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defined much earlier and originate from to the seminal ob-
servations made by outstanding researchers between 1850 
and 1915. One of the most outstanding exponents of these 
scientists is Paul Ehrlich. His work resulted not only in the 
foundation and birth of modern hematology and immunol-
ogy, but also led to the development of chemotherapy and 
specific targeted treatment concepts. In 2015, the Medical 
University of Vienna organized a memorial meeting, with the 
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 Abstract 

 Translational research and precision medicine are based on 
a profound knowledge of cellular and molecular mecha-
nisms contributing to various physiologic processes and 
pathologic reactions in diverse organs. Whereas specific mo-
lecular interactions and mechanisms have been identified 
during the past 5 decades, the underlying principles were 
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This manuscript is dedicated to the achievements of Paul Ehrlich on 
the occasion of the 100th anniversary of his death (August 20, 2015).
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aim of honoring Paul Ehrlich’s contributions to science, and 
to commemorate the 100th anniversary of his death. The au-
thors of the current review served as faculty members and 
dedicate this paper to Paul Ehrlich and his remarkable con-
tributions to medicine.  © 2016 S. Karger AG, Basel 

 Introduction 

 Between 1850 and 1915, the ‘young’ scientific disci-
plines of chemistry, biology, physics and medicine made 
substantial progress based on the outstanding contribu-
tions of a growing number of ingenious scientists, in-
cluding Louis Pasteur, Rudolf Virchow, Ilja Iljitsch 
Metschnikow, Carl von Rokitansky, Robert Koch, Karl 
Landsteiner, Emil von Behring, and others ( table 1 ). In-
spired by this atmosphere of pioneering discoveries and 
achievements, Paul Ehrlich emerged as one of the most 
famous and influential researchers at that time and as a 
cofounding pioneer of the fields of hematology, immu-
nology, pharmacology and chemotherapy  [1–3] . Early in 
his career Ehrlich was soon recognized as a talented 
chemist, and after leaving the Charité Hospital in 1885, 
where he had worked as a physician, Ehrlich became 
completely obsessed by laboratory research.

  During his career, Ehrlich exploited his knowledge of 
chemistry and thereby was able to merge cellular and 
 molecular theories into new concepts. Subsequently, he 
defined biological principles and demonstrated their 
practical implications and their applicability in medicine. 
By doing so, Paul Ehrlich established basic principles of 
translational medicine. These principles and hypotheses 
not only became tremendously useful, but many of his 
ideas also inspired and encouraged multiple generations 
of scientists to pursue such promising avenues, and are 
still instrumental to our thinking and designing in ex-
perimental and applied medicine today. One famous ex-
ample is the side-chain theory that proposed the existence 
of distinct membrane-related structures that can interact 
with extracellular molecules (ligands)  [4] . This theory 
was later extended to a generally applicable receptor- 
ligand concept that greatly influenced the fields of physi-
ology, immunology, hematology and pharmacology, and 
is still fundamental in science today ( table 2 ).

  In the later phases of his career, Paul Ehrlich worked 
intensively in the fields of immunology, chemistry, phar-
macology and antimicrobial chemotherapy, with the aim 
of developing target-specific approaches and related 
treatment concepts. Specifically, he postulated that spe-

cific molecules exposed in microbial cells can serve as 
specific target structures, and that these interactions can 
be pharmacologically exploited to develop specific drug 
therapies and immunotherapies. This would become a 
global principle applicable to pathogenic microorgan-
isms, but also to any other cell type, including cancer cells.

  In a pioneering effort to detect drugs capable of spe-
cifically killing certain microbes, Ehrlich synthesized a 
 series of specific antimicrobial drugs, the most famous 
example being arsphenamine (Salvarsan ® ), the first syn-
thetic agent against syphilis  [5] . Due to the huge success 
of this drug, Ehrlich was able to popularize his new con-
cept of a ‘magic bullet’ (‘Zauberkugel’), a drug specifi-
cally targeting a particular pathogen without affecting 
normal host cells. Despite his many outstanding achieve-
ments in various disciplines, Paul Ehrlich’s name un-
doubtedly remains very much linked to the development 
of Salvarsan ®  and the related birth of targeted therapies.

  In the current article, we provide a short overview of 
Paul Ehrlich’s life and career and a review of his major 
contributions to chemistry, hematology, immunology, 
pharmacology, drug development and translational med-
icine. Interested readers who would like to learn more 
about Paul Ehrlich’s life and achievements are referred to 
the available literature and the online compilation of his 
publications  [3, 6–10] .

