. Statistics 

Statistical analyses were performed by ordinary one-way analysis of 
variances (ANOVA) followed by Dunnett’s multi-comparison tests using 

GraphPad Prism version 8.2.1 (GraphPad Software, CA). The acquired 
data was compared to control values. Significance against control was 
indicated with an asterisk (*) and the corresponding p-value. 

3. Results 

We first studied the toxic effect of iopamidol in HEK293T cells. An 
array of established fluorescent and luminescent assays was carried out 
to assess the effects of iopamidol on mitochondrial function (Fig. 1A). 

Fig. 2. Intracellular ATP content and AK release in HEK293T cells. (A) ATP content and membrane integrity (AK release) after incubation with different concen-
trations of gentamicin (Gent; 3, 6, 12 mM) for 6 and (B) 24 h; (C) CdCl2 (10, 50, 100 μM) for 6 and (D) 24 h; (E) iopamidol (Iopa; 6.25, 12.5, 25, 50 mgI/mL) for 6 and 
(F) 24 h. Data are presented as % of ATP content compared to control (set as 100%, blue) or as % of AK release of cells treated with 0.1% Triton X (set as 100%, red). 
Data are presented as means ± SD of at least n = 3 independent experiments. Statistical analyses were calculated by one-way ANOVA followed by Dunnett’s multiple 
comparison test, and the threshold for significance was set to (*) for p < 0.05 and (**) for p < 0.001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Results on iopamidol were compared with those from two tubular toxic 
compounds, gentamicin and CdCl2 (Fig. 1B). For morphological studies, 
confocal microscopy experiments were performed using fluorescent 
dyes for specific cell organelle labeling. Then, in vitro findings were 
confirmed in isolated renal tubules of killifish, followed by in vivo/ ex 
vivo experiments in ZFL (Fig. 1C). 

To assess if mitochondrial dysfunction occurs prior to general 
cellular toxicity, intracellular ATP content (indicative of mitochondrial 
damage) and membrane integrity (indicative of general cellular toxicity) 
were assessed in the presence of the compounds. Cells were exposed to 
different concentrations of test compounds for 6 and 24 h. After 6 h of 
incubation with 3, 6, and 12 mM of gentamicin, a concentration- 
dependent ATP depletion was observed (Fig. 2A). The ATP content 
was significantly depleted at concentrations of 6 mM and 12 mM, with a 
drop of almost 10% between 6 mM (91% of control) and 12 mM (82% of 
control). We did not observe significant adenylate kinase release at these 
concentrations, which indicates no membrane integrity loss and hence 
no cellular membrane disruption. After 24 h of incubation with genta-
micin, the ATP depletion was more pronounced at the three highest 
concentrations, with significant depletions at 6 mM (85% of control) and 
12 mM (63% of control) (Fig. 2B). No AK release was observed. 

Cells treated with CdCl2 revealed a similar depletion in ATP content 
(Fig. 2C). The drop was significant (p < 0.001) and was observed at 50 
μM (84% of control) and 100 μM (83% of control) after 6 h of incuba-
tion. No AK release at all concentrations was observed. For 24 h of in-
cubation (Fig. 2D), there was a sharp drop in intracellular ATP content 

starting at 10 μM (59% of control), as well as for the concentration of 
100 μM (41% of control). 

Cells treated with iopamidol showed similar results (Fig. 2E and F). A 
significant ATP depletion (p < 0.001) was observed at the concentration 
of 12.5 mgI/mL (81% of control), which continued to drop to 74% 
compared to control with 25 mgI/mL, and reached its minimum at 50 
mgI/mL (49% of control) after 6 h of treatment. There was a statistically 
significant decrease between 25 mgI/mL and 50 mgI/mL iopamidol after 
both 6 h and 24 h of incubation (p < 0.001). There was no statistically 
significant difference between 6.25 and 12.5 mgI/mL and 12.5 and 25 
mgI/mL iopamidol. No AK release was observed throughout all con-
centrations and time points tested in iopamidol-treated cells, indicative 
of mitochondrial damage and without cellular membrane disruption 
(Fig. 2F). ATP values are provided relative to controls in accordance 
with published procedures to determine the concentration onset of 
toxicity (Rudin et al., 2020). 

Next, the change in mitochondrial membrane potential (MMP) was 
investigated. The MMP is maintained by a proton gradient between the 
mitochondrial matrix and the intermembrane space and indicates the 
function of the electron transport chain [40]. The positively charged 
fluorescent dye TMRM accumulates inside the mitochondrial matrix due 
to its negative charge. Toxic effects can disturb the MMP, whereby the 
mitochondrial matrix gets depolarized, and TMRM accumulates less 
[44]. For 6 and 24 h of incubation, HEK293T cells were incubated at 
different concentrations of test compounds. 

The signal intensity of the experimental control was set to 100%. 

Fig. 3. Mitochondrial membrane potential and superoxide accumulation in treated HEK293T cells. (A) MMP compared to 100% control after incubation with 
gentamicin (Gent; 3, 6, 12 mM); (B) CdCl2 (10, 50, 100 μM); (C) iopamidol (Iopa; 6.25, 12.5, 25, 50 mgI/mL) for 6 h (blue) and 24 h (red), respectively. Data are 
presented as relative signal intensity to untreated cells in PBS (set as 100%). As a positive control, cells were treated for 15 min with 10 μM of FCCP. (D) Mito-
chondrial superoxide (O2

•–) and reactive oxygen species (ROS) quantification in HEK293T cells. Data are shown as the percentage of cells containing O2
•– (MitoSOX+, 

blue) and ROS (Rhod123+, red) after treatment with PBS (control), 12 mM gentamicin, 50 mgI/mL iopamidol, or 10 μM CdCl2 for 24 h. Data are presented as means 
± SD of n = 3 independent experiments. Statistical analyses were calculated by one-way ANOVA followed by Dunnett’s multiple comparison test, and the threshold 
for significance was set to (*) for p < 0.05 and (**) for p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Gentamicin did not reduce the MMP, neither after 6 nor 24 h of incu-
bation, respectively (Fig. 3A). Cells treated with 10, 50, and 100 μM 
CdCl2 did not show any alterations of the MMP after 6 h of incubation 
(Fig. 3B). However, after exposure for 24 h, all treated cells showed a 
highly significant drop of the MMP to 38% at 10 μM, 31% at 50 μM, and 
33% at 100 μM CdCl2. 

Iopamidol caused a reduction of the MMP for both 6 and 24 h of 
incubation, respectively (Fig. 3C). Cell treated for 6 h revealed a sig-
nificant reduction to 73% at 25 mgI/mL and 56% at 50 mgI/mL iopa-
midol (p < 0.05 and 0.001). Cells treated for 24 h with 12.5 mg/mL 
showed a decrease to 80%. The decline continued to 75% at 25 mgI/mL 
and 66% at 50 mg/mL compared to 100% control. Results indicate that 
CdCl2 and iopamidol impaired the MMP. There was no statistically 
significant difference among concentrations. MMP reduction can result 
from a dysfunctional mitochondrial electron transport chain. Inhibition 
of the mitochondrial electron transport chain complexes can lead to the 
production of reactive oxygen species. Thus, we subsequently studied 
the accumulation of O2

•– and cellular ROS in HEK293T cells using the 
fluorescent MitoSOX and dihydrorhodamine 123 assays, respectively 
(Fig. 3D). 12 mM gentamicin, 50 mgI/mL iopamidol, and 10 μM CdCl2 
were chosen to investigate mitochondria-specific toxicity further 
because they caused ATP depletion but did not impair the cellular 
membrane integrity. 

HEK293T cells were incubated for 24 h at the mentioned concen-
trations. HEK293T cells treated with 12 mM gentamicin showed a sig-
nificant increase in the percentage of MitoSOX positive (MitoSOX+) 
cells (indicating O2

•– accumulation) of around 14% compared to 4% 
(control) (Fig. 3D). HEK293T cells treated with 10 μM of CdCl2 showed 
58% MitoSOX+ cells. Exposure to 50 mgI/mL of iopamidol did not 
reveal an increased number of MitoSOX+ cells. 

In addition, cellular ROS formation was measured using the non- 
fluorescent dye dihydrorhodamine 123 (DHR123), which will be 
oxidized by hydrogen peroxide (H2O2) into the fluorescent Rhodamine 
123 (Rho123). A significant increase (p < 0.05) of Rho123 positive 
(Rho123+) cells (20%) was detected for HEK293T cells treated with 12 
mM of gentamicin. No elevated ROS production was detected in 
HEK293T cells treated with 50 mgI/mL iopamidol and 10 μM CdCl2 
(Fig. 3D). 

Fluorescent laser scanning confocal microscopy experiments were 
conducted to analyze the morphological shape, lysosomes, and mito-
chondrial network. HEK293T cells were treated for 24 h. Cells were 
stained afterward with Mitotracker (MTG), Lysotracker Deep Red 
(LTDR), and Hoechst 3342 to highlight specific cell organelles (Fig. 4A). 

Brightfield images revealed round-shaped cells for all gentamicin, 
CdCl2, and iopamidol-treated cells (Fig. 4A). Cells treated for 24 h with 
12 mM gentamicin and 10 μM of CdCl2 showed a substantial increase in 
red signals representing lysosomes. No lysosome-specific signs were 
observed for the control and iopamidol-treated cells. The mitochondrial 
network that continually fuses and divides can be influenced by mito-
chondrial toxicants (Paech et al., 2018). In iopamidol-treated cells, the 
mitochondria do not form a network, are round-shaped and are similar 
to the mitochondria in gentamicin- and CdCl2-treated cells. These 
pattern indicates mitochondrial fission or mitochondrial swelling. 
Furthermore, gentamicin and CdCl2-treated cells show colocalization of 
mitochondria with lysosomes (yellow) in Fig. 4B. 

Quantification revealed that the size of the mitochondrial network 
and the cellular area is reduced in all treatment groups compared to the 
experimental control (100%) (Fig. 4C). Gentamicin reduced the size of 
mitochondria to 65%, CdCl2 to 49%, and iopamidol to 64% compared to 
100% control. The size of the cells is reduced to 58%, 54%, and 56% for 
gentamicin, CdCl2, and iopamidol. Further, gentamicin and CdCl2 in-
crease the area of lysosomes (272% and 288%), respectively, compared 
to 100% control. 

Next, the killifish model was used to test these substances in a more 
sophisticated organ model. Isolated proximal tubules were used as an ex 
vivo model to confirm in vitro cell experiments. First, isolated tubules 

were incubated with compounds for 1 h, followed by assessing the 
highly sensitive mitochondrial membrane potential using the TMRM 
fluorescent assay. Results indicated that all three compounds reduced 
the mitochondrial membrane potential after 1 h of incubation, which 
indicates early onset of mitochondrial impairment (Supplement Fig. 1). 
Next, substances were incubated in renal tubules for 6 h at 4 ◦C, and 
further mitochondrial-specific assays were performed at the same in-
cubation time using the fluorescent marker dyes TMRM (mitochondrial 
membrane potential), MitoSOX (O2

•-), and DHR123 (ROS). Renal 
epithelial cells were imaged and compared relative to control treatments 
(Fig. 5A). Changes in the signal intensity of the accumulation of TMRM 
indicate that the MMP was significantly (p < 0.001) reduced in a 
concentration-dependent matter (Fig. 5B). Gentamicin reduced the 
MMP to 64% (10 μM) and 55% (3 mM), CdCl2 to 62% (50 nM), and 
iopamidol to 74% (6.25 mgI/mL) and 55% (50 mgI/mL) compared to 
100% control. Treated tubules revealed an increase in MitoSOX signal 
intensities for all tested concentrations (Fig. 5C). Compared to the 100% 
control, gentamicin increased the signal intensity of MitoSOX to 138% 
(10 μM) and 197% (3 mM), CdCl2 to 397% (50 nM), and iopamidol to 
182% (6.25 mgI/mL) and 182% (50 mgI/mL). Cellular ROS were also 
observed in all treatment groups (Fig. 5D). Gentamicin induced an in-
crease of the signal intensity to 203% (10 μM) and 178% (3 mM), CdCl2 
to 153 (50 nM), and iopamidol to 133% (6.25 mgI/mL) and 163% (50 
mgI/mL) compared to 100% control. Results revealed similar results 
among all treatment groups, even with lower concentrations. 

In a subsequent experiment (Fig. 5E), the impact of iopamidol on 
ATP levels was assessed. ATP-dependent renal tubular transport medi-
ated by the ATP-binding cassette transporters (ABC) was studied in the 
presence of 6.25 and 50 mgI/mL iopamidol for 6 h. The accumulation of 
the fluorescent Sulforhodamine 101 (Sulfo101, Mrp2 substrate) in the 
luminal space of renal tubules correlates with the activity of apical- 
located ATP-dependent Mrp2 transport. Iopamidol caused a 
concentration-dependent impairment of renal tubular transport of 
Sulfo101 (75% and 44% of control). To verify that this reduction of 
transport is not caused by an iopamidol-specific inhibition of Mrp2, 
tubules were treated with a low and non-toxic concentration of iopa-
midol (6.25 mgI/mL) for 1 h (Supplement Fig. 2). No reduction in Mrp2 
transport was observed. We conclude that iopamidol did not directly 
inhibit Mrp2-mediated transport, but the transport was affected due to 
iopamidol-induced ATP depletion. 

To study morphological aberrations of the mitochondrial network of 
renal epithelial cells, isolated tubules were exposed to Mitotracker Red 
after treatment with iopamidol, gentamicin, and CdCl2 (Fig. 5F). Renal 
epithelial cells of treated tubules showed shrinkage in the size of the 
mitochondria compared to the experimental control. 

The zebrafish model was used to assess the renal toxicity of iopa-
midol in a living organism. The change in the accumulation of intra-
venously injected TMRM in proximal renal epithelial cells was 
investigated (Fig. 6A). Furthermore, the PCT volume was analyzed using 
the tg(cdh17:eGFP) line that expresses eGFP in renal epithelial cells. 

The fluorescent marker TMRM was i.v. injected, and its accumula-
tion within renal epithelial cells is shown in Fig. 6B. Detailed colocali-
zation within PCT is shown in a slice, maximum projection, and 
rendered visualization. In a subsequent experiment (Fig. 6C), the signal 
intensity of TMRM accumulated within renal proximal tubules was 
assessed in ZFL. All fish survived 6 h of treatment at the indicated 
concentrations. Signal intensities of TMRM showed a reduction of 
TMRM accumulation in PCT for all treatment groups indicating 
impaired MMP (Fig. 6D). Gentamicin reduced the TMRM accumulation 
to 59%, CdCl2 to 61%, and iopamidol to 77% compared to 100% control. 
The PCT volume increased 1.31-fold in the gentamicin, 1.33-fold in the 
CdCl2, and 1.36-fold in the iopamidol treatment group (p < 0.001). The 
increase in the distal parts of the renal tubules that are metabolically less 
active than the proximal tubules did not show any changes in volume 
compared to the control (Supplement Fig. 3). 

Next, O2
•– and ROS were investigated using a different approach. The 
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Fig. 4. Analysis and quantification of cellular morphology and organelles of treated HEK293T cells. (A) Upper panel: Qualitative analysis of cell parameters such as 
mitochondria (green) and cell size (grey) after incubation with buffer (control), 12 mM gentamicin, 50 mgI/mL iopamidol, and 10 μM CdCl2 for 24 h. Lower panel: 
Qualitative analysis of lysosomes (red), nuclei (blue), and mitochondria (green). Zoom-in into the mitochondrial network is indicated in white dotted quadrants. Size 
bar: 10 μm (B). Colocalization of lysosomes with the mitochondrial network (mitophagy) is represented in yellow for CdCl2 and gentamicin (white arrows). Size bar: 
5 μm (C) Quantitative analysis of confocal microscopy images. Data are presented as the normalized area per cell compared to the control (set as 1). Data are 
presented as means ± SD of n = 5 independent experiments of images containing each 4 to 35 nuclei. Statistical analyses were calculated by one-way ANOVA 
followed by Dunnett’s multiple comparison test. The threshold for significance was set to (*) for p < 0.05. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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commonly used markers to assess O2
•–/ROS are weak fluorescent dyes. 

Therefore, iopamidol and gentamicin were i.v. injected into tg(cdh17: 
eGFP) ZFL or they were incubated in CdCl2 solution (Fig. 7A). After 24 h 
of incubation, single cells were isolated from ZFL. Subsequently, the 
fluorescent markers MitoSOX or Cellrox Red were added. Of note, 
MitoSOX+ and Cellrox+ cells were measured only in eGFP+ cells 
(Fig. 7B). Gentamicin and CdCl2-treated ZFL showed an increase in 
MitoSOX+ cells (Fig. 7C). Compared to the control (7% MitoSOX+
cells), gentamicin treatment caused 12% (1 nL of 21 mM Gent injected) 
and 15% (1 nL of 42 mM Gent injected) MitoSOX+ renal epithelial cells. 
For CdCl2, 16% (10 μM CdCl2 incubation) and 19% (50 μM CdCl2 in-
cubation) of eGFP+ cells were MitoSOX+. Renal epithelial cells of 
iopamidol-treated ZFL were less affected and showed 10% of MitoSOX+
cells. 

Elevated ROS+ cells were also measured in renal epithelial cells of 
gentamicin and CdCl2-treated ZFL. Compared to the control (7% ROS+
cells), ZFL treated with gentamicin showed 12% ROS+ cells (1 nL of 42 
mM Gent). CdCl2-treated ZFL revealed both 14% ROS+ cells (10 and 50 
μM CdCl2). The treatment groups of iopamidol and lower concentration 
of gentamicin (1 nL of 21 mM Gent) did not show a significant relevant 
increase of ROS+ cells (8% and 9%). All treated ZFL survived 6 h of 
treatment. For 24 h of incubation, survival was 99% at control condi-
tions (buffer only), 97% at 21 mM Gent, 92% at 42 mM Gent, 92% at 10 
μM CdCl2, 75% at 50 μM CdCl2, and 99% at both iopamidol 

concentrations. 

4. Discussion 

In the present study, we investigated the toxic effects of iopamidol. 
We used HEK293T cells (in vitro), isolated renal tubules of killifish (ex 
vivo), and three to four day old ZFL (ex vivo/in vivo). We compared the 
toxicity of iopamidol with those of the well-known tubular toxic com-
pounds gentamicin and CdCl2. 

HEK293T cells have been used to study mitochondrial function and 
to assess chemical-induced damage in several toxicology studies (Cui 
et al., 2021; Mao et al., 2011; Sun et al., 2018). While the focus of the in 
vitro studies using HEK293T was on general mitochondrial function, the 
impact of iopamidol on differentiated tubular cells was studied using ex 
vivo/ in vivo teleost models. To determine if and at which concentration 
the toxins induce mitochondrial damage, ATP content was first 
measured. Mitochondria are the main site of ATP production (Bertram 
et al., 2006). If mitochondria are directly and/or indirectly hit by toxic 
insults, ATP production, a marker of mitochondrial health, may decrease 
while maintaining an intact cell membrane, as proved here by the 
assessment of extracellular leakage of AK (Zhou et al., 2020). The results 
from HEK293T cell experiments treated with gentamicin, CdCl2, and 
iopamidol similarly reveal ATP depletion but no AK release. This in-
dicates that the tested compounds may have a direct and/or indirect 

Fig. 5. Toxicity assessment in isolated renal tubules of killifish (Fundulus heteroclitus). (A) Freshly isolated renal tubules were incubated in chemical solutions for 6 h. 
Subsequently, fluorescent markers were added, and accumulation in renal epithelial cells (rectangle) and luminal space (*) were analyzed by confocal microscopy. 
Size bar: 50 μm. (B) Quantification of the fluorescent signal of TMRM in epithelial cells indicating the MMP, (C) MitoSOX for O2

•–, and (D) Rhodamine123 for cellular 
ROS compared to the mean of the control (set as 100%). (E) Renal tubules were incubated in 6.25 or 50 mgI/mL iopamidol followed by 1 h incubation of Sulfo101 
(Texas Red) as a specific Mrp2 substrate. Relative signal intensity in luminal space of Sulfo101 indicating Mrp2-mediated active tubular excretion. (F) Labeling of 
mitochondria of renal epithelial cells using Mitotracker Red (left panel). Corresponding brightfield images (right panel). Size bar: 5 μm and 50 μm. Values represent 
means ± SD of >15 renal tubules each. The threshold for significance was set to *p < 0.05 and **p < 0.001. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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negative impact on mitochondria. Of note, an increase in ATP con-
sumption and/or inhibition of glycolysis can also influence ATP levels. 
Therefore, several mitochondria-specific assays were performed to 
further investigate mitochondrial damage. Reduction in MMP and 
comparative microscopy images of HEK293T cell experiments treated 
with nephrotoxicants revealed aberrations in the mitochondrial 
network. Iopamidol-treated cells showed round-shaped mitochondria, a 
morphological finding suggesting an iopamidol-induced shift from 
fusion to fission and/or mitochondrial swelling. This shift can be 
interpreted as an impairment of the mitochondrial respiratory chain 
followed by removing damaged mitochondria (Youle and van der Bliek, 
2012). This is supported by data showing an iopamidol-induced ATP 
depletion and loss of MMP. In the gentamicin and CdCl2 treatment 
groups, morphological fission and lysosomal-mediated clearance of 
mitochondria (mitophagy) were also observed. Notably, the more pro-
nounced enlargement and activation of lysosomes in gentamicin, which 
is known to be accumulated and trapped in lysosomes (Servais et al., 
2005), and CdCl2-treated HEK293T cells indicate lysosomal accumula-
tion and/or damage (Zhao et al., 2021). These findings suggest that 
iopamidol-treated HEK293T may respond better to lysosomal and 
mitochondrial insults and/or iopamidol did not accumulate within 
lysosomes. 

In the killifish model, mitochondrial damage was confirmed but at 
lower concentrations of toxicants compared to the HEK293T in vitro 
settings. This highlights a higher sensitivity of the ex vivo model to the 
toxicants studied, which can be explained by the presence of relevant 

physiological processes, such as functional excretion and reabsorption 
via membrane transporters (e.g., OCT, megalin/cubilin machinery, etc.), 
as well as more differentiated cell types (Anzenberger et al., 2006; 
Bolten et al., 2022; Miller et al., 1997). Moreover, the need for a more 
complex model (i.e., ex vivo) can also explain why iopamidol-induced 
O2
•– and ROS production and gentamicin-induced reduction of MMP 

were detected in killifish tubules but not in HEK293T cells. 
Since isolated renal tubules of killifish are more sensitive to toxic 

insults, confocal microscopy is sufficient to detect changes in mito-
chondrial energizations in entire tubules by avoiding stressful single-cell 
formation. For HEK293T cellular studies, we decided to use flow 
cytometry since it is a very sensitive and quantitative method. In addi-
tion, it allows for higher throughput than fluorescence microscopy. 

In the living ZFL model, toxicity in the proximal renal tubules was 
indicated by TMRM accumulation in the tubular epithelial cells, which 
was also observed with a selection of other positively charged fluores-
cent dyes, such as Rhodamine 123, Rhodamine 6G, and Cy5. The 
following reasons provide an explanation for this organ-specific accu-
mulation pattern. First, ZFL renal epithelial cells are functional, as 
shown previously (Bolten et al., 2022). They are equipped with several 
ATP-consuming ATP-binding cassettes (ABC) transporters, solute car-
riers (SLC), and folate and megalin/cubilin tubular reabsorption trans-
porters (Anzenberger et al., 2006; Bolten et al., 2022; Luckenbach et al., 
2014). Second, the kidney is an excretory organ. Consequently, high 
concentrations of some positively charged compounds can pass renal 
epithelial cells and get trapped. Third, positively charged dyes are 

Fig. 6. Toxicity in living 72 hpf ZFL. (A) 72 hpf tg(cdh17:eGFP) ZFL were injected with 1 nL of 21 mM gentamicin, 666 μM CdCl2, and 300 mgI/mL iopamidol. 
Accumulation of TMRM (red) in renal epithelial cells (green) was assessed in vivo. The volume of PCT was quantified based on the signal intensity of the fluorescent 
renal epithelial cells. (B) Visualization of TMRM accumulation within renal epithelial cells of proximal tubules shown as (a) slice, (b) maximum projection, and (c) 
threshold-based volume rendering. Scale bar: 50 μm. (C) Representative confocal images of proximal tubules of 72 hpf control or iopamidol-treated ZFL. Renal 
epithelial cells are green and shown in a false colour representation of the TMRM signal intensity (blue: low signal intensity, white: strong signal intensity). Zoom-in 
into the lumen (*). Scale bar: 50 μm. (D) The relative signal intensity (SI) of TMRM accumulation and relative volume of the PCT as compared to the control is shown. 
Values represent means ± SD of 3 independent experiments with 4 to 11 fish each. The threshold for significance was set to *p < 0.05 and **p < 0.001. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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substrates of organic cationic transporters (OCT) located in renal 
epithelial cells on the basolateral (blood) side. These transporters 
facilitate the uptake of positively charged molecules by renal epithelial 
cells. In both teleost models, OCT transport was verified (Sweet et al., 
2000; Mihaljević et al., 2017; Yamashita et al., 2013). 

Studies investigating the clearance of TMRM revealed fast and effi-
cient cellular uptake within 10 min after injection (Supplementary 
Fig. 4). However, the fluorescent signal could not be detected in any 
other organs due to the trapping of the dye within the mitochondria of 
renal epithelial cells for >48 h. Incubations longer than 48 h were not 
performed because the use of 120 hpf ZFL is restricted by guidelines for 
animal permission. Interestingly, this renal epithelial cell-specific 
accumulation can be exploited to label pronephros of ZFL, a relevant 
approach for researchers who do not have access to transgenic lines that 
express GFP in renal epithelial cells. 

Based on the presented data, we conclude that iopamidol falls into 
the same category as a tubular cell toxic compound, as shown for 
gentamicin and CdCl2 (Campos et al., 2018; Mao et al., 2011; Markowitz 
and Perazella, 2005; Patel and Sapra, 2020; Servais et al., 2005). This 
conclusion is supported by the following lines of evidence: 

First, mitochondrial damage was observed in all tested renal models. 
It is important to assess if mitochondria are affected and not the cellular 
integrity. Indeed, ATP and AK release assays in HEK293T cells (Fig. 2) 
provided evidence that mitochondrial damage was observed but not the 
cellular integrity at the indicated concentrations. In killifish models, cell 
integrity was verified by confocal microscopy images of renal epithelial 
cells (Fig. 5). In ZFL, for 6 h of treatment, no larva showed any toxic 
signs, such as altered heartbeat, heart edema, or changes in viability. For 
the 24 h treatment, only viable fish were used. 

Second, gentamicin and CdCl2 are well-known compounds affecting 

proximal renal epithelial cells in ZFL and humans (Hentschel et al., 
2005; Jado et al., 2020; Järup et al., 1998; Patel and Sapra, 2020). Our 
studies revealed similar toxicity of iopamidol, gentamicin, and CdCl2 on 
mitochondria using visual inspection-assisted fluorescent assays in 
teleost models. 

Third, the high-water solubility and low molecular weight of iopa-
midol would preclude renal damage induced by insoluble crystal for-
mation within renal tissue. This was observed for antivirals, such as 
acyclovir (Markowitz and Perazella, 2005). Most commonly, the pre-
cipitation of crystals occurs in distal tubular lumens due to the insolu-
bility of the chemical in acidic urine (Markowitz and Perazella, 2005). 

Fourth, the dose range of iopamidol chosen for these studies is 
clinically relevant. The concentration used in the study is comparable 
with concentrations found in patients. For experiments in teleost 
models, we used concentrations ranging from 6.25 mgI/mL to 50 mgI/ 
mL, which are in line with the concentration used in clinics given 1 to 2 
mgI/kg (Hardiek et al., 2001). This equals a clinical plasma concentra-
tion of 3 to 10 mgI/mL. Higher doses are not uncommon leading to 
plasma concentrations up to 25 mgI/mL. It should be noted that the 
concentration of iopamidol in renal epithelial cells is higher due to renal 
excretion. It was reported that concentrations of 120 mgI/mL of a 
nonionic low-osmolality contrast agent were found in the urine of rab-
bits after 60 min given a clinically relevant dose (Spataro et al., 1982). 
Therefore, we decided to use a range of iopamidol concentrations that 
potentially include patients given higher doses and patients with normal 
and impaired renal function (6.25 mgI/mL – 50 mgI/mL). ZFL experi-
ments were carried out by injecting 1 or 2 nL of a 300 mgI/mL solution 
intravenously into a blood volume of approximately 70 nL. This corre-
lates to an initial plasma concentration of 8.5 mgI/mL. Concentrations of 
gentamicin sulfate and CdCl2 used for in vitro studies are comparable 

Fig. 7. Toxicity analysis in isolated renal epithelial cells of ZFL. (A) 72 hpf tg(cdh17:eGFP) ZFL were injected with 1 nL of 21 mM or 42 mM of gentamicin, 2 nL of 
300 mgI/mL iopamidol or incubated in 10 or 50 μM CdCl2. After 24 h, ZFL were lysed into single cells, and fluorescent MitoSOX or Cellrox Red was added. (B) Using 
flow cytometry and gating tools, signal intensities of MitoSOX and Cellrox in GFP+ cells were analyzed. (C) Amount of MitoSOX+ and Cellrox+ cells in (%). Values 
represent mean ± SD of at least n = 5 independent experiments. The threshold for significance was set to *p < 0.05 and **p < 0.001. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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with the literature (Campos et al., 2018; Cui et al., 2021; Servais et al., 
2005; Wang et al., 2022). In the ex vivo/ in vivo part, the concentrations 
are in the range being relevant to human beings after CdCl2 intoxication 
(Järup et al., 1998) and in clinical settings for gentamicin (Boyer et al., 
2021; Halstenson et al., 1992). 

It should be mentioned that iopamidol is a small-molecular weight, 
water-soluble, not metabolized drug given as a single bolus injection. 
Chronic exposure and inflammation can therefore be neglected. Ac-
cording to the manufacturer, the human half-life is 2 h but can be up to 
33 h in patients with impaired kidney function, such as peritoneal 
dialysis patients (Hatakeyama et al., 2011). 

Teleost models have several limitations. Notably, chronic and 
immune-mediated inflammation effects cannot be studied in both 
teleost models because a longer exposition would be needed, which 
would be considered an animal experiment. Renal tubules of killifish can 
be used up to 30 h after isolation. ZFL are legally and ethically only 
allowed to be used up to five days post fertilization (3R principles – 
reduce, refine, and replace animal experiments). Further, the mentioned 
method to lyse ZFL to perform single-cell experiments using flow 
cytometry is harsh. Therefore, small changes in, for instance, O2

•– and 
ROS are hardly detectable. This is due to the fact that the trypsin- 
induced isolation of renal epithelial cells from their natural cell-to-cell 
network affects cellular integrity. Also, the species-specific difference 
in response to toxicants, involved transport proteins, and the site of 
initial toxic action may differ among species. Furthermore, extracted 
epithelial cells of the tg(cdh17:eGFP) line include proximal and distal 
epithelial cells. Here, the distal tubule, which is not affected by the 
tested compounds, can ameliorate the toxic readout from this ex vivo 
method, such as ROS. 

5. Conclusion & outlook 

Due to the complex anatomy of vertebrates such as rats and mice, 
mechanistic studies in isolated cells are challenging. The question arises 
if in vitro findings can be extrapolated to higher vertebrates and humans. 
We showed that the killifish ex vivo model and the ZFL in vivo model are 
excellent models for studying renal tubular toxicity. Chemical-induced 
mitochondrial damage can be assessed in real-time visual observation 
using fluorescence assays. By lysing ZFL into a single-cell solution, GFP 
emitting renal epithelial cells of the tg(cdh17:eGFP) enable single-cell 
analysis using flow cytometry. These established models are closer to 
human beings than in vitro cell-based assays. Therefore, we propose 
using isolated renal tubules of killifish and ZFL as preclinical (ex vivo/ in 
vivo) screening models. 

It remains to be elucidated if initial toxic insults are limited to 
mitochondria or if other cellular functions are affected as well. Addi-
tional mechanistic insight could be obtained by analysis of oxidative 
phosphorylation, oxygen consumption rate analysis, or by a metab-
olomics screening approach. For gentamicin, there are hypotheses that 
key mitochondrial components, including cytochrome c and complex-I 
and II activity are affected (Morales et al., 2010; O’Reilly et al., 2019). 
For CdCl2, complexes III and V might be affected (Wang et al., 2022). 
Using isolated mitochondria of renal epithelial cells of iopamidol- 
treated killifish renal tubules, ZFL, and patients would ultimately 
confirm the translational relevance of this study. 
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A B S T R A C T   

ABC export proteins including Multidrug resistance-related protein 2 (Mrp2) serve as detoxification mechanism 
in renal proximal tubules due to active transport of xenobiotics and metabolic waste products into primary urine. 
The environmental pollutants aluminum and arsenic interfere with a multitude of regulatory mechanisms in the 
body and here their impact on ABC transporter function was studied. NaAsO2 but not AlCl3 rapidly stimulated 
Mrp2-mediated Texas Red (TR) transport in isolated renal proximal tubules from killifish, a well-established 
laboratory model for the determination of efflux transporter activity by utilizing fluorescent substrates for the 
ABC transporters of interest and confocal microscopy followed by image analysis. This observed stimulation 
remained unaffected by the translation inhibitor cycloheximide (CHX), but it was abrogated by antagonists and 
inhibitors of the endothelin receptor type B (ETB)/nitric oxide synthase (NOS)/protein kinase C (PKC) signaling 
pathway. NaAsO2-triggered effects were abolished as a consequence of PKCα inhibition through Gö6976 and 
PKCα inhibitor peptide C2–4. Phosphatidylinositol 3-kinase (PI3K) inhibitor LY 294,002 as well as the 
mammalian target of rapamycin (mTOR) inhibitor rapamycin suppressed NaAsO2-triggered stimulation of 
luminal TR transport. In addition, the stimulatory effect of NaAsO2 was abolished by GSK650394, an inhibitor of 
serum- and glucocorticoid-inducible kinase 1 (SGK1), which is an important downstream target. Environmen-
tally relevant concentrations of NaAsO2 further stimulated transport function of P-glycoprotein (P-gp), Multidrug 
resistance-related protein 4 (Mrp4) and Breast cancer resistance protein (Bcrp) while AlCl3 was ineffective. To 
our knowledge, this is the first report engaging in the impact of NaAsO2 on efflux transporter signaling and it may 
contribute to the understanding of defense mechanisms versus this worrying pollutant.   

