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Abstract

Background and objectives Maximum plasma concentra-

tion of biopharmaceuticals sometimes occurs long after

completion of intravenous infusion. The objective of this

research was to study the hypothetical adsorption of bio-

pharmaceuticals to endothelium and infusion material,

which may theoretically explain this phenomenon.

Methods Infusion procedures were mimicked in an artifi-

cial vessel covered with a confluent monolayer of

endothelial cells. Three monoclonal antibodies (MAbs) and

C1 inhibitor were studied.

Results Adsorption of MAbs to endothelium was observed

followed by release when the vessel was subsequently

perfused with buffer. Adsorption to infusion material also

occurred to various degrees and in a seemingly random

fashion, with a loss of up to 15% during a single flush of

the line, but release from the line was not seen.

Conclusions Our results indicate that adsorption of bio-

pharmaceuticals to endothelium can occur. This observa-

tion can explain the increase in plasma concentration after

completion of intravenous administration.

Key Points

The time to maximum concentration (tmax) of

biopharmaceuticals can occur long after completion

of intravenous administration.

The monoclonal antibodies trastuzumab and

bevacizumab adsorb to endothelial cells within an

artificial vessel, and are subsequently released when

the luminal concentration is lowered. This finding

can theoretically explain the increase in plasma

concentration after completion of intravenous

administration.

Flushing of the infusion lines to complete

administration of a biopharmaceutical does not result

in a greater quantity of biopharmaceuticals being

administered during flushing than what would be

expected. Thus, flushing the infusion line does not

contribute to the delay in the tmax.

1 Introduction

Basic pharmacokinetic principles teach that for the intra-

venous (IV) route of administration, the maximum plasma

concentration (Cmax) is reached at the end of the infusion

(EOI). In other words, the time to Cmax (tmax) equals the

infusion duration, with a margin of a few minutes, as it is

understood that the administered drug requires a finite time

to travel to the sampling site. Sufficient evidence exists,

however, that this may not always be true. Table 1 pro-

vides examples of drugs for which a delayed tmax after IV

administration has been described.
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Although this list is not exhaustive, the phenomenon

seems to be limited to (poly)peptides, in particular mono-

clonal antibodies (MAbs), for which differences of several

hours have been reported between tmax and EOI. Although

noted and reported, it appears that not much attention has

been given to this observation, let alone an explanation.

Based on the reported findings, we considered two

hypotheses to explain the findings. First, the drug product

may aggregate in the infusate because of the relatively high

concentration, which is followed by disaggregation when

diluted in plasma upon administration, assuming that the

bioassay is unable to measure aggregates. We consider this

to be unlikely as protein aggregation is often irreversible.

Even if the aggregation were reversible, the physical con-

ditions in the human body determining the equilibrium

would not change over time [16–18]. Moreover, it is

common practice to tightly control the fraction of drug

aggregates below 5%, because of adverse reactions, which

seems incompatible with the observed increases in plasma

concentration after EOI exceeding 10% (Table 1).

The second hypothesis is that the drug substance is bound

to and released from the vessel wall or taken up and released

by endothelial cells (ECs), particularly in the presence of a

high local concentration at the infusion site. After EOI, the

concentration drops, and drug substance is released from the

wall or by the cells, causing a rise in plasma concentration

and hence a delayed tmax. Adsorption to or absorption by

circulating blood constituents may also occur, although it is

less likely to affect the plasma concentration over time, as

these components follow the same route as the infused

substance, travelling from a high concentration (infusion

site) to a low concentration (sampling site).

Infusion lines are sometimes flushed with normal saline

to also administer the line content, which is usually done to

save the cost of additional (non-administrable) drug prod-

uct. If—by analogy—binding of a biopharmaceutical to an

IV line occurs during the first part of the administration

procedure, and the adsorbed fraction is released during

flushing, the flushing solution contains drug product as

well. Flushing an IV line may thus result in a continuation

of administration of a biopharmaceutical after the antici-

pated EOI and hence an apparent delay in tmax.