  A Short Overview of Paul Ehrlich’s Life and Career 

 Paul Ehrlich was born in Strehlen in Prussia, in the 
district of Silesa (now part of Poland) in March 1854. Al-
ready as a teenager, Paul was fascinated by the process of 
staining microscopic tissue sections his cousin Karl Wei-
gert, a famous pathologist, prepared. Between 1872 and 
1877, Paul Ehrlich studied medicine at the Universities of 
Breslau, Strassburg and Freiburg. In 1878, he obtained his 
doctoral degree in medicine in Leipzig. Although trained 
as a physician, Paul Ehrlich was obsessed by laboratory 
work and dye staining of tissue samples and blood leuko-
cytes  [10–13] . Paul Ehrlich’s career can essentially be di-
vided into three phases ( table 3 ), all of which were influ-
enced by his deep understanding of the principles of 
chemistry and the related idea of specific molecular inter-
actions in various biological systems  [14] .

  In the first phase of his career (1878–1890), Ehrlich de-
veloped the principles of modern hematology and immu-
nology by describing various leukocyte subsets and their 
precursor cells. In addition, Ehrlich contributed to the field 
of microbiology and was involved in the classification of 
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diverse microbes. All these observations were essentially 
based on his unmatched talent to develop advanced dye-
staining techniques and to adapt these techniques in im-
proved form to various cell systems and organisms. 

  In the second phase of his career, Ehrlich developed 
new concepts connecting certain (dye-staining) cell prop-
erties with the expression of distinct (cell-specific) recep-
tors and molecules. Specifically, Ehrlich developed his 
side-chain theory (1897) and subsequently a receptor-li-
gand concept ( table 3 ). In these years, Ehrlich also worked 
hard in the field of passive immunotherapy. For example, 
he contributed greatly to the development of an effective 
antiserum against diphtheria and to the approach of pro-
ducing standardized therapeutic serum-fractions  [15] . 
The successful approach to standardizing biologically ac-
tive substances was a great breakthrough that supported 
the development of immunotherapies, and also paved the 
way to standardized production of biologically active 
drugs in other fields of medicine. 

  In the third phase of his career, Paul Ehrlich made sub-
stantial attempts to translate his theoretical and practical 
findings into therapeutic concepts. Specifically, he tried 
to synthesize targeted drugs applicable to patients. After 

a long time of experimental work, preclinical studies in 
animal models, and many disappointments, Ehrlich was 
able to synthesize a first small series of successful syn-
thetic drugs, the most famous example being Salvarsan ®  
 [5] . It was an enormous breakthrough and a triumph of 
synthetic drug development when Salvarsan ®  was intro-
duced (1909). Ehrlich was convinced that many more 
drugs could be synthesized chemically and be directed 
specifically against microbes or even against cancer cells. 
However, in this phase of his career he also realized and 
studied certain limitations of therapy, such as drug resis-
tance and toxicity. In all these studies and phases of his 
career, Ehrlich was able to exploit his vast knowledge 
about chemical principles for the development of new 
 biological or therapeutic concepts  [14] .

  Paul Ehrlich began his career while still a student at the 
University of Freiburg, when he first described specific 
dye-staining properties of various blood leukocytes and 
other cell types  [11–13] . When observing that the uptake 
of different dyes varied in different cells and tissues, he 
concluded that specific affinities between biologic struc-
tures and the stain applied must exist. A milestone in the 
field of neurosciences was Ehrlich’s observation that, af-

 Table 1.  Leading scientists working at the time of Paul Ehrlich (1870 – 1915)

Scientist’s name Years Major achievements or concepts

Emil von Behring 1845 – 1917 Development of serum therapies and modern vaccination 
medicine

Marie Curie 1867 – 1934 Discovery of radium and polonium; described the concept of 
radioactivity

Pierre Curie 1859 – 1906 Discovery of nuclear energy; pioneer in magnetism
Hermann Emil Fischer 1859 – 1919 Purine and sugar chemistry; synthetic polypeptide chemistry; 

discovery of barbiturates
Sigmund Freud 1856 – 1939 Development of psychoanalysis; modern psychology and 

psychiatry 
Robert Koch 1843 – 1910 Discovery of Mycobacterium tuberculosis; cofounder of the 

field of microbiology
Ilja Iljitsch Metschnikow 1854 – 1916 Discovery of a leukocyte-based natural host defense; 

description of phagocytosis of bacteria 
Karl Landsteiner 1868 – 1943 Detection of A-B-O blood groups; development of the hapten 

concept; detection of Rickettsia prowazekii
Louis Pasteur 1822 – 1895 Detected the principles of vaccination; described microbial 