1. Introduction 

The euryhaline mummichog or Atlantic killifish (Fundulus hetero-
clitus) is a fish living in estuaries and salt marshes along the Atlantic 
coast. It is known for its tolerance versus high fluctuations of water 
salinity, temperature, low oxygen levels and highly polluted ecosystems. 
Therefore, it became an interesting research subject for physiological, 
ecotoxicological and developmental studies (Lau et al., 2021; Eide et al., 
2021; Whitehead et al., 2017; Lister et al., 2011). Isolation of renal 
proximal tubules leads to broken tubule ends, which rapidly close off, 
forming closed compartments whereby the luminal accumulation of 
secreted substances can be measured (Schramm et al., 1995). 

Maintaining the functional activity and the structural organization of a 
whole tissue, these isolated tubules represent an ideal model to study 
excretory transport processes. They are superior to isolated cells and cell 
lines, which often change or lose functional properties during culture 
time. 

Just as in mammals, the ABC transport proteins P-glycoprotein (P-gp, 
ABCB1), Multidrug resistance-related proteins 2 and 4 (Mrp2, 4; ABCC2, 
4) and Breast cancer resistance protein (Bcrp, ABCG2) act as ATP-driven 
efflux pumps at the luminal membrane in renal proximal tubules of 
killifish, where they contribute to body detoxification (Schramm et al., 
1995; Miller et al., 1997; Masereeuw et al., 2000; Reichel et al., 2007; 
Mahringer et al., 2019). Our experiments showed that these ABC 
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transporters respond in a very sensitive way to metallic environmental 
contaminants. Whereas acute expose of isolated killifish tubules to CdCl2 
or HgCl2 resulted in a significant decrease of Mrp2 mediated transport 
(Terlouw et al., 2002; Notenboom et al., 2002), ZnCl2 led to a significant 
increase of ABC transporter function causing augmented luminal accu-
mulation of Texas Red (TR) (Zaremba et al., 2017). Interestingly, the 
same effect was observed in human brain capillary endothelial cells 
(hCMEC/D3) and functionally active brain capillaries from rodents in 
vitro and in vivo (Zaremba et al., 2019). 

The focus of our present studies was set on the impact of environ-
mental metallic/metalloid pollutants, namely aluminum and arsenic, on 
ABC transporter function. Arsenic is a life-threatening environmental 
toxicant, to which millions of people are exposed (Ratnaike, 2003; Ng 
et al., 2003; Singh et al., 2015). Its trivalent form (AsIII) has been shown 
to be highly toxic (Hughes, 2002; Sharma and Sohn, 2009). The World 
Health Organization and the Environmental Protection Agency have 
classified arsenic into IARC group 1 and as group A carcinogen to 
humans respectively and therefore set a limit of 10 µg/L (0,01 ppm) 
arsenic in drinking water. However, in many countries arsenic levels in 
drinking water are several fold higher, e.g. in India, Bangladesh or Sri 
Lanka (Sharma and Sohn, 2009; Singh et al., 2015). In extreme cases 
concentrations between 4 and 8 ppm have been observed (Ng et al., 
2003). Due to its colorless, scentless and tasteless properties as well as 
the restricted access to water supply many people are using 
arsenic-contaminated water in everyday life. Furthermore, in the New 
England States Maine and New Hampshire, almost 30% of wells produce 
water that exceeds arsenic concentrations of 10 µg/L (Ayotte et al., 
2003). Trivalent arsenic reacts particularly with thiols and vicinal sulf-
hydryl groups causing dysregulation and inhibition of proteins (Hughes, 
2002). Carcinogenicity of arsenic might be caused by oxidative stress 
and alteration of DNA repair or cell proliferation (Hughes, 2002). 

Aluminum is the most abundant metal in the earth surface and 
humans have manifold contact to it, e.g. with lubricants, pharmaceuti-
cals, detergents, cosmetics, vaccines, waterproofing clothes, anticorro-
sion agents, food additives, colorants and many others. However, 
overexposure may result in a broad variety of disabilities and several 
diseases have been associated with aluminum toxicosis including Alz-
heimer’s disease, toxic myocarditis, inflammatory bowel disease, oste-
omalacia, cancer, diabetes and others (Igbokwe et al., 2019). On a 
cellular level increased lipid peroxidation (Christen, 2000), lymphocyte 
dysfunction (Zhu et al., 2014), impaired glycolysis (Kaur et al., 2021), 
fibrillation of α-synuclein (Uversky et al., 2001), amyloidogenic effects 
(Xiaoling et al., 2016), inhibition of membrane ATPases (de Sautu et al., 
2018) and many other effects have been observed in the context of 
aluminum overexposure. 

Very little is known about the impact of these metallic/metalloid 
pollutants on ABC transporter function and their underlying signaling 
cascades. Our foregoing studies suggest that metals salts under investi-
gation (CdCl2, HgCl2, ZnCl2) modulate the function of Mrp2 in killifish 
proximal tubules through a Ca2+-dependent signaling pathway 
involving ETB/NOS/PKC (Terlouw et al., 2002; Notenboom et al., 2002; 
Zaremba et al., 2017). Thereby, signaling starts with a release of 
endothelin-1 (ET-1) in a Ca2+-dependent manner, whereas ET-1 itself 
acts via an endothelin B receptor (ETB) located at the basolateral 
membrane (Terlouw et al., 2002; Notenboom et al., 2002; Zaremba 
et al., 2017). ETB then mediates an activation of PKC through stimula-
tion of NOS (Terlouw et al., 2002; Notenboom et al., 2002; Zaremba 
et al., 2017). Dependent on the activated isoform of PKC Mrp2-mediated 
transport is reduced (CaCl2 and HgCl2) or stimulated (ZnCl2) after 
short-term treatment of proximal tubules (Terlouw et al., 2002; Note-
nboom et al., 2002; Zaremba et al., 2017). In order to determine acute 
effects of aluminum and arsenic, respectively, on transporter function 
freshly isolated killifish renal tubules were incubated with these met-
al/metalloid ions and modulators of transporter function to monitor the 
excretion of fluorescent substrates into the tubular lumen. 

2. Materials and methods 

2.1. Chemicals 

Cadmium chloride (CdCl2), cycloheximide (CHX), dimethylsulfoxide 
(DMSO), GSK650394, LY 294,002 hydrochloride, rapamycin, sodium 
(meta)arsenite (NaAsO2), Texas Red (sulforhodamine 101 - free acid, 
TR) and zinc chloride (ZnCl2) were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). Aldosterone, Bisindolylmaleimide I (BIM), Gö6976, 
MK-571 (sodium salt), okadaic acid, PKCα (C2–4) inhibitor peptide and 
phosphoramidon were purchased from Cayman Chemical (Ann Arbor, 
MI, USA). Nifedipine was purchased from Calbiochem (La Jolla, CA, 
USA). BODIPY FL verapamil and NG-methyl-L-arginine, acetate salt (L- 
NMMA) were obtained from Molecular Probes (Eugene, OR, USA). 
Aluminum chloride hexahydrate was purchased from Caesar & Loretz 
GmbH (Hilden, Germany). BODIPY FL prazosin was obtained from 
Invitrogen (Carlsbad, CA, USA). RES-701–1 was purchased from Enzo 
Life Sciences (Farmingdale, NY, USA). NBD-CSA was custom- 
synthesized by R. Wenger (Basel, Switzerland). 8-[Fluo]-cAMP was 
purchased from Biolog Life Science Institute (Bremen, Germany). All 
other chemicals were obtained from Cayman Chemical or Sigma-Aldrich 
in highest available quality. 

2.2. Animals 

All animals were sacrificed by decapitation in accordance with reg-
ulations for the protection of laboratory animals by the Institutional 
Animal Care and Use Committee of the Mount Desert Island Biological 
Laboratory (MDIBL). Male and female killifish (Fundulus heteroclitus) 
from 3.5 to 6.0 cm were caught in Northeast Creek on Mount Desert 
Island, Maine, and maintained in 100% seawater at 12–15 ◦C at the 
MDIBL for one week before experiments. 

2.3. Isolation of kidneys and tissue preparation 

All procedures for kidney dissection and preparation of isolated, 
intact tubules were performed as described previously (Masereeuw 
et al., 2000; Prevoo et al., 2011). Briefly, killifish were sacrificed and cut 
along the belly with sharp small scissors. Kidneys were carefully trans-
ferred with fine forceps to a dish containing marine teleost saline buffer 
(MTS): 140 mM NaCl, 2.5 mM KCl, 1.5 mM CaCl2, 1.0 mM MgCl2 and 20 
mM Tris base at pH 7.8 (Forster and Taggart, 1950). Adherent connec-
tive tissue and hematopoietic tissue were detached using a dissecting 
microscope and forceps to expose proximal tubules. The isolated and 
pooled kidney tubules were transferred to tissue culture dishes with 
cover glass bottoms (FluoroDish®, dish Ø 35 mm, glass Ø 23 mm, WPI) 
containing 2.0 ml MTS. All tissue isolations were performed at room 
temperature (20–22 ◦C). 

2.4. Transport experiments screening for potential modulation of ABC 
transporter activity 

Pooled tubules from 6 to 12 fish were incubated in FluoroDish cul-
ture dishes containing 1.0 ml MTS with/without NaAsO2 or AlCl3 
(0.5–10.0 µM) and a corresponding fluorescent substrate for 60 min to 
reach steady-state distribution if not stated otherwise. Metal/metalloid 
concentrations were chosen in accordance with our previous experi-
ments with other metal salts (CdCl2, HgCl2, ZnCl2) (Terlouw et al., 2002; 
Notenboom et al., 2002; Zaremba et al., 2017). All dishes were kept in 
dark and at a temperature from 4 to 8 ◦C during the incubation time. 
Texas Red (1.0 µM; TR) was used as probe substrate of Mrp2 transport, 
as it had already been used previously as suitable substrate (Masereeuw 
et al., 1996; Miller et al., 2002). The cyclosporin A derivate NBD-CSA 
(2.0 µM) as well as BODIPY FL verapamil (2.0 µM) were used as fluo-
rescent substrates to measure P-gp transport activity (Schramm et al., 
1995; Miller et al., 2014; Nobmann et al., 2001). Fluo-cAMP (2.0 µM) 
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was used as probe for Mrp4 (Reichel et al., 2007) and BODIPY FL pra-
zosin (1.0 µM) served as substrate of Bcrp (Reichel et al., 2011). Used 
substances were directly added from stock solutions in either DMSO or 
MTS to the dishes. In case of DMSO the final concentration of the solvent 
never passed 0.5%. In preliminary studies a DMSO concentration ≤
1.0% did not show an impact on the transport function of isolated tu-
bules. All experiments at the microscope were carried out at room 
temperature (20–22 ◦C). 

2.5. Transport experiments assessing potential influence on specific 
signaling events 

Experiments were performed as described above with the exception 
that tubules were pre-incubated in MTS without (control) or with indi-
cated transport modulators for 30 min at 4–8 ◦C. Then 1.0–2.0 µM of the 
fluorescent probe substrates were added to the incubation medium for 
another 60 min at 4–8 ◦C. 

2.6. Confocal microscopy 

Fluorodishes containing proximal tubules were observed with a 20X 
(NA 0.5) dry objective of an inverted confocal laser scanning microscope 
Olympus FluoView FV1000 (Tokyo, Japan). Only intact proximal tu-
bules were chosen via transmitted light. Excitation and emission pa-
rameters for Texas Red were set at 559 nm (diode laser) and 612 nm. For 
the substrates NBD-CSA, BODIPY FL verapamil, Fluo-cAMP and BODIPY 
FL prazosin the excitation was set at 473 nm (diode laser) and the 
emission was observed at 520 nm. Adjustment of the photomultiplier 
gain was done separately for every experiment to preclude background 
fluorescence and auto-fluorescence of the examined tissue. Confocal 
images with 512 × 512 pixels were generated based on four scans with 2 
s each. Bits per pixel were set at 12. For each treatment 8–15 images of 
various tubules were taken. The images were analyzed with ImageJ 
software version 1.53c for Windows as described previously (Maser-
eeuw et al., 1996; Miller et al., 1996). Briefly, after background sub-
traction three adjacent cellular and luminal regions of all selected 
tubules were tagged for calculation of average pixel intensities. Only 
intact tubules were chosen for the analysis. 

2.7. Statistical analyses 

All results are given as mean fluorescence intensity ± S.E.M. in 
relation to the average fluorescence measured in control tubules. Sta-
tistical analyses were done by performing one-way ANOVA and after-
wards Bonferroni’s multiple comparison test (GraphPad Prism 9.3.1, 
GraphPad Software, CA, USA). Mean values were determined as signif-
icantly different when p < 0.05. 

3. Results 

3.1. Effect of AlCl3 and NaAsO2 on ABC export protein transport in 
killifish proximal tubules 

To quantify excretion, renal tubules were incubated with the fluo-
rescent substrates of P-gp, Mrp2, Mrp4 and Bcrp in absence and in 
presence of increasing doses of AlCl3 and NaAsO2 or inhibitors of the 
transporters. In preliminary experiments no significant differences be-
tween tubules from male and female fish were observed (data not 
shown). Therefore, there is no gender distinction in the presented data. 

Incubation of the tubules with 10 µM of the Mrp2 inhibitor MK-571 
yielded a very similar decrease of Texas Red (TR) excretion as observed 
before (Zaremba et al., 2017). Foregoing studies had shown that incu-
bation of tubules with 10 – 50 μM of the heavy metal salt CdCl2 for both 
30 min and 90 min resulted in a decreased accumulation of the Mrp2 
substrates fluorescein-methotrexate (FL-MTX) and Texas Red in the 
tubular lumens and hence a reduction of Mrp2 transport activity 

(Terlouw et al., 2002; Zaremba et al., 2017). Therefore, these inhibitions 
caused by MK-571 and CdCl2 were repeated as a control experiment 
with the same results (Figs. 1A, 6C). However, proximal tubules exposed 
to 0.5–10 μM AlCl3 showed no difference in excretion of TR when 
compared to control (Fig. 1B), whereas incubation of the tubules with 
0.5–10 µM NaAsO2, respectively yielded a significant increase of TR 
excretion (Fig. 1C). In comparison to untreated tubules, NaAsO2 
significantly enhanced the luminal accumulation of TR to 243 ± 23% 
(mean ± S.E.M), 294 ± 18%, 309 ± 35% and 215 ± 23% using con-
centrations of 0.5, 1.0, 5.0 and 10.0 μM. Since this stimulatory effect 
appeared to reach a saturation niveau at 1 μM NaAsO2, this concentra-
tion was used in following experiments. Figs. 2 and 3 show represen-
tative images of untreated proximal tubules (control) in comparison to 
tubules treated with either 1.0 µM AlCl3 or 1.0 µM NaAsO2 to illustrate 
the findings. For each example transmitted-light (first panel) and 
confocal images (second panel) are depicted followed by the overlay of 
both (third panel). The findings regarding NaAsO2 are in accordance 
with previously performed studies in which enhanced Mrp2 transport 
activity was detected in isolated renal proximal tubules after main-
taining killifish in water with sublethal doses of arsenic (Miller et al., 
2007). When tubules were preincubated with 100 µg/ml cycloheximide 
(CHX), a protein translation inhibitor, the stimulation of TR transport 
into the tubular lumens caused by 1.0 μM NaAsO2 was not reduced, 
suggesting that the increased Mrp2 transport activity was not initiated 
by a de novo synthesis of the ABC transporter (Fig. 1D). 

Possible influence of NaAsO2 and AlCl3 on P-gp-, Bcrp- and Mrp4- 
mediated transport in killifish proximal tubules was also investigated 
using BODIPY FL verapamil (Miller et al., 2014) and the cyclosporin A 
derivate NBD-CSA as fluorescent probe substrates for P-gp (Schramm 
et al., 1995), BODIPY FL prazosin as a probe substrate for Bcrp (Reichel 
et al., 2011) and fluo-cAMP as probe substrate of Mrp4 (Reichel et al., 
2007). Like the findings on Mrp2-mediated transport, NaAsO2 enhanced 
luminal accumulation of all four substrates, BODIPY FL verapamil 
(Fig. 4A), NBD-CSA (Fig. 4B), BODIPY FL prazosin (Fig. 4C) and 
fluo-cAMP (Fig. 4D) significantly with concentrations of 0.5 and 1.0 µM, 
whereas 1.0 µM and 10.0 µM AlCl3 had no effect on the secretion of these 
substrates. 

As comparable results were observed for all ABC transporters, we 
concentrated in the following studies on excretion of the Mrp2 substrate 
TR. 

3.2. Involvement of NaAsO2 in signaling cascades modulating Mrp2- 
mediated transport 

3.2.1. Signaling via an ETb/NOS/PKC pathway 
In order to determine, whether NaAsO2 is involved in the ETB/NOS/ 

PKC signaling cascade as discussed in the introduction, we investigated 
whether nifedipine (L-type Ca2+ channel blocker), RES-701–1 (ETB re-
ceptor antagonist), L-NMMA (NOS inhibitor) and the PKC inhibitor 
bisindolylmaleimide I (BIM) are able to reduce the NaAsO2-induced 
stimulation of Mrp2-mediated transport (Fig. 5). 10 µM nifedipine had 
no effect on Mrp2-mediated transport of Texas Red, but reduced luminal 
accumulation induced by NaAsO2 down to control levels (Fig. 5A). Thus, 
we conclude that the effect of NaAsO2 depends on a rise in free intra-
cellular Ca2+ levels, similar to the effect recently observed for Mrp2 
stimulation by ZnCl2 (Zaremba et al., 2017). The used MTS buffer con-
tained 1.5 mM CaCl2 but this ingredient by itself does not implicate a 
Ca2+ influx causing a change in Mrp2-mediated transport of TR. Ex-
periments in total absence of Ca2+ were not accomplishable, because 
tubules collapsed and disintegrated during incubation. As described 
before (Zaremba et al., 2017; Terlouw et al., 2001), increasing the CaCl2 
concentration to 3 mM lowered Mrp2-mediated transport. The previous 
explanation was a Ca2+-induced stimulation of ET-1 release with a 
subsequent activation of PKC resulting in a fast decrease of Mrp2 efflux 
activity (Terlouw et al., 2001). In the present study RES-701–1, an ETB 
receptor antagonist and furthermore the NOS inhibitor L-NMMA and the 
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PKC inhibitor BIM abolished NaAsO2-triggered TR efflux stimulation in 
the kidney tubules (Fig. 5B, C). The ineffectiveness of these used com-
pounds against Mrp2-mediated transport activity was shown either as a 
part of the presented experiments or published previously (Masereeuw 
et al., 2000; Notenboom et al., 2002). The stimulatory effect of NaAsO2 
was also reduced in the presence of 200 µM phosphoramidon (Fig. 5D), 
which inhibits ECE (endothelin-converting enzyme) that participates in 
ET-1 processing (Opgenorth et al., 1992). In summary, these data sug-
gest that NaAsO2 is acting very similar to ZnCl2, namely by modulation 
of the ETB/NOS/PKC cascade. Thus, next to ZnCl2 (Zaremba et al., 2017, 
2019) it is the second compound in the group of metals and metalloids 
that has a rapid stimulatory effect on Mrp2 transport function in contrast 
to CdCl2, the presence of which resulted in decreased Mrp2 transport 
(Terlouw et al., 2001, 2002; Notenboom et al., 2002; Masereeuw et al., 
2000). 

3.2.2. Signaling via PKC isoform alpha 
Protein kinase C (PKC) is an umbrella term for various subtypes of 

serine/threonine kinases including conventional PKCs (cPKC: α, β1, β2, 
γ), novel PKCs (nPKC: δ, ε, η, θ) and atypical PKCs (aPKC: ι, λ) (Stein-
berg, 2008). Bisindolylmaleimide I (BIM) is an unselective and general 
PKC inhibitor (Toullec et al., 1991), however, the indolocarbazole 

Gö6976 has a high selectivity for PKCα and PKCβ1 (Martiny-Baron et al., 
1993). To determine whether incubation of tubules with these PKC in-
hibitors has a similar effect on NaAsO2-induced function of Mrp2 as on 
ZnCl2-induction, we examined TR excretion in proximal tubules after 
NaAsO2 treatment with or without Gö6976. The inhibitor abolished 
NaAsO2-triggered stimulation of Mrp2 transport activity (Fig. 6A) as 
previously described for ZnCl2 (Zaremba et al., 2017), indicating a 
participation of either PKCα or PKCβ1. For further examination of the 
involved PKC isoform in NaAsO2-triggered stimulation of Mrp2 trans-
port activity, we incubated the tubules with C2–4, a specific PKCα in-
hibitor peptide. C2–4 blocked the stimulatory effect of NaAsO2 on 
Mrp2-mediated TR transport, suggesting an activation of PKCα as a 
result of NaAsO2 treatment of the proximal tubules (Fig. 6B). In contrast, 
the CdCl2-induced reduction of Mrp2 activity was not blocked by C2–4 
while the unspecific PKC inhibitor BIM abolished it, enhancing luminal 
fluorescence of CdCl2-treated tubules to control levels (Fig. 6C). The 
kinase activity of PKCα is dependent on phosphorylation. It can be 
stopped by protein phosphatase 2A (PP2A) via dephosphorylation 
(Nakashima, 2002). Treatment of proximal tubules with NaAsO2 and 10 
nM okadaic acid, a potent and selective inhibitor of PP2A (Fernández 
et al., 2002) resulted in an abolishment of the stimulatory effect of 
NaAsO2 on Mrp2 efflux activity (Fig. 6D). This result is distinct from the 

Fig. 1. Effects of CdCl2, AlCl3 and NaAsO2 on 
the luminal TR accumulation in proximal tu-
bules of killifish. (A) Inhibition of luminal TR 
transport caused by CdCl2. Proximal tubules 
were pre-incubated in MTS (control) or MTS 
with indicated treatments for 30 min previous 
to another 60 min with 1.0 µM TR. (B) AlCl3 did 
not show any significant influence on TR 
transport. Tubules were incubated in MTS 
(control) or MTS with indicated treatments as 
well as 1.0 µM TR for 60 min. (C) Dose- 
dependent stimulation of TR transport by 
NaAsO2. The experiment was performed as 
described for (B). (D) The NaAsO2-induced 
stimulation of TR transport could not be abol-
ished by the translation inhibitor CHX. Prox-
imal tubules were incubated with MTS (control) 
or MTS with indicated treatments for 30 min 
previous to another 90 min with 1.0 µM TR. 
Mean values ± S.E.M. for 15–19 (A), 15–24 (B), 
9–30 (C), 15–26 (D) tubules. P values depicted 
by following scheme: ns ≥ 0.05, * < 0.05, ** <
0.01, *** < 0.001, **** < 0.0001.   
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recently observed ineffectiveness of okadaic acid against ZnCl2-induced 
stimulation of Mrp2 transport (Zaremba et al., 2017). Mrp2 transport 
function was not modified by okadaic acid itself. 

3.2.3. Signaling via PI3K/mTOR and SGK1 activation 
Compared to previous studies (Zaremba et al., 2017, 2019) we found 

a striking similarity between the effects of ZnCl2 and NaAsO2 upon the 
activity of Mrp2 in killifish proximal tubules. Zinc has been described to 
be involved in phosphatidylinositol 3-kinase (PI3K)/mammalian target 

of rapamycin (mTOR) pathway (Ryu et al., 2008; Nimmanon et al., 
2017). Therefore, we examined, whether NaAsO2 also has an impact on 
this pathway. PI3K inhibitor LY 294,002 (Kong and Yamori, 2008) 
significantly reduced the stimulating effect of NaAsO2 on 
Mrp2-mediated TR transport but did not modify Mrp2 efflux function by 
itself (Fig. 7A). Further on, the stimulation caused by NaAsO2 was also 
inhibited by rapamycin, a potent inhibitor of mTOR, while rapamycin 
itself did not show an impact on Mrp2 activity (Fig. 7B). 

Downstream PI3K/mTOR, several additional signaling cascades are 

Fig. 2. Representative examples of proximal tubules from killifish presented with transmitted-light (first panel) and confocal images (second panel) as well as an 
overlay of both (third panel). Tubules were incubated 60 min with 1.0 µM TR in MTS, containing no further substances (control; A–C) or 1.0 µM AlCl3 (D–F). Luminal 
TR accumulation in AlCl3-treated tubules is at control levels, indicating no alteration in Mrp2 transport activity. 

Fig. 3. Representative examples of proximal tubules from killifish presented with transmitted-light (first panel) and confocal images (second panel) as well as an 
overlay of both (third panel). Tubules were incubated 60 min with 1.0 µM TR in MTS, containing no further substances (control; A–C) or 1.0 µM NaAsO2 (D–F). 
Treatment of tubules with NaAsO2 resulted in enhanced luminal fluorescence, suggesting increased Mrp2 efflux activity. 
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active including serum- and glucocorticoid-inducible kinase 1 (SGK1), 
which is a serine/threonine kinase (Lang et al., 2014; Kobayashi and 
Cohen, 1999). SGK1 is responsible for the regulation of a great number 
of carriers and ion channels (Lang et al., 2014; Kobayashi and Cohen, 
1999). Treatment of proximal tubules with NaAsO2 and GSK650394, a 
potent SGK1 inhibitor, led to an abolishment of NaAsO2-induced Mrp2 
transport stimulation (Fig. 7C), similar to what we had observed before 
for ZnCl2 (Zaremba et al., 2017). Therefore, these data suggest that 
NaAsO2 and ZnCl2 mediate SGK1 activation and they are accordant with 
ZnCl2 and NaAsO2 on one side as both substances show a stimulation of 
Mrp2 transport activity. CdCl2 on the other side initiates a signaling 
pathway that modifies Mrp2 transport activity in the opposite way and it 
was shown previously that its signaling events do not include a partic-
ipation of SGK1 (Zaremba et al., 2017). Moreover, SGK1 is also induced 
by the mineralocorticoid aldosterone in the kidney (Shigaev et al., 2000; 
McCormick et al., 2005). Treatment of proximal tubules with 100 nM 
aldosterone leads to a rapid rise of luminal TR accumulation compared 
to control (Fig. 7D). This observed effect is reversed by GSK650394, 
suggesting that the aldosterone-induced enhancement of Mrp2 efflux 
activity is due to SGK1 activation. These data give countenance to the 
thesis that Mrp2 transport activity is mediated by SGK1 and that NaA-
sO2-induced signaling includes SGK1 activation. An overview of the 
proposed signaling pathway causing NaAsO2-induced Mrp2 transport 
stimulation is depicted in Fig. 8. 

4. Discussion 

The function and signaling pathways of export proteins can be 
examined with proximal tubules from the euryhaline teleost killifish as 
they turned out to be an excellent model system for a comparative 
method of approach (Notenboom et al., 2002, 2005; Terlouw et al., 
2001; Masereeuw et al., 1996; Miller, 1987; Schramm et al., 1995; 
Mahringer et al., 2019; Zaremba et al., 2017). Here, we particularly 
studied the effect of AlCl3 and NaAsO2 on the transport activity of the 
ABC transporter Mrp2 and its regulation and compared it to the previ-
ously observed effects of ZnCl2. Whereas AlCl3 had no effect at all on the 
function of the studied ABC transporters, NaAsO2 – similar to ZnCl2 – 
rapidly stimulated Mrp2 transport function. The same effect was 
observed for the other ABC transporters in killifish proximal tubules, 
P-gp, Mrp4 and Bcrp, suggesting a general effect rather than an effect 
being specific to Mrp2. Furthermore, the ABC transporter stimulation 
was induced by environmentally relevant concentrations of NaAsO2 
(Neff, 1997; Ng et al., 2003). As described by these reviews, concen-
trations between 4 and 8 ppm have been registered in highly polluted 
areas. Our results agree with studies conducted with arsenic-treated rat 
liver epithelial cells which revealed an up-regulation of Mrp1, Mrp2, 
P-gp and the phase II drug metabolizing enzyme glutathione S-trans-
ferase II as a defense mechanism to reduce intracellular arsenic levels 
(Liu et al., 2001). 

Fig. 4. Effects of NaAsO2 and AlCl3 on the 
luminal accumulation of BODIPY FL verapamil 
(A), NBD-CSA (B), BODIPY FL prazosin (C) and 
fluo-cAMP (D) in proximal tubules of killifish. 
Tubules were incubated in MTS (control) or 
MTS with indicated treatments as well as a 
fluorescent substrate, namely 2.0 µM BODIPY 
FL verapamil (A), 2.0 µM NBD-CSA (B), 1.0 µM 
BODIPY FL prazosin (C) or 2.0 µM fluo-cAMP 
(D) for 60 min. Mean values ± S.E.M. for 6–9 
(A), 6–9 (B), 10–16 (C), 8–15 (D) tubules. P 
values depicted by following scheme: ns ≥ 0.05, 
* < 0.05, ** < 0.01, *** < 0.001, **** <
0.0001.   
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Mrp2 stimulation caused by NaAsO2 was not reduced when trans-
lation was blocked with cycloheximide, indicating that the observed 
effect is not caused by a de novo synthesis of the transporter. Our data 
show that the signaling event induced by NaAsO2 is similar to the one by 
ZnCl2: First of all, the effect is Ca2+-dependent and appears to trigger a 
signaling cascade via the ETB/NOS/PKC pathway. Nifedipine, a Ca2+

channel blocker, as well as the ETB antagonist RES-701–1, the NOS in-
hibitor L-NMMA and furthermore the PKC inhibitor BIM were able to 
reduce the stimulatory effect of NaAsO2. These effects of both NaAsO2 
and ZnCl2 appear to be mediated by the same signaling cascade which 
results in reduced Mrp2 transport function in presence of CdCl2 or HgCl2 
(Terlouw et al., 2002). The reason for these contrary findings may be 
due to different PKC isoforms that are selectively activated and in turn 
induce varying signaling events causing contrastive modulation of Mrp2 
transport activity. In another teleost, the zebrafish Danio rerio, several 
diverse isoforms of PKC have been described (Patten et al., 2007). Both 
ZnCl2-induced signaling and NaAsO2-induced signaling involve PKCα 

activation since cPKC inhibitor Gö6976, which is selective for PKCα and 
PKCß1, as well as the specific PKCα inhibitor peptide C2–4 abolished the 
stimulatory effect of the two substances on Mrp2 transport activity. 
CdCl2, on the contrary, involves another PKC isoform since BIM was able 
to abolish CdCl2-induced decrease in Mrp2-mediated TR transport while 
C2–4 was not. In addition, previous studies showed that Gö6976 cannot 
block the inhibitory effect of CdCl2 either (Zaremba et al., 2017). These 
results are supported by another study with rat brain capillaries, in 
which 12-deoxyphorbol-13-phenylacetate-20-acetate (dPPA), that is an 
activator of PKCß1 and PKCß2, had no influence on the transport activity 
of Mrp2 (Rigor et al., 2010), indicating that neither PKCß1 nor PKCß2 
participate in the rapid modulation of Mrp2 function. It is not yet clear 
how distinct PKC isoforms are activated as a consequence of treatment 
with NaAsO2 or ZnCl2 on one side or with CdCl2 on the other side as all 
three substances seem to have a similar signaling pathway involving ETB 
and NOS. One possibility may be the protein phosphatase 2A (PP2A) 
which is able to block the activity of PKCα by dephosphorylation 

Fig. 5. The stimulating effect of NaAsO2 on 
luminal TR efflux in proximal tubules of killifish 
involves the ETB/NOS/PKC pathway. Tubules 
were pre-incubated in MTS (control) or MTS 
with indicated treatments for 30 min previous 
to another 60 min with 1.0 µM TR. (A) The Ca2+

channel blocker nifedipine abolished the stim-
ulation of luminal TR transport caused by 
NaAsO2. (B) RES-701–1, an ETB receptor 
antagonist, and L-NMMA, a NOS inhibitor, 
blocked the effect of NaAsO2 on luminal TR 
efflux. (C) The NaAsO2-induced stimulation of 
TR transport is also abolished by PKC inhibitor 
BIM. (D) The endothelin-converting enzyme 
inhibitor phosphoramidon blocked the 
enhanced luminal TR accumulation caused by 
NaAsO2. Mean values ± S.E.M. for 14–18 (A), 
15–25 (B), 15–23 (C), 17–29 (D) tubules. P 
values depicted by following scheme: ns ≥ 0.05, 
* < 0.05, ** < 0.01, *** < 0.001, **** <
0.0001.   
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(Parekh et al., 2000; Hansra et al., 1996) and thus modulate its kinase 
activity. There is evidence that Zn2+ binds to PP2A leading to a direct 
inhibition of the phosphatase, similar to okadaic acid, which is a potent 
PP2A inhibitor (Xiong et al., 2013). Given that CdCl2-triggered decrease 
of Mrp2 transport activity was blocked by okadaic acid while 
ZnCl2-induced enhancement of Mrp2 function remained unaffected, we 
reasoned that PP2A is involved in the selective activation of a specific 
PKC isoform (Zaremba et al., 2017). However, since the NaAsO2-in-
duced stimulation of Mrp2 was suppressed by okadaic acid, this step in 
the signaling cascade needs to be further investigated. 

