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Introduction

With numerous monoclonal antibodies (mAbs) already on the 
market and many more in the development, the progress in 
understanding of the factors that affect their safety and efficacy 
becomes increasingly important. In particular, the response of 
the immune system to these molecules gains increasing attention. 
The monitoring of the formation of anti-drug antibodies is an 
important aspect of clinical development due to the potential loss 
of efficacy,1,2 as well as potential cross-reactivity with endogenous 
proteins.3,4

Protein aggregation, one possible origin for the immunoge-
nicity of biopharmaceuticals, can be potentially minimized at 
the design stage of the protein primary sequence5,6 and by pro-
cess and formulation design aimed at removal of protein aggre-
gates.7-10 While protein behavior in formulation buffers has been 
extensively studied in terms of self-association,9-14 viscosity15-17 
and chemical stability,18,19 the direct observation of the interac-
tions with human plasma or sera has seldom been attempted.20,21

Analytical methods based on light microscopy, 90° light-scattering and surface plasmon resonance (SpR) allowed the 
characterization of aggregation that can occur when antibodies are mixed with human plasma. Light microscopy showed 
that aggregates formed when human plasma was mixed with 5% dextrose solutions of Herceptin® (trastuzumab) or 
Avastin® (bevacizumab) but not Remicade® (infliximab). the aggregates in the plasma-Herceptin®-5% dextrose solution 
were globular, size range 0.5–9 μm, with a mean diameter of 4 μm. the aggregates in the plasma-Avastin®-5% dextrose 
samples had a mean size of 2 μm. No aggregation was observed when 0.9% NaCl solutions of Herceptin®, Avastin® and 
Remicade® were mixed with human plasma. 90° light-scattering measurements showed that aggregates were still present 
2.5 h after mixing Herceptin® or Avastin® with 5% dextrose-plasma solution. A SpR method was utilized to qualitatively 
describe the extent of interactions of surface-bound antibodies with undiluted human serum. Increased binding was 
observed in the case of erbitux® (cetuximab), whereas no binding was measured for Humira® (adalimumab). the binding 
of sera components to 13 monoclonal antibodies was measured and correlated with known serum binding properties of 
the antibodies. the data presented in this paper provide analytical methods to study the intrinsic and buffer-dependent 
aggregation tendencies of therapeutic proteins when mixed with human plasma and serum.

Aggregation of biopharmaceuticals in human 
plasma and human serum
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Incompatibility of dilution solutions with biopharmaceuticals 
is often highlighted in documents. For example, the prescribing 
information for Herceptin® (trastuzumab), Avastin® (bevaci-
zumab) and Remicade® (infliximab) states that 0.9% NaCl should 
be used, and the use of 5% dextrose is prohibited; no justification 
is provided.22 In contrast, for Neupogen® (recombinant methio-
nyl human granulocyte colony-stimulating factor, r-metHuG-
CSF), the use of 0.9% NaCl is prohibited because the “product 
may precipitate” and 5% dextrose solution should be used.23

The instruction not to use a particular solution with anti-
bodies (e.g., 5% dextrose for Herceptin®) is not explained in 
prescribing documents, and to our knowledge, the reasons for 
such interdictions have not been described in the literature. For 
example, the possibility that micron-sized aggregates might form 
in the patient’s bloodstream after application of the biopharma-
ceutical drug in the presence of incompatible diluents and that 
these aggregates may be responsible for side effects such as pos-
sible blocking of blood capillaries has not been ruled out or even 
addressed, to our knowledge.
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a slow phase. This reduction in 90° light-scatter within the first  
10 min is likely to be due to the reduction in size of the aggregates 
formed in plasma after mixing with Herceptin® in 5% dextrose, 
as observed by light microscopy (Fig. 4B and C).