fermentation; developed pasteurization 
Wilhelm Conrad Roentgen 1845 – 1923 Discovery of X-rays; foundation of radiology 
Carl von Rokitansky 1804 – 1878 Development of anatomic pathology; introduced the issue of 

humanity and ethics in medicine and research
Rudolf Virchow 1821 – 1902 Postulated a cellular basis of disease; description of blood 

cancer/leukemia; pathogenesis of vascular thrombosis

 The table includes a short compilation of the most influential researchers working in the fields of medical sci-
ences at the time of Paul Ehrlich, listed in alphabetical order.
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ter intravenous injection, water-soluble dyes stained most 
tissues with the exception of the brain and spinal cord, a 
discovery that paved the way to the identification of the 
blood-brain barrier. Ehrlich was soon recognized as an 
outstanding researcher and worked at the Charité in Ber-
lin in association with Robert Koch. In 1896 he became 
the Director of the Institute for Serum Research and Eval-
uation in Berlin; in 1899 he was promoted to Director of 
the Institute for Experimental Therapy, and in 1906 be-
came Director of the Georg-Speyer-Haus, Chemothera-
peutic Research Institute, in Frankfurt ( table 3 ).

  During his career Paul Ehrlich received several honors 
and awards. His achievements were highlighted by 10 
‘Honorary Doctorates’ and by the Prussian Great Gold 
Medal for Science in 1903. As Director of the Georg-
Speyer-Haus, Paul Ehrlich greatly intensified the produc-
tion and testing of various chemical compounds; by do-
ing so, he established the principles of chemotherapy, and 
finally he developed Salvarsan ®  in his institute. In 1908, 
Paul Ehrlich received the Nobel Prize in Physiology or 
Medicine together with Elie Metchnikoff for their work 
and basic insights into immunological defense mecha-
nisms  [7–9] . Both concepts were complementary and lat-
er formed the basis of humoral and cellular immunology. 
In particular, Ehrlich was propagating a ‘molecular serum 
theory’ and Metchnikoff a ‘cell-phagocytosis theory’.

  Despite of his discoveries and the awards and honors 
he received, Paul Ehrlich had to fight many battles against 
prejudice, jealousy and ignorance in his life. For example, 
he had to work hard to convince the scientific commu-
nity as well as the public that his concepts and efforts were 
useful and that the resulting applications were beneficial 
for patients  [4] . In 1912 and 1913, Ehrlich was again nom-
inated for the Nobel Prize, this time for his contributions 
to chemotherapy  [16] . It would have been an appropriate 
recognition for Salvarsan ®  as a first ‘synthetic chemo-
therapy’ (targeted drug). However, in those days, it was 
‘too early’ for a synthesized targeted drug to be presented 
as a triumph of science to the community.

  Paul Ehrlich was a great personality and a dedicated 
researcher. He was a straight and modest man with a good 
sense of humor, but was also an energetic and enthusias-
tic worker. As a perfectionist, he retested, requestioned 
and discussed research results with unlimited energy and 
enthusiasm. He was obsessed by the idea that any meth-
od, tool, approach or therapy can be improved through 
precise observations and meticulous scientific work. Ehr-
lich had the capacities and academic insights to demon-
strate that this is indeed the case – a virtue that may have 
contributed to the belief of many that this pioneering re-
searcher was indeed a genius  [1–3, 17, 18] . 

  Unfortunately, however, Paul Ehrlich’s health was not 
robust and he smoked heavily. In 1888, Ehrlich’s career 

 Table 2.  Paul Ehrlich’s theories and concepts and their impact on the development of modern scientific disci-
plines

Theory/concept Emerging/resulting disciplines

Differentiation of leukocytes by distinct 
dye-staining properties

Blood counting and typing 
Modern hematology
Identification of immune cells
Delineation of blood cell disorders

Standardization of biologically Serum protein research
active antiserum Standardized vaccination protocols

Vaccination medicine
Side-chain theory Receptor-ligand concepts

Immunoglobulin receptor research
Modern immunology
Immunopathology

Magic bullet theory (‘Zauberkugel-Theorie’) Preclinical drug design and drug testing
Development of targeted drugs
Synthetic chemotherapy
Target expression profiling