In accordance with the observed impact of ZnCl2 on Mrp2 activity, 
the NaAsO2-induced stimulation appears to include a participation of 
PI3K/mTOR and a subsequent activation of SGK1. Arsenic appears to 
interact with the PI3K/mTOR pathway as shown for the murine 

hepatocyte cell line AML-12 (Yuan et al., 2021) and the malignant 
lymphocyte cell line NALM-6 (Toosi et al., 2018). Our findings indicate 
the involvement of PI3K in the examined stimulation of Mrp2 transport 
activity caused by NaAsO2 since LY 294,002, a PI3K inhibitor, abolished 
the stimulatory effect. There is evidence that mTOR can trigger distinct 
signaling pathways depending on the formation of either mTORC1 or 
mTORC2, two different multiprotein complexes (Laplante and Sabatini, 
2009). It is described in literature that mTORC2 is less sensitive to 
rapamycin than mTORC1 and that a prolonged treatment with the drug 
is required to achieve mTORC2 inhibition (Sarbassov et al., 2006). 
mTOR inhibitor rapamycin was able to block the NaAsO2-induced 
stimulation of Mrp2 transport activity in our studies with fairly short 
incubation times, suggesting the participation of mTORC1. It is 
currently unknown, whether PI3K/mTOR is in direct connection to 

Fig. 6. NaAsO2 and CdCl2 involve different 
PKC subtypes in their signaling events inducing 
an alteration of Mrp2 transport activity. Killi-
fish proximal tubules were pre-incubated in 
MTS (control) or MTS with indicated treat-
ments for 30 min previous to another 60 min 
with 1.0 µM TR. (A) NaAsO2-induced stimula-
tion of luminal TR accumulation is blocked by 
Gö6976. (B) C2–4, a specific inhibitor of PKCα, 
abolished the induction of TR efflux caused by 
NaAsO2. (C) CdCl2-induced inhibition of TR 
transport is blocked by PKC inhibitor BIM while 
C2–4 did not show an influence. (D) The protein 
phosphatase 2A inhibitor okadaic acid abol-
ished NaAsO2-induced stimulation of luminal 
TR transport. Mean values ± S.E.M. for 19–32 
(A), 16–23 (B), 15–19 (C), 14–29 (D) tubules. P 
values depicted by following scheme: ns ≥ 0.05, 
* < 0.05, ** < 0.01, *** < 0.001, **** <
0.0001.   
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Fig. 7. Involvement of PI3K/mTOR pathway and SGK1 activation in proximal tubules of killifish as a result of NaAsO2 treatment. Tubules were pre-incubated in MTS 
(control) or MTS with indicated treatments for 30 min previous to another 60 min with 1.0 µM TR. (A) The PI3K inhibitor LY 294,002 abolished the stimulatory effect 
of NaAsO2 on luminal TR efflux. (B) NaAsO2-induced stimulation of TR efflux is blocked by rapamycin, a well-known inhibitor of mTOR. (C) The SGK1 inhibitor 
GSK650394 abolished the induction of luminal TR transport caused by NaAsO2. (D) The aldosterone-induced stimulation of luminal TR efflux is abolished by 
GSK650394. Mean values ± S.E.M. for 16–35 (A), 15–28 (B), 15–33 (C), 12–24 (D) tubules. P values depicted by following scheme: ns ≥ 0.05, * < 0.05, ** < 0.01, 
*** < 0.001, **** < 0.0001. 
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PKCα activation within the investigated signaling pathway. Similar to 
our study with ZnCl2 (Zaremba et al., 2017) a link between PKCα and 
PI3K/mTOR regarding the NaAsO2-triggered stimulation of Mrp2 
transport activity seems supposable, but this needs to be clarified by 
further experiments. 

The serine/threonine kinase SGK1 is induced by a broad spectrum of 
extracellular stimuli (Loffing et al., 2006) and being a stimulator of 
many ion channels and carriers itself, it is involved in regulating 
epithelial transport (Lang and Stournaras, 2013; Lang et al., 2014). 
Here, we show that GSK650394, a SGK1 inhibitor, suppressed Mrp2 
transport stimulation by NaAsO2, suggesting that SGK1 activity is a 
crucial part in the investigated NaAsO2-induced signaling pathway. It 
has been shown previously that the activity of SGK1 is regulated by PI3K 
activation (Park et al., 1999). Several considerations support the hy-
pothesis that SGK1 might be indispensable in the NaAsO2-induced 
signaling events causing Mrp2 stimulation. First of all, rapid SGK1 
activation in the kidney can be induced via aldosterone (McCormick 
et al., 2005). In our studies, the mineralocorticoid also stimulated 
Mrp2-mediated transport and this observed effect was inhibited by the 
SGK1 inhibitor GSK650394. In addition, induction of SGK1 is accom-
plished by a lot of external stimuli including xenobiotics and SGK1 in 
turn can induce many other proteins as mentioned before. This also 
includes the activation of other kinases leading to the regulation of 
further targets (Gehring et al., 2009). Following investigations will 
concentrate on the mechanism that enables SGK1 to mediate 

NaAsO2-triggered stimulation of Mrp2 transport activity in killifish 
proximal tubules. 

5. Conclusion 

All in all, our data indicate that AlCl3 has no impact on acute ABC 
transporter function in killifish proximal tubules. In contrast, NaAsO2 
exhibits a rapid stimulatory effect on the efflux activity of ABC trans-
porters, namely Mrp2, Mrp4, P-gp and Bcrp in killifish proximal tubules. 
The enhancement of Mrp2 transport function shows a striking similarity 
to the recently observed ZnCl2-triggered signaling events. With arsenic 
being a worrying environmental toxin, these findings might be inter-
esting with respect to understand the body’s defense mechanisms in 
response to this pollutant. 
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Fig. 8. Overview screen of the proposed signaling pathway resulting in enhanced Mrp2 transport activity in killifish proximal tubules due to treatment with NaAsO2. 
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mTOR pathway and induces SGK1 activation. Currently, it is not known if there is a connection between PKCα and the PI3K/mTOR pathway. 
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ABSTRACT: Recently, a lipopeptide derived from the hepatitis B virus
(HBV) large surface protein has been developed as an HBV entry
inhibitor. This lipopeptide, called MyrcludexB (MyrB), selectively binds
to the sodium taurocholate cotransporting polypeptide (NTCP) on the
basolateral membrane of hepatocytes. Here, the feasibility of coupling
therapeutic enzymes to MyrB was investigated for the development of
enzyme delivery strategies. Hepatotropic targeting shall enable enzyme
prodrug therapies and detoxification procedures. Here, horseradish
peroxidase (HRP) was conjugated to MyrB via maleimide chemistry,
and coupling was validated by SDS-PAGE and reversed-phase HPLC.
The specificity of the target recognition of HRP-MyrB could be shown in
an NTCP-overexpressing liver parenchymal cell line, as demonstrated by
competitive inhibition with an excess of free MyrB and displayed a strong linear dependency on the applied HRP-MyrB
concentration. In vivo studies in zebrafish embryos revealed a dominating interaction of HRP-MyrB with scavenger endothelial cells
vs xenografted NTCP expressing mammalian cells. In mice, radiolabeled 125I-HRP-MyrBy, as well as the non-NTCP targeted control
HRP-peptide-construct (125I-HRP-alaMyrBy) demonstrated a strong liver accumulation confirming the nonspecific interaction with
scavenger cells. Still, MyrB conjugation to HRP resulted in an increased and NTCP-mediated hepatotropism, as revealed by
competitive inhibition. In conclusion, the model enzyme HRP was successfully conjugated to MyrB to achieve NTCP-specific
targeting in vitro with the potential for ex vivo diagnostic applications. In vivo, target specificity was reduced by non-NTCP-mediated
interactions. Nonetheless, tissue distribution experiments in zebrafish embryos provide mechanistic insight into underlying
scavenging processes indicating partial involvement of stabilin receptors.

KEYWORDS: bioconjugation, enzyme targeting, hepatic drug delivery, zebrafish screening, hepatitis B virus

■ INTRODUCTION

Multiple therapeutic enzymes have already entered the clinic,1

and several others are being investigated for a range of
indications, including metabolic disorders,2,3 poisoning,4−7 and
cancer therapy.8,9 Targeted enzyme delivery is particularly
relevant, as systemic administration and related side effects
lower the therapeutic index.10 The mechanisms of enzymatic
action are mainly focused on substrate depletion3,9,11 or
conversion of prodrugs.12−14 By locally confining therapeutic
enzymes by active targeting, side effects may be minimized to
increase treatment efficacy.15 Even though different ligands
have been described for targeted enzyme delivery,16,17 enzymes
are typically linked to antibodies targeting noninternalizing
antigens as in Antibody Directed Enzyme Prodrug Therapy
(ADEPT).14,15 Following local conversion, free drugs can
penetrate deeper into the target tissue when compared to
targeting ligand-drug conjugates.13 Indeed, several antibody−
drug conjugates (ADC) targeting noninternalizing antigens
have recently emerged using cleavable linkers.18−20 This
strategy is based on extracellular liberation of the drug
payload, thereby increasing target tissue accumulation and
penetration.21 Importantly, such strategies require a specific

target within the extracellular matrix or, that is, confined to
poorly internalizing cellular receptors.21

A liver-specific target that meets this requirement is the
sodium taurocholate cotransporting polypeptide (NTCP)22

expressed on the basolateral membrane of hepatocytes.23

Interestingly, MyrcludexB (MyrB), a recently developed
viromimetic lipopeptide derived from the hepatitis B virus
(HBV) large surface protein, selectively targets the NTCP with
high affinity (KD = 67 nM) and a relatively slow dissociation
(t1/2 of 11 h).24 This is the basis for clinical trials to prevent
HBV and hepatitis D virus (HDV) binding to hepatocytes24,25

for the management of chronic HBV and HDV infections.26,27

Beyond the antiviral application, this sustained NTCP
association may also provide a novel avenue for targeted
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enzyme delivery for the treatment of liver diseases or toward
detoxification to exploit the high hepatic accumulation,
enabling enzymatic conversion on the extracellular surface of
hepatocytes.
Indeed, various hepatic drug delivery platforms using MyrB

or its derivatives have been proposed as targeting ligands.28−30

These efforts have focused primarily on liposome-based
strategies, demonstrating effective delivery of small molecule
drugs such as paclitaxel28 or doxorubicin.30 Similarly, we
optimized virus-mimetic lipid nanocarriers coupled to a MyrB
derivative.31 Notably, we observed that the nanocarrier is
readily endocytosed, while MyrB remains largely associated
with the cell surface,31 resulting in the typical MyrB cell
membrane staining.24,32

Capitalizing on the previously demonstrated ability to
employ derivatives of MyrB as a targeting agent for the
hepatocyte-specific delivery of small molecule drugs,31 the aim
of this work was to explore the feasibility of linking a
therapeutic enzyme to MyrB for targeted enzyme (large
molecule) delivery to the surface of hepatocytes. To this end,
horseradish peroxidase (HRP) was selected as a model enzyme
due to its commercial availability, its fluorogenic substrates,
and its previous use in enzyme prodrug therapy.33,34 As
illustrated in Figure 1, HRP coupled to the viromimetic
peptide MyrB (HRP-MyrB) enters the space of Disse through
the fenestrated capillaries formed by the liver sinusoidal
endothelial cells (EC). Within the space of Disse, the
conjugate associates with NTCP, exerting its targeted
enzymatic activity, demonstrated here by oxidation of Amplex
Ultra Red (AUR) to Amplex Ultrox Red, yielding a fluorescent
signal. The binding efficacy and ability to specifically deliver
the enzymatic activity was investigated in vitro in liver
parenchymal cells engineered to overexpress NTCP.35 To
preassess the in vivo targeting ability and to predict hepatic
clearance mechanisms via macrophages or liver sinusoidal EC
in mammals, the zebrafish embryo (Danio rerio) model was
used, xenotransplanted with mammalian cells expressing
NTCP. In previous contributions, we demonstrated the utility
of this early, high-throughput pharmacokinetic (PK) prescre-
ening model.36−39 The biodistribution of radiolabeled HRP-
MyrB conjugates was evaluated in mice, and the PK properties
were compared to those observed in zebrafish embryos.

■ EXPERIMENTAL PROCEDURES

Preparation of Enzymes Coupled to Viromimetic
Peptides. All peptides were synthesized via solid-phase

peptide synthesis on a chlorotrityl resin (2-CTC) employing
the fluorenylmethyloxycarbonyl/tert-butyl (Fmoc/tBu) strat-
egy and modified with myristic acid.31,40 The peptides were
purified via preparative HPLC (Reprosil Pur 120 C18-AQ, 5
μm (250 mm × 25 mm)), and the purity of the peptides was
confirmed by LC-MS.
EZ-Link maleimide-activated horseradish peroxidase (HRP-

mal), derived from plants, and MyrBC were solubilized in the
conjugation buffer (100 mM NaPi, 150 mM NaCl, 5 mM
EDTA, pH 7.2) to 0.5 mg/mL HRP-mal with a 1- to 5-fold
molar excess of the peptide. Solutions were kept at room
temperature at constant shaking and incubated for 4−16 h,
yielding HRP-MyrB. For subsequent preparations, HRP-mal
was solubilized at 0.5−5 mg/mL, and viromimetic peptides
were added using a molar excess of 2−2.5.
For fluorescent labeling, NHS-Rhodamine (5/6-carboxy-

tetramethyl-rhodamine succinimidyl ester) was predissolved to
10 mg/mL in anhydrous DMSO and added to the HRP-
peptide constructs at a 10 to 20-fold molar excess. Solutions
were kept at room temperature for 2 to 16 h at constant
agitation. Free dye was removed by dialysis (12−14 kDa
MWCO) against 10 mM phosphate-buffered saline (PBS) or
by size exclusion chromatography using an XK16/20 column
packed with Sephadex G-50 fine medium eluted with PBS.
MyrBC was fluorescently labeled as previously described.31

Characterization of Enzymes Coupled to Viromimetic
Peptides. The HRP concentration and dye coupling ratio
were determined with UV−Vis spectroscopy. The efficacy of
HRP-peptide coupling was investigated by 10% SDS-PAGE.41

Samples were diluted in a nonreducing loading buffer, and the
gels were stained with Coomassie blue R-250.
The HRP-peptide constructs were analyzed by RP-HPLC-

UV using a Nexera X2 (Shimadzu) instrument equipped with
an SPD-M30A Diode Array detector connected to a Bioresolve
RP mAb Polyphenyl Column. Buffer A consisted of 0.1%
trifluoroacetic acid (TFA) in water, and buffer B consisted of
0.1% TFA in acetonitrile. The proteins were eluted in 20 min
at a flow rate of 0.2 mL/min from 15 to 55% buffer B and
detected by UV−Vis at 220 nm.
The enzymatic activity was monitored by following the

oxidation of AUR. HRP (0.25−5 mU/mL) was incubated with
1 mM hydrogen peroxide (H2O2) and 50 μM AUR in PBS in
96-well plates. Upon mixing, the fluorescence (λEx/Em: 490/585
nm) was immediately recorded over 5 min using a Spectramax
M2e plate reader (Molecular Devices). The activity of the

Figure 1. Suggested hepatotropism of enzymes tagged to viromimetic peptides. MyrB-tagged enzymes (i.e., HRP-MyrB) enter the space of Disse
from the bloodstream through the fenestrae of the liver sinusoidal endothelium, specifically recognizing and binding NTCP on the basolateral
membrane of hepatocytes. This enables targeted delivery of enzymes as demonstrated with HRP that catalyzes the reaction of a fluorogenic
substrate with H2O2 on the cell surface to produce a fluorescent signal.
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HRP-peptide constructs was normalized to that of HRP-mal,
measured at the same concentration, set to 100%.
In Vitro Cell Binding. A549, HEK293, and HepG2 cell

lines (ATCC) were grown in Dulbecco’s modified Eagle
medium (high glucose, 4500 mg/L) supplemented with 10%
fetal calf serum (FCS, Amimed) and 1% penicillin−
streptomycin, referred to as the complete cell culture medium.
Cells were kept in culture over 20 passages. Cells were grown
at 37 °C in a humidified atmosphere containing 5% CO2. The
stable human NTCP-expressing HepG2 cell line was generated
by lentiviral transfection (HepG2 hNTCP).35 HEK293 cells
stably expressing GFP42 were cultured in complete cell culture
media containing 0.5 mg/mL Geneticin (G418).
For in vitro imaging, cells were seeded at a concentration of

50,000 cells/well on 8-well μ-slides (Ibidi) previously coated
with 9 μg/cm2 of collagen I, rat tail. The following day, HRP-
MyrB-Rho and HRP-alaMyrB-Rho were added at a final
concentration of 200 nM for 15−30 min. The cells were
washed, and the nuclei were stained with 0.5 μg/mL Hoechst
33342. The cells were again washed and incubated with Cell
Mask deep red membrane stain for 2 min. Cells were washed
and imaged using a Zeiss LSM880 inverted confocal
microscope, equipped with a 63× PlanApo oil-immersion
objective (numerical aperture 1.4).
In Vitro Delivery of Enzymatic Activity to Target Cells.

HepG2 and HepG2 hNTCP cells were diluted to 1,000,000
cells/mL, and 0.5 mL was transferred to 1.5 mL Eppendorf
tubes. The cells were then centrifuged for 4 min at 200g and
resuspended in 0.5 mL of HRP-MyrB or HRP-alaMyrB diluted
in complete cell culture media (enzyme concentrations of 25−
200 mU/mL) and incubated for 30 min at 37 °C under
constant rotation. To remove unbound HRP, the cells were
washed three times with 1.5 mL of DPBS by centrifugation.
The final cell pellet was suspended in 0.5 mL of DPBS, and 50
μL were transferred to 96-well plates, where 50 μL of an AUR/
H2O2 solution was added to measure the HRP activity. For
blocking experiments, HepG2 hNTCP cells were incubated
with 2 μM MyrB for 30 min before adding 200 mU/mL HRP-
MyrB, corresponding to approximately 10 nM protein−
peptide conjugate.
Transient Transfection of Cell Lines. HEK293 cells

stably expressing GFP were seeded at a concentration of
280,000 cells/well in a 6-well plate, previously coated with 4.2
μg/cm2 of poly-D-lysine. After 2 days, the cells were transfected
with an hNTCP-pEF6 plasmid31 using Lipofectamine 3000
according to the manufacturer’s recommendations (2.5 μg
plasmid per well at a 2:1 w/v ratio of DNA to Lipofectamine
3000). Transfected cells and nontransfected control cells were
harvested the following day for xenografting.
In Vivo NTCP Targeting Using Xenografted Zebrafish

Embryos. The zebrafish (Danio rerio) AB/Tübingen (wild
type) embryos were kindly provided by Prof. Dr. M. Affolter
and Dr. H. Belting (University of Basel, Switzerland) and were
maintained according to the Swiss animal welfare regula-
tions.36,38 The embryos obtained from adult zebrafish were
kept in zebrafish culture media at 28 °C, and the formation of
pigment cells was prevented by adding 30 μg/mL 1-phenyl 2-
thiourea (PTU) 0, 1, and 2 days post fertilization (dpf). At 2
dpf, zebrafish embryos were anaesthetized with 0.01% tricaine,
dechorionized, and embedded in 0.3% agarose containing
tricaine and PTU.36

Control- and hNTCP overexpressing HEK293 cells were
detached from the 6-well plates with trypsin-EDTA, and the

cell suspension was centrifuged for 4 min at 150g. The cell
pellet was resuspended to an approximate cell concentration of
10,000,000 cells/mL and injected into the duct of Cuvier using
a micromanipulator and a pneumatic Pico Pump PV830.36

Calibrated volumes of 1 nL of MyrB-Atto565, HRP-MyrB-
Rho, and HRP-alaMyrB-Rho at 0.2 mg/mL were subsequently
injected into the duct of Cuvier. The tail region of the zebrafish
embryos was imaged 1 h post injection (hpi) using a Leica
SP5-II-Matrix inverted confocal microscope equipped with an
HCX IRAPO 25× (numerical aperture 0.95) objective.
Colocalization of the fluorescently labeled proteins with the
control and hNTCP-overexpressing cells was evaluated in FIJI
using the JaCoP plug-in to quantify the Pearson’s Correlation
Coefficient (PCC).43

Radioactive Labeling of Protein-Peptide Conjugates
with 125I. HRP was coupled to MyrB-derived peptides
containing an additional D-tyrosine residue for radioactive
labeling and subsequent planar imaging and biodistribution
studies in mice. To characterize the biodistribution of HRP,
the linkage peptide (CAy) was added to HRP-mal at a 5-fold
molar excess in conjugation buffer and incubated overnight at
room temperature. Protein-peptide conjugates were exchanged
into 0.25 M phosphate, pH 7.5, using centrifugal filter units.
Radioactive iodine-125 (125I) was added to 100 μL of a 0.15
mM solution of the respective HRP-peptide conjugate. Ten μL
of a 1 mg/mL chloramine T solution was added to effectuate
the radioiodination of the tyrosine residues, and 20 μL of
saturated methionine was added after 30 s to stop the
reaction.44 The reaction mixture was purified by using NAP-5
columns by elution with sterile saline and subsequently
concentrated with centrifugal filter units.

Biodistribution of Protein−Peptide Conjugates in
Mice. All mouse experiments were performed in accordance
with procedures approved by the German authorities, using
female SWISS mice (6−8 weeks) obtained from Janvier
Laboratories (Le Genest-Saint-Isle, France). HRP-peptide
conjugates were injected into the tail vein at an HRP dose
of 8.3 mg/kg and a total radioactivity of approximately 1 MBq
per animal. For blocking experiments, 2 mg/kg MyrB was
administered into the tail vein 10 min prior to HRP-peptide
injection. Mice were euthanized 1 h post HRP-peptide
injection by CO2 asphyxia. The radioactivity in the peripheral
blood and major organs was quantified using a Cobra Auto γ-
Counter. The organ-associated radioactivity was calculated
using published values for organ weights.45

Planar Imaging of Mice. Mice were anaesthetized using
isoflurane (Baxter), and 125I-HRP-alaMyrBy and 125I-HRP-
MyrBy were injected into the tail vein at a total radioactivity of
1−3 MBq. Blocking of the NTCP was performed as described
above. For scintigraphic imaging, mice were placed in the
prone position on a planar gamma-imager (Biospace)
equipped with a high-energy collimator.25,46 Images were
recorded at 10, 30, and 60 min with a 10 min acquisition time,
during which the mice were under isoflurane anesthesia.

Statistical Analysis. Statistical analysis was performed with
OriginPro 2018 using a one-way ANOVA followed by a Tukey
posthoc test for pairwise comparison. A p-value smaller than
0.05 was considered statistically significant.

■ RESULTS AND DISCUSSION
Linkage of Viromimetic Targeting Ligands to HRP. To

investigate the feasibility of coupling therapeutic enzymes to
the viromimetic peptide MyrB for targeted hepatic enzyme
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delivery, different peptide derivatives were prepared by solid-
phase synthesis. In the present work, nonmyristoylated MyrB
derivatives were not considered since we could previously
demonstrate that they show poor binding to NTCP in vitro31

and in vivo.25 An overview of the prepared peptide sequences is
shown in Table 1. MyrB consists of 47 amino acids with an N-
terminal myristic acid. The peptide sequence is identical to the
active pharmaceutical ingredient currently under clinical
investigation26,27 with minor exceptions. A cysteine residue
was attached to the C-terminus to allow efficient, reproducible,
and directed coupling to HRP. Of note, C-terminal cysteine
modification does not interfere with target recognition.25 With
respect to the choice of MyrB derivatives used in the present
study, it is important to note that exchanging amino acids
within the pharmacophore 9-NPLGFFP-15 leads to abrogation
of effect, as has been demonstrated in multiple contribu-
tions.24,25,40,47 Schulze et al. had exchanged the residues 11−15
with alanine, leading to a complete loss of inhibitory effect of
HBV infection when tested up to a concentration of 2.5 μM.40

By comparison, the nonmodified sequence displays an IC50 of
0.4 nM.40 Also, deletion of the residues 11−15 could not
prevent HBV infection when tested up to 500 nM.47 Replacing

MyrB amino acid residues 11−15 within the pharmacophore
with alanines abrogates specific NTCP target recognition both
in vitro24,40 and in vivo,25 therefore providing an ideal negative
control peptide31 (alaMyrB) with comparable physicochemical
properties.
The viromimetic peptides were coupled to maleimide-

activated HRP (HRP-mal) via their C-terminal cysteine
residue, forming a metabolically stable thioether bond,48 as
illustrated in Figure 2a. A molecular weight of 44 kDa for
HRP49 and 5.5 kDa for the viromimetic peptide MyrB enables
direct monitoring of the coupling by a change in molecular
weight. To determine the optimal coupling ratio, the
viromimetic peptide MyrBC was added to HRP-mal at an
increasing molar ratio, ranging from 1- to 5-fold molar excess
(Figure 2a). Effective linkage of MyrB to HRP at a 2.5- to 5-
fold molar peptide excess is observed by SDS-PAGE as a result
of the increase in molecular weight by 5.5 to 11 kDa,
depending on whether one or two MyrB peptides are coupled
to HRP (Figure 2b). Of note, the starting HRP-mal material
displays a double band just above 37 kDa due to different
glycosylation. The same applies to the MyrB-coupled HRP,
resulting in blurred bands.

Table 1. Overview of the Synthesized MyrB-Derived Peptidesa

name sequence

MyrBC Myr-GTNLSVPNPLGFFPDHQLDPAFGANSNNPDWSFNPNKDHWPEANKVGC
MyrByC Myr-GTNLSVPNPLGFFPDHQLDPAFGANSNNPDWSFNPNKDHWPEANKVGyC
alaMyrBC Myr-GTNLSVPNAAAAAPDHQLDPAFGANSNNPDWSFNPNKDHWPEANKVGC
alaMyrByC Myr-GTNLSVPNAAAAAPDHQLDPAFGANSNNPDWSFNPNKDHWPEANKVGyC
MyrB-Atto565 Myr-GTNLSVPNPLGFFPDHQLDPAFGANSNNPDWSFNPNKDHWPEANKVGyC-Atto565
linkage peptide CAy

aThe amino acids constituting the pharmacophore, 9-NPLGFFP-15, are underlined.25,40 Myr represents myristic acid.

Figure 2. Effective ligand-enzyme coupling of MyrB to HRP. (a) Coupling reaction: MyrB-cysteine (MyrBC) is added to HRP-mal at 1- to 5-fold
molar excess. (b) Effective linkage is shown by SDS-PAGE, where unconjugated HRP, HRP coupled to 1−2 MyrBC, and free MyrBC are marked
by an arrow and a schematic illustration. Left lane: molecular weight markers. (c) RP-HPLC elution profile of HRP-mal (black-), HRP-mal
conjugated with MyrBC at 1- (green-), 2.5- (red-), and 5-fold molar excess (blue-) as well as noncoupled MyrBC (brown dashed line).
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Considering that one or two MyrB are linked to each HRP
moiety, the effective coupling is observed at almost equimolar
maleimide to thiol ratio at 2.5-fold molar MyrB to HRP excess.
The high coupling efficiency detected here is in line with
reports on maleimide protein chemistry with effective coupling
at 1-50 to 5-fold molar51 excess when linking DOTA50 or
fluorophores51 to proteins. To further characterize the linkage
of MyrB to HRP, the above-described coupling reaction
mixture was subjected to RP-HPLC analysis.
Linkage is also observed by RP-HPLC, as shown in Figure

2c, where the addition of MyrB at 2.5- or 5-fold molar excess
leads distinctly to a delayed retention time. HRP linked to
MyrB elutes later, presumably due to increased interaction of
the myristic acid with the solid phase of the column, as
previously shown for hydrophobic enzyme modification5 and
with ADCs.52 Interestingly, linkage of the MyrB to HRP again
leads to two distinct peaks, with a retention time of 16.2 and
17.3 min, compared to HRP-mal eluting at 15.1 min (Figure
2c). This is in line with the observations made by SDS-PAGE
(Figure 2b), further supporting the notion that the here
described coupling reaction yields HRP coupled to either one
or two MyrB lipopeptides. In addition, by increasing the molar
excess of MyrB from 2.5- (red line, Figure 2c) to 5-fold molar
excess (blue line), the amount of coupled HRP does not seem
to significantly increase according to the peaks at 16.2 and 17.3
min. It is possible that coupling two MyrB ligands promote
superior targeting, aligned with a recent report16 demonstrat-
ing increased target binding by multivalent interactions. We,
however, believe that one MyrB ligand suffices, considering its
high specificity and affinity (KD = 67 nM24).
The free peptide elutes around 15 and 18.3 min (dashed

line, Figure 2c). The last peak corresponds to its dimeric form
that rapidly forms in the absence of maleimide residues due to
disulfide bonding of C-terminal cysteine residue.48 Now, while
increasing the proportion of MyrB from 2.5- to 5-fold molar
excess, the coupling degree remains comparable. This is due to
the starting material, HRP-mal, which displays a fixed and
differential amount of maleimide residues per HRP molecule.
An increase in free MyrB eluting at 18.3 min is obvious. The

coupling ratio was therefore set to 2−2.5-fold molar MyrB
excess for all subsequent experiments to limit any potential
interference stemming from the free lipopeptide. Subsequent
experiments revealed that the present coupling protocol was
applicable to the other viromimetic peptides employed here,
yielding effective linkage as evaluated by SDS-PAGE (Figure
S1).
Since previous reports have demonstrated that coupling

moieties to enzymes may lead to a change in catalytic
activity,11 the HRP activity was evaluated based on the
enzyme’s ability to catalyze the reaction of hydrogen peroxide
with AUR.53 A residual activity of approximately 80% (Figure
S2) indicates that the enzymatic activity is hardly impacted by
the peptide linkage and in line with a previous report,54 where
the covalent modification of HRP at 3 positions did not
influence the catalytic activity.

In Vitro Assessment of HRP-MyrB Target Recognition.
The NTCP target specificity of viromimetic peptides linked to
HRP was investigated in vitro. To visualize the cellular binding,
HRP-MyrB and HRP-alaMyrB were coupled to rhodamine,
yielding HRP-MyrB-Rho and HRP-alaMyrB-Rho with an
average of 1−2 fluorophores per enzyme. The cellular target
protein (NTCP) is responsible for the sodium-dependent
uptake of bile salts, and its expression is highly specific to
hepatocytes.55 This integral membrane protein is, however, not
detectable in the human liver cancer-derived HepG2 or HuH7
cell lines as its expression is downregulated during oncogenic
transformation.24,35 Recently, the HepG2 cell line was
engineered to express the human NTCP (hNTCP) by lentiviral
transduction,35 thereby enabling the study of NTCP target
recognition using this HepG2 hNTCP cell line. The NTCP
overexpressing HepG2 cell line was used due to the defined
expression levels of the receptor of interest. This in contrast to
primary cultures of primary human hepatocytes, which rapidly
lose liver-specific function and morphology in cell culture.56

To investigate the in vitro binding efficacy and specificity, the
present protein−peptide conjugates were exposed to different
cell lines including hepatic HepG2 wild type (WT), HepG2
hNTCP and nonhepatic, lung endothelial A549 WT cells.

