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ABSTRACT 
Liquid handling and dilution processes profoundly influence 
estimates of biological activity. We compared tip-based 
serial dilution and dispensing versus acoustic dispensing 
with direct dilution. Published data show results differ by 
orders of magnitude with no correlation or ranking of 
datasets. Pharmacophores generated from data derived by 
both acoustic and tip-based transfer differ significantly. The 
acoustic dispensing-derived pharmacophore correctly 
identified active compounds in a subsequent test set where 
the tip-based method failed completely. Acoustic data 
generates a pharmacophore containing two hydrophobic 
features, one hydrogen bond donor and one hydrogen 
bond acceptor and is consistent with X-ray crystallography 
studies. In contrast, the tip-based data suggest a 
pharmacophore with two hydrogen bond acceptors, one 
hydrogen bond donor and no hydrophobic features. This 
pharmacophore is inconsistent with the X-ray 
crystallographic studies. In short, tip-based dispensing 
processes are an important source of error in high-
throughput screening. These findings have far-reaching 
implications in biological research. (Dispensing Processes 
Impact Apparent Biological Activity as Determined by 
Computational and Statistical Analyses, Ekins et al., PLOS 
ONE, 2013). 
 

Serial Dilution 

Direct Dilution 

Serial Dilutions vs. Direct Dilution 
Serial dilutions begin with an initial stock solution that is 
diluted. That diluted sample is diluted and, sequentially, 
each dilution is further diluted. This means that the 
samples are manipulated multiple times and negative 
consequences are accumulated so that the impact is 
greatest at the more dilute stages. 
Direct dilution takes advantage of small transfer volumes. 
The stock (or non-serially diluted samples) is transferred 
directly to the assay wells minimizing contact steps and 
providing more linear dilution curves. 

Compound IC50 direct 
dilution 

(µM) 

IC50 serial 
dilution 

(µM) 

Ratio 
serial/direct 

5 0.002 0.553 276.5 
4 0.003 0.146 48.7 
7 0.003 0.778 259.3 

W7b 0.004 0.152 42.5 
8 0.004 0.445 111.3 

W5 0.006 0.087 13.7 
6 0.007 0.973 139.0 

W3 0.012 0.049 4.2 
W1 0.014 0.112 8.2 
9 0.052 0.170 3.3 

10 0.064 0.817 12.8 
W12 0.158 0.250 1.6 
W11 0.207 14.400 69.6 
11 0.486 3.030 6.2 

1. IC50 values depend strongly on method 
used for dilution 

Table 1. IC50 data from AstraZeneca patents 
WO2009/010794 and US 7,718,653. All compounds are 
diaminopyrimidines. The target in all assays is the Ephrin 
B4 receptor, a tyrosine kinase. Assays were identical 
except for method used to generate the concentration 
gradient. 
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IC50 by direct dilution with acoustics 

Figure 2. Log IC50 values by serial dilution with an 
automated pipette versus those by direct dilution with 
acoustic liquid handling. 
• The acoustic technique always provided a more potent 

IC50 value. 
• The greater the distance from the red line, the greater 

the difference in IC50 values. 
• Red points >100-fold more activity with acoustics 

Pharmacophore Hydrophobic 
features 

H-bond 
acceptors 

H-bond 
donors 

Observed 
vs. 

Predicted 
Serial dilution 0 2 1 0.80 
Direct dilution 2 1 1 0.92 
X-ray based 
consensus 2 1 1 NA 

2. Pharmacophores are strongly affected by 
the method used for dilution 

Serial dilution pharmacophore Direct dilution pharmacophore 
Figure 3. The two different pharmacophores differ 
significantly. 

Table 3. Direct dilution pharmacophore predictions versus 
measured IC50 values. Both absolute values and rankings 
were very poor. Measured data from patent WO 
2008/132505 A1. 

Cmpd. Serial dilution  
PREDICTION 

Predicted 
rank 

Serial dilution  
MEASURED 

Measured 
rank 

W084.1 0.3488 1 0.297 2 
W084.2 0.3806 2 0.456 4 
W084.4 0.6994 3 0.374 3 
W082.2 0.8392 4 0.808 6 
W082.4 1.4989 5 6.270 9 
W083 2.8229 6 0.198 1 
W084.3 2.9119 7 0.473 5 
W082.1 3.3829 8 1.120 7 
W081 CANNOT PREDICT --- 38.300 10 
W082.3 CANNOT PREDICT --- 1.780 8 

3. Pharmacophores generated from serial 
dilution data are NOT predictive 

Figure 4. The direct dilution pharmacophore is an 
extremely poor predictor of the activity of new compounds  
Only two compounds in the third set of data were 
measured after direct dilution. These two compounds were 
predicted by the direct dilution pharmacophore to be 
extremely active and were measured to be the most and 
second most active compounds in the assay. 