Development and application of specific drugs Clinical pharmacology and drug validation
Modern clinical oncology and hematology
Modern anti-infective drug therapies/modern 
chemotherapy
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was disrupted when he was infected by the ‘Koch bacillus’, 
presumably during his laboratory work. As a consequence, 
Paul Ehrlich travelled to Egypt and Southern Europe with 
his wife, Hedwig, who married him in 1883 and with 
whom he had two daughters. After 2 years, Ehrlich recov-
ered from pulmonary tuberculosis. He then returned to 
Berlin and continued his work, now focusing even more 
on immunology. Paul Ehrlich ( fig. 1 ) often stated that to 
have success, one needed the 4 ‘Gs’ (in German): Geld 
(‘money’), Geduld (‘patience’), Geschick (‘skills’) and 
Glück (‘luck’). When being asked for the basis (reason) of 
his success with Salvarsan ® , he often replied: ‘for 7 years 
of misfortune, I had one moment of luck’. In the winter-
time of 1914, Paul Ehrlich survived a first stroke, and on 
August 20th, 1915, at the age of 61, he died after a second 
fatal stroke in Bad Homburg near Frankfurt, Germany.

  The Birth of Modern Hematology 

 Paul Ehrlich was still a student when he established the 
principles of hematology by describing specific dye-stain-
ing properties of various leukocytes  [10–13, 19] . Ehrlich 
applied alkaline-based and acid dyes, but had also devel-
oped novel neutral dye stains. Through applying such ad-
vanced dye-staining techniques and by comparing them 
with morphologic properties of various cells, Ehrlich was 
able to differentiate several distinct leukocyte subsets from 
each other and also from other cell types in various organs 
and tissues  [10–13]  ( table 3 ). Paul Ehrlich also proposed 
terminologies for these cell types and, in almost all in-
stances, the nomenclature was accurate and was soon ac-
cepted by the community – and in a slightly modified 
form the nomenclature is still in use today. Another out-

 Table 3.  Historical overview of Paul Ehrlich’s life and achievements

Year(s) Location Life and career

1854 Strehlen-Breslau Birth
1878 Charité Hospital Berlin Development and evaluation of cell-specific dyes
1878 – 1887 Charité Hospital Berlin Delineation of various leukocytes based on their 

dye-staining properties; foundation and birth of 
modern hematology

 
 
1888 – 1889 Traveled to Egypt Tuberculosis infection
1890 Berlin Selectivity of methylene blue for the central nervous 

system – studies of neuralgia
1891 – 1896 Institute for Infectious 

Diseases Berlin
Methylene blue in 2 malaria patients; first attempt to 
identify a ‘magic bullet’ 
Standardization and large-scale production of therapeutic 
antidiphtheria serum

1896 – 1899 Berlin Director of the Institute for Serum
Research and Evaluation

1897 Institute for Serum Research 
and Evaluation Berlin

Formulation of side-chain theory and the related concept of 
cell-fixed and soluble antitoxins

1899 – 1906 Berlin Director of the Royal Institute for Experimental Therapy
1900 Berlin Receptor-ligand concept
1903 Berlin Prussian Great Gold Medal for Science
1904 Berlin Ehrlich and Shiga study trypanosomiasis in infected mice 

and in vivo drug effects 
1905 Royal Institute for Experimental 

Therapy Frankfurt
Structure of atoxyl and demonstration of the correlation 
between its structure and its pharmacologic effect

1905 – 1907 Berlin and Frankfurt Development of the concept of acquired drug resistance 
1906 Frankfurt Director of GSH

Georg-Speyer-Haus (GSH) Presentation of the concept of specific chemotherapy
1907 Frankfurt (GSH) Synthesis of arsphenamine

Concept of chemoreceptor
1908 Nobel Prize
1909 Frankfurt (GSH) Demonstrated the antispirochete activity of arsphenamine 

(with Sahachiro Hata)
1914 Frankfurt (GSH) Synthesis of neoarsphenamine
1915 Bad Homburg Death
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standing talent of Paul Ehrlich was his ability to recognize 
relationships between cell functions and morphologic cell 
features. For example, he linked distinct morphologies to 
certain maturation stages in hematopoietic lineages: from 
1880, Ehrlich studied the red cell in detail and soon de-
tected nucleated red cells in the blood and bone marrow. 
A few years later, he described putative maturation stages 
of red cell precursors, cells that he called ‘normoblasts’, 
‘megaloblasts’, ‘microblasts’ and ‘poikiloblasts’  [20] .