To qualitatively detect binding of human sera to therapeu-
tic antibodies, we developed a high throughput (96-well plate 
auto-sampling) surface plasmon resonance (SPR) method. In a 
first step, therapeutic mAbs were chemically conjugated to the 
activated polysaccharide surface of the chip. To simulate the 
multivalent nature of the binding by antibodies, the reaction was 
performed until most of available sites were occupied to assure 
close proximity between the antibody molecules. No attempt 
was made to analyze the association and dissociation rates due to 
the unknown nature and inherent heterogeneity of the binding 
moieties in serum, as well as possible steric hindrance effects. At 
such high concentration of surface-attached antibody, addition of 
undiluted human serum resulted in a fast saturation of the bind-
ing of serum components to the chip (Fig. 5).

After the injected sample bolus left the flow cell, the remain-
ing amount of bound protein was measured (at ~200 sec; Fig. 5). 
Two consecutive regeneration injections were performed to strip 
off the bound material and re-equilibrate the surface by restor-
ing the flow of the running buffer (between 250 and 400 sec;  
Fig. 5). Examination of the responses from sera taken from dif-
ferent individuals suggested that the variability between the 
measurements of a sample from the same individual, as well as 
differences between different individuals, was about 10–20% 
(data not shown). For an experimental mAb A8 immobilized to 
the chip at values above 10,000 RU (13,500–19,400 RUs), the 
interaction with serum components from human, rhesus monkey 
and mouse wild-type and knockout were distinctly different with 
a relatively low variability suggesting multimeric nature of the 
interaction with human serum components (Fig. 6).

Thirteen mAbs were immobilized and the extent of binding 
to the sera from about 30 individuals was sequentially recorded 
(Fig. 7). The first group of white bars (Fig. 7) represents a series 
of Merck experimental mAbs (IgG1 and IgG2) that bind to 
the same target. Baseline binding for a human IgG in this for-
mat is around 200–300 RUs, thus inert mAbs were used as a 
control surface to identify binding mAbs (> 700 RUs). While 
mAbs A1 to A5 showed baseline signals, mAbs A7 and A8, and 
perhaps A6, showed elevated responses, indicative of binding to 
serum components (Fig. 7). Interestingly, mAbs A6, A7 and A8 
bear sequence similarity of their complementarity-determining-
regions that differentiates them from the mAbs A1–A5.

The second group of bars (gray) in Figure 7 shows that mAb 
B2 interacts with human sera components: antibodies B1 and 
B2 were designed to bind to the same target. Since mAb B2 was 
known to bind strongly and specifically to fibrinogen (data not 
shown), the results in Figure 7 can be explained by fibrinogen 
binding to the B2 antibody.

The third group of bars (black) in Figure 7 consists of anti-
bodies that bind to other targets: C1 is Humira® (adalimumab), 
C2 is a Merck in-house antibody and C3 is Erbitux® (cetux-
imab). Erbitux® gave a strong SPR response (Fig. 7) result that 
is in agreement with the known properties of Erbitux® to bind 

Here, we present analytical methods to study the interaction 
of biopharmaceuticals with human plasma and human serum. 
Light microscopy and 90° light-scatter methods were used to 
investigate the plasma aggregation properties of Herceptin®, 
Avastin® and Remicade® diluted in 5% dextrose or in 0.9% 
NaCl. A surface plasmon resonance method is presented that 
allowed the qualitative characterization of the binding of human 
plasma components to different therapeutic antibodies.