5. Ubiquity of the problem 

As early as 2005, researchers at Bristol-Myers Squibb and 
AstraZeneca noted that aqueous serial dilutions generated 
IC50 values that suggested much lower potency than when 
the concentration gradients were generated via direct 
dilution. This trend was reported by BMS  in an analysis of 
1100 compounds (“Pharmacological Evaluation of Different 
Compound Dilution and Transfer Paradigms on an Enzyme 
Assay in Low Volume 384-well Format.” T Spicer et al., 
Drug Discovery Technology 2005, Boston, MA. And by AZ 
on 40 compounds (“Assay Sciences: A Model for Improving 
Efficiency Through Centralization” J Wingfield et al. 
American Drug Discovery, 2007 3(3):24-30) and 11,000 
compounds (“Impact of Acoustic Dispensing on Data 
Quality in HTS and Hit Confirmation” J Wingfield,  Drug 
Discovery 2012. Manchester, UK. 

4. X-ray crystallography. The gold standard. 

Figure 1. Generic structure of EphB4 inhibitors 

METHODS 
Data from two published patents suggested that IC50 
values could be strongly affected by the method used to 
generate concentration gradients. (Barlaam & Ducray, 2,4-
Diamino-pyrimidine derivatives. WO 2009/010794 A1, 
2009; Barlaam ,Ducray & Kettle, Pyrimidine derivatives for 
inhibiting Eph receptors US 7,718,653 B2, 2010). We 
generated two separate pharmacophores, one each based 
on the data for both serial dilutions with an automated 
pipette and one for direct dilution with acoustic liquid 
handling. We generated the pharmacophores using 
Discovery Studio (Accelrys version 2.5.5. San Diego, CA). 
Ten hypotheses were generated using hydrophobic, HBA, 
HBD, and the positive and negative ionizable features, and 
the CAESAR algorithm  was applied to the molecular data 
set (maximum of 255 conformations per molecule and 
maximum energy of 20 kcal/mol) to generate conformers. 
The pharmcophore hypothesis with the lowest energy cost 
was selected for further analysis as this model possessed 
features representative of all the hypotheses. 
 
As might be expected, the two pharmacophores varied 
substantially. 
 
We used data found in another patent (Barlaam & Ducray, 
WO 2008/132505 A1, 2008) to test the predictive qualities 
of the two pharmacophores. 
 
Statistical analyses were performed on the measured IC50 
values using Microsoft Excel. Correlations were 
determined for molecular weight, cLogP, isoelectric point, 
molar refractivity, polar surface area, hydrogen bond 
acceptors, hydrogen bond donors, logD at pH7, and 
charge at pH 7. 
 
RESULTS 
The IC50 values generated from data obtained by serial 
dilutions were very different from those generated from 
data generated from direct dilution. With a range of 1.3-fold 
(negligible) to >270-fold (extreme). 
 
The pharmacophores generated from the two data sets 
were very different. 
 
The pharmacophore generated from serial dilution 
methods was completely non-predictive while the 
pharmacophore generated from direct dilution processes 
correctly predicted the high activity and rank order of 
compounds. 
 
The pharmacophores generated from X-ray 
crystallographic data were similar to that derived from 
direct dilution techniques but very different from that 
generated from serial dilution data. 
 
There was a small but statistically significant correlation 
between clogP and with log IC50 data for acoustic 
dispensing (r2 = 0.34, p<0.05). No other correlations were 
statistically significant. While there was a correlation 
between clogP and IC50 values generated by direct 
dilution, the compound that differed most between the two 
dilution methods, Compound 5, has a clogP of 3.5—well 
within the Lipinski “rule of 5.”  
 
A review of the literature suggested that the deviation in 
IC50 results is a significant problem with a large 
percentage of compounds appearing less active when 
serial dilutions are used. 
 
CONCLUSIONS 
1. The method of dilution and sample handling have a 

significant impact on apparent compound activity. 
2. It is likely that during aqueous serial dilutions, 

compounds bind to the tips and the walls of the dilution 
vessels. This depletes that solute from the solution and 
makes the concentration significantly lower than 
expected. 
 

 
 
 
 
 
 
 

A series of four papers provided X-ray crystallographic data 
on the shape of the Ephrin B4 receptor and the binding of 
ligands to it. (Bardelle et al. (2008) Inhibitors of the tyrosine 
kinase EphB4. Part 1: Structure-based design and 
optimization of a series of 2,4-bis-anilinopyrimidines. Bioorg 
Med Chem Lett 18: 2776–2780; Bardelle et al. (2008) 
Inhibitors of the tyrosine kinase EphB4. Part 2: structure-
based discovery and optimisation of 3,5-bis substituted 
anilinopyrimidines. Bioorg Med Chem Lett 18: 5717–5721; 
Bardelle C et al. (2010) Inhibitors of the tyrosine kinase 
EphB4. Part 3: identification of non-benzodioxole-based 
kinase inhibitors. Bioorg Med Chem Lett 20: 6242–6245; 
Barlaam et al. (2011) Inhibitors of the tyrosine kinase 
EphB4. Part 4: Discovery and optimization of a benzylic 
alcohol series. Bioorg Med Chem Lett 21: 2207–2211). We 
used the information from these papers to develop 8 
pharmacophores. Notable each pharmacophore included 
multiple hydrophobic regions. Additionally, all X-ray 
crystallographic derived pharmacophores showed the 
presence of both hydrogen bond acceptors and donors. 
The consensus values of the 8 pharmacophores is very 
similar to the direct dilution pharmacophore and varies 
substantially from the serial dilution pharmacophore. (See 
Table 2.) 
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