The objective of this study was to find support for the

second hypothesis by mimicking the administration pro-

cedure on a small scale with therapeutic proteins. These

form the largest class of the so-called ‘biotechnology-

Table 1 Drugs with a delayed tmax

Drug product EOI (h) tmax (h) Cmax/CEOI (%) PK samples (h) References

a1-Antitrypsin (0.25) 0.7a, 1.5a [1]

Bevacizumab 0.67 3.00 123, 134 0.67, 0.83, 1, 2, 3, 4, 5 Data on file

C1 inhibitor Bolus 0.5, 1.0 0.25, 0.5, 0.75, 1, 2 [2]

(0.17) 2.7a, 3.9a [3]

0.13 0.42a, 0.60a 0.25, 0.5, 1, 2 Data on file

Cetuximab 1 2, 7.9 2, 5, 8 [4]

1 3.00, 3.63, 3.75, 4.00 1, 4 [5]

Dalotuzumab 2 3.5, 5 117 2, 5, 8 [4]

Glucarpidase 0.08 0.25, 0.55 0.08, 0.25, 0.5, 1, 2 [6]

Pembrolizumab 0.5 1.2, 4.0 *0.5, 6 ± 2 [7]

Pertuzumab 0.5 1.8 [8]

0.5 5.5 [9]

1.5 3.2 1.75, 3, 5.5, 9.5 [10]

Ramucirumab (1) 1.15b 1, 1.5, 2 [11]

Trastuzumab 1.5 1.7a, 2.7a, 4.4a 1.5, 3, 4, 6 [12]

1.5 3.46a 113 1.5, 2, 3, 4, 6 [13]

1.5 1.65, 3.00 1.5, 3, 6 [14]

1.5 2.083a, 2.303a, 2.674a, 2.683a, 3.096a (113, 124, 129, 132, 141) 1.5, 2, 3, 4, 5, 6, 8 [15]

Values are expressed as median unless stated otherwise. In case more than one value is given for tmax or Cmax/CEOI, multiple (combination)

treatments or treatment regimens (e.g., dosing interval or dosage) are presented in the reference, or parameters were obtained during multiple

treatment cycles, each with a different value. Numbers in parentheses are not reported in the reference but derived from the package insert

Cmax/CEOI ratio of maximum plasma concentration over concentration at EOI, based on reported averages, EOI end of infusion, equals infusion

duration, PK samples scheduled collection time of post dose pharmacokinetic plasma samples, tmax time to maximum plasma concentration

(Cmax)
a Mean
b Geometeric mean
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derived products’, also commonly known as biopharma-

ceuticals. Specifically, it was investigated whether bio-

pharmaceuticals could bind to or be taken up by ECs and

be subsequently released. In addition, potential adsorption

to IV lines during administration followed by desorption

during flushing was studied.

Large polypeptides distribute slowly to the extravascular

compartment because of their size [19], which results in a

relatively stable plasma concentration during and shortly

after infusion. By focussing on drug products in that cat-

egory, the need to consider tissue distribution in the

experiments was eliminated. Comparison to a negative

control was sought; however, to the best of our knowledge,

a MAb or other large therapeutic protein with a known tmax

at EOI does not exist. To further complicate this search, the

tmax of intravenously administered proteins is only infre-

quently reported as is the pharmacokinetic sample density

in clinical trials.

2 Methods

2.1 Biopharmaceuticals

For this experiment, three registered biopharmaceuticals

were chosen from Table 1, namely bevacizumab

(Avastin�), trastuzumab (Herceptin�), and C1 inhibitor

(Berinert�), and one experimental IgG1. These drug

products were reconstituted by the Pharmacy of Leiden

University Medical Center (LUMC) according to the

manufacturer’s instruction, with one exception. For the

higher concentrations of C1 inhibitor, less dissolvent was

used, as reconstitution in the prescribed 10 mL water for

injection resulted in a concentration of 4 mg/mL. The

experimental human IgG1 was only available diluted in

0.9% NaCl at 3.75 mg/mL.