  Although his research covered most hematopoietic 
cell systems, the favorite leukocyte of Paul Ehrlich was 
the mast cell  [19] . This also highlights the fact that he did 
not only look into the blood with great dedication, but 
also into other organ systems. Although not formally es-
tablished at that time, he proposed that blood leukocytes 
have the capacity of entering extravascular sites, an as-
sumption that was supported by morphologic similari-
ties between tissue mast cells and blood basophils. How-
ever, Paul Ehrlich remained skeptical about the origin of 
mast cells – and his skepticism was justified as, many 
decades later, mast cells were found to derive directly 
from hematopoietic precursor cells, but not from blood 
basophils, monocytes, macrophages or a local histiocyte. 
A relationship between mast cells and macrophages was 
a widely discussed hypothesis. Indeed, the term ‘mast 
cell’ (English: ‘fed cell’) points to the capacity of these 
cells to actively ‘eat’ extracellular material  [20] . However, 
this assumption was incorrect as neutrophils and macro-

phages, but not mast cells, specifically take up and digest 
bacteria and other microbes. The terminology applied to 
the other granulated types of leukocytes Paul Ehrlich 
proposed remained descriptive: eosinophils, basophils 
and neutrophils. All in all, Paul Ehrlich demonstrated 
that blood cells are much more heterogeneous cells than 
had been assumed previously, thereby paving the way to 
a new era of research and to modern hematology.

  Early Contributions to Microbiology and 

Laboratory Medicine 

 In 1882, Robert Koch presented the discovery of the 
causal agents of tuberculosis, the mycobacterium, to the 
Society for Physiology in Berlin. The detection of these 
bacteria was again based on dye-staining reactions. Soon 
after Koch’s presentation, Paul Ehrlich was able to im-
prove the method of staining mycobacteria substantially 
and earned praise from Koch. The new method Ehrlich 
had introduced formed the basis of the Ziehl-Neelsen 
 acid-fast staining reaction that was developed later and is 
still in use today  [9] . Paul Ehrlich also contributed to the 
development of staining reactions through which other 
bacteria and microbes were detected and classified. For 
example, Ehrlich developed a precursor technique to the 
Gram staining of (Gram-positive) bacteria. However, 
 Ehrlich also extended his interest to other diagnostic tests 
when working at the Charité Hospital in Berlin (1878–
1887). For example, while still occupied with hospital du-
ties at the Charité, Ehrlich developed the diazo reaction 
(Ehrlich’s Diazo reagent) to detect urobilinogen (biliru-
bin) in the urine of jaundice patients  [9] . Finally, Paul 
Ehrlich continued to develop optimized dye-staining re-
actions for the delineation of various tissue-fixed cells, 
bone marrow cells and blood leukocytes, thereby pro-
moting modern pathology and hematology. 

  Contributions to Applied Immunology and 

Antitoxin Research 

 In 1890, Shibasaburo Kitasato and Emil Adolf von Beh-
ring described that the application of increasing doses of 
tetanus or diphtheria ‘toxoids’ to animals leads to the for-
mation of antitoxins that can be transferred to secondary 
recipient animals for immunization purposes. This discov-
ery induced a new era of vaccination medicine. However, 
this new discipline also raised important safety issues and 
led to the requirement for quality control during the pro-

  Fig. 1.  Paul Ehrlich. 
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cess of antitoxin production. Robert Koch invited Paul 
 Ehrlich to work with him and with von Behring on the 
standardization of the antidiphtheria serum production 
process at the Robert Koch Institute. Between 1890 and 
1895, Ehrlich developed effective immunization protocols 
and the basis for large-scale production facilities. He pro-
posed the use of horses for the commercial production of 
serum. In addition, he introduced standardization in the 
production processes  [9, 15] . In 1896, Ehrlich became the 
head of the Institute of Serum Research and Testing in Ber-
lin. This institute was established to develop standardized 
preparations, to evaluate and quantify the effectiveness of 
antisera, and to explore the complex interactions between 
toxins and antitoxins. Later, this institute was relocated to 
Frankfurt, where Ehrlich was confirmed as director ( ta-
ble 3 ). In 1901, von Behring received the first Nobel Prize 
in Physiology or Medicine for his pioneering contribution 
to the development of serum therapy  [16] . Although Ehr-
lich did not receive this first Nobel Prize himself, many 
believed that he had contributed substantially to van Beh-
ring’s success and was already equally qualified in 1901.