Results

Analytical methods were adapted to study the aggregation phe-
nomena that may occur when mAbs are mixed with human 
plasma. The formation of aggregates at the interface when 
human plasma was mixed with Herceptin® and Avastin® solu-
tions in 5% dextrose is shown in Figure 1A and B, respec-
tively. No aggregation occurred in the mixing region between 
plasma and Remicade® in 5% dextrose, Figure 1C. Plasma from 
three human volunteers showed the same aggregation proper-
ties when mixed with Herceptin® and Avastin® in 5% dextrose 
solutions (data not shown). No aggregation was observed when 
0.9% NaCl solutions of Herceptin®, Avastin® and Remicade® 
were mixed with human plasma (Fig. 1E–G); these results are 
in agreement with the recommendation by the manufacturer 
to use 0.9% NaCl for the infusion or dilution of the antibody. 
For the 5% dextrose solution of Herceptin®, the mixing region 
with plasma was compact (Fig. 1A; 2A and B) and contained 
many globular aggregates in the size range of 0.5–9 μm, with a 
mean diameter of 4 μm (Fig. 2C). In the case of mixing human 
plasma with 5% dextrose-Avastin®, the aggregation zone  
was more diffuse (Fig. 2D) and the aggregates were smaller 
(Fig. 2E), in the range of 0.5–6 μm with a mean size of about 
2 μm (Fig. 2F). The shape of the aggregates at the Avastin®-
plasma mixing zone was more heterogeneous, containing punc-
tuate and elongated structures (Fig. 2E). In Figure 2C and F, 
the numbers of particles per 6.25 nanoliters were 577 and 581 
for Herceptin® and Avastin®, respectively. This indicates that 
the number of particles having a diameter between 0.5–9 μm is 
about 108 particles/ml.

The extent of aggregate formation in the case of mixing human 
plasma with 5% dextrose solutions of Herceptin® or Avastin® 
was investigated by 90° light-scatter spectroscopy (Fig. 3A). 
In these experiments, 3 ml of 5% dextrose were mixed with 10 μl 
of human plasma, and the 90° light-scatter was measured. To 
the 3 ml of dextrose with 10 μl plasma were added 20 μl of 
Herceptin® or Avastin® or 40 μl of Remicade® stock solutions. 
The scatter for the Herceptin® sample (after subtraction of the 
plasma scatter) is stronger than the scatter of the Avastin®-
plasma sample (Fig. 3A). A small scatter was observed for the 
Remicade® sample (Fig. 3A). These results are in agreement with 
the microscopy data (Figs. 1 and 2). For all three antibodies, 
no strong aggregation was measured in 0.9% NaCl (Fig. 3B). 
Kinetic experiments at 25°C showed that the 90° light-scatter of 
the Herceptin® and Avastin® samples mixed with plasma in 5% 
dextrose decreased in time over 2.5 h (Fig. 4A). The reduction 
in scatter had a fast phase (within the first 10 min) followed by 
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Discussion

In a previous study, it was shown that when Herceptin® was mixed 
with 5% dextrose, antibody aggregates formed immediately,14 a 
phenomenon that may be related to the restriction to use only 
0.9% NaCl with Herceptin®. The present study showed that 

human sera components and to cause infusion hypersensitiv-
ity reactions.25 Humira®, C1, had a negligible SPR response, in 
agreement with the fact that the antibody is known to have a low 
incidence of infusion hypersensitivity. C2 antibody showed no 
interaction with human sera (Fig. 7) and had no side effects in 
animal toxicity studies.

Figure 1. Light microscopy pictures of human plasma mixed with 5% dextrose solutions of Herceptin® (A), Avastin® (B) and Remicade® (C). (E–G) 
correspond to human plasma mixed with 0.9% NaCl solutions of Herceptin®, Avastin® and Remicade®, respectively. the protein concentrations in the 
antibody solutions prior to the mixing with human plasma were: 1.06 mg/ml Herceptin®, 1.33 mg/ml Avastin® and 1.23 mg/ml Remicade®. No aggrega-
tion occurred when human plasma was mixed with 5% dextrose and 0.9% NaCl, (D and H) respectively. the distance between two thick lines is 250 
μm (the smallest square is 250 μm × 250 μm).
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and Herceptin®-5% dextrose solution were very large and the solu-
tion was turbid. Avastin® diluted in 5% dextrose also aggregated 
when mixed with human plasma; no aggregation was observed 
for Remicade® (Fig. 1). Plasma from three volunteers showed the 

augmented protein aggregation occurred when human plasma 
was mixed with Herceptin® diluted in 5% dextrose. Whereas the 
aggregates of Herceptin® in 5% dextrose were difficult to detect 
and the solution was clear by eye,12 the aggregates in the plasma 