2.2 Cell Cultures (Artificial Vessel)

All in vitro experiments were performed with human

umbilical vein endothelial cells (HUVECs), freshly iso-

lated (by 0.25% trypsin treatment). Residual umbilical cord

blood and umbilical cords obtained as part of regular

medical procedures were used anonymously. This ‘further

use’ of non-identifiable human material for scientific

research is in accordance with the Dutch law.

After isolation, HUVECs were cultured in EGM2

medium (Lonza, Basel, Switzerland) containing antibiotics

and antimycotics (Life Technology, Carlsbad, California,

USA), and used for experiments on passage 3–4. To obtain

a confluent, quiescent endothelial monolayer that closely

resembles the physiological situation, HUVECs were

grown under a constant laminar flow of 10 dyne/cm2 for

7 days using a closed perfusion Ibidi flow system (ibiTreat

0.4 l-Slide VI Luer) (Ibidi, Martinsried, Germany). This

system is referred to as ‘artificial vessel’ (AV).

The cells in the AV were exposed to varying concen-

trations of a single biopharmaceutical in Hank’s Balanced

Salt Solution (HBSS) with 1% bovine serum albumin

(BSA) (Life Technology) or in EGM2 with 1% BSA only.

Optionally, the AV was pre-treated with 15 U/mL hep-

aranase III (HPSE) (Sigma-Aldrich, St. Louis, Missouri,

USA) to degrade heparan sulphate proteoglycans from the

glycocalyx or with increasing concentrations of heparin to

examine the role of heparan sulphate proteoglycans on the

possible binding of biopharmaceuticals to the AV.

Throughout the experiments, the cell cultures were

maintained at 37 �C and 5% CO2. All experiments were

executed at least twice in duplicate to minimise culture

variability and to confirm the validity of the results. The

tested biopharmaceutical concentrations were based on the

concentrations observed clinically after administration of

the standard IV dose of 6 mg/kg for trastuzumab: 2 mg/mL

(infusate) and 0.2 mg/mL (Cmax). Because the experimen-

tal IgG1 could only be provided as infusion solution

(3.75 mg/mL in 0.9% NaCl), this MAb was not included in

any of the cell culture experiments.

2.3 Static Experiments

HUVECs from the AV were exposed to varying concen-

trations of biopharmaceuticals for 30 min under static

conditions. This exposure could be repeated, each instance

with a different concentration to simulate increasing and

decreasing concentrations during IV administration. To

mimic the in vivo situation following infusion, cells were

washed one or more times with HBSS containing 1% BSA.

2.4 Dynamic Experiments

In the dynamic experiments, the AV was perfused with the

biopharmaceutical for a predefined period, followed by

perfusion with a lower concentration of the same bio-

pharmaceutical, mimicking the situation during and after

administration. The experiment was stopped at various

time points, and the endothelial monolayer was immedi-

ately fixed and imaged. The perfusion rate was 0.2 mL/min

(effective velocity 0.2 cm/s).

2.5 Staining and Imagining

HUVECs (static or dynamic experiments) incubated with

different concentrations of biopharmaceuticals were fixed

in 4% paraformaldehyde in HBSS for 10 min at room

temperature, washed twice with 1% BSA in HBSS, and

blocked with 5% normal goat serum (Dako, Carpinteria,
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California, USA) in HBSS for 30 min. Cultures were

incubated for at least 60 min at 4 �C with 10 lg/mL

TRITC-labelled wheat germ agglutinin (WGA) (Sigma-

Aldrich, 1:100), and Hoechst 33258 (Sigma-Aldrich,

1:5000), diluted in HBSS ? 1% BSA. In the experiments

with a MAb, 2 lg/mL of an Alexa488-coupled anti-hu-

man-IgG(H ? L) goat-IgG (Thermo Fisher, Waltham,

Massachusetts, USA, 1:500) was included in the incuba-

tion. Conversely, in the experiments with C1 inhibitor, an

anti-human-C1 inhibitor rabbit-IgG (1:25) and a secondary

Alexa488-coupled anti-rabbit-IgG–goat-IgG (Thermo

Fisher) were included in the incubation. After washing

three times with HBSS ? 1% BSA, cells were imaged

using a Leica SP5 confocal microscope.