Figure 3. Specific binding of enzymatically active HRP-MyrB to NTCP expressing hepatic cells. (a) Representative confocal laser scanning
microscopy images of HepG2 hNTCP (left column), HepG2WT (middle column) and A549WT (right column) cells incubated with HRP-MyrB-
Rho. Upper row: HRP-MyrB-Rho. Middle row: Cell Mask. Lower row: merged images. Blue signal: Hoechst nuclear staining. Scale bar = 10 μm.
(b) HRP-MyrB (hatched pattern) and HRP-alaMyrB (solid pattern) were added to HepG2 hNTCP (green bars) and HepG2 (orange bars). After
30 min, HRP activity was measured. Mean ± St. Dev (n = 3). *p ≤ 0.001 as compared to HepG2 hNTCP plus HRP-MyrB. (c) Specificity of
NTCP-targeting by competitive inhibition of HRP-MyrB binding to HepG2 hNTCP cells using free MyrB at a 200-fold molar excess of free MyrB.
Mean ± SD (N = 3). *p ≤ 0.001.
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Figure 3a shows representative live-cell images of HRP-MyrB-
Rho added to HepG2 hNTCP-, HepG2 WT-, and A549 WT
cells. As it can be deduced from Figure 3a, HRP-MyrB-Rho
readily associates with the HepG2 hNTCP cells, manifested by
the distinct plasma membrane staining (green) overlapping
with that stemming from Cell Mask Deep Red Plasma
Membrane Stain (red). In contrast, hNTCP-specific cell
membrane labeling is not observed for HepG2 WT and
A549 WT cells (Figure 3a), nor when HRP-alaMyrB-Rho is
added to HepG2 hNTCP (Figure S3).
These observations are well aligned with previous reports for

free MyrB, where a plasma membrane-specific binding pattern
was observed when exposed to NTCP expressing cells.24,32

Our in vitro experiments indicate that the NTCP target
specificity of MyrB is maintained following the attachment of a
protein with approximately 10-fold higher molecular weight.
We further investigated the capability of the HRP-

viromimetic peptide conjugates to specifically deliver enzy-
matic activity to target cells. Figure 3b shows the targeted
delivery of enzymatic activity to HepG2 hNTCP cells when
MyrB is linked to HRP. By comparison, hardly any enzymatic
activity was detected when the slightly modified viromimetic
peptide alaMyrB is linked to HRP, nor when HRP-MyrB and
HRP-alaMyrB are incubated with the NTCP-deficient HepG2
WT cells, confirming the observed lack of cellular binding.
To further investigate whether the interaction of HRP-MyrB

with the HepG2 hNTCP cell line is specifically mediated via
NTCP, we preincubated the cells with a 200-fold molar excess
of MyrB before adding HRP-MyrB and measured the
enzymatic activity (Figure 3c). By competitive inhibition, the
catalytic activity following HRP-MyrB exposure is significantly
reduced, further demonstrating that the interaction is NTCP-
mediated. Noteworthy, the binding of HRP-MyrB to HepG2
hNTCP cells is directly proportional to the applied HRP-Myr
concentration (Figures 3b and S4). This strong linear
dependency is characterized by an R2 of 0.99 and does not
show any saturation over the concentration ranges used in the
present work.
Since HRP-MyrB was demonstrated to specifically interact

with NTCP, this construct may be utilized as an immunoassay
reagent to detect and quantify the NTCP expression level in
patient tumor biopsies during biomarker analysis of
hepatocellular carcinoma tissue. This is important since a
higher NTCP expression level was found to correlate with a
superior survival rate and has, therefore, been suggested as a
novel prognostic marker during the management of
hepatocellular carcinoma.57 This HRP-MyrB construct could
therefore enable simple and straightforward quantitation of
NTCP expression without a secondary antibody, as is
conventionally done in enzyme-linked immunosorbent assays
(ELISA) or during immunohistochemical staining of biological
tissues.48 Thereby potentially extending its application to ex
vivo diagnostic purposes.
To summarize, by analyzing the interaction of various HRP-

viromimetic peptide conjugates with different cell lines in vitro
using confocal microscopy, we qualitatively demonstrated that
the ability of MyrB to specifically recognize the NTCP target is
maintained following enzyme linkage. In addition, we
quantitatively showed a concentration-dependent and NTCP
target-specific delivery of enzymatic activity. Nonetheless,
future studies involving primary hepatocytes, maintained
under optimized culture conditions, should be applied to
better characterize the hepatocyte-specific interaction, espe-

cially in view of the development of potential ex vivo
diagnostics.

Investigating NTCP Targeting in Xenografted Zebra-
fish Embryos. To investigate the circulation properties of
protein−peptide conjugates as well as their ability to target the
NTCP in vivo, we used the zebrafish embryo model. Recently,
we and others have demonstrated that zebrafish embryos are a
valid in vivo tool to assess nanocarrier’s PK parameters.36−38,58

The question, however, remains whether such screening in
zebrafish embryos can be extended to therapeutic proteins and
enzymes. Since zebrafish embryos do not express NTCP,
human HEK293 cells stably expressing the green fluorescent
protein (GFP) were transiently transfected with a plasmid
encoding NTCP and xenotransplanted in wild-type ABC/TU
zebrafish embryos.31 This enabled the expression of the target
protein NTCP and facilitated target cell detection in vivo via
GFP fluorescence detection. As soon as the HEK293 settled
within the zebrafish embryo vasculature, the protein−peptide
conjugates HRP-MyrB-Rho and HRP-alaMyrB-Rho were
subsequently injected. Given that MyrB has shown effective
target recognition in rodents and higher vertebrate species25

and is currently under clinical investigation,26 fluorescent
labeled MyrB-Atto565 was included as a positive control.
Figure 4a shows the circulation pattern of MyrB-Atto565,

HRP-MyrB-Rho, and HRP-alaMyrB-Rho in the tail region of
the zebrafish embryos xenografted with control HEK293 cells
and expressing human NTCP (HEK293 hNTCP). Indeed,
MyrB-Atto565 demonstrates a clear association with the
HEK293 hNTCP cells, as confirmed by statistical analysis
using at least five embryos per sample. This is manifested by a
pronounced fluorescent signal on the cellular membrane
(yellow) of a high proportion of xenografted cells. Importantly,
MyrB-Atto565 does not show any interaction with the control
HEK293 cells, indicating that the association is NTCP-
mediated.
The effective colocalization of MyrB-Atto565 with hNTCP

was quantitatively analyzed by Pearson’s Correlation Coef-
ficient (PCC), a measure of the linear correlation between
injected conjugate and xenografted cells.43 The colocalization
was significantly elevated for the interaction of MyrB-Atto565
with the HEK293 hNTCP cells compared to control cells
(Figure 4b). This validates the utility of the current setup to
investigate the in vivo targeting ability of protein−peptide
conjugates to NTCP.
In contrast to MyrB-Atto565, both HRP-MyrB-Rho and

HRP-alaMyrB-Rho do not show any appreciable interaction
with the HEK293 hNTCP cells, neither by qualitative image
evaluation (Figure 4a) nor by quantitative colocalization
analysis (PCC) (Figures 4b). This is surprising, considering
the strong NTCP target association of HRP-MyrB observed in
vitro (Figure 3). To ensure the lack of in vivo targeting was not
provoked by the here employed cell line, we investigated the in
vitro interaction of HRP-MyrB-Rho with HEK293 hNTCP
cells. As expected, HRP-MyrB-Rho demonstrates an NTCP-
specific plasma membrane staining (Figure S5).
When we compare the caudal vasculature of the tail region

of the two fluorescently labeled protein−peptide conjugates to
that of MyrB-Atto565 (Figure 4a), a markedly different
circulation profile becomes apparent. Upon injection, MyrB-
Atto565 displays a homogeneous signal distribution within the
vasculature with fluorescence intensity clearly visible within the
dorsal aorta. Both HRP-MyrB-Rho and HRP-alaMyrB-Rho, on
the other hand, display a scattered, nonspecific vasculature

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.0c01222
Mol. Pharmaceutics 2021, 18, 2004−2014

2009

3.4. PART IV: APPLICATION OF THE ZEBRAFISH MODEL

127



binding pattern with hardly any signal detectable in the dorsal
aorta lumen (lined and enlarged box, Figure 4a). It is tempting
to speculate that the scavenging mechanisms (via macrophages
or EC) encountered upon systemic exposure preclude in vivo
target recognition.
The adaptive immune system is not matured in the zebrafish

embryos, though macrophage precursors are already present at
20 hpf59 and may contribute to the observed scavenging. In a
previous study, we demonstrated macrophage clearance of
nanoparticles in zebrafish embryos with GFP-expressing
macrophages Tg(mpeg1:Gal4;UAS:Kaede).37 We therefore
injected HRP-MyrB-Rho into zebrafish embryos with this
genetic modification. Notably, we did not observe any
macrophage colocalization at 1 hpi (Figure S6a). This indicates
that scavenging is not dominated by macrophages in zebrafish
embryos at this development stage. This is aligned with
previous investigations where HRP did not colocalize with
macrophages when imaged 24 hpi.53

With a dotted staining pattern in the posterior caudal vein,
the scavenging pattern here resembles more that of nano-

formulations with a short circulation time, for example,
mediated by phospholipids with a higher transition temper-
ature36 or by negative charge.58 Campbell et al.58 identified the
role of endothelial stabilin 1 and stabilin 2 scavenger receptors,
also present on mammalian liver sinusoidal EC, during
sequestration of negatively charged particles. It was further
shown that stabilin interaction could be blocked by
preinjection of dextran sulfate, ameliorating the circulation
pattern for the tested negatively charged vehicles.58

Considering that the present protein−peptide conjugates are
negatively charged, stabilin receptors on EC may contribute to
the here observed scavenging (Figure 4a). We, therefore,
preinjected zebrafish embryos expressing GFP in the
vasculature Tg(kdrl:EGFP) with dextran sulfate. After 20
min, HRP-MyrB-Rho was injected, and zebrafish were imaged
1 hpi. The circulation of HRP-MyrB-Rho was markedly
improved following dextran sulfate preinjection due to reduced
scavenging, with signal also visible within the dorsal aorta
(white dashed box, Figure S6a). For better understanding, a
schematic representation of the vasculature present in the tail
region of zebrafish embryos is depicted in Figure S6b. A
distinct staining pattern was still visible following dextran
sulfate injection, albeit altered in appearance with larger
accumulations of HRP-MyrB-Rho visible (arrow, lower panel,
Figure S6a). We, therefore, conclude that endothelial
scavenging is in part stabilin-mediated, indicative of liver
accumulation in mammals, while additional scavenging
mechanisms may also play a role.

Biodistribution of Protein−Peptide Conjugates in
Mice. While specific NTCP-targeting was clearly observed in
vitro (Figure 3), this could not be demonstrated in vivo using
xenografted zebrafish embryos (Figure 4). Therefore, we
envisaged investigating whether HRP-MyrB is capable of
NTCP-targeting in mice or if indeed the nontarget mediated
scavenging observed in zebrafish embryos significantly
contributes to hepatic accumulation. Viromimetic peptides
with a C-terminal D-tyrosine-cysteine residue, MyrByC and
alaMyrByC, were coupled to HRP-mal and subsequently
radiolabeled with [125I] iodine.44 This enabled site-specific
labeling without perturbing target recognition.25 The radio-
actively labeled protein−peptide conjugates were administered
intravenously. The mice were either imaged by scintigraphical
imaging or subjected to a biodistribution analysis at 1 hpi. A
short analysis was selected to maximize insight into NTCP
specific binding, considering that MyrB associates with NTCP
within 5 min following injection.25 Of note, the cell- and
zebrafish experiments were performed with hNTCP. Mouse
NTCP (mNTCP), on the other hand, has a slightly different
sequence with a lower MyrB binding efficiency.60 Nonetheless,
the mouse model is capable of detecting NTCP-specific target
recognition,24,25,60 where the ability to prevent HBV infection
was found to correlate with accumulation in mouse livers,
supporting the use of this animal model to investigate NTCP-
specific binding.25

Figure 5a shows whole-body scintigraphy images of mice
recorded 10, 30, and 60 min after injection of 125I-HRP-MyrBy
and 125I-HRP-alaMyrBy. Upon injection, 125I-HRP-MyrBy
rapidly accumulates within the liver. Interestingly, a similar
hepatic accumulation is also observed for 125I-HRP-alaMyrBy.
This is surprising, as previous studies involving this control
peptide in its free form did not lead to significant liver
accumulation.25 In both groups, a steady increase in bladder
accumulation is observed, indicating renal clearance.

Figure 4. Assessment of in vivo targeting ability using xenografted
zebrafish embryos. (a) Wildtype zebrafish embryos xenotransplanted
2 dpf with HEK293 control cells (HEK293) or HEK293 over-
expressing hNTCP (HEK293 hNTCP) are shown in the upper- and
lower panels, respectively. The xenotransplanted cells expressed GFP
(green signal). Red signal: MyrB-Atto565 (left column), and the
enzyme-ligand conjugates HRP-MyrB-Rho (middle column) and
HRP-alaMyrB-Rho (right column) were subsequently injected, and
the zebrafish embryos were imaged in the caudal vasculature tail
region 1 hpi. Dashed white box: magnification of the dorsal aorta. For
each group, a representative image is shown. Scale bar (applicable to
all images) = 100 μm. (b) The interaction of MyrB-Atto565, HRP-
MyrB-Rho, and HRP-alaMyrB-Rho with HEK293 cells analyzed by
PCC. All values are shown as box plots with median values. n ≥ 5. *p
≤ 0.01.
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Indeed, the biodistribution analysis (Figure 5b) shows an
enriched liver accumulation for both groups, quantitatively
confirming the trend observed by scintigraphical imaging. The
high liver accumulation associated with both constructs
strongly suggests that hepatic enzyme delivery is not
dominated by NTCP-target recognition and is perhaps
imparted by alternative liver-specific scavenging mechanisms.
It is important to recall that experiments in zebrafish embryos
(Figure 4) suggested that scavenging processes might be a
major contributor to liver accumulation in mice.
Nonetheless, to further elucidate whether the liver

accumulation observed with 125I-HRP-MyrBy was at least
partially mediated by NTCP-specific interaction, another
group of mice was preinjected with nonradiolabeled MyrB to
competitively inhibit NTCP before administering 125I-HRP-
MyrBy. The corresponding images are shown in the lower
panels of Figure 5a. The organ biodistribution (Figure 5b) is
comparable to that of 125I-HRP-alaMyrBy. This indicates that
the PK properties of the protein−peptide conjugates are
dictated to a greater extent by the coupled protein rather than
the MyrB peptide sequence. Despite this, 125I-HRP-MyrBy
shows a higher liver accumulation when injected alone than
after blocking NTCP, with 37% and 25% of the injected dose
(ID/g) detected in the liver, respectively. Furthermore,
comparing the liver to blood radioactivity ratio for each
group reveals a significantly elevated liver association for 125I-

HRP-MyrBy (Figure 5c). Conclusively, a fraction of 125I-HRP-
MyrBy is specifically recognized by the NTCP target,
confirming the NTCP-specific association observed in vitro
(Figure 3). While NTCP-specific targeting could be observed
in this short-term biodistribution study, a long-term study
would be required to better understand the duration of NTCP
association as well as the metabolism of the here applied
constructs.
To better understand the pharmacokinetic properties of

HRP, which in fact accounts for the majority of the molecular
weight of the present conjugates, a biodistribution analysis of
125I-HRP-y was performed. As expected, 125I-HRP also
accumulates within the liver (Figure 5b), though to a
significantly lower degree than 125I-HRP-MyrB-y, thereby
providing a clearer distinction between HRP- and NTCP-
mediated effects. Furthermore, 125I-HRP-y alone exhibits a
significantly higher accumulation in the kidneys, suggestive of a
slightly elevated renal clearance. The reduced kidney
association of protein−peptide conjugates is presumably due
to the higher molecular weight and change in surface charge
lowering glomerular filtration.61

The non-NTCP mediated association of the present
protein−peptide conjugates observed in zebrafish embryos
(Figure 4) seems to also be relevant in mice, considering that
the greater part of the liver association was not due to NTCP-
interaction (Figure 5). The injection of HRP-MyrB-Rho in

Figure 5. In vivo targeting and biodistribution of HRP-MyrB conjugates in mice. Radiolabeled peptide−protein conjugates (125I-HRP-MyrB-y, 125I-
HRP-alaMyrB-y, and 125I-HRP-y) were injected iv to study their biodistribution. A subset of mice was injected with free MyrB prior to
administration of 125I-HRP-MyrBy to competitively inhibit NTCP recognition. (a) Whole body scintigraphy images were recorded 10 (left
column), 30 (middle column), and 60 min (right column) post injection of 125I-HRP-MyrB-y (upper row), 125I-HRP-alaMyrB-y (middle row) or
125I-HRP-MyrB-y, and competing free MyrB (lower row). The liver and bladder are marked with white dotted lines. (b) Biodistribution of 125I-
HRP-MyrBy- (dark blue bars), 125I-HRP-alaMyrBy (orange bars), and a combination of 125I-HRP-MyrBy and competing free MyrB (light blue
bars) and 125I-HRP-y (white bars). Mean ± St. Dev (n = 3). *p ≤ 0.01. (c) Liver to blood concentration ratios 1 hpi. Mean ± SD (n = 3). *p ≤
0.01.
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zebrafish embryos revealed vascular scavenging (Figure S6a),
which is in part stabilin-mediated (Figure S6a). Orthologues to
stabilin 1 and stabilin 2 are selectively expressed in mammalian
liver sinusoidal EC.58 However, since the scavenging is not
fully eliminated by dextran sulfate blockage in zebrafish
embryos, additional interactions are likely pertinent in
precluding target receptor association in this setup. Such
interactions may be mediated by the strong glycosylation
profile of HRP, accounting for approximately 18−22% of the
protein’s molecular weight,62,63 which may be recognized by
Kupffer cells and liver sinusoidal EC.64,65

The biodistribution analysis of the present protein−peptide
conjugates revealed a strong liver-accumulation, mediated by
NTCP-specific targeting as well as unspecific off-target
interactions. Observations made in zebrafish embryos provided
a mechanistic insight and were instrumental for interpreting
findings in the mouse, i.e., a higher vertebrate species. By this
approach, qualitative as well as quantitative results were
combined to study the targeting capability of novel protein and
peptide drug carriers.

■ CONCLUSIONS

In the present study, the feasibility of extending the
functionality of the lipopeptide MyrB as a targeting ligand
for hepatocyte-specific enzyme delivery was explored. Linkage
of MyrB with distinct modifications to the enzyme HRP
yielded HRP-MyrB and was followed by a detailed analytical
characterization. By coupling the enzyme HRP to MyrB,
successful NTCP-targeting was demonstrated in vitro, indicat-
ing that the peptide’s targeting specificity was well maintained.
Upon exposure of fluorescently labeled HRP-MyrB to NTCP
expressing cells, a distinct cell membrane-specific staining was
observed, typical for the interaction of MyrB with NTCP
expressing cells. In addition, specific delivery of enzymatic
activity to target cells was demonstrated, which was effectively
blocked by adding free MyrB. The in vitro targeting specificity
may ultimately enable straightforward quantitation of NTCP
expression as an immunoassay reagent for improved
hepatocellular carcinoma biomarker analysis. A detailed
characterization with patient tumor biopsies and matched
control tissues will be required to explore the feasibility of this
approach.
With respect to a potential in vivo use of our enzyme-peptide

conjugates, significant scavenging of HRP-MyrB precluded
exclusive target recognition in vivo. Indeed, biodistribution
analysis in mice revealed that liver accumulation was only in
part NTCP-mediated. Experiments in transgenic zebrafish
embryos suggest that interactions between HRP-MyrB and
stabilin receptors expressed in mammalian liver sinusoidal EC
play an important role. Several potential strategies could be
employed to further improve target recognition. First, HRP
can be replaced by an alternative therapeutic protein with
favorable PK properties. Second, the enzyme may be sterically
stabilized by covalent coupling of polyethylene glycol (PEG).66

Third, enzymes could be encapsulated within nano-53,67 or
microcarriers.68 The screening and evaluation strategies
presented in this work can then be applied to the character-
ization and optimization of such alternative protein−peptide
conjugates and to design strategies for therapeutic applications.
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1. Introduction

Lipid nanoparticles (LNP) are the leading 
drug delivery platform in the clinic for 
systemic applications.[1–3] Unilamellar 
LNPs with diameters less than 100  nm 
are favored for delivery of small molecular 
drugs. Solid core systems are better suited 
for delivery of macromolecular genetic 
drugs, such as siRNA or mRNA.[4–6] More 
than 10 LNP therapeutics have been 
approved by the US FDA and other regula-
tory agencies. Most of these are liposomes 
containing anticancer drugs that exhibit 
reduced toxicity and enhanced efficacy 
compared to the free drug.[4,7–9]

Robust techniques exist for achieving 
efficient drug encapsulation in <100  nm 
diameter liposomal systems that exhibit 
long half-lives in the circulation (up to 24 h  
in humans) and preferential accumula-
tion at tumor sites following intravenous 
injection.[9–11] However, a major limitation 
is that they do not selectively leak their 
contents after arrival at the target site. 
This severely limits the improvement in 
therapeutic index that can be gained by 
liposomal delivery.[1,10] Technologies that 

trigger release of liposomal contents either at or near the target 
site would have significant benefits. This is particularly true 
given that liposomes containing cancer drugs can exhibit max-
imum tolerated doses that are up to five times higher than those 
of free drug and thus are systemically much less toxic.[10–12]

There have been many attempts to develop triggered release 
systems for liposomal systems containing anticancer drugs.[13] 
To this end, thermosensitive lipids or metallic nanoparticles 
(such as or gold nanoparticles or iron oxide nanoparticles) teth-
ered to the liposome have been employed.[14–16] These systems 
give rise to liposomes that leak contents in response to local 
heating or irradiation. Many systems, however, are quite com-
plex, limiting their manufacturing scalability or require the 
development of a specific device to trigger release. In addition, 
several reported systems exhibit poor drug loading/retention  
and relatively short circulation lifetimes resulting in off-target 
release and reduced ability to access the desired target tis-
sues.[13,17] As a result, only one triggered release technology has 
progressed to late stage clinical trials to date: ThermoDox—a 
liposomal doxorubicin (Dox) formulation for the treatment of 

Encapsulation of small molecule drugs in long-circulating lipid nanopar-
ticles (LNPs) can reduce toxic side effects and enhance accumulation at 
tumor sites. A fundamental problem, however, is the slow release of encap-
sulated drugs from these liposomal systems at the disease site resulting in 
limited therapeutic benefit. Methods to trigger release at specific sites are 
highly warranted. Here, it is demonstrated that incorporation of ultraviolet 
(UV-A) or red-light photoswitchable-phosphatidylcholine analogs (AzoPC 
and redAzoPC) in conventional LNPs generates photoactivatable LNPs 
(paLNPs) having comparable structural integrity, drug loading capacity, 
and size distribution to the parent DSPC-cholesterol liposomes. It is shown 
that 65–70% drug release (doxorubicin) can be induced from these systems 
by irradiation with pulsed light based on trans-to-cis azobenzene isomeri-
zation. In vitro it is confirmed that paLNPs are non-toxic in the dark but 
convey cytotoxicity upon irradiation in a human cancer cell line. In vivo 
studies in zebrafish embryos demonstrate prolonged blood circulation and 
extravasation of paLNPs comparable to clinically approved formulations, 
with enhanced drug release following irradiation with pulsed light. Con-
clusively, paLNPs closely mimic the properties of clinically approved LNPs 
with the added benefit of light-induced drug release making them prom-
ising candidates for clinical development.
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inoperable hepatocellular carcinoma, where drug release is 
stimulated by a mild hyper-thermic trigger.[17,18] The lipid com-
position of ThermoDox is significantly different as compared 
to the approved Doxil formulation to ensure a relatively sharp 
transition temperature. However, this resulted in a formulation 
with different pharmacokinetics and a relatively short circula-
tion lifetime.[19,20] Despite more than 30 years of efforts, the 
only triggered release system (in response to local heating) that 
had made it into the clinic failed in phase III.[20,21]

Alternative attempts to develop approaches for light-triggered  
drug release from liposomal targets have not progressed 
to a clinical setting due to inefficient drug encapsulation  
and release, lack of straightforward and scalable methods 
of manufacture, and difficulty in selecting the clinical entry 
point.[22,23] In addition, there is a range of competitive tech-
nologies including simple and effective device-only ablative 
methods such as microwave and radiofrequency ablation, as 
well as surgery and radiotherapy. The implementation of light-
triggered drug release systems, however, could benefit from 
approved phototherapies and photodynamic therapies (PDT) 
as well as emerging technologies to deliver light deep within 
patients.[24,25]

Ideally, new systems for light-triggered release should closely 
mimic the composition and properties of clinically approved 
LNPs in terms of composition, size, loading, and stability. The 
approved systems Doxil, Ambisome, and Marqibo, all use satu-
rated lipids that contain choline headgroups at approximately 
equimolar levels with cholesterol as the primary lipid constitu-
ents.[9,18] Such phosphatidylcholine lipid-cholesterol composi-
tions can be readily formulated into liposomal systems with 
diameters <100  nm that can be efficiently loaded with weakly 
basic drugs, such as Dox, and display long circulation lifetimes 
following i.v. administration. With the constantly evolving field 
of photo pharmacology, approaches to include photosensitizers 
like porphyrin into stealth liposomes have helped advance 
the light-triggered drug release concept to have more clinical 

translatability. These types of systems take advantage of the 
well-established field of PDT.[26,27] The investigation of non-por-
phyrin based photosensitizers as novel PDT agents has been 
considerably less extensive than porphyrin-based compounds.

Here, we report a liposomal light-triggered release system 
containing photoswitchable phosphatidylcholine analogs 
with azobenzenes incorporated into the lipid tail, compounds 
termed AzoPC and red-AzoPC.[28,29] This strategy enables the 
design of an exterior lipid composition that allows long circu-
lation lifetimes, incorporation of an agent responsive to light, 
and an aqueous interior offering small molecule drugs to be 
encapsulated. We show that DSPC-cholesterol systems incor-
porating AzoPC (in the trans-form) at low (10 mol%) levels 
result in liposomes that have similar size and drug (Dox) 
loading properties as parent LNPs. When stimulated to adopt 
the cis-form, the AzoPC containing liposomes exhibit triggered 
release properties resulting in enhanced cytotoxic effects in 
vitro. The responsiveness of photoactivatable LNPs (paLNPs) to 
a different wavelength is easily tuned by substituting AzoPC 
with a red-shifted variant red-AzoPC. In vivo studies confirmed 
long blood circulation half-lives and triggered release proper-
ties of paLNP system. This proof-of-concept study demon-
strates the potential therapeutic utility of liposomal systems 
containing AzoPC.

2. Results and Discussion

2.1. Design of Dox-Loaded paLNP Liposomes

In order to design a light-triggered release system enabling 
efficient drug loading and long-circulation properties, we first 
modified conventional DSPC-cholesterol liposomes (55 mol%  
DSPC, 45 mol% Chol) by incorporating a UV-A photo-
switchable AzoPC (Figure 1A).[22] The use of such azobenzene 
photoswitches in biology and medicine is well established.[23,30] 

Figure 1. Design of a light-triggered drug release system. A) Chemical structure of DSPC and its photoswitchable analog AzoPC. The azobenzene 
can be isomerized from the trans to the cis form at 365 nm. B) Schematic for light induced drug release from paLNPs. Low levels of trans AzoPC are 
incorporated in a DSPC-cholesterol liposomal system loaded with Dox. Photoisomerization of AzoPC induces drug release.
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Stimulation of paLNPs at 365  nm should trigger trans to cis 
isomerization resulting in Dox release (Figure 1B).

2.2. Synthesis and Characterization of Dox-Loaded  
paLNP Liposomes

DSPC-cholesterol liposomes were prepared employing ethanol 
dilution-rapid mixing techniques and subsequent dialysis steps 
to contain 300 mm ammonium sulphate in their aqueous core 
and phosphate buffered saline (PBS) as an exterior buffer and 
were used as control formulations (control-LNP). A range 
of paLNP liposomes were synthesized by titrating varying 
amounts of AzoPC (2.5, 5, 10, 15, 20, 30 mol%) into the con-
trol DSPC-cholesterol liposomes where the added AzoPC sub-
stituted for DSPC. Dynamic light scattering (DLS) analysis of 
the particles showed a monodisperse population (PDI <0.1) of 
uniformly sized ≈55–60 nm particles (Table 1). The trans to cis 
photoswitching kinetics of AzoPC incorporated into paLNPs 
was comparable to that observed in the stock ethanol solution 
as observed by measuring absorbance at 340 nm at 30 s inter-
vals (λ = 365 nm) (Figure 2A).

The LNP formulations were loaded with Dox using the pH 
gradient (interior acidic) generated by encapsulated ammo-
nium sulphate. The LNP were incubated at 65 °C for 30 min 
with free drug to achieve a maximum encapsulated drug:lipid 
ratio (wt/wt) of 0.1 after which unentrapped Dox was removed 
via dialysis. Drug:lipid ratios were assayed for samples taken 
before and after drug loading and used to calculate percent 
entrapment. Efficient loading was achieved for liposomes con-
taining up to 10% Azo-PC. Formulations containing higher 
mol% of AzoPC (15–30 mol%) were unable to maintain the 
ammonium sulphate gradient effectively, which resulted in 
lower drug loading (Figure  2B). The dependence of drug 
loading efficiency on the ammonium sulphate gradient in the 
paLNP system was confirmed by switching the AzoPC confor-
mation to the cis form prior to drug loading which resulted 
in a significant reduction in entrapment efficiency in cis-
paLNPs (≈20% entrapment) as compared to trans-paLNPs 
(≈100% entrapment) (Figure  2C,D). The control LNP did not 
show any change in encapsulation efficiency upon irradiation 
(Figure 2E).

2.3. Liposomes containing 10 mol% AzoPC Exhibit up to 80% 
Light-Triggered Release of Dox when AzoPC is Switched to the 
cis Form

Drug release from paLNPs following irradiation was measured 
in PBS at room temperature. paLNPs loaded with Dox at a 
drug:lipid ratio of 0.1 (wt/wt) and a concentration of 3 mg mL−1 
total lipid were irradiated with the UV-A light source (365 nm) 
for 5 min followed by storage in the dark for 1 h. Samples were 
assayed for drug release by measuring absorbance at 492 nm. 
Limited release was observed in paLNPs containing 2.5–5 mol% 
AzoPC while paLNPs containing 10–30 mol% AzoPC showed 
up to 20% drug release at the 1 h timepoint (Figure 3A). paLNP 
containing 10% AzoPC in the trans form showed drug loading 
and drug release properties that were similar to the control 
LNP system (DSPC-cholesterol), whereas paLNP systems with 
higher trans AzoPC contents exhibited decreased drug loading 
capabilities that may be attributed to increased permeability of 
the liposome bilayer. We therefore chose to move forward with 
the paLNP systems containing 10 mol% AzoPC for subsequent 
experiments.

Initial work was performed to determine whether triggered 
release could be achieved in response to irradiation to switch 
the azo-PC from the trans to the cis form. It was found that 
significant triggered release of up to 40% could be achieved 
for paLNP containing 10 mol% Azo-PC following 5 min irra-
diation at 365 nm at room temperature when the paLNP were 
suspended in PBS (Figure 3B). We next tested whether light 
triggered release was influenced by the presence of serum 
proteins. It is well known that serum proteins adsorb to 
liposomal surfaces forming a protein corona that can influ-
ence membrane permeability and other properties such as 
accessibility of light to membrane surface.[31,32] We therefore 
evaluated light-triggered release from paLNPs containing  
10 mol% AzoPC following dilution into cell culture medium 
(DMEM) containing serum (10% fetal bovine serum, FBS). 
It was found that the presence of serum proteins inhibited 
light-triggered drug release significantly compared to paLNP 
in PBS. After an initial irradiation time of 5 min at 365 nm 
followed by storage in the dark, ≈25% of Dox was released 
after a 24 h time period as compared to 40% of Dox released 
in PBS (Figure 3B).

Of note, AzoPC in the cis form will spontaneously revert 
to its trans form over time, potentially reducing leakage from 
the irradiated paLNP. We therefore investigated whether the 
amount of drug release could be increased through pulsed 
irradiation following the 5 min initial irradiation to prevent re-
isomerization keeping the AzoPC in its cis form for a longer 
period of time. The paLNP were subjected to pulses of LED 
light (wavelength 365  nm) of 75  ms duration every 15  s over 
a 24 h period (Figure 4A,B). We found that this pulsed irradia-
tion protocol led to increased drug release within 24  h com-
pared with initial irradiation. This result could be explained 
by thermal relaxation and repeated switching over time. While 
constant irradiation over the same time frame could potentially 
produce a similar effect in terms of release, the pulsed method 
allows for successful switching and maintenance of the AzoPC 
in cis conformation at >100  times less irradiation time, pre-
venting any side effects associated with prolonged exposure to 

Table 1. Physicochemical characterization of LNPs. Hydrodynamic 
diameter and size distribution (PDI) of control-LNP (DSPC-Chol system) 
and paLNPs containing various amounts of AzoPC.

Lipid composition Mean diameter ±SD [nm] PDI

Control-LNP 52.83±2.588 0.038

AzoPC 2.5% 55.49±0.732 0.064

AzoPC 5% 56.33±1.811 0.083

AzoPC 10% 57.89 ±1.150 0.072

AzoPC 15% 59.20±1.689 0.097

AzoPC 20% 59.86±4.118 0.105

AzoPC 30% 63.44±2.988 0.101
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UV-A light such as increase in temperature of irradiated area or 
cytotoxicity.

Correspondingly, the in vitro drug release experiments were 
repeated on paLNP in PBS and DMEM, where the initial irra-
diation time of 5 min was followed by pulsed irradiation. This 
pulsed irradiation enabled significantly improved drug release 
of 75–80% from paLNPs in PBS (Figure 4C) and 65–70% from 
paLNPs in serum containing medium (DMEM with 10% FBS) 
(Figure 4D). The control LNP demonstrated a relatively low Dox 

release and did not show any change in drug release on irradia-
tion (Figure 4C,D).

2.4. The Morphology of Doxorubicin-Loaded Liposomes  
Containing AzoPC Following Pulsed Irradiation is Consistent 
with Drug Release

Liposomes loaded with Dox employing pH loading techniques 
exhibit characteristic “coffee bean” morphology as detected by 

Figure 3. Presence of serum proteins significantly inhibited drug release from paLNP compared to paLNP in PBS. A) paLNP particles containing a 
substitution of 10–30 mol% trans AzoPC for DSPC in control DSPC-cholesterol liposomes suspended in PBS were irradiated with a UV-A light source 
(365 nm) for 5 min followed by storage in the dark at room temperature for 1 h. Samples were assayed for drug release (Dox by measuring absorbance 
at 492 nm. B) paLNP particles containing 10 mol% AzoPC suspended in PBS or DMEM media containing 10% FBS were irradiated with a UV-A light 
source (365 nm) for 5 min followed by storage in the dark at room temperature for 24 h. Samples were assayed for drug release (Dox) by measuring 
absorbance at 492 nm at 0, 1, 4, 8, and 24 h timepoints. Error bars represent SEM *p < 0.1, Student’s t-test.