Figure 2. Light microscopy pictures and particle distributions of the aggregates observed at the contact region between Herceptin® diluted in 5% 
dextrose and human plasma (A–C) and between Avastin® diluted in 5% dextrose and human plasma (D–F). Herceptin® and Avastin® stock solutions 
(see Material and Methods) were diluted with 5% dextrose to a final protein concentration of 1.1 mg/ml and 1.3 mg/ml, respectively. the particle distri-
butions were analyzed as described in Materials and Methods: 577 and 581 particles were counted in for the histograms in (C and F), respectively. the 
distance between two lines in (A and D) is 250 μm. the sizes of (B and E) correspond to 250 μm × 250 μm.
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and Avastin®, respectively; this corresponds to about 108  
particles/ml having diameters between 0.5 μm and 9 μm and 
to about 1,600,000 particles/ml of 9 μm diameter in the case of 
human plasma mixed with Herceptin® in 5% dextrose. Although 
this size of 9 μm is just below the 10 μm USP limit of tolerance,24 
the number of 9 μm particles is very high and largely exceeds 
6000, the number of sub-visible particles in parental formulations 
of 10 μm and larger allowed by the USP General Chapter < 788 > 
Particulate Matter in Injections.24 The potential for side effects of 
these particles is not negligible. 90° light-scattering experiments 
showed that the aggregates did not solubilize quickly, still being 
present 2.5 h after mixing Herceptin® or Avastin® with 5% dex-
trose-plasma solution (Fig. 4).

same aggregation behavior when mixed with Herceptin® in 5% 
dextrose, indicating that the aggregation under these conditions is 
a general phenomenon. In agreement with the recommendations of 
the manufacturers to use saline solutions for infusion,22 no aggre-
gation was observed when 0.9% NaCl solutions of Herceptin®, 
Avastin® and Remicade® were mixed with human plasma.

Globular, dense aggregates between 0.5 μm and 9 μm in 
diameter were formed in the mixing region of Herceptin® in 5% 
dextrose solution and human plasma, with a mean size of 4 μm 
(Fig. 2C). The 5% dextrose Avastin® plasma aggregation zone 
contained smaller, heterogeneous aggregates, in the size range of 
0.5–6 μm with mean size of about 2 μm (Fig. 2F). The number 
of particles in 6.25 nanoliters were 577 and 581 for Herceptin® 

Figure 3. 90° light-scattering spectra of Herceptin® (red), Avastin® (blue) and Remicade® (green) mixed with human plasma in 5% dextrose (A) or 
0.9% NaCl in water (B). ten microliters of human plasma were mixed with 3 ml of 5% dextrose (A) or 0.9% NaCl solutions (B). After recording the 90° 
light-scattering spectra of the human plasma dextrose or human plasma NaCl mixtures, 20 μl of Herceptin® or Avastin® or 40 μl of Remicade® antibody 
stock solutions were added in the cuvettes. the final antibody concentrations in the cuvettes were 0.14 mg/ml, 0.17 mg/ml and 0.13 mg/ml for  
Herceptin®, Avastin® and Remicade®, respectively. the 90° light-scattering spectra were recorded within 2 min after mixing the antibodies 5% 
dextrose-plasma or 0.9% NaCl-plasma. the scatter spectra of the human plasma were subtracted from the scatter spectra of plasma with antibodies.
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measured. Thirteen antibodies were screened by the SPR assay 
for their binding to human sera. The SPR method could distin-
guish between antibodies known to interact or not interact with 
human serum components. Thus, in the SPR measurements 
Humira® (adalimumab) showed no significant binding of 

A SPR high throughput method was developed to study the 
binding of human serum components to a surface covered with 
immobilized mAbs (Fig. 5).25-27 After saturating the binding of 
the antibodies to the chip surface, undiluted human serum was 
flushed and the amount of bound proteins to the mAb layer was 