Confocal 12-bit gray-scale axial image stacks (xyz

dimensions, 0.08 9 0.08 9 0.13 lm) that covered

6724 lm2 of surface area per image and a height of

5–10 lm above the EC nuclear plane were recorded using

the LAS-AF image software (Leica). The image stacks

were analysed with the public domain National Institutes of

Health IMAGE program [20]. Cross sections of the cell

layer were generated using this software. For quantifica-

tion, the area of interest was selected (to discard staining

which accumulated underneath the cell layer in the areas of

inadequate cell–cell contacts), and the average signal

intensity was measured throughout the whole xyz area of

the recorded image stacks.

2.6 Infusion Profiling

Infusion procedures were replicated with a standard flexi-

ble PVC IV line (CODAN #43.4270, Santa Ana, Califor-

nia, USA) with an inner diameter of 3.0 mm that was cut to

hold 10.0 mL. The line was coupled via its Luer-Lock

adaptor to a syringe that was placed in a calibrated syringe

pump (Omnifuse, Graseby Medical Ltd., Watford, UK).

After the lines were filled with the solution containing

the biopharmaceutical (‘infusate’) and allowed to rest for

1 h, the pump was started at a rate of 2 mL/min. After the

IV line was perfused with the infusate at a constant con-

centration for a predefined period (‘perfusion’), the IV line

was flushed with 50 mL 0.9% NaCl (Baxter BV, Utrecht,

The Netherlands) at the same rate (‘flushing’).

The solution coming out of the IV line was sampled

every 2.5 min, corresponding to one-half of the line vol-

ume. The wash-out from the line between these samples

was collected as well.

To determine the effect of infusion rate and concentra-

tion on binding characteristics, the rate was varied from 1

to 3 mL/min (only for trastuzumab) and the concentration

from 1.25 to 10 mg/mL (all except the experimental IgG1).

This covers the range of commonly encountered infusion

rates and concentrations for biopharmaceuticals. The

dilutions of the biopharmaceuticals in 0.9% NaCl (Frese-

nius Kabi, Schelle, Belgium) were prepared by the LUMC

Pharmacy.

All experiments with unique combinations of parame-

ters were performed at least twice.

2.7 Drug Concentration

Drug concentration in the samples from the infusion profile

was determined at the Central Clinical Chemical Labora-

tory (CCCL) of the LUMC as total protein concentration

with a colorimetric assay (Biuret reaction) on a Cobas P800

module (Roche, Penzberg, Germany). This method was

validated against specific immunochemical assays for total

human IgG and C1 inhibitor, performed on a BN-Prospec

nephelometer (Siemens, Marburg, Germany). These assays

use an antibody against the c-chain of human IgG and

antiserum to human C1 inhibitor, respectively. The lower

limit of quantitation (LLOQ) was 0.04 g/L.

2.8 Statistical Analysis

Results are presented as mean (standard deviation, SD) for

continuous data and as number (percentage) for categorical

data, unless otherwise specified. As this study consisted of

multiple hypothesis-generating experiments, no formal

inference test was performed.

The cumulative wash-out from the IV lines was calcu-

lated as the sum of the biopharmaceutical dose in all the

collected samples up to a certain point. The dose per

sample was calculated as the product of sample volume and

biopharmaceutical concentration in the sample. Samples

with a concentration \LLOQ were excluded from the

calculation. To estimate the theoretical wash-out, the cal-

culation was repeated with the concentration of the

excluded samples (\LLOQ) assumed to be 0.0394 g/L.

Data analysis was performed with R (v2.15.2, R Foun-

dation for Statistical Computing, Vienna, Austria, 2012).

3 Results

3.1 Artificial Vessel

3.1.1 Static Experiments

Following incubation of human umbilical cord endothelial

cells (HUVECs) with 2 mg/mL trastuzumab for 30 min,

binding to the luminal surface of the HUVECs was

observed, co-localising with the WGA signal (binding the

carbohydrate N-acetyl galactosamine), whereas in the

control samples, the signal of the secondary anti-human-

IgG antibody was absent (Fig. 1a, b). Translocation to the
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basal side or internalisation by the endothelial cells was not

seen, or was negligible in relation to the apical binding,

although the experiments were not specifically designed to

detect endocytosis. Where the HUVECs had not formed a

confluent monolayer, dense staining of the basal layer in a

reticular pattern occurred (Fig. 1c).