Figure 2. Substitution of up to 10 mol% trans AzoPC for DSPC in DSPC-cholesterol liposomes allows for efficient loading of Dox. A) AzoPC photo-
switching kinetics in paLNPs versus free dissolved AzoPC. Samples at 3 mg mL−1 AzoPC concentration were used for absorbance measurements.  
B) Dox entrapment efficiency of paLNP formulations with increasing amounts of AzoPC. C) Schematic for remote loading of Dox into paLNPs incor-
porating AzoPC in the trans form. paLNPs containing 300 mm ammonium sulphate in the aqueous core and suspended in PBS were mixed with Dox 
at a drug to lipid (wt/wt) ratio of 0.1. The mixture was heated in a water bath at 65 °C for 30 min, following removal of unentrapped Dox via dialysis. 
D) Schematic for remote loading of Dox into paLNPs with AzoPC in the cis form. paLNPs were subject to UV irradiating at 365 nm for 5 min, following 
the same drug loading procedure as above. E) Comparison of Dox loading efficiency in paLNP formulations containing 10% AzoPC before and after 
photoswitching via irradiation with UV-A light (365 nm). Error bars represent SEM **p < 0.01, n.s., not significant, Student’s t-test.
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cryo-TEM due to the formation of nano-sized crystals of pre-
cipitated Dox in the center of the liposomes.[33] It is of interest 
to determine whether similar morphology is exhibited by the 
loaded paLNP and whether this morphology is affected by the 
light-triggered release of Dox. We performed structural evalua-
tion of the paLNP formulation using cryo-TEM imaging.

As shown in Figure 5A, paLNPs showed a typical bilayer 
structure, indistinguishable from the control DSPC-cholesterol 
liposomes, with sizes in agreement with those obtained via DLS 
(≈55–60 nm). Control-LNPs and paLNPs loaded with Dox showed 
Dox crystalized within the liposome interior. After light-triggered 
release using pulsed irradiation at 365 nm over 24 h, there is a 
clear decrease in the number of entrapped drug crystals within 
the paLNPs, while the control DSPC-cholesterol liposomes show 
no visible changes. This was also confirmed through quantifica-
tion of crystal thickness within the various samples (Figure 5B).

2.5. Dox Released from Loaded paLNP Following Irradiation is 
Biologically Active

Dox is a cytotoxic agent and its release from paLNP following 
irradiation would be expected to result in cytotoxic effects on 
nearby tissues. In order to demonstrate this, we investigated 
the effects of light-released Dox on the viability of a human 
derived liver cancer cell line (i.e., HuH7 cells) in vitro. We com-
pared the cell viability effects of Dox in its free versus liposome  

encapsulated forms with and without light-triggered drug 
release. HuH7 cells were treated with either free Dox (dissolved 
in PBS), Dox-loaded control-LNP or paLNP at drug concentra-
tions up to 100 µm. Cells were subjected to irradiation at 365 nm 
for 5 min at 6 h post exposure to trigger drug release, followed by 
pulsed irradiation at 365 nm for 24 h to keep the AzoPC in its cis 
form. As expected, control-LNP (with or without UV irradiation) 
did not result in a decrease in viable cells due to their limited 
drug release properties. In contrast, treatments using paLNPs 
were highly dependent on the light-trigger. Whereas paLNP 
without UV irradiation did not affect cell viability, photoswitched 
paLNP resulted in a dose-dependent decrease in the number 
of viable cells 24 h after treatment similar to that of free Dox 
(Figure 6A). To confirm the significant light-triggered release of 
Dox from paLNP, HuH7 cells were treated with control-LNP or 
paLNP at a Dox concentration of 10 µm as stated above and ana-
lyzed through confocal microscopy with and without UV treat-
ment. The confocal images demonstrate that only paLNPs result 
in effective release of Dox after irradiation. Once released, Dox 
accumulates in the nucleus and is fluorescent. (Figure 6B).

2.6. Formulation and Characterization of Red-Shifted paLNP 
Incorporating Tetra-Ortho-Chloro-Azobenzene Modified AzoPC

Incorporation of AzoPC sensitive to 365 nm could be perceived 
as a challenge for in vivo translation due to the limitation in 

Figure 4. Pulsed irradiation (365 nm) of paLNP (10 mol% AzoPC) results in triggered release of Dox both in the absence and presence of serum.  
A) “Cell-DISCO” setup for pulsed irradiation using a single-board microcontroller (e.g., Arduino), power relay module board, LED plate, and power 
supplies. B) Irradiation protocol for pulsed LED starting with a 5 min initial irradiation followed by 75 ms irradiation pulses. C) Light-triggered Dox 
release from control-LNP and paLNP (10 mol% AzoPC) using pulsed LED irradiation (365 nm) for 24 h at 20 °C in PBS or D) DMEM media containing 
10% FBS. Error bars represent SEM **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not significant, Student’s t-test.
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tissue penetration depth and low tolerance to UV-A light. To 
extend the applicability of our light-triggered release system, 
we developed a red-shifted version of AzoPC, termed redA-
zoPC (synthesis described elsewhere), that undergoes a switch 
from the cis to the trans conformation at 660 nm (Figure 7A). 
Red-paLNPs were prepared using the previously established 
procedures (Section 2.1) by adding 10 mol% redAzoPC into the 
control DSPC-cholesterol liposomes (substituting DSPC for 
redAzoPC). Characterization of the red-paLNP particles showed 
a monodisperse population (PDI <0.1)  of uniformly sized 
≈56–58 nm nanoparticles with >98% entrapment efficiency of 

Dox, matching the physicochemical characteristics of control 
and paLNPs.

Drug release from red-paLNPs following irradiation was meas-
ured in PBS and cell culture medium (DMEM) containing serum 
(10% FBS) at room temperature. The red-paLNP were subjected 
to pulses of LED light (wavelength 660  nm) of 75  ms duration 
every 15 s over a 24 h period. This pulsed irradiation enabled a 
75–80% Dox release from red-paLNPs in PBS (Figure  7B) and 
70–75% release from red-paLNPs in serum containing medium 
(Figure 7C). In contrast, control-LNPs did not show any change 
in drug release following deep-red light irradiation (Figure 7B,C).

Figure 6. Dox released from drug loaded paLNP following irradiation is biologically active. A) Influence of irradiation on the viability of HuH7 cells 
incubated with increasing concentrations of Dox in free form or encapsulated in control-LNP or paLNP. Cells were incubated in the presence of 0, 
0.1, 1, 10, and 100 µm Dox concentrations and were irradiated for 5 min at 365 nm and then subjected to pulsed irradiation at 365 nm for 24 h. Drug 
release was reflected by decreased cell viability. B) Confocal images of HuH7 cells treated with control-LNP and paLNP with and without UV irradia-
tion. Samples with 10 µm Dox concentrations were irradiated for 5 min at 365 nm following, after which samples were subjected to pulsed irradiation 
at 365 nm for 24 h.

Figure 5. Dox loaded paLNP show evidence of drug release following pulsed irradiation (365 nm) as detected employing cryo-TEM. A) Representative 
cryo-TEM images of control DSPC-cholesterol liposomes and paLNP containing 10 mol% AzoPC prior to UV irradiation and post UV irradiation using 
a pulsed LED at 365 nm over a 24 h period. B) Comparison of thickness of Dox crystal within the liposomes pre and post UV irradiation. Error bars 
represent SEM *p < 0.1, n.s., not significant, Student’s t-test.
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To assess the effects of Dox in its free versus red-paLNP 
encapsulated forms (with and without light-trigger) on the via-
bility of a human derived liver cancer cell line (i.e., HuH7 cells), 
an in vitro study was performed (similar to Section 2.4). HuH7 
cells were treated with either free Dox (dissolved in PBS), Dox-
loaded control-LNP or red-paLNP at drug concentrations up to 
100 µm. Cells were subjected to irradiation at 660 nm for 5 min 
at 6 h post exposure to trigger drug release, followed by pulsed 
irradiation at 660 nm for 24 h to keep the redAzoPC in its cis 
isoform. As seen previously, control-LNP (with or without irra-
diation) did not result in a decrease in viable cells due to their 
limited drug release properties. In contrast, cytotoxic effects 
of red-paLNPs were highly dependent on the light-trigger.  
Similar to the results seen with the paLNP (UV-A light), the red-
paLNP did not affect cell viability without irradiation whereas 
the photo switched red-paLNP resulted in a dose-dependent 
decrease in the number of viable cells 24 h after treatment sim-
ilar to that of free Dox (Figure 7D).

2.7. paLNP and Red-paLNP Display Long Circulation Lifetimes 
In Vivo Following I.V. Administration

To assess the pharmacokinetic properties of developed paLNP 
systems (i.e., influence of incorporating AzoPC analogs into 
conventional liposomes), we used the zebrafish embryo model. 
As demonstrated previously by our team, zebrafish embryos 
are a reliable and predictive in vivo tool to investigate liposomal 
circulation behavior and clearance mechanisms.[34,35] First, we 
intravenously injected fluorescently labeled control-LNP, paLNP, 
and red-paLNP (1  nL) into transgenic zebrafish expressing 

green fluorescent protein in their vascular endothelial cells 
(Tgkdrl:EGFP) at total lipid concentrations of 10  mg mL−1.  
Next, we performed confocal microscopy imaging of the tail 
region 2 and 24 h post-injection (hpi). All liposomal systems 
(with and without irradiation) demonstrated excellent cir-
culation properties within blood vessels 2  hpi (Figure 8A,B 
and Figure S3, Supporting Information) without any signs of 
agglomeration within the intersegmental vessels (ISV) and 
dorsal longitudinal anastomotic vessels. At 24  hpi, significant 
extravasation of LNPs into surrounding tissue and accumula-
tions in the posterior caudal vein region (indicating macrophage 
clearance) was observed (Figure 8A–C). These pharmacokinetic 
characteristics, that is, excellent systemic circulation resulting 
in pronounced tissue extravasation, are typical for long-circu-
lating liposomes. Importantly, incorporation of photoswitchable 
AzoPC analogs into LNP did not affect the pharmacokinetic 
properties thereby confirming the ideal characteristics for a 
light-triggered release system.

2.8. Light-Triggered Release of Doxorubicin from paLNP  
Systems In Vivo

In assessing the light-triggered release of Dox from paLNPs, 
various factors must be considered to enable its detection. 
Upon i.v. injection, Dox is entrapped in circulating LNPs (fluo-
rescence is quenched). Release of Dox into circulation does not 
result in increased fluorescence due to low quantum efficiency 
and rapid clearance. Release into tissue however, is detectable 
due to fluorescence de-quenching and enhanced penetration 
(fluorescent area). Based on these considerations, we injected 

Figure 7. Pulsed deep-red light irradiation (660 nm) of red-paLNP (10 mol% redAzoPC) results in triggered release of Dox. A) Chemical structure of 
photoswitchable analog redAzoPC. The tetra-ortho-chloro-azobenzene can be isomerized from the trans to the cis form at 660 nm. B) Light-triggered 
Dox release from control-LNP and red-paLNP (10 mol% redAzoPC) using pulsed LED irradiation (660 nm) for 24 h at 20 °C in PBS or C) DMEM media 
containing 10% FBS. Error bars represent SEM **p < 0.01, ***p < 0.001, n.s., not significant, Student’s t-test. D) Influence of irradiation on the viability 
of HuH7 cells incubated with increasing concentrations of Dox in its free form or encapsulated in control-LNP or red-paLNP. Cells were incubated in 
the presence of 0, 0.1, 1, 10, and 100 µm Dox concentrations and were irradiated for 5 min at 660 nm and then subjected to pulsed irradiation at 660 nm 
for 24 h. Dox release was reflected by decreased cell viability.
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control-LNP, paLNP, and red-paLNP (2  nL) at a Dox concen-
tration of 3 mg mL−1 into wildtype Tg(abc/tübingen) zebrafish 
embryos. Following tissue extravasation and accumulation, we 
exposed one set of zebrafish to pulsed UV-A (365 nm) or deep-
red light (660 nm) irradiation for 24 h. Next, we performed con-
focal microscopy imaging of the tail region and analyzed the 
penetration area of free Dox.

All tested LNPs released Dox 48 hpi (Figure 9A,B). Although 
similar Dox signals in the absence of light-trigger were detected 
for all LNPs, paLNP, and red-paLNP triggered with UV-A or 
deep red pulsed light, respectively, demonstrated significantly 
enhanced Dox release in zebrafish embryos (Figure  9C). This 
result highlights the potential of paLNPs for triggered drug 
release in vivo.

3. Conclusion

This work demonstrates that DSPC-cholesterol liposomes 
containing 10 mol% photoswitchable phosphatidylcholines 
(substituting for DSPC) enable light-triggered Dox release in 
a physiological context. These paLNPs exhibit similar size-dis-
tribution, stability, and loading efficiencies as the parent DSPC-
cholesterol systems which are clinically approved and widely 

used in human cancer therapy. They have the added benefit of 
being able to release contents upon UV-A or deep-red light irra-
diation inducing a trans to cis isomerization in photoswitchable 
phosphatidylcholine analogs. This results in up to 80% release 
of encapsulated Dox over 24  h. The triggered release could 
potentially be made more rapid in response to a higher inten-
sity light source.[22] The described characteristics in combi-
nation with their long blood circulation half-lives make the 
paLNPs interesting and promising candidates for clinical devel-
opment. It will be an important task in the future to demon-
strate the local release in specific regions using rodent models. 
With regard to the utility of irradiation at 365 nm, the field of 
optoelectronics is currently undergoing significant advances, 
for example, through the development of fully implantable 
optoelectronic systems[36] that could help overcome the issue of 
limited tissue penetration. This limitation can also be overcome 
by incorporating red-shifted analogs of AzoPC as demonstrated 
in our work or by using methods for upconversion of light.[37]

In summary, in addition to the triggered release properties 
exhibited by the paLNP systems developed here, an important 
feature is their compositional simplicity and similarity to the 
well-studied clinical formulations. This allows us to be able to 
predict their physicochemical properties, nano-bio interactions, 
and pharmacokinetics in vivo. As such, this proof-of-concept 

Figure 8. Assessment of LNP pharmacokinetics in vivo in transgenic zebrafish. Control LNP and paLNPs were injected intravenously into transgenic 
Tg(kdrl:EGFP) zebrafish expressing enhanced green fluorescent protein in their vasculature. LNPs were fluorescently labeled with DiD. A) Confocal 
images of tail region were acquired at 2 and 24 hpi. B) Systemic circulation properties were quantified based on fluorescence signals in the dorsal aorta 
(box 1). C) LNP extravasation into tissue was quantified between the ISV (box 2). Error bars represent SEM.
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study, and in particular the tools and methods employed, will 
potentially allow for rational design of new, simple, and effec-
tive systems with enhanced drug release capabilities that will 
have a significant impact on the therapeutic index gained by 
liposomal delivery of cytotoxic drugs.

4. Experimental Section
Materials: Phospholipids used for liposome preparation 

1,2-distearolyl-sn-glycero-3-phosphocholine (DSPC) was purchased from 
Avanti Polar Lipids (Alabaster, AL). Cholesterol and MS-222 (Tricaine) 
and agarose was purchased from Sigma-Aldrich (Saint Louis, MO). 
AzoPC and redAzoPC was provided by the lab of Dr. Dirk Trauner 
(New York University). Ammonium sulphate, Dulbecco’s PBS, FBS, 
and Triton ×-100 were purchased from Sigma-Aldrich (Saint Louis, 
MO). Doxorubicin hydrochloride (Dox) was purchased from Cayman 
Chemicals (Ann Arbor, MI).

The Cell-DISCO was engineered in the Trauner lab and used as 
described.[38] A 365 nm/660 nm LED (Roithner Lasertechnik) plate was 
used at one 75 ms flash per 15 s.

Liposome Preparation: Lipid stocks of cholesterol and DSPC were 
co-dissolved in ethanol at appropriate molar ratios. In some cases, 
AzoPC or redAzoPC was incorporated into the lipid mix at varying 
molar ratios, keeping the DSPC to cholesterol ratio constant. All 
the LNPs were made using the T-tube formulation method at total 
flow rate of 20  mL min−1 and flow rate ratio of 3:1 aqueous: organic 
phases (v/v) with an initial lipid concentration of 10 umol in 25% 
ethanol and 300 mm  ammonium sulphate. Following formulation, 
particles were dialyzed against 300  mm ammonium sulphate using 
12–14 kDa regenerated cellulose membranes (Spectrum Labs, Rancho 
Dominguez, 38 CA) overnight to remove residual EtOH. Prior to 
drug loading (see Section 4.3 Remote loading of Dox into preformed 
liposomes), particles were dialyzed against Dulbecco’s PBS (pH 
7.4) overnight using 12–14  kDa regenerated cellulose membranes. 
Cholesterol concentration of the particles was measured using the 
Wako Cholesterol E assay (Mountain View, CA) and used to determine 
the total lipid concentration.

Remote Loading of Dox into Preformed Liposomes: Prepared liposomes 
with ammonium sulphate gradient (see previous section) were combined 
with Dox dissolved in PBS to a final concentration of 3 mg mL−1  
total lipid and a drug:lipid (molar) ratio of 0.1. Loading mixture was 
incubated at 65  °C for 30  min before being dialyzed against PBS 
overnight to remove any unencapsulated Dox. Dialyzed particles were 
sterile filtered using a 0.2 µm syringe filter (Pall, Ville St. Laurent, QB).

Characterization of Dox-paLNP and Dox-Red-paLNP: Particle size 
and polydispersity index (PDI) were determined through DLS using 
the Malvern Zetasizer NanoZS (Worcestershire, UK). Reported values 
correspond to number mean diameters. Cholesterol concentration 
of the Dox-LNP particles was determined using the Wako Cholesterol 
E assay (Mountain View, CA) and used to determine the total lipid 
concentration. The concentration of Dox in the loaded particles was 
measured using absorbance at 492  nm. Dox-control LNP, dox-paLNP 
or dox-red-paLNP samples were collected prior to the incubation step in 
the loading procedure as well as post-loading and dialysis. The samples 
were mixed with 0.5% Triton ×-100 in PBS at a dilution 1:20 dilution in a 
96 well plate. After shaking briefly and incubating at room temperature 
for 5 min, absorbance values were measured at 492 nm. Encapsulation 
efficiency (percent encapsulation) was determined through comparison 
of the drug:lipid ratio of Dox-LNP pre-loading and post-loading and 
dialysis to remove unencapsulated Dox (see Section 2.3 Remote loading 
of Dox into preformed liposomes). Drug:lipid ratios were determined 
using the molar concentrations of Dox and total lipid determined 
through A492 and Wako Cholesterol E assay, respectively.

Cryo-TEM Imaging of Dox-Control LNP and Dox-paLNP: Control-LNP 
and paLNPs loaded with Dox (0.1 drug:lipid, molar) were concentrated 
(Amicon Ultra-15 Centrifuge Filter Units, Millipore, Billerica, MA) 
to a total lipid concentration of ≈25  mg mL−1 prior to analysis. Some 
samples were subject to light-triggered drug release (see Section 4.6) 
and compared to non-UV treated samples. Morphological liposome 
characteristics and Dox loading were investigated by Cryo-TEM 
as described previously.[39–41] In brief, liposome formulations were 
deposited onto glow-discharged copper grids and vitrified using a FEI 
Mark IV Vitrobot (FEI, Hillsboro, OR). Cryo-TEM imaging was performed 
using a 200 kV  Glacios microscope equipped with a Falcon III camera 
at the UBC High Resolution Macromolecular Cryo-Electron Microscopy 
facility (Vancouver, BC).

Drug Release Assay of Dox-LNP Incubated in PBS: Control-LNP and 
paLNP particles diluted to a final concentration of 3  mg mL−1 total 
lipid in PBS were irradiated with a UV-A light source (365 nm)  for  
5 min followed by storage in the dark at room temperature. At the  
1 h time point, the incubated sample was passed down a size exclusion 
column to remove free drug. The drug:lipid ratio of purified LNPs was 
determined as detailed in the previous section and percent retention 
calculated relative to the t = 0 h time point. Release experiments were 
repeated using pulsed irradiation at 365 nm  over a 24  h period in the 
dark at room temperature, following which drug release was determined 
based on drug:lipid ratio as detailed in the previous section and percent 
retention calculated relative to the t = 0 h time point.

Drug Release Assay of Dox-LNP Incubated in DMEM Media 
Containing 10% FBS: Control-LNP and paLNP particles loaded with Dox  

Figure 9. Dox release in zebrafish embryos in presence or absence of pulsed light trigger. Control LNP and paLNPs were injected intravenously into 
wildtype zebrafish embryos 48 hpf (2 nL, 3 mg mL−1 Dox). After 24 h, zebrafish were exposed to pulsed irradiation and confocal images of tail region 
were acquired at 48 hpi. A,B) Representative images of Dox release (white signal) from control LNP, paLNP, or red-paLNP in presence or absence of 
pulsed UV-A (365 nm, A) or deep-red light (660 nm, B) irradiation. White arrows indicate exemplified areas with enhanced Dox release. C) Quantitative 
image analysis of Dox release. Errors bars represent SEM. *p < 0.1, **p < 0.01.
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(0.1 drug:lipid ratio) at a final concentration of 3 mg mL−1   
total  lipid  in DMEM media containing 10% FBS were irradiated with a 
UV-A light source (365 nm)  for 15  min followed by pulsed irradiation 
at 365 nm  over a 24 h period in the dark at room temperature. After  
24 h, an aliquot was passed down a size exclusion column to remove free 
drug, followed by addition of a fixed ratio of isopropanol to precipitate 
the proteins. The supernatant was analyzed to determine the drug:lipid 
ratio as detailed in the previous section and percent retention calculated 
relative to the t = 0 h time point.

In Vitro Cell Viability Assay: Cell viability assay was performed using 
HuH7 cells—hepatocyte derived carcinoma cell line. Growth media 
was composed of DMEM with FBS (10%). Cells were plated in 96-well 
cell culture treated plates (Falcon/Corning Inc., Corning, NY) at a 
density of 12 500 cells/well ≈24 h prior to treatment. Either free Dox, 
control-LNP, paLNPs, or red-paLNPs (0.1 drug:lipid ratio) in PBS were 
diluted as necessary with PBS and added to the appropriate volume 
of media to obtain final treatment concentrations of 0, 0.1, 1, 10, and  
100 µm Dox (free drug, control-LNP or paLNP). Treated cells were subject 
to irradiation with UV-A light (365 nm)  or deep-red light (660 nm)  for 
15  min following by pulsed irradiation (365  or 660 nm)  incubated at 
37 °C and 5% CO2 for a total of 24 h. At the 24 h time point, cell viability 
was analyzed using an MTT assay (Abcam Inc.) comparing UV irradiated 
and non-UV irradiated cells.

Confocal Imaging: Imaging was performed using HuH7 cells—
hepatocyte derived carcinoma cell line. Growth media was composed 
of DMEM with FBS (10%). Cells were plated in confocal imaging 
plates at a density of 40 000 cells/well 24 h prior to treatment. Either 
free Dox, control-LNP or paLNPs (0.1 drug:lipid ratio) in PBS were 
diluted as necessary with PBS and added to the appropriate volume 
of media to obtain final treatment concentrations of 10 µm  Dox (free 
drug, control-LNP, or paLNP). Treated cells were subject to irradiation 
with UV-A light (365 nm)  for 15  min following by pulsed irradiation 
(365 nm)  incubated at 37  °C and 5% CO2 for a total of 24 h. At the 
24 h time point, cell membranes were stained with cell mask deep red 
plasma membrane stain (1.0  mg mL−1, Thermo Fisher Scientific). Live 
cell imaging comparing UV irradiated and non-UV irradiated cells was 
conducted using a Leica TCS SP8 laser scanning confocal microscope 
(Leica, Germany), equipped with a 60× oil-immersion objective 
(numerical aperture 1.40). Dox was excited at 488 nm argon laser and 
CellMask was excited with a 633 nm.[42]

Zebrafish Pharmacokinetic Studies: Embryos from Tg(kdrl:eGFP) 
and Tg(AB/Tübingen) adult zebrafish (Danio rerio) were breaded at 
28  °C in zebrafish culture media containing 30.4 ug mL−1 1-phenyl-
2-thiourea (PTU) and maintained according to Swiss animal welfare 
regulations. Embryos were embedded in 0.3% agarose containing 
tricaine and PTU and injected with a calibrated volume of 1 nL into Duct 
of Cuvier (48 h post fertilization, hpf) and cardinal vein (72 hpf) using 
a micromanipulator (Wagner Instrumentenbau KG), a pneumatic Pico 
Pump PV830 (WPI) and a Leica S8APO microscope (Leica). A portion 
of the injected fish was exposed, starting 0.16 hpi, to the corresponding 
pulsed light trigger at 28 °C for 24 h. The tail region of zebrafish embryos 
was imaged 2 and 24 hpi using an Olympus FV3000 confocal laser 
scanning microscope equipped with a 30× UPIanSApo oil-immersion 
objective (NA 1.35). Quantitative image analysis was performed as 
previously described.[34,42]

Dox Release Studies in Zebrafish Embryos: 48 hpf embryos from Tg(abc/
tu) were injected with 2 nL of 3 mg mL−1 Dox containing LNPs into the 
duct of Cuvier and incubated at 28  °C in PTU containing zebrafish 
culture media. 24 hpi, one set of zebrafish was irradiated with pulsed-
light for additional 24  h. For quantitative analysis, confocal images of 
five fishes were processed applying a defined threshold, followed by area 
calculation in Fiji (ImageJ) 2.1.0.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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A B S T R A C T   

The essential homeostatic process of dead cell clearance (efferocytosis) is used by viruses in an act of apoptotic 
mimicry. Among others, virions leverage phosphatidylserine (PS) as an essential “eat me” signal in viral enve-
lopes to increase their infectivity. In a virus-inspired biomimetic approach, we demonstrate that PS can be 
incorporated into non-viral lipid nanoparticle (LNP) pDNA/mRNA constructs to enhance cellular transfection. 
The inclusion of the bioactive PS leads to an increased ability of LNPs to deliver nucleic acids in vitro to cultured 
HuH-7 hepatocellular carcinoma cells resulting in a 6-fold enhanced expression of a transgene. Optimal PS 
concentrations are in the range of 2.5 to 5% of total lipids. PS-decorated mRNA-LNPs show a 5.2-fold 
enhancement of in vivo transfection efficiency as compared to mRNA-LNPs devoid of PS. Effects were less pro-
nounced for PS-decorated pDNA-LNPs (3.2-fold increase). Incorporation of small, defined amounts of PS into 
gene delivery vectors opens new avenues for efficient gene therapy and can be easily extended to other thera-
peutic systems.   

1. Introduction 

There is a growing interest in solid lipid nanoparticles (LNPs) as a 
drug delivery system for nucleic acids. The FDA approval in 2018 of the 
first LNP based siRNA drug (Patisiran) and the worldwide approval of 
COVID-19 mRNA LNP based vaccines were the first clinical applications 
of LNPs for non-viral nucleic acid therapy [1,2]. Classic LNP formula-
tions are composed of charged lipids and lipid-like adjuvants. Cationic 
lipids bind and condense the negatively charged nucleic acids. This is a 
prerequisite to enable cellular uptake and subsequently their release 
from the endosomal compartment to the cytoplasm. Due to the high 

systemic toxicity and poor pharmacokinetic properties of permanently 
charged cationic LNPs [3,4], current clinically translated LNP therapies 
are based on ionizable lipids. The chemical nature of ionizable lipids 
with a pKa around 6.7 (i.e. 1,2-dioleyloxy-3-(dimethylamino)propane 
(DODMA)) can be leveraged to formulate pH-responsive LNPs [5,6]. 
In this regard, extensive chemical optimization of ionizable lipids has 
been conducted to improve the delivery efficiency of LNPs [7,8]. Besides 
charged lipids, additional “helper lipids” are needed for the formation of 
solid nanoparticles. Altering the helper lipid composition of LNP for-
mulations reduces their cytotoxicity and leads to increased potencies in 
vitro and in vivo [9–15]. For example, it has been shown that the 
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implementation of specific polyethylene glycol-functionalized (PEG) 
lipids can control the circulation time and influence LNP biodistribution 
[9,10]. The replacement of the classical cholesterol with bioactive 
phytosterols has been proven to alter the morphology, the internaliza-
tion mechanisms, and the subcellular trafficking of LNPs [11–14]. 
Similarly, with the substitution of the helper lipid 1,2-distearoyl-sn- 
glycero-3-phosphocholine (DSPC) with 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) or 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(SOPC), a notable increase in LNP effectiveness has been achieved 
[13,14]. Furthermore, the substitution of DSPC by unsaturated PCs had 
a strong impact on transfection efficiency and toxicity of LNPs although 
effects were different for LNP-siRNA and LNP-pDNA systems [13]. 

Despite all of these efforts, the efficiency of LNP based formulations 
is still suboptimal and not comparable to the one of viral vectors. Unlike 
LNPs, viral envelopes have complex lipidomic compositions [16]. In the 
present study, we introduce a new strategy to improve the LNP efficacy 
that is inspired by virus envelopes. In particular, we focus on the 
bioactive phospholipid phosphatidylserine (PS) [17], which affects 
cellular internalization and intracellular processing. We selected PS as it 
represents an essential co-factor during the infection process of several 
viral types [18–20], including the Ebola, Epstein Barr, and Hepatitis B 
virus [21]. By inclusion of PS in their membranes, virions camouflage 
themselves as dead cells in an act referred to as apoptotic cell mimicry 
[21]. In mammalian cells, PS is actively kept on the inner leaflet of the 
cellular membrane by the flippase enzyme family. However, through the 
induction of apoptosis or necrosis, PS gets gradually exposed to the outer 
leaflet. This in turn induces PS recognition and apoptotic cell clearance. 
This process called efferocytosis is highly evolutionarily conserved due 
to the constant turnover of cells [22,23]. Efferocytosis is performed by 
both professional (i.e. macrophages) and non-professional phagocytes 
(i.e. tissue cells) [22,24,25]. The key receptor families to which PS has 
been reported to bind include G-protein-coupled TIM (TIM1, TIM3, 
TIM4) and TAM (Gas6, ProS) receptors [26]. Surface presentation of PS 
and interaction with TIM receptors is also exploited by other parasitic 
organisms [27] and is an essential bioactive molecule in the entry of 
exosomes [28–30]. Furthermore, PS bearing liposomes were previously 
demonstrated to effectively alter subcellular trafficking of liposomes to 

the endoplasmic reticulum of non-phagocytic cells in a viral-like manner 
[31]. 

It was therefore the aim of the present study to explore whether the 
decoration of LNPs with PS increases transfection. We incorporated PS 
in both cationic and ionizable LNPs. Using optimized lipid-nitrogen to 
oligonucleotide-phosphate (N/P) ratios, we used a screening approach 
to design PS-decorated LNPs with desired physico-chemical properties 
such as particle size and size distribution, surface charge, and nucleic 
acid condensation efficiency. Mechanistic studies were used to investi-
gate the impact of PS on transfection efficiency (TE) as well as trans-
fection potency (TP), cellular LNP uptake, viability, and subcellular 
trafficking of LNPs. Uptake and cellular processing of both pDNA and 
mRNA encoding for an enhanced green fluorescent protein transgene 
(EGFP) were studied. Lead PS-LNPs formulations were tested with 
respect to TP and TE in vivo in a vertebrate zebrafish embryo (ZFE) 
model (Fig. 1). 

2. Material and methods 

2.1. Materials and chemicals 

1,2-dioleyloxy-3-dimethylaminopropane (DODMA), 1,2-dioleoyl-sn- 
glycero-3-phosphocholine (DOPC), L-α-phosphatidylserine (brain 
derived PS), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N- 
[methoxy(polyethylene glycol)-2000] (DMPE-PEG200) were purchased 
from Avanti Polar Lipids (Alabaster, AL). 2,3-dioleoyloxy-propyl-trime-
thylammoniumchlorid (DOTAP) was purchased from Corden Pharma 
(Frankfurt am Main, Germany). Cholesterol, DiI, Hoechst 33342 and 7- 
Aminoactinomycin D (7-AAD) were obtained from Sigma Aldrich 
(Schaffhausen, Switzerland). SYBR Gold Nucleic Acid Gel Stain (SYBR 
gold reagent), DiO, Chloropromazine, Polyinosinic acid (Poly I), 
Colchicine, Nystatin and Dynasore were acquired by Thermo Fisher 
Scienctific (Zug, Switzerland). AnnexinV was purchased from Biolegend 
(San Diego, CA), Label IT Cy5 Kit from Mirus Bio (Madison, WI) and 
Chol-PEG-FITC-5k from Nanocs (New York, NY). The minicircle plasmid 
DNA encoding for EGFP under the control of a liver-specific p3 promoter 
[32] was kindly provided by the University Children’s Hospital Zurich. 

Fig. 1. Design and evaluation of lipid nanoparticles (LNPs) equipped with phosphatidylserine (PS). LNPs were formulated with PS, DOPC, and cholesterol as helper 
lipids and DOTAP or DODMA as cationic or ionizable nucleic acid condensation agents, respectively. PS-LNPs had a defined hydrodynamic diameter and ζ-potential. 
Cellular uptake, transfection potency, and transfection efficiency of PS-LNPs were evaluated in vitro (i.e., HuH-7 hepatic carcinoma cell line) as well as in vivo (i.e., 
zebrafish embryo). EGFP: enhanced green fluorescent protein transgene. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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NTC9385R (3xCpG)-CAG EGFP-CpG free BGH pA nanovector plasmid 
DNA was obtained from Nature Technology Corp (Lincoln, NE). Mini-
circle plasmid DNA used for in vitro experiments and nanovector plasmid 
DNA used for in vivo experiments are referred to as pDNA. 5′ capped 
CleanCap EGFP mRNA was purchased from TriLink Biotechnologies 
(San Diego, CA). Dulbecco’s modified Eagle’s medium (DMEM) high 
glucose (4500 mg L− 1) was obtained from Sigma Aldrich and supple-
mented with 10% FCS (BioConcept, Allschwil, Switzerland), penicillin 
(100 units mL− 1), and streptomycin (100 μg mL− 1) (Sigma Aldrich). 
Trypsin/EDTA (0.25%) was purchased from Gibco. FACS buffer, 
composed of DPBS (Sigma Aldrich), was supplemented with 1% FCS, 
2.5 mM EDTA, 0.05% NaN3. 