  The Side-Chain Theory 

 Ehrlich was fascinated by the idea of a specific immune 
reaction and its cellular and serologic (molecular) basis. In 
those days, the research community believed that distinct 
cells of the lymphoid (immune) system played a role in the 
production of antitoxins, and that some or even most of 
these antitoxins were specific in nature (toxin restricted). 
Ehrlich focused on the specific nature of these antitoxins 
(antibodies) and their production and release by certain 
immune cells. In 1897, Ehrlich formulated his ‘side-chain 
theory’, which soon became the basis of immunologic re-
search ( table 3 ). This theory postulated that certain cells 
expose a set of side-chains on their surface, and that these 
side-chains are associated with specific recognition  [1–4, 
21] . For example, a side-chain from a given cell might have 
a distinct molecular structure that allowed it to bind to a 
specific toxin, corresponding to diphtheria, tetanus or oth-
er microorganisms. The strictly specific binding between 
the toxin and the side-chain was explained by a theory sim-
ilar to the ‘lock-and-key model’ for enzymes and their sub-
strates described by Hermann Emil Fischer in 1894. The 
next step in this theory was that these side-chains may be 
released upon demand when toxins bind: ‘… as the recep-
tor is obviously pre-formed, and the produced antitoxin 
only a consequence (secondary), it seems reasonable to 
propose that the antitoxin is nothing else but discharged 

components of the cell, namely receptors discharged in ex-
cess ….’ Toxin binding and antitoxin release would in turn 
trigger the production of additional side-chains, and these 
newly produced side-chains would again be released into 
the blood, where they would act as antitoxins upon bind-
ing to the toxin present in the blood, and would thus pre-
vent the toxin from binding to other cells in the organism. 
Thus, a small amount of toxin could produce a large quan-
tity of antitoxins able to neutralize the adverse toxin effect 
on normal cells  [4, 21] . Ehrlich also proposed that the sol-
uble side-chains may assist in the elimination of microbes 
and, thus, aid in host defense. This was a fascinating hy-
pothesis, and it was only a logical next step to propose that 
antitoxin-loaded cells can be eliminated effectively by the 
phagocytes and their ‘eating machinery’ Metchnikoff had 
described. In extension to the theory of soluble antitoxins 
(antibodies), Paul Ehrlich also established the concept of 
active and passive immunity, as well as the hypothesis that 
immunity can be transmitted from mothers to their fe-
tuses  [9] . All these ideas were fascinating and had been 
developed rapidly by Paul Ehrlich – and later proven to be 
correct – but were not always based on solid experimental 
evidence and were often difficult to understand. There-
fore, Ehrlich was often criticized for his ‘too lively’ imagi-
nation and overinterpretation.

  From the Side-Chain Theory to a Receptor-Ligand 

Concept 

 In 1900, Ehrlich had proposed the term ‘receptor’ to re-
place the original term ‘receptive side-chain’ ( table 3 ). The 
new concept also implied that some of these binding sites 
were fixed but still mediated specific biological functions, 
and, more importantly, could serve as specific drug-bind-
ing sites. A similar concept had been proposed by John 
Newport Langley (1852–1925), who predicted that the ef-
fect of certain alkaloids on muscle cells were mediated by 
cell-fixed receptors that can be activated by agonists and 
blocked by specific antagonists. Together with Langley, 
Paul Ehrlich developed and extended his original receptor 
theory and proposed the existence of so-called ‘chemore-
ceptors’, binding sites that were specifically recognized by 
certain drugs and their derivatives or specific antagonists. 
This concept turned out to be correct and paved the way to 
modern pharmacology, advanced immunology and the 
development of targeting treatment concepts ( table 2 )  [21–
23] . Two outstanding talents of Paul Ehrlich should be 
mentioned in this context of the development of a ligand-
receptor concept – his flexibility to adjust and refine his 
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own theories, and his ability to exploit collaborations and 
new achievements in other scientific disciplines in order to 
foster and extend his own concepts. Indeed, Ehrlich was 
always a superb ‘networker’ and open to new innovative 
theories and new important collaborations.

  The Concept of ‘Magic Bullets’ (Zauberkugeln) 