Washing the cells with buffer alone or with buffer

containing a lower concentration of trastuzumab reduced

the signal (Fig. 1d, e). Comparable results were obtained

when varying the duration of the initial incubation with

trastuzumab, or when exposing and washing under flow or

static conditions (data not shown).

A
Hoechst WGA Anti-hIgG

B
Trastuzumab (2 mg/mL) Bevacizumab (2 mg/mL) Negative control

C D
Trastuzumab (2 mg/mL)

without HPSE

with HPSE

Trastuzumab 2 mg/mL
followed by 0.2 mg/mL

Trastuzumab 0.2 mg/mL

E
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Fig. 1 Static experiments. After perfusion of the artificial vein with

2 mg/mL trastuzumab or bevacizumab, the human umbilical vein

endothelial cells (HUVECs) were stained with Hoechst 33258

(nucleus, blue), TRITC-labelled wheat germ agglutinin (WGA)

binding the carbohydrate N-acetyl galactosamine in the glycocalyx

(red), and an Alexa488-coupled anti-human-IgG–goat-IgG (green

trastuzumab/bevacizumab). Overview (a) and cross section (b) for

trastuzumab (a, b) and bevacizumab (b). Where no confluent layer of

HUVECs had formed, dense staining of the subcellular matrix

occurred following incubation with 2 mg/mL trastuzumab (c). Effect
of pre-treating the HUVECs with heparanase (HPSE) on binding of

2 mg/mL trastuzumab (d, e) or washing the HUVECs three times

with buffer after incubation with trastuzumab (e). The signal intensity
was normalised to the 2 mg/mL trastuzumab without (w/o) HPSE

condition and is displayed as mean ± SD (n = 2). Perfusing the

HUVECs with 2 mg/mL followed by 0.2 mg/mL trastuzumab

similarly reduced the signal, but not to the level that was observed

when the HUVECs were perfused with 0.2 mg/mL only (d)
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As trastuzumab was recently demonstrated to interact

with heparan sulphate proteoglycans [21], a major com-

ponent of the extracellular glycocalyx, their role in the

binding of trastuzumab was investigated by pre-treating the

HUVECs with heparanase (HPSE). No difference was

found compared to untreated cells (Fig. 1d, e). In addition,

escalating concentrations of heparin, which binds com-

petitively to heparan sulphate proteoglycans, did not

interfere with the binding of trastuzumab (data not shown).

Bevacizumab was observed to bind to the luminal sur-

face as well, although the pattern differed (Fig. 1b).

Whereas binding of trastuzumab was characterised by

diffuse surface staining with dispersed clusters of greater

signal intensity in a varying degree, exposure to beva-

cizumab resulted in intense clusters scattered along the

surface.

Locating C1 inhibitor after incubation proved extremely

difficult, as the antibody used for staining resulted in a non-

specific signal on the entire cell layer. Hence, the question

whether C1 inhibitor adsorbs to endothelium in a similar

fashion as the tested MAbs could not be answered.

3.1.2 Dynamic Experiments

After perfusion of the artificial vessel with 2 mg/mL tras-

tuzumab for 5 min, the system was flushed with buffer

solution. Imaging of the cells during flushing revealed a

decline in apically bound trastuzumab (Fig. 2). After 5 min

of flushing (equalling 5 complete flushes), the luminal

signal had decreased to approximately 50%.

3.2 Infusion Profile

Replication of infusion procedures indicated an average

recovery of approximately 95% of the anticipated dose at

the end of perfusion (similar to the EOI), as well as after

flushing the IV line five times (Fig. 3a). During the flushing

of the IV lines, the wash-out time-course resembled the

theoretical profile of laminar flow. The wash-out profiles

for bevacizumab, trastuzumab, the experimental IgG1, and

C1 inhibitor were similar in shape. Introducing an air

bubble between the infusate and the flushing solution to

prevent diffusion changed the wash-out profile in the

direction of plug flow, with no measurable concentration

after the IV line was flushed once (Fig. 3b). Flushing the

line for longer periods of time did not increase the cumu-

lative wash-out; in all cases, the concentration had dropped

\LLOQ (0.04 g/L) after 4 line volumes had been

extruded.