Figure 4. Changes in time in the 90° light-scattering at 500 nm of solutions of 5% dextrose of Herceptin® (red) and Avastin® (blue) mixed with human 
plasma (A). ten microliters of human plasma were mixed with 3 ml of 5% dextrose. After recording the 90° light-scattering at 500 nm of the plasma-
dextrose mixture, 20 μl of Herceptin® or Avastin® or 40 μl of Remicade® antibody stock solutions were added in the cuvettes. the final antibody 
concentrations in the cuvettes were 0.14 mg/ml for Herceptin® and 0.17 mg/ml for Avastin®. the 90° light-scatter at 500 nm of human plasma alone was 
subtracted from the 90° light-scatter of Herceptin® (red) and Avastin® (blue) plasma mixtures. Light microscopy pictures of human plasma mixed with 
5% dextrose solutions of Herceptin® (1.06 mg/ml) were taken 1 min (B) and 7 min (C) after mixing.
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administered either with 5% dextrose or 0.9% NaCl;33 these 
chemotherapy agents are often co-administered with Avastin®. 
For Platinol® (cisplatin), pre-administration of large volumes, 

serum components, in agreement with the low 
incidence of infusion hypersensitivity associ-
ated with administration of the antibody.28 
On the other hand, Erbitux® (cetuximab) 
had a strong SPR response (Fig. 7), which is 
in agreement with the known properties of 
Erbitux® to bind to pre-existing antibodies in 
human sera and to cause infusion hypersensi-
tivity reactions.29

The light microscopy, 90° light-scatter, 
and the biosensor methods could be used as 
screening tools to study the interaction of 
therapeutic proteins with human plasma and 
sera. The methods are robust and permit a fast 
test using multiple conditions and numerous 
samples. Light microscopy does not require 
dilution of the antibody, the plasma or serum 
samples, and thus provides information under 
conditions similar to the in vivo use. The dif-
ferent SPR interactions with human serum 
observed with the 13 mAbs (Fig. 7) show that 
the SPR screening assay may also be a useful 
tool in the evaluation and selection of thera-
peutic protein candidates and of their optimal 
formulations.

This paper also documents that depend-
ing on the formulation a therapeutic antibody 
may or may not aggregate in the presence of human 
plasma. This observation is new and important for 
the field of formulation research in the biopharma-
ceutical industry. At present, major efforts are being 
made in the development of chemically and physi-
cally stable formulations of biopharmaceuticals, the 
stability being assessed in vitro, in the application 
container (e.g., vials or syringes). Our data show that 
formulation optimization and development studies 
should also include the compatibility with human 
plasma, sera and blood.

Use of incompatible diluents carries a definitive 
risk of adverse events due to micron-size aggregates, 
such as blocking of blood capillaries and increased 
immunogenicity. It is long known that foreign par-
ticles entering the blood stream during intravenous 
(i.v.) administration may act as emboli and form 
granulomas or thrombi.30,31 In the case of Herceptin®, 
the use of 5% dextrose in i.v. solutions is forbidden in 
both the full prescribing information and the pack-
age inserts. Dextrose is also excluded as an i.v. dilu-
ent in the full prescription for Avastin®;22 however, 
we found package inserts for Avastin® in the German, 
French and Dutch languages where dextrose incom-
patibility is not mentioned.32

Combination therapies that result in mixing of 
drugs and incompatible diluents may also be a source of forma-
tion of particulate aggregates. For example, the chemotherapy 
agents Paraplatin® (carboplatin) or Taxol® (paclitaxel) can be 

Figure 5. SpR measurements of mAb A4 (solid line) and mAb A8 (dashed line). 50 sec after 
the injection of mAbs, 10 μl of human serum were injected. the injected serum flowed over 
the activated chip surface for 2 min at 0.05 ml/min. After the running buffer replaced the 
injected volume, the residual amount of serum component that bound to the surface was 
observed between 160 and 250 sec. two regeneration steps were then performed by inject-
ing 50 mM sodium hydroxide (2 μl each). the relative amount of serum components bound 
to the chip is marked with vertical bars at ~200 sec.