2.2. Preparation of LNPs 

Lipid nanoparticles used for in vitro experiments were prepared using 
a bulk mixing method as described elsewhere [32]. Briefly, lipid solu-
tions (DODMA/DOTAP, Cholesterol, DOPC and PS at molar ratios of 
50:40:10:0, 50:40:9.5:0.5, 50:40:9:1, 50:40:7.5:2.5, 50:40:5:5 and 
50:30:20:10) were solved in CHCl3, taken to dryness by rotational 
evaporation under reduced pressure for 1 h and rehydrated using 5% 
glucose, 20 mM sodium acetate, pH 4 (LNP sample buffer). The final 
lipid concentration was 0.8 mM. Liposomes were extruded 13 times 
using a manual mini extruder (Avanti Polar Lipids) and polycarbonate 
membranes (Nucleopore, Whatman, North Bend, OH) with a pore size of 
100 nm. For LNP complexation with pDNA or mRNA, LNPs were com-
bined at the desired N/P ratio with nucleic acids solved in LNP sample 
buffer. They were incubated at 22 ◦C for 30 min at 300 rpm. For in vivo 
experiments, LNPs containing PEGylated lipids were used. The lipid 
composition was DODMA:Cholesterol:DOPC:DMPE-PEG2000 =

50:39:10:1. Where indicated, DOPC was partially substituted with PS to 
reach the indicated final percentage of this lipid. The total amount of 
DOPC and PS was 10% of total lipids. The dry film was rehydrated at 
70 ◦C using methanol:ethanol = 20:80. The lipid solution (organic 
phase) was combined with the nucleic acids solved in LNP sample buffer 
(aqueous phase) at the desired N/P ratio by microfluidics (Nano-
Assemblr; Precision Nanosystems, San Jose, CA). Flow rate was 20 mL 
min− 1 with an organic:aqueous phase ratio of 1:3. Buffer was exchanged 
at 4 ◦C to 0.9% NaCl, 1 mM HEPES, at pH 7.4 (in vivo sample buffer) by 
dialysis (Millipore, 12,000–14,000 molecular weight cut-off). Dialyzed 
samples were collected and characterized by a nucleic acid exclusion 
assay using SYBR gold reagent. Where indicated, LNPs were labeled with 
fluorescent dyes. No particle aggregation was observed upon storage at 
4 ◦C for at least one week. For all experiments, only freshly prepared 
LNPs were used. All formulations showed colloidal stability. 

2.3. LNP size, size distribution and ζ-potential 

PS-LNP size distribution and ζ-potential were determined by dy-
namic light scattering using a Zetasizer Ultra (Malvern Panalytical, 
Volketswil, Switzerland). For ζ-potential measurement: PS-LNPs were 
diluted 1:40 in either LNP sample buffer or 5% glucose/10 mM HEPES, 
pH 7.4. 

2.4. Evaluation of nucleic acid encapsulation efficiency 

The encapsulation efficiency (EE) of the particles was determined by 
a nucleic acid exclusion assay using SYBR gold reagent. Briefly, 190 µL 
diluted fluorescent dye was added to 10 µL LNP solution in the presence 
or absence of 0.2% (w/v) Triton-X100 and incubated for 5 min. A linear 
calibration curve was obtained for each of the tested nucleic acids. 
Fluorescence was measured at λex = 485 nm, λem = 530 nm and λCutoff =

515 nm. 

2.5. Cell culture 

HuH-7 cells were obtained from American Type Culture Collection 
(ATCC, Manassas, VA) and cultured in DMEM (55 cm2 dishes, 37 ◦C, 5% 
CO2, saturated humidity). The cells were harvested at 80% confluency. 

2.6. Flow cytometry 

2 × 104 HuH-7 cells were seeded onto Collagen (Collagen I, rat tail) 
coated 24-well plates and allowed to adhere overnight. Cell medium was 
removed, cells were trypsinized for 5 min and further uptake was 
blocked by addition of 300 μL FACS buffer containing 7-AAD (2 μg 
mL− 1) at least 20 min prior use. Samples were kept on ice until analyzed. 
Experiments were analyzed by flow cytometry using a FACS Canto II (BD 
Bioscience, San Jose, CA). Doublets were excluded using FSC-A and SSC- 
A detectors. The apoptotic cells were excluded using FL2-A (695/40). A 
total of 10′000 single cells for each sample were analyzed and data were 
processed using Flow Jo VX software (TreeStar, Ashland, OR). 

2.7. In vitro transfection experiments 

In these experiments, “transfection efficiency” (TE) refers to the 
number of transfected cells. “Transfection potency” (TP) refers to the 
mean signal intensity of the whole cell population expressed in terms of 
relative fluorescent units. Cells were incubated with 100 µL PS-LNPs for 
48 h for pDNA and 24 h for mRNA in 500 µL DMEM at the indicated final 
nucleic acid concentrations/well (0.28 μg mL− 1 or 0.83 μg mL− 1). TE 
and EGFP signal intensity in cells were analyzed using flow cytometry. A 
TE value of 100% thereby would indicate that 100% (number) of target 
cells were transfected. Furthermore, a normalized signal intensity value 
of 100% refers to the highest observed median EGFP signal in a given 
experiment. 

2.8. Time dependent uptake 

100 µL PS-LNPs condensing a mixture of 1:4 Cy5-labeled nucleic 
acid:non-labeled nucleic acid were added to HuH-7 cells at a final 
nucleic acid concentration of 0.034 μg mL− 1, incubated for 4 h, and 
washed three times with DPBS. Cells were analyzed by flow cytometry. 
A normalized signal intensity of 100% thereby refers to the highest 
observed median Cy5 signal in an individual experiment. 

2.9. Inhibition study 

Inhibitors were used to block endocytosis pathways and were added 
prior 100 µL 0.1 mol% DiO PS-LNP (0.28 µg mRNA mL− 1) addition 
(Chloropromazine (10 μg mL− 1) for 30 min, Poly I (10 μg mL− 1) for 30 
min, Colchicine (10 μg mL− 1) for 2 h, Nystatin (50 μg mL− 1) for 15 min 
and Dynasore (80 μM) for 30 min). PS-LNPs were incubated for 4 h and 
washed three times with DPBS. Signal intensity of DiO expression in cells 
were analyzed by flow cytometry. Change in uptake was measured as a 
DiO signal intensity reduction of samples compared to non-inhibited 
median DiO signal intensity. 

2.10. Cell viability assay 

3.3 × 103 HuH-7 cells were platted onto Collagen (Collagen I, rat 
tail) pre-treated clear bottom 96-multiwell plates 24 h prior trans-
fection. An adjusted amount of sample volume compared to TE experi-
ment with nucleic acid concentrations of 0.28 μg mL− 1 and 0.83 μg mL− 1 

were added to the cells. Terfenadine (50–1 nM) was used as a negative 
control. After 48 h or 24 h depending on the used nucleic acid, 20 μL 
MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulfophenyl)-2H-tetrazolium] reagent was added to each well and was 
incubated for 1 h at 37 ◦C and 5% CO2. The absorbance was measured at 
490 nm whereby the obtained results were normalized according to the 
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untreated cells which were defined as 100% viable. 

2.11. Confocal laser scanning microscopy 

CLSM was performed using an Olympus FV 1000 inverted micro-
scope (Olympus Ltd, Tokyo, Japan) equipped with a 60x UPlanFLN oil 
immersion objective (numerical aperture 1.40). To minimize spectral 
cross talk, the samples were scanned using sequential mode. For 
confocal fluorescence and live cell imaging, HuH-7 cells were seeded 
into microscopy microslides (Ibidi GmbH, Gräfelfing, Germany; coated 
with rat tail collagen I). HuH-7 cells were incubated with LNP com-
plexed nucleic acid at a concentration of 0.28 μg mL− 1. Cells nuclei were 
post-stained with Hoechst 33342 (2.5 μg mL− 1 in PBS, for 5 min). Live- 
Images were acquired at a controlled temperature of 37 ◦C using DMEM. 
Images were visualized by IMARIS software (Bitplane, Belfast, United 
Kingdom). Single-particle track speeds were analyzed using the IMARIS 
Tracking and Statistic Module. Spot detection was set to 0.5 µm and 
tracking parameters were set to autoregressive motion, max. distance =
5 µm, max gap = 3 and track duration = 120 s. 

2.12. Zebrafish embryo (ZFE) experiments 

For ZFE experiments, PEGylated LNPs were produced using the 
microfluidics protocol. LNPs were concentrated using an Amicon Ultra-4 
centrifugal filter (10′000 molecular weight cut-off; Merck Millipore). 
Eggs of wildtype (abc/Tübingen) and Tg(kdrl:EGFP) adult zebrafish 
were collected and raised at 28 ◦C in 30 µg mL− 1 1-phenyl-2-thiourea 
(PTU) added zebrafish culture medium. 36 h post-fertilization, ZFE 
were manually dechorionated and embedded in ethyl-3-aminobenzoate 
methanesulfonate (MS-222, Tricaine) and PTU containing 0.3% agarose. 
2 × 3 nL of 75 µg mL− 1 mRNA or 150 µg mL− 1 pDNA coding for EGFP 
and complexed with PEGylated LNPs were intravenously injected into 
the Duct of Cuvier by using a micromanipulator (Wagner Instru-
mentenbau, Schöffengrund, Germany), a pneumatic Pico Pump PV830 
(WPI, Sarasota, FL) and a Leica S8APO microscope (Leica, Wetzlar, 
Germany). Successfully injected ZFE were transferred into 28 ◦C PTU 
containing zebrafish culture medium. Injected ZFE were imaged be-
tween 30 and 62 h post-injection (hpi) using an Olympus FV 1000 
inverted laser scanning microscope (Olympus, Tokyo, Japan) equipped 
with a 30x objective (UPIanSApo, 1.05NA). ZFE images were stitched 
using the Grid-collection stitching plug-in semi-quantitative analysis 
was done using a threshold in Fiji 2.1.0/1.53c software. Fluorescent 
signals were analyzed in the tail region of the ZFE to monitor circulating 
particles only [33,34]. Image were assembled in OMERO software 
5.4.10 (University of Dundee & Open Microscopy Environment). To 
reduce intraexperimental variability, comparative experiments were 
performed during the same day by the same operator and using the same 
stage. Reproducibility was verified by repeating series of experiments on 
at least three different days. For each condition of each series of ex-
periments at least 9 ZFE were used (n = 9). For the preparation of 
Figures and the corresponding semi-quantitative analysis, data from one 
representative series of experiments were used [34]. 

For biodistribution studies, 2 × 3 nL of 75 µg mL− 1 pDNA coding for 
EGFP DiI fluorescent labelled LNPs were injected into wild type ZFE and 
imaged from 2 to 11 hpi with a time interval of 1 h. For vasculature 
localization studies, Tg(kdrl:EGFP) were injected with 2 × 3 nL of 75 µg 
mL− 1 mRNA DiI fluorescently labelled LNPs and were imaged 4 hpi. To 
determine Dil PS-LNP – vasculature association, the IMARIS manual 
surface, measurement point and statistic modules was used. DiI PS-LNP 
signal within a distance of 0.5 µm and − 6 µm to the EGFP vasculature 
signal, was defined to be associated with it. 

2.13. Statistical analysis 

If not otherwise indicated, data values are means ± SD, n = 3 in-
dependent sets of experiments. Groups were compared by ANOVA 

followed by Tukey post-hoc test. Analyses were performed with Ori-
ginPro 2021 software (OriginLab, Northampton, MA). 

3. Results and discussion 

3.1. Physico-chemical characterization of PS-LNPs 

During the initial step of PS-LNP development and in vitro evaluation, 
we incorporated PS into first and second-generation LNPs by changing 
the lipid composition of LNPs. First generation LNPs were formulated 
using the permanently charged lipid DOTAP (Dioleoyl-3-trimethy-
lammonium-propane), while the second-generation LNPs contained the 
ionizable lipid DODMA (1,2-dioleyloxy-3-(dimethylamino)propane), 
which is characterized by a pKa of 7.0 [5]. We tested different helper 
lipid compositions (PS, DOPC (1,2-dioleoyl-sn-glycerol-3-phosphocho-
line) and Cholesterol) while using a constant amount (50 mol%) of 
either DOTAP or DODMA. These lipid formulations served to condense 
both plasmid DNA (pDNA) and messenger RNA (mRNA) encoding for 
enhanced green fluorescence protein (EGFP). Formulations were pre-
pared by a time-efficient bulk mixing method, which is amendable to 
formulation screening [32]. However, our protocol does not support the 
use of PEGylated lipids and was therefore applied for in vitro screening 
experiments only. It was the aim of these screening experiments to 
identify the most promising formulations. One cell line was used (HuH- 
7) and loading efficiency was verified to be in the range of 50% to 100%, 
which was sufficient for decision making during the screening process. A 
total of 36 formulations were thus characterized by a combination of 
dynamic light scattering and ζ-potential measurements. Data for N/P 6 
(DOTAP) and N/P 10 (DODMA) are shown in Table 1. Since PS carries a 
net negative charge, we were interested in its effects on nucleic acid 
condensation [35,36]. At N/P 6, LNPs formulated with the permanently 
charged lipid DOTAP condensed nucleic acids in presence of up to 10% 
PS. LNPs formulated with DODMA required an increased N/P ratio of 10 
to reach encapsulation efficiencies (EE) of above 50% at all tested PS 
concentrations. Of note, mRNA EE seemed to be lower as compared to 
pDNA EE, which can be attributed to different nucleic acid topologies 
[37]. The latter study suggests that surface potentials of DNA or RNA 
differ, leading to a different binding and surface distribution of ions. 

Our results demonstrate that PS containing LNPs with defined 
physico-chemical properties can be prepared using a simple bulk mixing 
protocol. LNPs used in the present study had a monodisperse size dis-
tribution (PDI ≤ 0.2) and a DH in the range of 120 to 170 nm, regardless 
of the encapsulated nucleic acid. This is important since in vitro and in 
vivo interactions of nanoparticles with biological systems critically 
depend on particle size. Clathrin-mediated endocytosis is typically 
observed for particles with a size of 120–150 nm and an upper size limit 
of 200 nm [38]. Extravasation of macromolecules and nanoparticles 
through, for example, the sinusoids of the liver into the space of Disse is 
limited by the size of the endothelial fenestrae of 100 to 175 nm [39]. 
Mechanisms of cellular uptake are discussed below. A slight but not 
significant increase in DH distribution was obtained when LNPs were 
incubated with fetal calf serum (Supplementary Fig. 1). This can be 
attributed to the previously described interaction of non-PEG LNPs with 
serum proteins [40]. However, no detrimental agglomeration and for-
mation of large particles (>1 µm) did occur. 

The apparent surface charge or ζ-potential of particles is of similar 
importance for internalization. A positive charge of particles favors 
adsorptive mediated endocytosis but leads to unspecific cell interactions 
and a high plasma clearance and volume of distribution in vivo [38]. 
Whereas neutral to slightly negatively charged particles lead to an 
increased circulation half-live. Furthermore, they are expected to be less 
toxic as well as more stable compared to their positively charged 
counterparts [41,42]. 

ζ-potential measurements were performed at pH 4 (i.e., a pH smaller 
than the pKa of the ionizable lipid DODMA) and at physiological pH. As 
expected, at pH 7.4, a significant reduction in surface charge was 
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Table 1 
LNP screening and physico-chemical characterization. LNPs were prepared by bulk mixing and contained DOPC, Cholesterol, DOTAP or DODMA nucleic acid 
condensing lipids, nucleic acids at different N/P ratios, and different amounts of incorporated PS. pDNA: plasmid DNA, mRNA: 5′ capped messenger RNA. Values are 
means ± SD, n ≥ 3.  

Formulation % PS N/P pDNA mRNA 

DH [nm]a) PDIb) ζ-potential [mV]c) DH [nm]a) PDIb) ζ-potential [mV]c) 

DOTAP 0 6 138 ± 1 0.06 ± 0.01 55 ± 8 122 ± 1 0.09 ± 0.01 10 ± 3 
0.5 6 129 ± 2 0.05 ± 0.02 49 ± 3 120 ± 1 0.11 ± 0.01 13 ± 5 
1 6 122 ± 2 0.04 ± 0.03 47 ± 4 125 ± 0 0.06 ± 0.02 12 ± 1 

2.5 6 137 ± 3 0.06 ± 0.02 39 ± 9 122 ± 1 0.10 ± 0.01 7 ± 1 
5 6 130 ± 1 0.07 ± 0.01 28 ± 2 134 ± 1 0.06 ± 0.01 3 ± 1 
10 6 150 ± 1 0.13 ± 0.01 35 ± 1 147 ± 1 0.10 ± 0.01 8 ± 1 

DODMA 0 10 126 ± 1 0.10 ± 0.02 21 ± 1 134 ± 0 0.11 ± 0.01 10 ± 1 
0.5 10 141 ± 3 0.15 ± 0.01 − 3 ± 2 136 ± 1 0.16 ± 0.02 5 ± 1 
1 10 150 ± 1 0.13 ± 0.01 − 17 ± 3 138 ± 1 0.14 ± 0.02 − 9 ± 0 

2.5 10 136 ± 2 0.13 ± 0.02 − 3 ± 0 128 ± 1 0.13 ± 0.01 − 13 ± 1 
5 10 170 ± 3 0.11 ± 0.01 − 4 ± 1 135 ± 1 0.13 ± 0.01 − 3 ± 1 
10 10 144 ± 2 0.11 ± 0.02 − 6 ± 2 132 ± 1 0.13 ± 0.01 − 10 ± 1  

a) Hydrodynamic diameter. 
b) Polydispersity index. 
c) ζ-potential at pH 7.4. 

Fig. 2. Cellular transfection of PS-LNPs in vitro. Transfection efficiency (TE) and transfection potency (TP, expressed as normalized EGFP signal intensity) of HuH-7 
cells treated with DODMA LNPs containing increasing amounts of incorporated PS at N/P 10. a) 0.28 µg pDNA mL− 1. 48 h incubation. b) 0.28 µg mRNA mL− 1. 24 h 
incubation. Values are means ± SD, n = 3. Level of significance compared to 0% PS-LNPs: *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001; Black stars: TE. Green stars: 
normalized EGFP signal intensity. c) Representative CLSM images of untreated control HuH-7 cells and cells treated with DODMA LNPs with 0%, 2.5%, and 5% 
incorporated PS. 0.28 µg nucleic acid mL− 1. Left row: pDNA and 48 h incubation. Right row: mRNA and 24 h incubation. Green signal: EGFP. Cyan signal: Hoechst 
33342 nuclear stain. Scale bar: 50 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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observed for DODMA based formulations. The addition of PS, which has 
a net charge of − 1 per molecule at pH 7.4, had a direct influence on the 
surface charge of DODMA LNPs but no effect on nucleic acid conden-
sation or colloidal stability. This is in contrast to previous reports using 
systems with different lipid compositions devoid of PS [35,36]. In 
presence of PS, DODMA LNPs condensing pDNA at N/P 10 a reduction 
from 21 ± 1 mV for 0% PS to − 4 ± 1 mV for 5% PS was observed. In 
comparison to DODMA, DOTAP is characterized by a tertiary amine and 
holds a higher charge density due to its non-ionizable nature. As a 
consequence, an N/P ratio of 6 was sufficient to condensate nucleic 
acids. The ζ-potential of DOTAP LNPs with incorporated PS also 
decreased up to 30 mV. The resulting ζ-potentials for DOTAP PS-LNPs 
were still highly positive. Overall, for DODMA-based LNPs, a clear 
trend towards negative ζ-potentials upon addition of PS was observed. In 
contrast, this trend was not observed for the ζ-potential of DOTAP LNPs. 
At pH 4, regardless of the type of lipid, the ζ-potential was positive and 
approximately 30 mV (data not shown). 

3.2. In vitro cell transfection and cell viability 

Integration of PS into LNPs enhanced their ability to transfect cells in 
vitro. HuH-7 liver-derived cells were used as a cell culture model. HuH-7 
cells have previously been reported to express high levels of TIM/TAM 
receptors and were used to study the role of PS as an apoptotic mimicry 
strategy of enveloped dengue and EBOLA viruses [20,43,44]. For the in 
vitro screening, EGFP encoding pDNA LNP formulations were added to 
cells at a final nucleic acid concentration of 0.28 μg mL− 1 or 0.83 μg 
mL− 1 and were analyzed by flow cytometry for LNP effectiveness i.e., 
transfection efficiency (TE; i.e., number of EGFP positive cells) and 
transfection potency (TP; i.e., mean EGFP signal intensity expressed as 
single-cell relative fluorescence units). While DODMA LNPs were used at 
an N/P ratio of 10, DOTAP LNPs had an N/P ratio of 6 due to their 
enhanced EE as mentioned before. These experiments revealed a strong 
effect of incorporated PS on the transfection ability of LNPs formulated 
with DODMA as well DOTAP (Fig. 2 and Supplementary Fig. 2). 

These results can be summarized as follows: 
First, the TE of DODMA LNPs is considerably higher than the one of 

DOTAP LNPs confirming previous studies [45]. In absence of PS, DOTAP 
containing LNPs with up to 0.83 μg mL− 1 pDNA cannot be used to 
transfect cells. This is in contrast to DODMA containing LNPs with 0.28 
μg mL− 1 pDNA, where a high number of cells were transfected (i.e., high 
TE) albeit TP were low. Using mRNA complexed LNPs with mRNA 
concentration of 0.28 μg mL− 1 for DODMA and 0.83 μg mL− 1 for DOTAP 
containing LNPs showed high TE values. However, EGFP signal in-
tensities were again low in both cases. Due to the poor performance of 
DOTAP LNPs, it was therefore decided to focus for the subsequent ex-
periments on DODMA LNP formulations only. 

Second, the TP of LNPs can be enhanced considerably using defined 
amounts of PS. Optimal results were obtained using 1 to 5% PS. Lower 
PS concentrations had no effect. Excessive concentrations of PS (i.e. PS 
content > 5%) had no or even detrimental effects as observed by a sharp 
decrease in TE for pDNA containing PS-LNPs. This can be attributed to 
the negative charge of PS interfering with pDNA condensation. With 
respect to DOTAP containing PS-LNPs complexed with 0.83 μg mL− 1 

pDNA, cells could now be transfected using 1% PS (Supplementary 
Fig. 2b). However, despite the 3-fold increase of TE as well as the 
increased EGFP signal intensity, TP was still much weaker as compared 
to the DODMA containing LNPs. With respect to DODMA containing PS- 
LNPs, EGFP signal intensities could be considerably enhanced by a 
factor of three (PS-LNPs with mRNA) to six (PS-LNPs with pDNA) 
(Fig. 2a and b). It should be noted that TE values of DODMA mRNA-LNPs 
had already reached saturation, thus preventing a further increase in 
presence of PS. The increase in TP when incorporating PS into DODMA 
containing LNPs was visualized and confirmed by confocal scanning 
microscopy (Fig. 2c). Furthermore, as a general trend, overall TE is 
higher for mRNA since only the delivery to the cytoplasm is needed in 

contrast to pDNA, where the additive permeability barrier of the nuclear 
membrane has to be overcome. We conclude that PS at concentrations 
between 1 and 5% potentiate EGFP expression in target cells. Optimal PS 
concentrations to be used depend on the used nucleic acids and may vary 
depending on the experimental conditions. 

Third, it is important to note that incorporation of PS into LNPs had 
no effect on cell viability as determined by the MTS assay (Supple-
mentary Fig. 3). Of note, relatively low concentrations of all LNPs were 
used in the present study. We therefore observed high cell viability 
despite the three-fold higher concentrations and the higher ζ-potential 
of the DOTAP based LNPs. However, concentration dependent toxicity 
was not further evaluated since the focus of our attention shifted to the 
more promising DODMA based formulations during the course of the 
project. 

3.3. Cellular uptake of PS-LNPs 

Since PS promotes receptor interactions of viral and exosomal par-
ticles, we investigated if the increased TP of PS-LNPs is a consequence of 
enhanced cellular uptake. Therefore, PS-LNPs condensing either fluo-
rescently labeled Cy5-pDNA or Cy5-mRNA were incubated with HuH-7 
cells at a final nucleic acid concentration of 0.034 μg mL− 1 and were 
analyzed by flow cytometry (Fig. 3a and b). For pDNA LNPs 4 h post- 
incubation, only slight changes regarding the amount of Cy5 + cells 
were observed (>10%). Nevertheless, an almost 1.6- respectively 1.3- 
fold increased Cy5 signal intensity was observed for formulations with 
2.5% PS and 5% PS as compared to the 0% PS formulation. A similar 
trend was observed using mRNA PS-LNPs. Again, Cy5 + cells could be 
increased by 13% using 2.5% PS-LNPs compared to 0% PS formulations, 
whereas 5% PS-LNPs lead to 15% fewer Cy5 + cells. Furthermore, Cy5 
signal intensity increased 1.6-fold for 2.5% PS formulation, and again no 
significant difference for 5% PS formulations compared to 0% PS was 
observed. In these experiments, the amount of Cy5 + cells was lower 
using mRNA LNPs compared to LNPs condensing pDNA. This could be 
due to faster processing of mRNA LNPs since first EGFP signals were 
already observed after 4 h of incubation and were significantly higher 
for 2.5% PS compared to the other formulations. Overall it can be 
summarized that a well-defined amount of PS (i.e., 2.5 to 5% PS) was 
needed to induce cellular uptake confirming previous results. 

To analyze the intracellular fate of PS-LNPs, we applied a combina-
tion of confocal laser scanning microscopy and differential interference 
contrast (DIC) live-cell microscopy (Fig. 3c) using fluorescently labeled 
PS-LNPs. Intracellular tracking of PS-LNPs reveals considerable differ-
ences between PS-LNPs and LNPs devoid of PS. Tracking of > 120 single 
particles containing 2.5 to 5% PS revealed a median particle speed of 
0.11 ± 0.04 µm s− 1 for 2.5% PS and 0.09 ± 0.06 µm s− 1 for 5% PS, 
respectively. These median speeds were significantly higher than those 
of LNPs without PS (0.06 ± 0.05 µm s− 1) (Supplementary Figure 4). 
While cellular uptake of the latter lead to their accumulation at the cell 
periphery, a clear accumulation in the perinuclear region of PS-LNPs is 
observed. It remains to be elucidated if PS has a beneficial effect on 
intracellular processing and cytosolic liberation of nucleic acids. 

Our findings thus suggest that PS-LNPs interact with target cells in a 
highly specific manner. To elucidate mechanisms of cellular uptake and 
intracellular processing in the presence and absence of PS, we conducted 
a series of cellular uptake inhibition experiments (Supplementary 
Fig. 5). An arbitrary threshold of at least 50% inhibition was considered 
to be significant. Uptake of PS-LNPs (in contrast to LNPs) was specif-
ically inhibited by Annexin V (which was previously demonstrated to 
bind to PS and therefore blocks the uptake of apoptotic cells [46]) and 
by Chlorpromazine (a known clathrin-mediated endocytosis inhibitor). 
Uptake of both PS-LNPs and LNPs was specifically inhibited by Colchi-
cine (inhibitor of tubulin polymerization), Dynasore (inhibition of 
clathrin-mediated endocytosis), and Poly I:C (a synthetic single- 
stranded RNA that can competitively bind to the scavenger receptor 
SR-A [47]). Remarkably, Poly I:C inhibited cellular uptake of LNPs by 
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50% but almost completely blocked the uptake of PS-LNPs. 
These experiments indicate that LNPs and PS-LNPs share cellular 

uptake pathways such as clathrin-mediated endocytosis, a process that 
depends on microtubules [48]. In addition, PS-LNPs activate PS-specific 
uptake mechanisms, as demonstrated by the inhibitory action of 
Annexin V. Our studies with Annexin V suggest that this effect con-
tributes by 50% to the total observed cellular uptake. Interestingly, PS 
seems to potentiate the inhibitory effect of Poly I:C, suggesting a strong 
involvement of the scavenger receptor SR-A. This receptor acts as a 
pathogen sensor of extracellular dsRNA and recognizes a range of li-
gands including low density lipoproteins and nucleic acids [47,49]. Our 
results seem to suggest that SR-A facilitates cellular entry of LNPs and 

that PS facilitates this process. 

3.4. In vivo evaluation of PS-LNPs 

The increased ability of PS-LNP to transfect cells observed in vitro 
was verified in vivo using the developing zebrafish embryo (ZFE) as an in 
vivo vertebrate screening model [50]. Formulations were injected 
intravenously into the Duct of Cuvier of ZFE 36 h post-fertilization. In 
these experiments (and in contrast to the in vitro experiments), PS-LNPs 
were modified with PEGylated phospholipids (i.e., DMPE-PEG2000). 
This modification is necessary to suppress opsonization and agglomer-
ation in presence of plasma protein. In addition, immune interactions 

Fig. 3. Cellular uptake of PS-LNPs. HuH-7 cells were incubated with fluorescently labeled PS-LNPs (0 to 5% PS). Quantitation of cellular uptake of PS-LNPs 
condensing fluorescently labeled a) Cy5-pDNA or b) Cy5-mRNA at a final nucleic acid concentration of 0.034 μg mL− 1 by flow cytometry (N/P 10, 4 h incuba-
tion). Values are means ± SD, n = 3. Level of significance compared to 0% PS-LNPs: *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001; Black stars: Cy5 + cells. Blue stars: 
normalized Cy5 signal intensity. c) Representative CLSM images of DiI-PS-LNP tracking analysis (N/P 10, 0.28 µg pDNA mL− 1). Particle tracks are heat-mapped from 
blue (6 min) to red (26 min). Scale Bar: 10 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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can be suppressed such as inflammatory reactions or recognition of LNPs 
by cells of the mononuclear phagocyte system [51]. Since PEGylation 
interferes with the condensation of nucleic acids, these LNPs were pre-
pared using a microfluidics protocol [52] and not bulk mixing. PEGy-
lated LNPs were characterized by a mean DH of approximately 105 nm 
and a monodisperse PDI of 0.15 (Supplementary Table 1). PEGylated 
LNPs have a slightly lower surface charge at physiological pH as 
compared to their non-PEGylated counterparts with values in the range 
of − 3 mV to − 12 mV. This is indicative of the shielding of the negative 
charge of PS by DMPE-PEG2000. The EE was in the range of 87–100% 
for pDNA and 54–78% for mRNA. For all in vivo studies, the same 
amounts of nucleic acids were administered (i.e., 6 nL injection volume, 
75 µg mL− 1 mRNA, 150 µg mL− 1 pDNA). 

In vivo experiments in ZFE confirmed our in vitro results (Fig. 4). In 
our study, we have focused on an analysis of the ZFE tail region in the 
vicinity of the caudal vein since this tissue, but not the teleost liver, 
harbors macrophages, and scavenger endothelial cells. It can therefore 
be considered to have the same functionality as the mammalian liver 
sinusoids [53]. Furthermore, the head region of the ZFE was excluded 
from analysis since passive trapping of particles within the ocular 
vasculature cannot be excluded. As expected and in agreement with 
previous in vitro results, free nucleic acids or LNPs devoid of PS show 
minimal activity 42 h post-injection (hpi). The addition of PS to pDNA- 
LNPs led to 1.3-fold enhanced EGFP expression in the tail region of the 
ZFE compared to 0% PS formulation. In contrast, the addition of PS to 
mRNA-LNPs resulted in a strong and widely distributed EGFP signal 
throughout the ZFE, leading to a 3.7-fold increased TP (Fig. 4b). A semi- 
quantitative analysis of the tail region of the ZFE revealed 3.2-fold 
versus 5.2-fold increase in TE between pDNA PS-LNP and mRNA PS- 
LNP treated ZFE compared to 0% PS formulations. It can be concluded 
that PS enhances TE for both types of LNPs, however, to a higher extent 

for mRNA-LNPs as compared to pDNA-LNP. Even though the evaluation 
of TP reveals less pronounced differences, the same trends are observed. 
Concerning the biodistribution of LNPs, we observed an increased EGFP 
signal in the tail region for PS containing LNP formulations. This dis-
tribution pattern is indicative of PS-LNP deposition in the ZFE tail 
vasculature which could be localized starting from 4 to 8 hpi. Semi- 
quantitative image analysis of confocal image stacks revealed 
enhanced extravasation and penetration of PS-LNPs into tissues sur-
rounding the vasculature (Fig. 4c). In these experiments, 62% ± 4% of 
DiI PS-LNP signal was associated with the ZFE vasculature. This is in 
contrast to LNPs devoid of PS (Supplementary Fig. 6), which were 
retained to a higher degree within the vasculature (46% ± 9% associa-
tion). These interactions with the vasculature are similar to the previ-
ously reported biodistribution of PS marked exosomes and negatively 
charged liposomes [54]. Overall no toxic effects were observed in ZFE 
after LNP administration. 