A reduced recovery was also observed when pre-filled

IV lines were flushed immediately, without the ‘perfusion’

part of the experiment. Interestingly, this reduction did not

always occur. The cumulative wash-out ranged roughly

between 70 and 85% after five flushes, in cases where a

reduced outflow was seen, as opposed to the theoretical

95–100%, even when the potential wash-out in samples

with a concentration \LLOQ was taken into account

(Fig. 3c). There was no apparent relationship between the

cumulative wash-out and the tested drug product. Varying

the concentration of the infusate or the perfusion rate had

no effect on the results. From Fig. 3c, it may be suggested

that a higher concentration or a higher perfusion rate results

in a decreased cumulative wash-out. However, such a

relationship was not invariably present to allow definite

conclusions to be drawn.

4 Discussion and Conclusion

The initial experiments with the artificial vessel demon-

strated that bevacizumab and trastuzumab adsorb to the

luminal surface of endothelial cells, although the observed

pattern differed with diffuse staining for trastuzumab and a

clustered appearance for bevacizumab. Neither the binding

nor the difference could be related to the respective targets

of these MAbs. Trastuzumab targets a membrane receptor

(HER-2), whereas bevacizumab neutralises a circulating

growth factor (VEGF) [22, 23]. HUVECs contain VEGF

receptors, but these are not distinctly clustered on the cell

surface, and—importantly—bevacizumab inhibits receptor
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Fig. 2 Dynamic experiments. After perfusing the artificial vein with

2 mg/mL trastuzumab in culture medium for 5 min at 0.2 mL/min,

the system was flushed with medium. At this rate, one complete flush

of the entire system takes 1 min. At certain moments during the

flushing of the artificial vein, the experiment was interrupted and the

HUVECs were stained with Hoechst 33258 (nucleus, blue), and an

Alexa488-coupled anti-human-IgG–goat-IgG (green trastuzumab):

relative Alexa488 signal intensity normalised to baseline (a, n = 3),

and representative cross sections of the cell layer (b)
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engagement by VEGF [24, 25]. Moreover, clustering was

also observed for trastuzumab, albeit to a lesser extent.

Although detailed sorption studies were beyond the

scope of our investigation, the binding seemed to be con-

centration-dependent and easily reversible upon washing

with a lower concentration, which suggests that the two

biopharmaceuticals were not tightly bound, e.g., to a

receptor. The binding of MAbs to the extracellular matrix,

where the endothelial barrier had been disrupted, further

supports the idea of non-specific binding. In contrast, the

finding that the apically located MAb could not be com-

pletely washed off (Fig. 2b) suggests a tighter form of

A B

C

Fig. 3 Infusion profiles. Infusion lines were perfused with a

biopharmaceutical (‘infusate’) for 95 min at 2 mL/min followed by

flushing of the line with 0.9% NaCl at the same rate until the protein

concentration dropped below the lower limit of quantitation (LLOQ)

(0.04 g/L) (a). Alternatively, the infusion line was filled with a

biopharmaceutical and flushed immediately (b, c). Mean ± SD

cumulative wash-out (b) for an experimental IgG1 (3.75 mg/mL).

Concentration profiles (mean ± SD) with or without (w/o) introduc-

ing an air bubble between the infusate and the flushing solution (b).
Mean ± SD cumulative wash-out for different biopharmaceuticals at

different concentrations and at different perfusion rates (c). The dots

in c represent the theoretical cumulative wash-out if it is assumed that

the samples with a concentration\LLOQ contained a dose of [sample

volume] 9 [0.0394 g/L]. Data are normalised to either the concen-

tration of the infusate or the maximum theoretical wash-out, which

equals the total dose added to the system. Results of duplicate

experiments are set against the expected wash-out profile assuming

laminar or plug flow through the infusion line. The line volume (n) is

the number of line volumes (10.0 mL) passing through the intra-

venous line during the experiment
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binding, as does the observation that perfusing the artificial

vessel with 2 mg/mL followed by 0.2 mg/mL resulted in a

higher signal compared to perfusion with 0.2 mg/mL only

(Fig. 1d).