Figure 6. Biacore® responses using mAb A8 at various levels of immobilization on 
the chip. the sera from four different sources were used: human (white), rhesus mon-
key (light gray), mouse-wild type (dark gray) and mouse-knockout (black). the gene 
for the antigen targeted by the mAb detected was deleted in the knockout mice. 
the relative response increases (RU units) due to the immobilization of the antibody 
on the chip (before the exposure to serum) were 19400, 15400, 13500 and 7100 for 
groups 1, 2, 3 and 4, respectively.
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Materials and Methods

Materials. Sensor chips CM5, HBS-EP 
buffer at pH 7.4 (consisting of 10 mM 
4-[2-hydroxyethyl]piperazine-1-ethane-
sulfonic acid, 0.15 M sodium chloride, 
3 mM EDTA, 0.005% (v/v) polysor-
bate 20), amine coupling kit containing 
N-hydroxysuccinimide (NHS), N-ethyl-
N ’-(3-diethylaminopropyl)carbodiimide 
(EDC), and ethanolamine hydrochloride 
were obtained from Biacore AB. ELISA 
wash buffer and substrate, and 4-methylum-
belliferyl phosphate were purchased from 
Virolabs. Fibrinogen, transferrin, albumin 
from human sources, sodium chloride 
and dextrose were purchased from Sigma-
Aldrich. Humanized mAbs referred to as 
A1-A8, B1, B2 and C2 were produced and 
purified in Merck Research Laboratories. 
The mAbs referred to as C1 (Humira®, 
adalimumab, Abbott Laboratories) and 
C3 (Erbitux®, cetuximab, ImClone), 
bevacizumab (Avastin®, Roche), trastu-
zumab (Herceptin®, Roche) and infliximab 
(Remicade®, Janssen Biotech) are com-
mercially available and were purchased. 
All antibodies were analyzed prior to the 

expiration date. The stock solutions of Herceptin®, Avastin® and 
Remicade® consisted of:22 (1) Herceptin® lyophilized formula-
tion after reconstitution with water was 21 mg/ml trastuzumab 
in 20 mg/ml (52.9 mM) α, α-trehalose dihydrate, 0.5 mg/ml  
(2.4 mM) l-histidine HCl, 0.32 mg/ml (2.1 mM) l-histidine, 
0.09 mg/ml (0.009% w/v) polysorbate 20, pH 6; (2) Avastin® 
is a liquid formulation of 25 mg/ml bevacizumab in 60 mg/ml  
(158.6 mM) α, α-trehalose dihydrate, 5.8 mg/ml (42 mM) 
monobasic sodium phosphate monohydrate, 1.2 mg/ml (8.5 mM) 
dibasic sodium phosphate anhydrous, 0.4 mg/ml (0.04% w/v) 
polysorbate 20, pH 6.2; and (3) Remicade® lyophilized formula-
tion after reconstitution with water was 10 mg/ml infliximab in 
50 mg/ml (146 mM) sucrose, 0.22 mg/ml (1.6 mM) monobasic 
sodium phosphate monohydrate, 0.61 mg/ml (3.4 mM) dibasic 
sodium phosphate dihydrate, 0.05 mg/ml (0.005% w/v) polysor-
bate 80, pH 7.2.

Human sera were obtained from BioChemed Services. 
Human plasma bags were purchased from Blutspendezentrum 
SRK beider Basel.

Light microscopy. 2.5 μl of antibodies (Avastin®, Herceptin® 
and Remicade®) diluted to ~1 mg/ml in 0.9% sodium chloride 
or 5% dextrose in water, were placed inside a FastRead 102™ 
slide (Immune Systems). Then, 2.5 μl of human plasma were 
added inside the slide so that it came in contact with the mAb 
solution already present; no mixing was performed. A Leica  
DM RXE microscope (Leica Microsystems GmbH) with a 
5×/0.15 na objective (Leica Microsystems GmbH) was used. 
The images were acquired with a Sony NEX-5 camera and its 