 The next logical step was to extend the receptor-ligand 
concept and to exploit the specific effects of toxic agents 
with the aim of synthesizing and selecting those drugs that 
may kill certain microbes or other target cells but spare 
healthy tissues. Paul Ehrlich approached this concept in 
two consecutive steps: (i) by screening for toxic drugs and 
(ii) by modifying toxic drugs to be more specific and less 
toxic. First, Ehrlich established basic procedures for the 
chemical synthesis of various drugs and drug derivatives. 
The donation of Francisca Speyer to the Georg-Speyer-
Haus and, thus, to Ehrlich was an essential basis of this 
work program. In fact, based on these donations, Ehrlich 
was able to establish a chemical laboratory where chemists 
and pharmacists synthesized a huge battery of chemical 
compounds. In the case of Salvarsan ®  it was compound 
606. The head of the laboratory was Paul Karrer, and many 
patents of arsenic compounds carry his and Ehrlich’s 
name. In a second step, Ehrlich screened pharmacological 
assays to evaluate and compare the efficacy of all these 
agents systematically. In many instances, the structure of 
an agent had to be modified in order to obtain a safe drug, 
or a new compound with a similar structure had to be gen-
erated. This systematic approach of drug development was 
a revolutionary concept and formed the basis of modern 
pharmacology  [24–27] . It also paved the way to the con-
cept of a ‘magic bullet’, a drug that would be completely 
specific for the target and therefore a safe agent because no 
additional toxic effects could occur. In the words of Paul 
Ehrlich  [25] : ‘… the optimal agent would combine high 
parasitotropism with low organotropism ….’ Ehrlich also 
believed that experimental therapeutics should be tested in 
preclinical disease models, including animal models re-
flecting various pathologies, whereas, until that time, drug 
studies were largely restricted to studies of healthy animals 
or tissues. Although Paul Ehrlich was sure that his concept 
of a ‘magic bullet’ was generally applicable to all kinds of 
pathologies, the major area of his research remained infec-
tious diseases. Later, Paul Ehrlich also tried to apply his 
‘magic bullet’ concept to anticancer chemotherapy. In his 
days, the etiology of cancer remained essentially unknown 
and no cancer-specific structures (molecules) had been de-

tected  [28] . Many decades later, however, the seeds sown 
by Paul Ehrlich led to a new era of targeted anticancer ther-
apies, including small molecule-type drugs directed against 
molecules responsible for malignant transformation, such 
as oncogenic kinases or antibody-based drugs directed 
against various cell surface structures expressed (more or 
less specifically) by neoplastic cells. These drugs can be re-
garded as Paul Ehrlich’s ‘Zauberkugeln’  [29–31] .

  From Drug Screening to the Development of 

Targeted Drugs 

 The screening for ‘magic bullets’ had started in 1891, 
when Paul Ehrlich began to test the effects of methylene 
blue. Although he was able to treat malaria patients with 
some success, this therapy was not superior to the stan-
dard drug quinine. However, the example of methylene 
blue motivated Ehrlich and his colleagues to further 
screen for more effective agents. A next important success 
was the observation made by Paul Ehrlich and his co-
worker Kiyoshi Shiga (1871–1957) that trypan red was 
therapeutically effective in mice infected with  Trypano-
soma equinum  ( table 3 ). Unfortunately, however, the try-
panosomes developed resistance. Nevertheless, this ob-
servation confirmed the principle value of the screen and 
provoked even more interest and greater efforts. As a next 
step, Ehrlich started to examine organic arsenic deriva-
tives  [32–35] . In 1905, his coworker Alfred Bertheim 
(1879–1914) deciphered the chemical structure of Atoxyl 
as an amino derivative of phenyl arsenic acid. This knowl-
edge opened the door for modifying drug properties by 
artificially changing its chemical structure. Subsequently, 
a number of derivatives were synthesized with the aim of 
enhancing their therapeutic efficacy and of lowering their 
toxicity  [9, 32–34] . Finally, by adding substitutes to the 
amino group of Atoxyl, compound No. 306 (arsacetin) 
was designed. Unfortunately, this compound was strong-
ly neurotoxic in mice and could not be developed further. 
However, Paul Ehrlich did not give up – he was convinced 
that chemical modifications would eventually lead to the 
development of a ‘magic bullet’. Finally, a limited set of 
substances were developed. One of them, arsenophenyl-
glycine (No. 418, Spirasyl ® ) was found to be highly active 
against trypanosome and spirochete infections. In 1907, 
the drug was tested in humans with good results. How-
ever, severe hypersensitivity reactions occurred in a sub-
set of patients. Subsequently, the drug was only used to 
treat patients with severe life-threatening trypanosomia-
ses. The next prom ising drug Paul Ehrlich developed was 
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arsenophenol, a highly effective agent against trypano-
somes. Unfortunately, based on instability and difficul-
ties to purify the drug, its development had to be stopped. 
Nevertheless, a similar agent was produced by adding a 
substituent next to the hydroxyl group, compound No. 
606, also known as arsphenamine or diaminodioxyarseno-
benzol. This compound was synthesized in 1907. How-
ever, in a first series of experiments no consistent antimi-
crobial activity could be demonstrated, and it took until 
1909 before reassessment of the drug and its pharmaco-
logic activity paved the way to the successful treatment of 
syphilis. 