Regardless of the exact nature of the binding, the con-

clusion that biopharmaceuticals can adsorb to endothelium

should not be surprising, as systematic reports on the

binding of all kinds of proteins to cell membranes and

components of the extracellular matrix date from the 1960s

[26, 27]. For example, binding of MAbs to extracellular

components cause them to be retained upon subcutaneous

administration, glycosaminoglycans help to regulate local

levels of growth hormones and other signalling factors, and

the cellular glycocalyx was found to be a key component

for certain protein–cell interactions [28–30].

Electrostatic forces play an important role in the

adsorption of proteins. Many contact surfaces in the body

are negatively charged, including cell membranes and

polysaccharides. In contrast, most MAbs are basic and

hence cationic at physiological pH [31]. What is interest-

ing, however, is that one of the natural properties of the

glycocalyx is preventing non-specific (protein) adsorption

[32]. Biocompatibility research has elucidated some of the

principal aspects underlying the interference caused by

oligosaccharide (glycocalyx-like) polymers in the adsorp-

tion of proteins to negatively charged surfaces. This shows

that the flexible hydrophilic chains offer steric hindrance

preventing binding of proteins [33, 34]. Such coatings

greatly reduce but do not completely prevent adsorption

[35, 36].

Thus, the local fraction of adsorbed protein is probably

small in absolute terms, but with a total endothelium area

of 4000–7000 m2 in an adult [37], even minor (local)

adsorption to vessel walls can notably affect plasma

concentration.

Our findings lend support to the hypothesis of

endothelial adsorption. Figure 4 displays (simplistically)

how endothelial adsorption can cause a delay in tmax.

Because of adsorption to the endothelium, the vascular

compartment should not be regarded as a well-mixed

container. Rather, a gradient exists between areas of high

concentration, e.g., the tip of the IV cannula during

administration, and areas of low concentration. Upon

completion of infusion, the gradient gradually levels off

and adsorbed drug product is released in areas where local

concentration had previously been high. This increases the

measured concentration at the sampling site (Fig. 4d).

Differences in perfusion between tissues may further

delay the equilibration over the vascular compartment.

Perhaps, the prerequisites for the phenomenon to occur are

that the biopharmaceutical is administered continuously

over a longer period of time (e.g., as a linear infusion) and

that its plasma clearance is relatively slow. This would

theoretically allow the build-up of a gradient, especially in

lesser perfused tissues.

Staining of C1 inhibitor was unsuccessful, and therefore,

adsorption to endothelium could not be ascertained.

However, from a theoretical viewpoint, given the generic

nature of protein–surface interactions, C1 inhibitor and the

other proteins listed in Table 1 probably behave similarly

to the tested MAbs.

It should be noted, however, that our artificial vein is

only an approximation of the in vivo situation and does not

preclude other mechanisms to contribute to the delay in

tmax. The human vascular compartment consists of many

parallel microcirculations, each with specialised (endothe-

lial) cells, which adds to the complexity of understanding

and (pharmacokinetically) modelling the distribution of

biopharmaceuticals. Moreover, the plasma concentration

profiles over time of biopharmaceuticals also show

increases after the (delayed) tmax [38]. Therefore, simple

adsorption of biopharmaceuticals to endothelium may only

be one of many factors involved in determining plasma

concentration. We imagine that an experiment with radio-

labelled therapeutic proteins in test animals can be useful

to study the distribution over the body during and after

intravenous infusion and to validate our findings.

The complexity of the human vasculature is in contrast

to the highly controlled experimental conditions of con-

stant laminar flow, temperature, and the use of a single type

of endothelial cells (HUVECs) in combination with a

particular buffer that contained BSA. The effect of any of

these covariates on the results was not studied.