i.e., 1–2 L, of 5% dextrose containing saline and mannitol to 
the patient is recommended.34 Administration of Avastin® to 
these patients, even if administered in 0.9% NaCl, may result 
in aggregates formation since the patient already has large 
amounts of dextrose in his or her bloodstream. Aggregates that 
form when human plasma is mixed with 5% dextrose-Avastin® 
solutions could be one origin of the reported “arterial throm-
bolytic events, including cerebral infarction, transient ischemic 
attacks, myocardial infarction and angina that occurred at a 
higher incidence in patients receiving Avastin® in combination 
with chemotherapy treatment as compared to those receiving 
chemotherapy alone.”35 Other evaluation of individual patient 
data came to the conclusion that the addition of Avastin® to 
chemotherapy treatment did not statistically significantly 
increase the risk of venous thrombolytic events.36 Our finding 
that Avastin® aggregates in human plasma in the presence of 
5% dextrose, together with new studies of aggregation compat-
ibility of Avastin® with different chemotherapeutic agents, may 
be considered in the re-evaluation of patient data and may con-
tribute to a better understanding of the origin of reported side 
effects.

In summary, aggregation and interactions studies using the 
methods reported here open the way to study the behavior of 
therapeutic proteins in biological fluids. These new investigations 
could thereby help in the development of safe biopharmaceuticals 
and aid in the reduction of reported adverse events for marketed 
proteins caused by the use of non-compatible administration 
solutions or by interaction with co-administered drugs.

Figure 7. Biacore® responses from various monoclonal antibodies. the dashed line denotes an 
arbitrary level differentiating “binders” from “non-binders.” First group of bars (white): mAbs 
A1–A8 are targeted against common antigen, and mAbs A6–A8 bear high sequence similarity of 
their complementarity-determining regions. Second group of bars (gray): monoclonal antibod-
ies B1 and B2 are directed toward common antigen; mAb B2 was shown to interact with human 
blood components by independent methods. third group of bars (black): C1 and C3 correspond 
to adalimumab and cetuximab, respectively; C2 is an experimental monoclonal antibody that 
was not associated with any adverse reactions in primate toxicity studies.
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50 and 200 response units (RU). This activation procedure was 
repeated for each of the four flow cells numbered 1 through 4 
on the same chip. mAb solutions were injected continuously and 
the immobilization was aimed typically at 10,000–20,000 RU. 
After covalent coupling of the mAbs, the surface was deactivated 
with 30 μl of 1.0 M ethanolamine-hydrochloride (pH 8.5). After 
each injection of a neat serum sample (no dilution), the response 
was recorded during the dissociation stage (at 200 sec since the 
start), followed by two injections of 50 mM NaOH to regener-
ate the surface. The quantitative analysis was performed within 
Microsoft® Excel™ environment.
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firmware, and processed using the ImageJ version 1.43u software 
(National Institutes of Health). The grid of 250 μm × 250 μm on 
the FastRead 102™ slide was used to calibrate the relation between 
pixels and lengths. The microscopy pictures in binary form were 
analyzed for size distribution using the Feret’s diameter mode.

90° light-scattering. 90° light-scattering measurements were 
performed with a FluoroMax spectrofluorometer (Spex) at 25°C 
in a thermostated cuvette holder. The spectra were recorded 
between 500 nm and 750 nm with a 0.02 sec integration time per 
1 nm increment. The excitation and emission slits were 1 mm. 
First, 10 μl of human plasma were added to 3 ml of 0.9% sodium 
chloride or 5% dextrose in water, and the 90° light-scatter spec-
trum was recorded. Then 20 μl (Avastin®, Herceptin®) or 40 
μl (Remicade®) undiluted antibody solution were mixed in the 
cuvette containing the 10 μl human plasma in the 3 ml solution 
of either 0.9% sodium chloride or 5% dextrose in water.

Surface plasmon resonance. A Biacore® 2000 instrument 
(Biacore) was used. The carboxymethylated dextran layer on the 
sensor chip surface was activated by derivatization through injec-
tion of 30 μl of 0.2 M EDC containing 50 mM NHS at an 
operating temperature of 25°C, giving a sensor response between 
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