4. Conclusion 

In the present study, we could demonstrate that the biomimetic 
incorporation of PS into LNPs enhances transfection efficiency and 
transfection potency in vitro as well as in vivo. Furthermore, PS-LNPs 
have a distinct intracellular mobility, which is similar to enveloped vi-
ruses, exosomes, and PS equipped liposomes. PS enhances interactions 
with scavenger receptors of target cells leading to an enhanced cellular 
uptake by clathrin-mediated endocytosis. PS enhances the transfection 
efficiency and transfection potency of both pDNA and mRNA based 
LNPs. Further optimization of PS-LNPs can presumably be achieved by 
the use of more complex viral-like compositions [31]. Additional studies 
will focus on the beneficial anti-inflammatory and tolerogenic effects of 
PS [55] when combined with LNPs. The incorporation of the bioactive 

Fig. 4. In vivo evaluation of PS-LNP uptake and 
transfection in the zebrafish embryo (ZFE). Trans-
fection efficiency (TE), transfection potency (TP), 
and biodistribution of LNPs were studied using ZFE. 
a) Schematic representation of the experimental 
procedure. After intravenous injection of LNPs, 
EGFP signal were visualized by CLSM within 13 hpi 
(for mRNA) to 42 hpi (for pDNA). Red: area of in-
terest. b) Representative CLSM images of ZFE 
injected with PS-LNPs condensing either EGFP 
coding pDNA or mRNA. Color-coding according to 
EGFP signal intensity. Cyan: TE-fold difference as 
compared to 0% PS formulation; Yellow: TP-fold 
difference as compared to 0% PS formulation. 
Scale Bar: 100 µm. c) Representative 3D-rendered 
image of a ZFE Tg(kdrl:EGFP) injected with DiI- 
labeled 2.5% PS-LNPs condensing pDNA. ZFE were 
analyzed 4 hpi. Green signal: ZFE vasculature, Red 
signal: DiI PS-LNPs associated with ZFE vasculature, 
Blue signal: DiI PS-LNPs not associated with ZFE 
vasculature. Scale Bar: 50 µm. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the web version of this article.)   
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lipid PS in LNPs is a promising strategy to enhance the efficacy of gene 
delivery systems and can serve for enhancement of other delivery sys-
tems by the decoration of the carriers. 
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E N G I N E E R I N G

In vivo acoustic manipulation of microparticles 
in zebrafish embryos
Viktor Manuel Jooss1, Jan Stephan Bolten2, Jörg Huwyler2, Daniel Ahmed1*

In vivo micromanipulation using ultrasound is an exciting technology with promises for cancer research, brain 
research, vasculature biology, diseases, and treatment development. In the present work, we demonstrate in vivo 
manipulation of gas-filled microparticles using zebrafish embryos as a vertebrate model system. Micromanipula-
tion methods often are conducted in vitro, and they do not fully reflect the complex environment associated 
in vivo. Four piezoelectric actuators were positioned orthogonally to each other around an off-centered fluidic 
channel that allowed for two-dimensional manipulation of intravenously injected microbubbles. Selective 
manipulation of microbubbles inside a blood vessel with micrometer precision was achieved without interfering 
with circulating blood cells. Last, we studied the viability of zebrafish embryos subjected to the acoustic field. This 
successful high-precision, in vivo acoustic manipulation of intravenously injected microbubbles offers potentially 
promising therapeutic options.

INTRODUCTION
Micromanipulation methods, which include optical (1), optoelectronic 
(2), acoustic (3–20), or magnetic (21–24), are commonly used to 
elucidate biological processes at the cellular level. However, studies 
involving micromanipulation are often conducted in vitro, which 
does not fully reflect the complexity of in vivo cellular environments. 
Successful transition of micromanipulation methods to in vivo use 
will have particularly substantial impacts in the fields of cancer re-
search, brain research, and vasculature biology.

Recently, researchers have used optical tweezers to trap and 
manipulate particles and cells in small animal models, for example, 
within the vasculatures of zebrafish embryos (ZFEs) (25) and in the 
almost-transparent blood vessels in the ears of mice (26). In addition, 
optical tweezers have been used to manipulate otoliths to control 
vestibular behaviors in larval zebrafish (27, 28). Notably, although 
the high spatial resolution of optical tweezers makes them attractive 
for use in small model organisms, optical methods are restricted to 
transparent samples. Other drawbacks of optical methods are their 
association with bulky, complex, and expensive setups that may be 
difficult and expensive to miniaturize and their high power. Optical 
methods can cause physiological damage due to laser-induced heat-
ing and multiphoton absorption in biological materials (29). It is 
also worth noting that optical tweezers have limited penetration depth, 
on the scale of millimeters, which is not sufficient for manipulation 
tasks in larger animals.

Magnetic systems have the potential to open up manipulation to 
nontransparent samples and larger penetration depths. For exam-
ple, injection of magnetic microparticles into zebrafish and mouse 
embryos has been used to enable three-dimensional (3D) rotational 
manipulation for microscopy (30). Magnetically responsive ferro-
fluid microdroplets have been used to quantify anisotropic stress in 
a mouse embryo (31). Magnetic micro- and nanoparticles have also 
been used for in  vivo drug delivery in mice, and more recently, 
magnetic microrobots and swarms have been successfully navigated 

inside mice (32). However, magnetism-based methods have the 
fundamental drawback of depending on particles that have been doped 
with magnetic materials. In addition, when in the animal body, the 
particles are cleared through iron metabolism, which can take months 
from the time of administration (33, 34).

Acoustic methods for in  vivo micromanipulation represent an 
exciting technology that has potential to bypass the above-
mentioned problems. In general, the radiation forces associated with 
acoustic systems are large, typically in the micro- to nanonewtons 
(35). A recent study demonstrated the use of an ultrasound beam 
consisting of 256 piezo elements to trap a 3-mm glass bead inside 
the urinary bladder of a pig (36). Another used four piezo elements 
to develop an acoustic vortex generator and manipulate microparti-
cles within rodent vasculatures (37). In the context of small model 
organisms such as Caenorhabditis elegans and zebrafish, acoustic 
manipulation technology has been widely used for organism-level 
manipulation and levitation, but no work to date has been conducted 
on controlling foreign particles inside small-organism vasculatures 
(3, 38–41). In vivo manipulation inside a zebrafish requires suffi-
cient force to overcome drag, selective trapping of a microparticle 
of interest, and high-precision manipulation on account of vas-
culature micrometer dimensions. Here, we report the develop-
ment of an in  vivo acoustic manipulation method that addresses 
these fundamental challenges. Manipulation of injected microparti-
cles to a spatially targeted location in ZFEs could open up new 
approaches for targeted drug therapies and tightly controlled toxi-
city studies.

Zebrafish are small aquatic vertebrates widely used as a standard 
animal model in research on account of their small size, transparent 
bodies, rapid embryonic development process, and relatively simple 
genetic manipulation. Numerous genetic zebrafish disease models 
have been used to study clinically relevant disorders including heart 
disease, anemias, cancer, and diseases of the nervous system (42). 
The ZFE model thus serves as an alternative, high-throughput, cost- 
effective method for drug screening and is frequently used to iden-
tify cures. However, current drug screening methodologies cannot 
avoid exposing the entire fish to the drug of interest. More accurate 
effects and conclusions could be realized by specifically delivering a 
drug to the tissue or site where its effect is desired; for example, 
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delivering a heart disease medication directly to the heart would 
enable precise observation of its metabolism, toxicologic effects, and 
elimination in that tissue. Furthermore, selective delivery by means 
of micromanipulation can aid in decreasing off-target effects and 
increasing therapeutic efficacy.

Here, we present an in vivo acoustic manipulation device and 
demonstrate microparticle manipulation under blood flow in the 
vasculatures of ZFEs. In particular, we show acoustic manipulation 
of gas-filled microbubbles with micrometer precision along with 
2D spatial control of a microbubble. We achieved this by designing 
the zebrafish chamber to be off-center and applying frequency 
modulation control of the acoustic field. We also demonstrate re-
versible manipulation, i.e., controlled back and forth motion, of mi-
crobubbles in the intersegmental vessels (ISVs) and the cerebral 
blood vessels of ZFEs. Last, we confirmed the viability of ZFEs in 
the presence of the acoustic field.

RESULTS
Experimental setup
Our in vivo acoustic manipulation device was composed of four 
identical piezoelectric actuators and a polydimethylsiloxane (PDMS)–
based transparent polymer chamber accommodating a circular 
channel in which the ZFE was arranged (see also fig. S1). The piezo-
electric actuators, with thickness-mode resonance frequency of 
4.25 MHz, were positioned orthogonally to each other; see Fig. 1A.  
The zebrafish sample holder was positioned 2 mm off-center with re-
spect to the orthogonally positioned transducer pairs, thus enabling 
a wider manipulation range of ~100 m. PDMS was selected as the 
material for the acoustic manipulation chamber due to being opti-
cally and acoustically transparent and chemically inert (43). Since 
the ZFE is also optically transparent, the combination with PDMS is 
ideally suited for use on inverted microscopes. For the experiment, 
clinically used ultrasound imaging agents “SonoVue” were carefully 
injected into the vasculature of ZFE at 72 hours postfertilization 
(hpf) by a high-precision pneumatic pico-pump. The microbubbles 
contained sulfur hexafluoride enclosed by a thin lipid-monolayer 
membrane, thus extending the stability of the microbubbles up to 
6 hours (44, 45). The embryo was carefully positioned in the circular 
channel and subsequently immobilized using an agar gel to ensure 
that it could not swim away or be made to drift by the presence of 
an acoustic field (see Materials and Methods). A pair of electronic 
function generators connected to the piezoelectric transducers were 
used to maneuver the microbubble in vivo. The excitation ultrasound 
frequencies were modulated from 4.0 to 4.25 MHz, and an applied 
peak-to-peak voltage (VPP) between 1 and 17.5 VPP was used. The 
whole setup was positioned on an inverted microscope with phase 
imaging capabilities to visualize and track the microbubbles inside 
the vasculature. Last, experimental images and videos were captured 
using high-sensitivity and high-speed cameras.

Here, we have developed an in vivo acoustic manipulation system 
using clinically approved, commercially available, biocompatible 
gas-filled polymeric-shelled microbubbles. The intravenously in-
jected microbubbles circulated freely within the vasculature of the 
ZFE. They drifted through the heart down the dorsal aorta (DA) 
toward the tail end of the embryo and then recirculated back into 
the heart through the posterior cardinal vein (PCV).

When acoustic waves propagate through ZFE sample holder, the 
incident acoustic energy is transmitted and reflected first at the 

PDMS/agar and then at the agar/ZFE interface according to the 
acoustic impedance mismatches (see also Fig. 1C and fig. S2). The 
acoustic impedance, Z, of a material can be computed as Z = c, 
where  and c are the density of the material and the speed of sound 
in that material, respectively. We assume that the embryo has prop-
erties similar to that of other soft biological samples as listed in table 
S1 (43, 46, 47). The transmission is expressed by the intensity trans-
mission coefficient, T. At the interface between the embryo and the 

agar gel, the transmission can be calculated as  T = 1 −   [     Z  ZFE   −  Z  agar   _  Z  ZFE   +  Z  agar  
  ]     

2
  , 

where Zagar is the impedance of the agar solution, while ZZFE is the 
impedance of the ZFE. Since the acoustic impedance of PDMS, 
agar, and ZFEs is similar to each other (see also table S1), the acous-
tic wave intensity is transmitted 96.1% at the PDMS/agar interface 
and 99.9% at the agar/ZFE interface. The transmission through the 
soft materials is more than 90%. Thus, the size or geometry of ZFEs 
should not affect acoustic trapping.

As a pair of oppositely positioned horizontal piezoelectric trans-
ducers are activated at a similar frequency and amplitude, a 1D 
standing acoustic wavefield develops (48). The wavefield comprises 
of a series of pressure nodal and antinodal lines, which are separated 
by quarter wavelengths (see also Fig. 1E). This distance  d =   c _ 4f   de-
pends on the speed of sound of the material and actuation frequen-
cy. Similarly, if a second set of piezo transducers in the x direction is 
actuated, then they produce a standing wavefield propagating in the 
x direction. The two sets of wavefields interfere, and their superpo-
sition produces a 2D standing acoustic wavefield with nodal and 
antinodal points (48). The distance between each nodal point was 
measured to be 182 ± 17 m at 4.2 MHz when actuated with 5 VPP. The 
1D and 2D lattice-like acoustic pattern produced inside a circular 
channel is shown in Fig. 1 (D and E) (see also movies S1 and S2).

When acoustic waves travel through a liquid containing micro-
particles, they induce a time-average acoustic radiation force on the 
particles (49). This force, which results from the scattering of in-
cident waves, is composed of primary and secondary radiation 
forces. The primary radiation force arises due to interactions of 
particles with the standing wavefield. The primary radiation force,   
F  R  (x ) = 4(  ~  ,   ~   )  k  x    a   3   E  a   sin(2  k  x   x) , on a small spherical compressible 
particle at position x in an acoustic pressure field can be estimated 
from the time-averaged gradient of the Gor’kov potential (49, 50). 
The radius a of the particle in this case is much smaller than the 
acoustic wavelength  in a 1D standing wavefield of wave number 
kx. Ea denotes the acoustic energy density. The acoustophoretic 
contrast factor    =   1 _ 3   [    5  ~   − 2 _ 2  ~   + 1  −   ~   ]     determines the directionality of 

the radiation force;   ̃     =      s   _    0    , where 0 and s respectively denote the 
density of the liquid and of the particle;    ~   =      s   _    0    , where 0 and s 
respectively denote the compressibility of the liquid and the parti-
cle. The acoustophoretic contrast factor  for polystyrene particles 
is +0.24 in water, suggesting that they will move to the nodal pres-
sure lines. In contrast, the behavior of the shelled microbubbles in 
an acoustic field is size dependent. Depending on size, the reso-
nance frequency ranges between 1 and 9 MHz, as indicated by the 
manufacturer (44, 51, 52). Microbubbles that have resonance frequen-
cies larger than the excitation frequency move to the pressure an-
tinodes, while those having a resonance frequency smaller than the 
excitation frequency move to the pressure nodes (51, 52). To clarify 
the trapping locations of the microbubbles, we filled a microchannel 
with SonoVue microbubbles. Under excitation frequencies between 

AQ6

3.4. PART IV: APPLICATION OF THE ZEBRAFISH MODEL

159



Jooss et al., Sci. Adv. 8, eabm2785 (2022)     25 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 9

4.0 and 4.25 MHz, bubbles smaller than 4 m move to the antinode, 
while those larger than 4 m move to the node (shown in Fig. 1E). 
A wide range of microbubbles and clusters of microbubbles (~6 to 
14 m) were detected in the in vitro experiments. The microbubbles 
used in the ZFE therefore move toward the pressure node (see also 
fig. S3 and movie S2).

In vivo microbubble trapping
In this section, we focus on trapping a freely recirculating gas-filled 
microbubble in the vasculature of a ZFE. In Fig. 2 (A and C), a 
microbubble circulates from right to left in the DA until the acoustic 
field is turned on at 2.3 s. The consequent primary acoustic radia-
tion force, FR, moves the bubble into the nearest acoustic trap (node), 
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Fig. 1. Experimental design and concept of the in vivo acoustic manipulation system. (A) Schematic of the in vivo acoustofluidic device, which comprises a transpar-
ent PDMS chamber for the ZFE and four identical piezo transducers. (B) Micrograph of the in vivo acoustic manipulation chamber. Red dye was infused to highlight the 
channel. (C) Schematic of an acoustic wave penetrating a ZFE. A standing acoustic wave is established across a ZFE that is fixed in agar gel. When the acoustic wave en-
counters the PDMS/agar and agar/ZFE interfaces, its energy is partially reflected and partially transmitted (see also table S1). (D) The 2D lattice-like acoustic pattern is 
produced inside the microchannel by the acoustic system. (E) The 1D patterning demonstrates microbubbles that have resonance frequencies larger than the excitation fre-
quency positioned at the pressure antinodes, while microbubbles having smaller resonance frequency than the excitation frequency are trapped at the nodes. An ultrasound 
induced 1D patterning of gas-filled microbubbles. The images illustrate the distribution of microbubbles before and after applying ultrasound. In the 1D pattern, micro-
bubbles with resonance frequencies higher than the excitation frequency are shown positioned at the pressure antinodes, while microbubbles with resonance frequencies 
lower than the excitation frequency are seen trapped at the nodes. (F) Fluorescence image of a tg(kdrl:eGFP) ZFE, expressing green fluorescent protein (GFP) in endothelial 
cells, highlighting its vasculature network. Red arrows indicate direction of blood flow, e.g., dorsal artery (DA), intersegmental vessels (ISV), and posterior cardinal vein (PCV).
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which is located to the right, against the flow (see also movie S5). 
Figure 2 (B and D) depicts an equivalent experiment in which the 
head of the fish is oriented in the opposite direction; thus, the flow 
direction is from left to right. As in the previous experiment, a 
microbubble inside the DA drifts downstream until the acoustic field 
is turned on at 0.7 s, upon which the microbubble travels toward the 
nearest acoustic trap, in this case, upstream to the left (movie S6). A 
ZFE fixed in agar may occasionally drift slightly when subjected to 
ultrasound over a period of a few seconds.

In addition to the primary acoustic radiation force, FR, the bubble 
experiences “Stokes” drag force, FD (49). The influence of inertia 
forces in this experiment is characterized by the Reynolds number. 
The Reynolds number,  Re =  a∆v  _     , of a microbubble circulating in-
side the vasculature is measured to be 3.23 × 10−6, where  = 
1010 kg m−3 is the density of human blood plasma, a = 6 m is the 
diameter of the microbubble,  = 1.5 cP is the dynamic viscosity of the 
blood plasma, and ∆v ~ 0.8 m s−1 is the velocity difference between 
bubble and medium (53, 54). There is no literature on the density of ZFE 
blood plasma. The physical properties of human blood and ZFE blood 
are similar (55). We therefore approximate the ZFE blood plasma den-
sity as the one of human blood plasma. The velocity of the bubble’s 

transit upstream is determined empirically from an image sequence, 
and the velocity of the blood flow is approximated as the drifting speed 
of the bubble in the absence of acoustic force. Since the calculated 
Reynolds number is low (Re ≪ 1), inertia effects become negligible; 
thus, the acoustic radiation force is balanced by the Stokes drag, i.e., 
FR = FD. Therefore, we can estimate the maximum acoustic radia-
tion force acting on the microbubble as FR = FD = 6a∆v, which 
is in the order of piconewtons (see also Supplementary Text).

In contrast to microbubbles, we observed that the red blood cells 
(RBCs) in the vasculature were hardly affected in the presence of 
ultrasound. Microbubbles and cluster of microbubbles detected in 
the ZFE had a diameter of ~6 m, while the observed RBCs had a 
diameter of ~6 m. The Stokes drag acting onto the microbubbles is 
therefore similar in magnitude compared to the RBCs. Microbubbles 
(0.004 × 106    kg _ 

 m   2  s
  ) have a larger acoustic impedance mismatch with 

the surrounding blood plasma (1.57 × 106    kg _ 
 m   2  s

  ) than RBCs (1.6 × 106    kg _ 
 m   2  s

  ) 
(41). The acoustic pressure wave scatters more at the microbubbles, 
which results in a higher acoustic radiation force acting on the 
microbubbles. As a result of much larger acoustic radiation force, 
the microbubbles are selectively manipulated by the acoustic field.
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Fig. 2. Microbubble manipulation inside the DA of ZFEs. (A) Image sequences demonstrating a gas-filled microbubble migrating under right-to-left flow that became 
trapped in the DA when ultrasound was activated (at ~2.3 s). The microbubble traveled against flow to reach the antinode, indicated by the dotted red circle. (B) A micro-
bubble traveling under left-to-right flow in the DA of another fish similarly became trapped. Note that the microbubbles are traveling much faster upstream than down-
stream, which can be attributed to acoustic radiation force. The ZFE was observed to drift vertically 7.6 m (smaller than the wavelength of 365 m). (C) The 
plots illustrating the location and speed (inset) of a microbubble tracked for the image sequence in (A). A magenta dotted line indicates the location of the pressure node. 
(D) Plots of the x position and the x velocity (inset) of the microbubble in (B). The pressure nodal position is indicated by magenta dotted lines.
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In vivo microbubble manipulation
Next, we demonstrate controlled dynamic manipulation of trapped 
microbubbles inside a ZFE. Trapped microbubbles can be made 
to translate by changing the nodal positions of a standing wave-
field, i.e., by tuning the excitation frequency emitted by the piezo 
transducer. A change in frequency f results in a change in wave-
length . Since the microbubbles are trapped at the nodes, they 
move with the node shift; however, the effective range of this 
manipulation is extremely small (see also movie S3). The piezo-
electric transducers mounted to the setup have a quality factor Q 
of 26 to 93 and achieve maximum oscillation when activated at their 
resonance frequency of 4.05 to 4.17 MHz (see also figs. S6 and S7). 
Driving the transducers off-resonance decreases the mechanical 
output amplitude, thus limiting effective translation of the mi-
crobubbles. Within the frequency window of 4.0 to 4.25 MHz, the 
difference in wavelength in water is approximately ∆ = 1 − 
2 ≈ 23 m.

To increase the range of motion, we positioned the fish chamber 
2 mm off-center relative to the wavefield, shown schematically in 
Fig. 3A. In a standing wavefield, each node location is sited half a 
wavelength (/2) away from its adjacent antinodes. A change in fre-
quency f results in a change in wavelength ; the node positions 
therefore shift when the excitation frequency is modulated, with 
only the node at the center of the wavefield remaining stationary. 
The displacement of each node increases proportionally with its 
distance from the center (3); that is, when we change the wavelength 
by , the innermost antinodes, which are half a wavelength (/2) 
from the central node, will move by /2 ; the next tier out, which is 
one wavelength () from the center, moves by ; the ones that are 
two wavelengths (2) from the center move by 2; and so forth. 
Siting the chamber five wavelengths (5 = 2 mm) off-center made 
the node translations five times larger than the shift in wavelength 
( = 23 m), producing a net translation of 5 × 23 = 115 m (see 
also figs. S6 and S7 and movie S4).

The piezo transducers arranged to the left and right of the ZFE 
control the x position of the microbubble, while those above and 
below control its y position (Fig. 3A). Figure 3B shows a super-
imposed time-lapse image of a microbubble that was manipulated 
right to left by increasing the frequency of the x-axis piezo transduc-
ers from 4.0 to 4.25 MHz at 15 VPP, while the y-axis piezo is kept 
constant at 4.1 MHz and 12.5 VPP. The microbubble traveled 106 m 
upstream in the PCV, i.e., against blood flow, over the course of 13 s 
(movie S7). This movement of 106 m is 92% of the maximal net 
translation of the device. Likewise, Fig. 3C illustrates a microbubble 
maneuver in the y direction within the 16-m-wide DA as the y-axis 
piezo transducers were switched from 4.0 to 4.25 and back to 4.0 MHz 
at 12.5 VPP, causing the microbubble to move orthogonally to the 
flow (movie S9). During this process, the x-oriented transducers 
were maintained constant at a frequency of 4.1 MHz and amplitude 
of 12.5 VPP sufficient to counter the blood flow, thus holding the 
microbubble in the x direction. The microbubble does not move 
further than 16 m, as it is blocked by the vessel walls of the DA. Such 
complete 2D control of a microrobot inside a vasculature under flow 
would allow the navigation of injected carriers through the body to 
a target location. Therefore, this approach could provide a founda-
tion for future locally targeted drug delivery or spatially selective 
drug screening.

Manipulation of microbubbles in different regions
We demonstrated manipulation of microbubbles in the DA and the 
PCV, which are the two largest vessels in the ZFE exhibiting the highest 
flow rates (56). Subsequent experiments investigate whether this 
acoustic-directed movement is repeatable and reversible through-
out the body in different regions. With this control, a microbubble 
could be injected near the heart and manipulated to an arbitrary 
location in the vasculature. In Fig. 4A, a constant frequency was applied 
in the y direction such that the bubble was fixed in the middle of the 
DA. Meanwhile, switching the frequency between 4.1 and 4.15 MHz 

A

C

B

PCV

Microbubble

DA

Vertebra

Microbubble

RBC
2 mm

PDMS

Agar

Piezo transducer

Fig. 3. 2D control of a microbubble using frequency modulation control. (A) A schematic demonstrates the zebrafish chamber positioned 2 mm off-center with re-
spect to the orthogonally positioned transducer pairs enabling a wider manipulation range. (B) A microbubble is made to move in the x direction against the flow as 
the transducers placed in line with the fish have their frequencies changed from fx1 = 4.0 MHz to fx2 = 4.25 MHz, 15 VPP, while fy = 4.1 MHz is kept constant at 
12.5 VPP. (C) Equivalently, altering the excitation frequency of the piezo transducers alongside the ZFE from fy1 = 4.0 MHz to fy2 = 4.25 MHz at 12.5 VPP and back to fy3 = 
4.1 MHz at 12.5 VPP thus results in movement of the microbubble in the y direction, i.e., perpendicular to the blood flow. In the process, the particle remains stable in the 
x direction as fx = 4.1 MHz is kept constant.
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at a constant amplitude of 12.5 VPP of the x-direction actuators ma-
nipulated the bubble upstream by 26 m. Afterward, reversal of that 
actuation frequency caused the bubble to travel back to its initial 
position. The final location of the bubble deviated from its initial 
position by 5 m (movie S11). Relative to the DA, other segments of 
the vasculature with smaller diameters experience lower flow rates. 
Figure 4B shows repeated up and down movement inside the ISV 
over a distance of 21 m. This motion is caused by the actuators 
located above and below the ZFE with varying frequency between 
4.15 and 4.25 MHz at a constant amplitude of 12.5 VPP (movie S12). 
Last, we demonstrated tweezing of microbubbles at sites other than 
in the fish’s tail, specifically inside the cerebral vasculature (Fig. 4C). 
In this case, the bubble was moved away from the vasculature wall 
by 9 m and then back to its original position at the wall by varying 

the frequency controlling the vertical between 4.1 and 4.25 MHz at 
a constant amplitude of 10 VPP (movie S13). This reversible back 
and forth movement throughout the body supports this system as a 
possible conceptual foundation for localized applications.

Viability study of ZFEs
A ZFE at 72 hpf has a total length of ~3.5 mm, and its whole body 
experiences acoustic radiation force. We expect that imposing this 
force on tissue and RBCs puts stress on the cardiovascular system. 
The ZFEs in our experiments experience an acoustic field in pulses 
of 30 s with a subsequent recovery time of 1 min. We observe a 
voltage-dependent reaction in heart rate and pumping at voltages 
above 10 VPP (see Fig. 5). The acoustic radiation force scales with the 
square of the actuation voltage. We observed that voltages between 

C

A

B

Otolith

Microbubble

0.0  s 0.4 s 0.6 s 0.9 s 3.8 s3.6 s 4.1 s 4.2 s

VertebraMicrobubble

0.0 s 1.3 s 1.5 s 1.98 s 1.99 s 4.1 s 4.2 s 4.7 s

Microbubble

DA
0.0 s 1.5 s 3.0 s 4.9 s 9.8 s

Vertebra

C
B

D

25 µm

25 µm

25 µm

250 µm

Fig. 4. Acoustic manipulation in vivo at different locations within the zebrafish vasculature. To demonstrate full directional control, a bubble was directed along the 
vasculature and back to its initial position multiple times by shifting the frequency. (A) The microbubble was reversibly moved horizontally 22 m left and right in the 
21-m-wide DA by varying the frequency controlling the horizontal position fx between 4.1 and 4.15 MHz at a constant amplitude of 10 VPP. (B) The bubble likewise traveled 
and returned 29.85 m in the y direction without stiction in the ISV, which has a diameter close to that of contrast agents and passing RBCs by varying the frequency 
controlling the vertical position fy between 4.15 and 4.25 MHz at a constant amplitude of 12.5 VPP. (C) Last, the same reversible behavior was demonstrated with a traveled 
distance of 9 m in a cerebral blood vessel, close to the otoliths by varying the frequency controlling the vertical position fy between 4.1 and 4.25 MHz at a constant 
amplitude of 10 VPP.

3.4. PART IV: APPLICATION OF THE ZEBRAFISH MODEL

163



Jooss et al., Sci. Adv. 8, eabm2785 (2022)     25 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 9

12.5 and 15 VPP applied to the piezo transducer can lead to fibrilla-
tion (temporary erratic behavior of the heart) and can stop the heart 
for a limited amount of time (~30 s); however, after the application 
of acoustics has ceased, the heart recovers back to its initial move-
ment within 1  min (see also movies S14 and S15). In contrast, a 
voltage of 17.5 VPP stops the heartbeat within 30 s. After ceasing 
such excitation, the stopped heart in some specimens starts fibrillat-
ing within 30 s and may fully recover in minutes. At a still-higher 
excitation voltage of 20 VPP, permanent deformation can result, i.e., 
buckling along the long axis of the zebrafish body. We therefore 
conclude that an excitation voltage of no more than 12.5 VPP or 
limited excitation time at values of up to 17.5 VPP will ensure the 
continuing viability of a ZFE. Last, we investigated whether the 
electric field produced by the piezo transducers has any effect on the 
cardiac function of the ZFE. A similar viability study was conducted 
with an acoustically isolated 1-mm air gap between the transducer 
and the PDMS chamber, and no changes in heart rate were detected 
(see also movie S16). For higher animal models, the standing wave-
field is smaller than the body size; thus, the acoustic field does not 
completely excite the animal’s entire body. The cardiovascular ef-
fect of the acoustic field in mice or humans is therefore presumably 
less intense, increasing the viability of acoustic manipulation.

DISCUSSION
Here, we demonstrate microparticle manipulation inside ZFEs us-
ing ultrasound. Ultrasound is attractive for its ability to penetrate 
deep into tissue, for being unaffected by tissue opacity, and for gen-
erating a broad range of directed forces. We used ultrasound to 
manipulate microbubbles with micrometer precision inside the DA 
of zebrafish. The setup demonstrates controlled up-, down-, and 
cross-stream manipulation throughout the vasculature by controlling 
the acoustic actuation frequency. We further realized controlled 

manipulation of microbubbles in ISVs and cerebral blood vessels. Last, 
we investigated the viability of ZFEs subjected to the acoustic field.

After injection the microbubbles circulate freely inside the fish 
for up to 15 min in the absence of any acoustic fields. As an acoustic 
field excites the bubbles, they clump together into groups due to 
secondary “Bjerknes” forces (57) as they move into an acoustic trap. 
The enlarged cluster of bubbles can reduce circulation time in the 
fish depending on the number of injected bubbles. The bubbles 
remain in clusters after the acoustic field has been turned off for 
around 30 s. However, stiction of single or groups of bubbles inside 
the zebrafish vasculature has not been observed to be fatal. A con-
trol over the number of injected bubbles may result in less agglomer-
ation of bubbles throughout the vasculature.

Our system shows reliable trapping of bubbles and patterning of 
particles in water of a 1.5-mm-wide channel. A subsequent change 
in actuation frequency moves the position of the trap and thereby 
the trapped bubble. During in vivo experiments, the acoustic node 
may be located within the ZFE tissue but outside the 5- to 25-m-
wide vasculature walls. As a result, the position of trapped injected 
microbubbles may differ from the actual node location. Without 
the visual feedback of the precise node position, the execution of a 
desired frequency shift to precisely move a trapped microbubble is 
challenging. Furthermore, we observed a deviation between the out-
put signal of the piezo transducer and the excitation signal applied 
to the function generator at the resonance frequency of the trans-
ducers (see also fig. S4). A more sophisticated frequency control with, 
for example, a displacement transfer function or autocalibration 
might simplify path planning of bubbles inside the fish.

As acoustic waves penetrate different biological tissue, they get 
scattered, transmitted, and attenuated. We have not observed bulk 
acoustic streaming in the zebrafish vasculature under the experimental 
conditions used in this study. Therefore, bulk streaming in the form 
of “Rayleigh” or “Eckart” streaming should not compromise the 
performance of acoustic trapping. Our results show that transmis-
sion is sufficiently large to acoustically manipulate particles under 
flow in ZFE throughout the whole body of the ZFE, independent of 
tissue type, flow conditions, vessel diameter, or incident angle. Larger 
animal models have a longer distance between actuator and circu-
lating microbubble. A resulting increased attenuation might limit 
location-dependent acoustic in vivo manipulation.

Microbubbles in combination with ultrasound have already 
been shown to trigger drug release (58). Here, we now present con-
trolled in vivo manipulation of microbubbles in the vasculature of a 
ZFE. We believe that spatial control of drug-loaded microparticles 
can be exploited for targeted drug delivery. Additional studies are 
needed to demonstrate that the observed effects in ZFE can be 
extrapolated to higher vertebrate including humans.

MATERIALS AND METHODS
Experimental setup
The acoustic chamber into which a microbubble-injected ZFE was 
embedded was transferred to a Zeiss AxioVert 200M (Carl Zeiss, 
Germany) inverted optical microscope equipped with 2.5×, 5×, and 
10× objectives. During experiments, the voltage signals driving the 
piezo actuators were produced by a Tektronix AFG 3011C function 
generator (Tektronix, USA) and a GW Instek AFG-2005 function 
generator (GW Instek, Taiwan). The conductance and impedance 
of four nonmounted and four mounted piezoelectric transducers were 

Fig. 5. Viability of ZFE in the presence of ultrasound. To demonstrate the viabil-
ity of the acoustic actuation on cardiac function, untreated ZFEs were placed into 
the acoustic channel and exposed to acoustic excitation across a range of voltages 
in pulses of 30 s with a subsequent recovery time of 1 min. Up to a voltage of 
17.5 VPP, fibrillation was reversible and did not impair ZFE viability. The error bar 
represents the SD for a minimum of five data points.