With the exception of the relevance of the presented

data to the clinical pharmacologist for determining and

interpreting the pharmacokinetic profile of biopharma-

ceuticals, the clinical relevance is more speculative. This

would depend on the exact adsorption site, the tissue

where the biopharmaceutical accumulates, and whether it

is pharmacologically active there. In addition, the rele-

vance is determined by whether a biopharmaceutical

exerts an effect on the endothelium or whether the

adsorption to endothelium interferes with a physiological

process.

From the wash-out profiles (Fig. 3), it is seen that the

bulk delivery of drug through the IV line is governed by

convection alone, i.e., transport by the flow of the medium,

in this case laminar flow [39]. There may be a blunting

effect on the net delivery caused by diffusion of the drug

from the infusate (high concentration) into the flushing

solution (low concentration), although with an estimated

maximum diffusion coefficient derived from the Stokes–

Einstein equation [40] of 7 9 10-5 mm2/s for a 105 kDa

protein (C1 inhibitor) in water at room temperature [41],

this effect is negligible compared to the effective fluid

velocity of 2.4–7.1 mm/s in the IV line.
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Recovery of biopharmaceuticals from the IV line could

be incomplete, measuring up to 15% in the experiments

where the pre-filled lines were only flushed, which was

unrelated to the biopharmaceutical tested. The only factor

that seemingly influenced the net delivery was concentra-

tion, with higher concentrations increasing the likelihood

of incomplete recovery.

Adsorption to IV material is a well-recognised problem

for certain drugs [42, 43] and, given existing evidence on

biocompatibility, adsorption to the IV line can also explain

our observation. An argument against adsorption as the

cause is that the reduced recovery was not observed in all

experiments (Fig. 3c). Aggregation of the biopharmaceu-

tical within the IV line is another possibility, although the

used method to determine drug concentration in the wash-

out also detects drug (protein) aggregates and the drop in

protein concentration, therefore, cannot be the result of

aggregation.

If the line is flushed following perfusion, drug admin-

istration continues after the theoretical EOI for a short time

as a result of laminar flow (Fig. 3). However, this only

partly explains the ‘delay’ in tmax, as the fraction of the

total dose infused during flushing is very small (Fig. 3a).

Furthermore, increases in plasma concentration after EOI

have also been observed when the line was not flushed, for

example with the experimental IgG1 (data on file). Wash-

out of any adsorbed or otherwise retained biopharmaceu-

tical material in the IV line during prolonged flushing did

not occur. Thus, flushing of the infusion lines cannot

contribute to a delay in tmax.
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bFig. 4 Pharmacokinetic profile. Schematic representation of the

gradient of biopharmaceuticals over the vascular tree during intra-

venous administration as a result of endothelial adsorption (a). For
illustrational purposes, extravascular distribution and elimination are

set to nil. The relative endothelial surface area exposed to the

biopharmaceutical in the considered body compartments is indicated

by the number of capillary beds. After completion of administration,

the gradient slowly dissipates and the relative peak concentration

moves along the vasculature to ultimately reach the sampling site (b).
In the traditional model, the maximum plasma concentration (Cmax)

coincides with the end of infusion (EOI) (c). In d, the vascular tree is
conceptualised as a single long vessel and the local situation is

depicted at three distinct moments in time. During intravenous

infusion, the local plasma concentration is high at the administration

side of the vessel, favouring adsorption to the vessel wall, thereby

reducing the distal plasma concentration (D1). After EOI, the high

local concentration at the administration side drops sharply as a result

of recirculation of the relatively low concentration from the sampling

side of the vessel. This shifts the balance from adsorption to

desorption (D2). As the biopharmaceutical is released from the vessel

wall the downstream concentration continues to rise and the relative

peak concentration, where adsorption is in equilibrium with desorp-

tion, gradually moves alongside the vessel (D2, D3). Behind this

equilibrium, desorption predominates and ahead adsorption, until

finally the gradient has levelled off
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Concluding, biopharmaceuticals can adsorb to

endothelium and be subsequently released into the circu-

lation, which may explain the observation that tmax occurs

long after completion of an intravenous administration.

Flushing of the infusion lines to complete administration of

a biopharmaceutical does not seem to contribute to the

delay in tmax.
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