  Successful Translation – The Case of Salvarsan 

 After a long road of development, many years of hard 
work and investment, and many days of disappointment 
and frustration, Ehrlich had this ‘one day of good luck’ 
when he and his coworkers successfully produced their 
long desired first synthetic ‘magic bullet’. It was a late tri-
umph, but it was a triumph of science and of the visions 
and theories Ehrlich had propagated, namely that: (i) the 
chemical structure of a compound would correlate with 
specific activity, (ii) drug efficacy can be improved by 
proper chemical modification and (iii) toxicity can be 
kept under control by creating a magic bullet (targeted 
drug). Paul Ehrlich had demonstrated that synthesis of 
specific drugs is achievable. This visionary attitude and 
his practical abilities to translate these concepts into prac-
tical application (in patients) are the reasons he is consid-
ered such an outstanding figure in medical science.

  In 1905, Fritz Schaudinn (1871–1906) and Erich Hoff-
mann (1868–1959) described  Treponema pallidum  as a 
causal agent of syphilis. In those days the impact of syph-
ilis on society was comparable to that of AIDS today. 
Based on the similarities between spirochetes and try-
panosomes, Hoffmann suggested to Ehrlich the idea of 
applying arsenical compounds to patients with syphilis. 
As a result, Paul Ehrlich’s co-worker Sahachiro Hata 
(1873–1938) reassessed all the arsenicals synthesized un-
til then, and found that compound No. 606 had a major 
curative potential in rabbits infected with  T. pallidum , 
without producing intolerable toxicity ( table  3 ). Thus, 
they had discovered a magic bullet to treat syphilis: ars-
phenamine (Salvarsan ® )  [36–38] .

  However, based on the severe hypersensitivity reac-
tions documented in patients receiving arsenophenylg-
lycine, arsphenamine was developed with great caution. 
Only after a very careful testing in a larger series of ani-

mal experiments that confirmed its safety, their ‘magic 
bullet’ was administered to patients. On the 19th of April, 
1910, at the Congress for Internal Medicine at Wies-
baden, Hata and Ehrlich presented their results obtained 
with arsphenamine  [39, 40] . Their announcement at this 
meeting provoked a huge number of requests, and Ehr-
lich’s institute had to prepare and dispense 65,000 sam-
ples immediately to be forwarded to various hospitals 
and centers that had initiated clinical trials. Based on fur-
ther demand worldwide, the Hoechst company took over 
and distributed the drug under the name Salvarsan ® , ‘the 
arsenic that saves’. Ehrlich’s international recognition 
and popularity increased with the success story of Sal-
varsan.

  Post-Salvarsan Development 

 Over the years it turned out that treatment with Sal-
varsan was not perfect, as resistance occurred and com-
bination therapy with mercury or bismuth treatment was 
often necessary to eliminate all spirochetes. The mini-
mum period of treatment with Salvarsan lasted for 18 
months and required 20 Salvarsan injections and 30–40 
bismuth injections  [41] . Problems also arose from the ga-
lenics of the arsphenamide preparations, mostly because 
of the water-insoluble nature of the drug. 

  In 1914, the year of Paul Ehrlich’s 60th birthday, com-
pound No. 914 (neoarsphenamine) was developed  [33]  
and soon distributed on the market as Neosalvarsan ®  
 ( table 3 ). This second-generation drug improved overall 
outcomes and shortened the treatment time of patients 
with syphilis. However, although it was less toxic com-
pared to Salvarsan ® , Neosalvarsan ®  still produced sev-
eral relevant adverse effects, such as nausea or vomiting. 
An additional problem was that Salvarsan ®  and Neosal-
varsan ®  had to be stored in sealed vials under a nitrogen 
atmosphere to prevent oxidation. 

  In 1930, the oxidation product of arsphenamine was 
recognized as an active metabolite and was subsequently 
developed as a new drug, named oxophenarsine (Maphar-
sen ® ). Based on its stability, this agent became the drug 
of choice for the treatment of syphilis until penicillin was 
introduced in the early 1940s. It is noteworthy that oxo-
phenarsine had already been synthesized in Paul Ehr-
lich’s laboratory (compound No. 599), but was consid-
ered to be too toxic and therefore was not further devel-
oped.
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  Concluding Remarks 

 Paul Ehrlich’s contributions to science undoubtedly 
paved the way to a new era of medicine, where cellular 
features and functions were linked to specific molecules, 
and translational concepts were established based on 
mechanistic and molecular insights into the pathophysi-
ology of the disease and specific molecular interactions, 

including drug-target and receptor-ligand interactions. 
The seminal contributions of Paul Ehrlich and his col-
leagues also led to the birth and foundation of modern 
chemistry, hematology, immunology, chemotherapy, 
pharmacology and oncology. Finally, the concept of 
 specific drug development and global standardization 
of diagnostic and therapeutic approaches are based on the 
seminal work of Paul Ehrlich and his colleagues. 
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