CHAPTER 3. RESULTS

164



Jooss et al., Sci. Adv. 8, eabm2785 (2022)     25 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 9

measured using an impedance analyzer (16777K, SinePhase, USA) 
(see also fig. S5 and table S2). Input power was assessed by measur-
ing the voltage across the transducer and current at the transducer. 
A “TBS2000” oscilloscope by “Tektronix” was used to measure the 
voltage across the piezo transducer and a “TCP202” current probe 
by Tektronix to measure the current to the piezo transducer. By 
multiplying the root mean square (RMS) voltage and RMS current 
at the piezo, we computed the apparent input power to the piezo. 
Images were taken with a Coolsnap HQ2 charge-coupled device 
camera (Photometrics, USA) at a frame rate of 8.6 fps and processed 
with PVCamTest software (Photometrics, USA). Subsequent image 
analysis was performed with FIJI, a package based on ImageJ 
(imagej.net, USA). For the visualization of the ZFE vasculature in 
Fig. 1, confocal images of tg(kdrl:eGFP) embryos were acquired using 
an Olympus FV3000 confocal laser scanning microscope (Olympus, 
Tokyo, Japan) equipped with a UPIabSApo 20× objective having a 
numerical aperture of 0.75 (Olympus, Japan). Image acquisition 
was carried out using a sequential line scan, an excitation wave-
length of 488 nm, and an emission wavelength of 500 to 540 nm.

ZFE husbandry
In accordance with the Swiss animal welfare regulations, eggs from 
Danio rerio AB/TU wild-type and kdrl:eGFP [green fluorescent 
protein (GFP) expressed by endothelial cells] were maintained. 
They were kept in zebrafish culture media at 28°C, to which 1-phenyl 
2-thiourea (30 g/ml; PTU) was added to prevent the formation of 
pigment cells. At 3 days after fertilization, ZFEs were anesthetized 
with 0.01% tricaine, dechorionized, and embedded in 0.3% agarose 
containing tricaine and PTU.

ZFE injection
A volume of 2 to 3 nl of SonoVue microbubble solution (Bracco, 
Italy) was injected into the duct of Cuvier of embedded ZFEs using 
a micromanipulator (Wagner Instrumentenbau, Schöffengrund, 
Germany), a pneumatic Pico Pump PV830 (World Precision Instru-
ments, USA), and a Leica SAPO microscope (Leica, Germany). After 
injection, the ZFEs were manually cut out of the agar, transferred 
into the acoustic chamber, and re-embedded using low-melting agar.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm2785
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DISCUSSION & OUTLOOK

I
n the research presented in this PhD thesis, zebrafish larvae were established

as a vertebrate model to study renal function, nephrotoxicity, and the pharma-

cokinetics of intravenously injected nanoparticles. This thesis is structured into

four chapters. First, key renal functions were investigated. Next, macroscopic struc-

tural changes in renal organs induced by gentamicin treatment were analyzed using

different imaging methods. Third, zebrafish larvae were used to verify drug-induced mi-

tochondrial toxicity in proximal tubules. Fourth, as a reliable and predictive vertebrate

model, the zebrafish larva was applied to investigate the pharmacokinetics of nanopar-

ticles.

The following section summarizes all projects that comprised this PhD thesis and places

them within a bigger context. The benefits, applications, and limitations of zebrafish lar-

vae as a vertebrate model are discussed.
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4.1 The use of zebrafish larvae as a vertebrate model

to study renal function

Our studies verified that the zebrafish larva is a powerful vertebrate model: adult ze-

brafish lay hundreds of eggs that can be raised in a standardized environment, thus

allowing for highly reproducible experiments. Since zebrafish have a yolk, they can feed

themselves up to five days post-fertilization, which reduces maintenance work. In addi-

tion, they are not considered animals up to 120 hours post-fertilization, and therefore

their use before this time is not restricted by guidelines [102]. Since they are transpar-

ent, in vivo functions can be observed with the naked eye or confocal microscopy using

intravenously injected fluorophores. Zebrafish have a fully sequenced genome, high ge-

netic similarities to human beings, a short generation time, and rapid embryogenesis

[97]. Results can be reliably translated from in vitro to in vivo (vertebrates) to reduce,

replace and refine animal experiments (3R principles). Our model allowed mechanistic

studies to understand the (visual) observation. For the administration of compounds,

intravenous injection into the bloodstream enables a defined application of a substance

of interest [15]. This strategy favors the use of zebrafish in many disciplines such as ver-

tebrate development research, behavioral studies, toxicology, pharmacology, and phar-

macokinetics [97]. Therefore, zebrafish facilities are widely available and can be shared

among research groups.

In conclusion, the use of zebrafish as a model organism is associated with a large num-

ber of offspring generated every ten days, high accessibility, standardization, and fewer

ethical and legal aspects compared to animal models. In view of these benefits, zebrafish

fulfill the rationale, serving as a powerful vertebrate model in biomedical disciplines

such as nephrology.
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With respect to renal elimination, zebrafish larvae share similarities in kidney for-

mation, and anatomy with vertebrates and humans [109, 111]. This is not surprising

since transcription factors responsible for patterning in the zebrafish are evolutionar-

ily conserved in mammals [111, 112]. Therefore, in-depth studies on functionality must

verify the similarity of the zebrafish to mammalian beings. Examples of functionality in-

clude glomerular filtration, active tubular excretion, and reabsorption of various trans-

port systems. In Part 3.1, key renal functions in zebrafish larvae were assessed and

confirmed.

First, hydrodynamic size-dependent glomerular filtration of fluorescent macromolecules

enables certainty that intravenously injected macromolecules have similar filtration

characteristics as those observed in humans. This is especially fundamental for reliable

pharmacokinetic studies of nanoparticles and other enzyme-peptide-based formulations

(Chapter 3.4.1 - 3.4.4) [113–115].

Second, verified ABC/SLC-mediated renal excretion enables the identification of (non-

fluorescent) inhibitors of these transport systems. Thereby, potential nonfluorescent in-

hibitors are preinjected into zebrafish larvae, followed by the administration of the fluo-

rescent transporter substrate. Changes in signal intensity in blood vessels indicate dif-

ferent renal excretion kinetics and, therefore, allow for identifying transporter-specific

inhibition.

In various applications, our kidney model supports other zebrafish studies using intra-

venously injected drugs that might interfere with these transport systems. Examples

are previous preclinical pharmacological studies in our group using ABC-transporter

sensitive antibiotic medicines to remove macrophage-accumulated bacteria [116]. Aware-

ness and the substrate-specificity of renal excretion are relevant for injection and plasma

concentrations for different time points after injection. Furthermore, our models allow

for the identification of inhibitors of ABC/SLC and megalin/cubilin transporters that
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can increase the plasma concentration of co-transported drugs and toxins.

Importantly, intravenously administered compounds do not only interfere with the re-

nal system. Its characteristics to interact with non-renal elimination organs, for in-

stance, macrophages, and liver-sinusoidal endothelial cells, such as stab-2, is an exciting

readout of the zebrafish model [15, 98, 108]. The pharmacokinetics of fluorescent sub-

stances in the entire organism can be analyzed using the distinct visual accumulation

patterns indicative of specific elimination processes. Lipophilic compounds with high

biodistribution characteristics and reactive compounds change their pharmacokinetic

profile when they bind to circulating plasma proteins. We could verify that reactive flu-

orescent dyes are likely to bind small plasma proteins and to be reabsorbed in proximal

tubules by means of megalin/cubilin transport systems [117, 118]. This was visible in

the accumulation of fluorescent dye within proximal renal epithelial cells [15]. It should

be noted that the cleavage of a fluorescent macromolecule or already impurified samples

containing various populations of particles can falsify the readout. For instance, unsta-

ble antibodies (molecular weight < 75 kDa) were labeled, and their partial reabsorption

in tubular epithelial cells indicated glomerular filtration in preliminary studies (data

not shown). When applying the zebrafish glomerular filtration assays to pharmacoki-

netic studies of nanoparticles and macromolecules, fluorescent correlation spectroscopy

as a technique to measure the hydrodynamic diameter and verify the pure labeled sam-

ple before in vivo experimentation is desired [15].

It is important to mention that the zebrafish model relies on an injection-based admin-

istration of compounds that has to be learned. Injection platforms must be purchased

(around CHF 15-20k) and be available to the operator. Furthermore, screening with

multiple conditions, such as time dependency, concentrations, and various substances,

takes more effort and time than transporter studies in killifish models or cell culture

experiments by pipetting the drug into the medium.
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Furthermore, high concentrations of fluorescent substrates are required to be visible

in the transparent zebrafish larvae (e.g. injection of 1 nL of a 0.2 µm in an aqueous

solution). Solubility enhancers, such as DMSO, can increase the solubility of highly

lipophilic substances to a certain extent but are also toxic [15]. Regarding substrate and

inhibitor specificity, both teleost models have limitations in the study of very closely re-

lated transporter members. This is especially seen for OATs, such as OAT1 (SLC22A6)

and OAT4 (SLC22A11) [119]. Both transporters have substrate overlap and can take

over in the case of specific inhibition, knockdown, or genetic polymorphism of a trans-

porter [119]. Thus, particular species specificity can limit receptor and transporter recog-

nition of substrates and inhibitors.

Noteworthy, the pronephros of zebrafish is the major organ of hematopoiesis that is

equivalent to the bone marrow of mammals [120]. Interestingly, hematopoietic stem

and progenitor cells were further found in the caudal hematopoietic tissue by two days,

thymus at three days and the kidney at four days post-fertilization [120]. Despite the

anatomical distinction, the transcription factors, signaling molecules, and genetic pro-

grams controlling hematopoiesis are highly conserved between zebrafish and mammals

[120]. They were intensively used in the last decades as an advantageous model to

investigate gene regulators for hematopoiesis since their oxygen exchange relies on pas-

sive diffusion [120]. Nevertheless, renal damage induced by nephrotoxins can also affect

hematopoietic stem and progenitor cells, potentially causing a higher toxic and systemic

effect.

In conclusion, zebrafish larvae are, together with Drosophila, so far the only in vivo

vertebrate models that allow for studying the renal functions mentioned in this thesis

[121].
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4.2 X-ray-based microtomography

Verified key renal functions enable the use of zebrafish larvae in nephrotoxicological

studies. Functional reabsorption processes into the renal epithelial cells are considered

to be responsible for certain nephrotoxins [23]. Gentamicin is a clinically applied antibi-

otic agent that causes tubular toxicity and is often used as a model nephrotoxin [51, 122].

Its accumulation in renal epithelial cells is associated with megalin/cubulin-mediated

endocytosis and OCT-mediated accumulation [51, 123, 124]. Structural changes that

occur in renal organs as a result of gentamicin treatment are observed in vertebrates

such as rats and mice [91, 125]. We hypothesized that structural changes in the renal

organs of zebrafish larvae, as a valid model, must be similar to vertebrates. Adequate

techniques for imaging the renal organs of zebrafish have to be established to promote

their application in nephrotoxicity. Here, fluorescence-based laser scanning confocal mi-

croscopy and X-ray-based microtomography imaging techniques were compared.

Fluorophore-based imaging methods to investigate renal processes and structural changes

in the renal organs of zebrafish larvae are very popular. Intravenous injection of fluores-

cent substrates of ABC/SLC transporters, polymers with different molecular weights,

and fluorescent assays allow for visual observations within defined organs of zebrafish

larvae [15]. Real-time imaging and time-dependent studies are advantageous when us-

ing laser-scanning confocal microscopy. Furthermore, imaging intact zebrafish organs

and structures is possible when transgenic zebrafish lines expressing a fluorescent pro-

tein (eGFP) within organs of interest are used [106]. Here, the decay of the signal inten-

sity of eGFP within the glomerulus of the transgenic (wt1b:eGFP) line upon gentamicin

injection is indicative of glomerular toxicity. This can be visualized using confocal mi-

croscopy because thin optical sections through the fluorescent specimens of up to 100

micrometers or more in thickness are possible [126]. Dedicated quantification protocols

in post-processing software, such as Fiji image analysis software (version 2.1.0/1.53c)

172



4.2. X-RAY-BASED MICROTOMOGRAPHY

or Imaris, allow for three-dimensional signal intensity measurements. Similar scripts

have also been adapted to assess the signal intensity of fluorescent ABC/SLC substrates,

polymers, and nanoparticles within the blood vessels (e.g., dorsal aorta) of zebrafish lar-

vae. For three-dimensional reconstructions, slices through the organ can be aligned to

obtain an artificial rendering that allows for studying volumes. Since confocal micro-

scopes are widely distributed in many laboratories, researchers have easy access that

favors fast and easy data acquisition. In this regard, laser-scanning confocal microscopy

is a powerful imaging method enabling the imaging of up to 15 zebrafish larvae per hour

(depending on the acquisition parameters).

However, rendering multiple slices of confocal laser scanning images through zebrafish

larvae (z-stacks) relies on signal intensities with higher or lower pixel-noise ratios de-

pending on the distance from the laser (depth of focus) [127]. This can reveal inaccurate

three-dimensional information, especially in deeply located anatomical structures [127].

Unfortunately, the working distance of the laser beam is insufficient to image the entire

zebrafish larvae, which is approximately 0.5 mm thick. This is relevant for rendering

tiny renal luminal tubules with a diameter of a few micrometers located deep in the

tissue. Here, alternative non-fluorescence-based imaging techniques with a good tissue

penetration ability, such as X-ray-based microtomography, are more beneficial.

X-ray-based microtomography is a label-free imaging method that relies on absorption

contrast (for hard tissue) or phase contrast (for soft tissue) for three-dimensional imag-

ing of postmortem specimens [128]. A synchrotron radiation facility achieves the high-

est density and spatial resolutions for microanatomical structures of specimen tissues

without physical slicing. This facility yields a pixel size of up to 0.65 µm with high op-

tical resolution compared to fluorescent-based imaging techniques [128]. Density-rich

structures, such as the eye and nuclei, can be easily distinguished from low-density

structures, such as renal luminal spaces and soft tissue. Our study showed that mi-
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crotomography images are qualitatively comparable to classical histology. Spatial al-

terations of the pronephros can be visually observed, segmented, and quantified using

image-processing software.

However, this unique instrumentation offers limited beam times based on accepted

applications or extra payments [128]. If an application is accepted, beam time is usu-

ally provided after half a year for a short defined time. Experiments at a synchrotron

facility are time-consuming and highly experienced researchers (often physicists) are

needed to run experiments and process the acquired data. In Europe, only a handful

of synchrotron radiation facilities are available (e.g., Swiss Light Source at the Paul

Scherrer Institute in Switzerland, European Synchrotron Radiation Facility in Greno-

ble, Deutsches Elektronen-Synchrotron in Hamburg, Soleil in Paris and the Diamond

Light Source in the United Kingdom).

In this regard, laboratory-based systems have improved substantially in the last couple

of years and have increased the access to X-ray-based microtomography [128]. In our

study, we compared older laboratory-based systems, such as SkyScan 1275 and nanotom

m available at the Core Facility of the University of Basel, with the user-friendly third-

generation scanners. With the latter, excellent pixel resolution for micrometer speci-

mens and biological tissue comparable to synchrotron radiation facilities was obtained

[128, 129]. It should be noted that acquisition time at laboratory-based systems is longer

(hours) compared to synchrotron radiation facilities (minutes). We do not believe that

prolonged acquisition time limits the use of laboratory-based systems in biomedical and

clinical sciences. We hypothesize that automated intelligence tissue recognition, analy-

sis, and technological advantages will evolve extensively in the coming years and enable

various X-ray-based microtomography applications in biomedical sciences.

It is important to mention that our study contributed to funding a new-generation

laboratory-based system at the University of Basel that will run by the end of 2023.
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Combined with our analysis of structural aberrations in the renal organs of zebrafish

larvae and murine biopsies following gentamicin treatment, we substantially contributed

to attracting attention to and confirming the possibilities of using X-ray-based micro-

tomography for diagnostic purposes. We believe that combining the fluorescent-based

imaging method (fast and high throughput) with X-ray-based microtomography (high

resolution and label-free) enables the in-depth study of structural changes in renal or-

gans induced by various nephrotoxins in the zebrafish larvae model, with translational

relevance to mammals.
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4.3 Mechanistic toxicity studies

Zebrafish larvae and mice show similar structural aberrations of the glomerulus and the

proximal tubules after gentamicin treatment. Methodologies for assessing mechanistic

toxicological studies were established for the use of zebrafish larvae as a translational

in vivo vertebrate model. We showed that zebrafish larvae offer advantages for extrapo-

lating cellular toxicological studies from cell-based assays to living organisms.

The toxic damage caused to mitochondria by tubular nephrotoxins was investigated

with the help of teleost models. We used iopamidol, a contrast agent known to be toxic

for proximal tubules, but its damage to mitochondria is not fully verified [130–132].

Studies were compared with the toxic insult of two model nephrotoxins affecting mito-

chondria, cadmium chloride and gentamicin [23]. We confirmed the proximal tubular

toxicity of iopamidol in HEK293T cells and isolated proximal tubules of killifish and

in the pronephros of zebrafish larvae. Although both teleost models are more beneficial

than in vitro cell-based assays, zebrafish larvae offer various advantages as an in vivo

model. This is explained with the following lines of evidence.

First, the zebrafish larva is an easy-to-handle laboratory vertebrate model, as explained

under the heading 4.1 "The use of zebrafish larvae as a vertebrate model to study renal

function."

Second, the toxicological assessment of nephrotoxin in a living organism respects the in-

teraction of several organs such as the heart and kidney, as well as energy metabolism in

organisms. Occasionally, renal damage is associated with cardiac edema formation that

significantly affects the pathogenesis of congestive heart failure [133, 134], which was

also observed in our studies. Third, zebrafish larvae have fully functional pronephros re-

garding excretion, reabsorption transporters, and glomerular filtration. Nephrotoxicity

mediated by specific reabsorption transporters tends to reflect the mammalian mode of

action. For instance, reabsorption from the luminal space into the renal epithelial cells
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is the mode of toxicity for a broad class of drugs such as aminoglycosides [117, 118].

Thus, zebrafish larvae also allow for the study of toxicity in the glomerulus. Fourth,

using dedicated imaging techniques, visual changes in morphology can be assessed in

distinct parts such as Bowman’s capsule, proximal tubules, and distal tubules with rel-

evance to mammals. Furthermore, isolating renal epithelial cells (or other fluorescent

cells depending on the transgenic zebrafish line used) allows for in-depth studies, for

example, specific cell organelles or transcriptional levels of biomarkers [135].

Fifth, interaction studies of macrophages, plasma proteins, and stabilin-mediated scav-

enging respect more mammalian-like conditions about the pharmacokinetics and in-

teractions of nephrotoxins. This is relevant for nephrotoxins with high plasma protein

binding characteristics such as digitoxin [136].

Sixth, the use of mitochondria-specific assays, as shown, can be additionally applied

to other organs. Examples are single-cell analysis of cells of the glomerulus using the

transgenic (wt1b:eGFP) line or assessing the toxic impact of a stabilin knockdown on

renal epithelial cells upon intoxication with a nephrotoxin using a special-engineered

zebrafish line (stab2ibl2) [107, 108].
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4.4 Application of zebrafish for pharmacokinetic

studies of nanoparticles

A functional kidney in zebrafish larvae allows the use of the model for broader appli-

cation. In view of the usefulness and high predictability of the zebrafish model, it was

applied to study the pharmacokinetics of nanoparticles. Based on fundamental work

done in our research group [98, 106, 108], we carried out more applied studies benefit-

ing from methodologies established by the kidney projects.

A human-similar size-dependent glomerular filtration is elemental for comparing the

pharmacokinetics of intravenously injected nanoparticles in zebrafish larvae with ver-

tebrates. We could show that the glomerular filtration threshold depends more on the

hydrodynamic volume than molecular weight [15]. This result confirms that nanoparti-

cles with (usually) hydrodynamic volumes of more than 100 nm are not filtered. Impor-

tantly, size-dependent glomerular filtration was verified at 96 hours post-fertilization.

Pharmacokinetic studies were done using 48 to 96-hour post-fertilized zebrafish larvae.

Notably, the glomerular filtration barrier unit appeared to be well developed 72 hours

post-fertilization, but slit diaphragms between foot processes are rarely observed [137].

We conclude that fine size-dependent glomerular filtration studies are not possible be-

fore 96 hours post-fertilization. But, based on our results, bigger nanoparticles (> 100

nm) cannot penetrate the filtration barrier at 48 to 72 hours post-fertilization.

Since no glomerular filtration of intravenously injected nanoparticles and therapeutic

peptides (> 100 nm diameter and > 8 nm, respectively) were observed, the pharmacoki-

netics are mainly determined by their physicochemical properties and interaction with

non-renal scavenging mechanisms. Similar imaging protocols, as in the kidney project,

were applied to investigate the stabilin-mediated clearance of therapeutic peptides us-

ing dextran sulfate as a competitive stabilin inhibitor and macrophage clearance with
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comparable imaging strategies [115]. The following paragraphs give insights into the

pharmacokinetics of nanoparticles using the zebrafish model.

Lipid nanoparticles are stable because they are spherical and made up of ionizable

lipids, helper lipids, and polyethylene glycol that all together enclose genetic material

or drugs [114]. The pharmacokinetic stability is mainly determined by the choice of

polyethylene glycol. Its dissociation from the particle after a particular period causes im-

mediate scavenging by macrophages, stabilin receptors, or nanoparticles eaten up by en-

dothelial cells via endocytosis [113, 114]. When nanoparticles are fluorescently labeled,

their circulation behavior and scavenging can be studied in real-time. Compared to pre-

vious studies assessing aspects of pharmacokinetics in zebrafish larvae, we focused our

analysis on the fate of the enclosed drug or genetic material such as DNA or mRNA.

For instance, the pharmacokinetic profile of modified light-sensitive doxorubicin-loaded

nanoparticles was studied in zebrafish larvae [113]. Upon the application of a specific

light trigger, aggregated nanoparticles within endothelial cells and macrophages signif-

icantly released more doxorubicin than non-photoactivatable nanoparticles [113]. Since

doxorubicin is a weak fluorescent drug, the nanoparticle shell circulating in the blood

hindered the detection of the fluorescent signal of doxorubicin because of quenching

effects [113]. But upon its release and accumulation in the tissue, doxorubicin was de-

tected. Of note, doxorubicin is likely rapidly cleared through the mdr1-orthologue renal

transport system [138].

Similar findings were observed using non-viral lipid nanoparticle pDNA/mRNA con-

structs modified with phosphatidylserine to enhance their uptake [114]. These were

around 120-140 nm in diameter and were intravenously injected into zebrafish. As soon

as the polyethylene glycol linkers dissociated from the core of the nanoparticle, they

were eaten up via clathrin-mediated endocytosis [114]. The transfection of the GFP-

coding genes was assessed in the endothelial cells and macrophages of zebrafish owing
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to their translation into the fluorescent GFP protein [114]. In these transfection experi-

ments, zebrafish larvae are beneficial for investigating the pharmacokinetics at an early

stage before animal experiments are done.

In our studies, the uptake of the different nanoparticles in the endothelial cells of ze-

brafish larvae is based on general endocytosis without any targeting strategies. Active

targeting is an important goal in the design of novel nanoparticles to treat specific or-

gans. Such approaches were initially inspired by Paul Ehrlich (1907), who introduced

the visionary concept of the magic bullet for targeted drug delivery [139]. Active tar-

geting can be achieved by using specific ligands on the nanoparticle shell or a defined

lipid composition [115, 140]. A novel active targeting strategy was assessed in zebrafish

using acoustic manipulation of microparticles [141]. The rationale for using ultrasound

is the manipulation of intravenously administered gas-filled microparticles in x- and

y- directions from the outside. Many systems have been established to assess acoustic-

mediated manipulation, but none has been done in a vertebrate-replacing in vivo sys-

tem. Along or against the bloodstream of zebrafish larvae, circulating microparticles (>

1 µm diameter) were manipulated by four piezoelectric actuators [141]. We highlight

the possibility of using zebrafish larvae as an in vivo test model to design and test mi-

crobubbles for acoustic manipulation under live biological conditions. Future steps rely

on the manufacturing of (fluorescent) drug-loaded and gas-filled particles that can be

manipulated in the blood vessel to a place of interest. A defined and sharp increase in

voltage would burst the particle and cause local drug administration. Such approaches

can reduce toxic side effects and enhance treatment success. As an example, this is rele-

vant for the initiation of thrombolysis in a clogged blood vessel [142]. or to improve the

penetration of the blood-brain barrier through the oscillation of intravenously adminis-

tered microbubbles [143, 144]. Using zebrafish larvae, such strategies can be assessed

early in the developmental steps in alignment with the 3R principles.
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4.5 Future perspectives of the zebrafish model

Despite the many advantages of the zebrafish larvae kidney model, it has some limita-

tions compared to ex vivo studies, such as the killifish and in vivo animal models. The

following aspects are limitations that need to be considered or further developed when

using zebrafish as a vertebrate model to study renal function and toxicology.

First, not all previously introduced drug-induced renal toxicities (Chapter 1.2 and Table

1.1) can be studied in the presented teleost models. We verified that acute drug-induced

toxicity (administered with a bolus injection or incubation) affecting the mitochondria

of renal tubules is possible. Chronic exposure (more than two days) that often causes

autoimmune-mediated renal toxicities can not be studied in teleost models because they

can only be used for a short time, as previously explained in Chapter 4.1. Such stud-

ies needed to be carried out under valid animal experimentation permissions. Acute

glomerular-related and interstitial toxicities could be studied more in detail if fluores-

cent transgenic lines expressing GFP in these cell types were available using our estab-

lished protocols.

Second, urine cannot be collected because zebrafish have an open renal system and lack

a urinary bladder. Strategies used to measure the concentration of cleared (fluorescent)

substances in the incubation media are challenging owing to the low concentration. Con-

sequently, highly sensitive analytical methods need to be established to measure the

content of cleared substances in the incubation media. Similar counts for blood and

urine biochemical analysis. This standard method is established in animal studies and

enables the analysis of changes in urinary and blood biomarkers, and immune cells

[145].

Third, there are limitations in studying the signaling pathways of drug transporters in

zebrafish larvae. Usually, studies on how nephrotoxins interact with ABC transporters

are important to understand the pharmacokinetics involved. Such studies were substan-
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tially investigated in, for example, isolated proximal tubules of killifish [146]. Proteins

involved in the signaling cascade of ABC transporters were determined using specific

inhibitors [147]. For instance, the effect of nephrotoxins (gentamicin) on Mrp2 transport

and the mechanism involved were confirmed in isolated proximal tubules of killifish [89].

Such studies are based on the use of various, often lipophilic, inhibitors of the transport

signaling cascade and spiked into the incubation media of isolated renal tubules. Sim-

ilar studies in zebrafish larvae are complex since many lipophilic inhibitors cannot be

administered in the required concentration to observe an effect. Here an in-depth study

and evaluation of water-soluble inhibitors of the signal cascades need to be established.

Fourth, the zebrafish does not have a functional liver before five days post-fertilization

[148, 149]. Therefore, alternative clearance mechanisms with respect to the liver-induced

metabolism of xenobiotics are not considered to be present in zebrafish larvae. However,

studies investigating metabolism via P450 cytochromes are very controversial. Reports

have revealed that P450 cytochromes are partially present but do not contribute signif-

icantly to the outcome of pharmacological or toxicological safety studies [150]. Others

have verified CYP3A4, 2D6, and 2C functional activities of a test compound in two-

to three-day-old zebrafish, although others have not [151]. Therefore, metabolism in

zebrafish larvae cannot be neglected and should be carefully considered during experi-

mentation. This differs significantly from vertebrate in vivo studies with functional liver

metabolism. This limits the screening of transporter involvement and toxicity studies

of, in particular, prodrug and cytochrome-caused metabolites in zebrafish larvae [152].

Fifth, the exact blood volume of zebrafish during different stages of embryogenesis

changes rapidly and is not yet fully known. We hypothesized that blood volume ranges

from 60 nL (two days old) to 120 nL (four days old) [15]. This information is essential

for plasma concentration calculations with respect to extrapolation to mammals.

Sixth, a comparative quantitative analysis of plasma concentration of intravenously in-
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jected nanoparticles or other fluorescent substances using fluorescent correlation spec-

troscopy would finally verify the applicability of the zebrafish model as a vertebrate

model.
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CONCLUSION

D
uring this PhD research study, four major work packages were created to

elaborate on the use of zebrafish larvae to study renal function, nephrotoxic-

ity, and early-stage in vivo pharmacokinetic studies.

First, the zebrafish has demonstrated a fully functional kidney. Key renal features, such

as glomerular filtration, proximal tubular excretion, and reabsorption, were found to be

similar to those observed in mammals. Imaging and treatment protocols were estab-

lished, and detailed non-renal clearance mechanisms were described. These features

allow for the use of zebrafish larvae for renal elimination studies by applying the exper-

imental setup (Part I).

Second, a functional kidney is fundamental for the use of zebrafish larvae for nephro-

toxicity studies. Morphological aberrations of the pronephros and the glomerulus upon

administering a nephrotoxin were studied using dedicated imaging techniques. We com-

pared confocal microscopy and X-ray-based microtomography to visualize gentamicin-

induced kidney damage and compared the observed damage with kidney biopsies of

mice. Comparable resolution of microtomography data from a synchrotron radiation
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facility compared with laboratory-based microtomography apparatuses offer future in-

house applications in biomedical sciences with respect to diagnostics (Part II).

Third, macroscopic changes in renal organs that are similar to mammals highlight the

translatability of zebrafish larvae. A mechanistic study of renal tubular damage was

done using iopamidol, a frequently used iodinated contrast agent associated with renal

impairment. The toxicity of iopamidol on mitochondria of proximal renal epithelial cells

in zebrafish larvae was assessed using fluorescent-based toxicological assays. Results

were confirmed using isolated proximal tubules of killifish and were compared with gen-

tamicin sulfate and cadmium chloride, two well-known tubular toxicants (Part III).

Fourth, since the zebrafish is an excellent translational vertebrate model, it was applied

for the pharmacokinetic development and early-stage in vivo assessment of nanoparti-

cle. The biodistribution, drug release, non-renal elimination processes, transfection of

pDNA/mRNA genetic information encapsulated in nanoparticles, and acoustic manipu-

lation of gas-filled particles were tested in zebrafish larvae. These findings successfully

demonstrated the benefits of the zebrafish model under dynamic biological conditions

(Part IV).

Conclusively, the findings of this PhD research show the usefulness and possibilities

of using zebrafish larvae for renal physiological and nephrotoxicological applications.

The renal and non-renal elimination processes reflect more mammalian similar charac-

teristics than in vitro cell culture experiments. Zebrafish larvae can also be applied in

several aspects for pharmacokinetic studies of intravenously injected nanoparticles.

186



BIBLIOGRAPHY

[1] Zaher A. Radi. Kidney Pathophysiology, Toxicology, and Drug-Induced Injury in Drug Development.
International Journal of Toxicology, 38(3):215–227, May 2019. Publisher: SAGE Publications Inc.

[2] Wanda M. Haschek, Colin G. Rousseaux, Matthew A. Wallig, Brad Bolon, and Ricardo Ochoa.
Haschek and Rousseaux’s Handbook of Toxicologic Pathology. Academic Press, May 2013. Google-
Books-ID: RXsdAAAAQBAJ.

[3] Thomas Benzing and David Salant. Insights into Glomerular Filtration and Albuminuria. New
England Journal of Medicine, 384(15):1437–1446, April 2021. Publisher: Massachusetts Medical
Society.

[4] Miriam A. Wallace. Anatomy and Physiology of the Kidney. AORN Journal, 68(5):799–820, 1998.
_eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1016/S0001-2092%2806%2962377-6.

[5] Hidetake Kurihara and Tatsuo Sakai. Cell biology of mesangial cells: the third cell that maintains
the glomerular capillary. Anatomical Science International, 92(2):173–186, March 2017.

[6] Madhav C. Menon, Peter Y. Chuang, and Cijiang John He. The Glomerular Filtration Barrier:
Components and Crosstalk. International Journal of Nephrology, 2012:749010, 2012.

[7] Kerstin Ebefors, Emelie Lassén, Nanditha Anandakrishnan, Evren U. Azeloglu, and Ilse S. Daehn.
Modeling the Glomerular Filtration Barrier and Intercellular Crosstalk. Frontiers in Physiology,
12:689083, June 2021.

[8] Ilse S. Daehn and Jeremy S. Duffield. The glomerular filtration barrier: a structural target for
novel kidney therapies. Nature Reviews. Drug Discovery, 20(10):770–788, 2021.

[9] Börje Haraldsson and Marie Jeansson. Glomerular filtration barrier. Current Opinion in Nephrol-
ogy and Hypertension, 18(4):331–335, July 2009.

[10] Norman P. Curthoys and Orson W. Moe. Proximal Tubule Function and Response to Acidosis.
Clinical Journal of the American Society of Nephrology : CJASN, 9(9):1627–1638, September 2014.

[11] Amanda N. Marra, Yue Li, and Rebecca A. Wingert. Antennas of organ morphogenesis: the roles of
cilia in vertebrate kidney development. Genesis (New York, N.y. : 2000), 54(9):457–469, September
2016.

[12] Rikke Nielsen, Erik Ilsø Christensen, and Henrik Birn. Megalin and cubilin in proximal tubule
protein reabsorption: from experimental models to humanădisease. Kidney International, 89(1):58–
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Abbreviation Definition

ABC ATP-binding cassette

AIN acute interstitial nephritis

BCRP breast cancer resistance protein

CIN chronic interstitial nephritis

eGFP enhanced green fluorescent protein

FSGS focal segmental glomerulosclerosis

GBM glomerular filtration barrier

HEK293 human embryonic kidney cell

HK-2 human kidney 2

MATE multidrug and toxin extrusion protein

MCD minimal change disease

MDIBL Mount Desert Island Biological Laboratory

MDR multidrug resistance protein

MRP multidrug resistance-associated protein

NSAIDs non-steroidal anti-inflammatory drugs

OAT organic anionic transporter

OCT organic cationic transporter

OCTN organic cationic and carnitine transporter

SLC solute carrier

TERT telomerase reverse transcriptase
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