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Research Article

 In December 2019, unexplained cases of pneumonia 
began in Wuhan City, Hubei Province, China. Shortly 
after, a new species of coronavirus was detected in 
patients with pneumonia in January 2020 and was named 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). This new type of coronavirus infection*1, known 
as COVID-19, was initially confined to mainland China, 
but later spread to neighboring countries, including Japan, 
and subsequently swiftly to the entire world. As on June 2, 
2020, 6,057,853 people have been infected and 371,166 
people have died in 216 countries.1) Because of this 
rapid spread of infection, travel restrictions, curfews, and 
lockdowns (urban blockades) have been enforced around 
the world. A state of emergency was declared in Japan 
in early April, and various activities were self-restrained 
and restricted in some areas for a month and half (lifted 
on May 26). Thanks to these efforts, some countries 
including Japan have seen a decline in the number of 
cases. However, second and third waves of infection 
may potentially arise, and therefore the development 
of therapeutic drugs able to cope with them are sorely 
needed. Because developing new therapeutic drugs from 
scratch is expensive and time consuming, effective drugs 

against COVID-19 are being researched among existing 
commercialized drugs used for the treatment of other 
diseases. This method, called drug repositioning, involves 
the use of therapeutic agents that have already been 
tested for safety and pharmacokinetics in humans with a 
well-established method for the manufacturing, thereby 
significantly shortening the period and cost of production. 
Several candidate drugs against COVID-19 identified by 
drug repositioning have been reported, and those that have 
attracted early attention are shown in Table 1. Several 
studies of these drug candidates appear promising. 
For example, condition of 60% and 90% of severely 
and mildly ill patients improved after treatment with 
avigan®.2) The following claim has also been made: “I was 
surprised by the dramatic recovery with ciclesonide”. 3)  
However, the efficacy of drugs must be judged based on 
sufficient solid scientific evidence, requiring a prudent 
attitude. This review provides a brief description of the 
coronavirus, summarizes the mechanisms of action and 
clinical trial results of the candidate drugs listed in Table 1,  
and describes the methods by which drugs can be 
evaluated based on scientific evidence.

 The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for coronavirus disease 
2019 (COVID-19), continues to spread worldwide with 6,057,853 people infected and 371,166 deaths in 216 countries 
as on June 2, 2020.1) Although the number of infected people in Japan is currently decreasing, the development of 
therapeutic agents able to confront a potential new comeback of the disease is highly expected. The news has provided 
several promising reports such as “I took medication and got dramatically better.” However, a prudent attitude is 
required and the efficacy of drugs needs to be judged based on sufficiently solid scientific evidence. In this review, I 
summarize the mechanisms of action and clinical trial results of representative candidate drugs and explain how to 
evaluate them based on the scientific evidence.

Keywords: Coronavirus, COVID-19, SARS-CoV-2, Evidence based medicine, Drug repositioning

Abstract

Introduction
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Table 1.  Candidate drugs for the treatment of COVID-19 (antiviral drugs).

Abbreviations: RCT, randomized controlled trial; RdRp, RNA-dependent RNA polymerase

 Although viruses such as influenza virus and 
coronaviruses and bacteria such as pathogenic Escherichia 
coli can cause disease in humans and animals, the two 
are vastly different. Bacteria are similar to human cells, 
harboring factories that copy genes and synthesize 
proteins and energy. Thus, they can propagate themselves 
using their own factories provided they have enough 
resources. Viruses, in contrast, do not have any such 
factories and have a simple structure in which genes 
are wrapped in a protein capsule. Therefore, viruses 
cannot multiply on their own, but instead, infect cells 
and take over the host cellular machinery for their own 
multiplication. A virus is approximately 1/100 the size 
of an animal cell and 1/10 the size of a bacterium. Seven 
types of coronaviruses known to infect humans have 
been identified, four of which are responsible for 10–15% 
of common colds. The other three cause Middle East 

respiratory syndrome (MERS) or SARS. Both MERS 
and SARS can result in severe pneumonia, and the latter 
includes COVID-19.4-6) Coronaviruses can infect not only 
humans but also several other animals, including domestic 
animals, wildlife, and pets. However, coronaviruses are 
usually species-specific; for example, feline coronaviruses 
only infect cats, while human coronaviruses only 
infect humans. Although zoonosis is rarely seen in 
coronaviruses, three severe pneumoviruses, including 
SARS-CoV-2, are thought to have crossed the animal 
species barrier to infect humans. It appears that not only 
humans but also cats are susceptible to the infection.54) 
Genetic analysis of SARS-CoV-2 revealed its similarity to 
the bat coronavirus, suggesting the transmission from bats 
to humans or from bats to wildlife (e.g., pangolin) and 
then to humans.7-8) However, the specific animal source 
of the infection remains to be identified.

 Coronaviruses belong to a class of RNA viruses and  
have a single-stranded RNA genome. Coronaviral 
genome are encased in a protein capsule, which is 
further enveloped by a lipid membrane (Figure. 1).4) A 
viral protein called a spike (S) is impaled on the lipid 
membrane. Understanding the mechanism of action of 

candidate drugs requires an understanding of the growth 
machinery of coronaviruses—the most complex among 
RNA viruses. Therefore, to understand the mechanism of 
action of the candidate drugs in Table 1, I will elaborate 
the following three points.

Coronavirus

Structure of coronaviruses and the targets of candidate drugs
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Figure 1.  Coronavirus
Image of a coronavirus observed under an electron microscope. The name “corona,” which means “crown” in Latin, was given to the virus because 
of the appearance of protrusions on the surface of the virus, which look like a crown. The protrusions observed under an electron microscope are viral 
proteins that have been impaled on lipid membranes and are called spike. Images provided by National Institute of Infectious Diseases.

 Except for viruses*2, all living organisms store genetic 
information in the form of DNA, and the information is  
transmitted in the order of DNA (nucleic acid), RNA (nucleic  
acid), and protein. Therefore, almost all organisms only have  
enzymes that replicate DNA from DNA or transcribe 
RNA from DNA. In contrast, RNA viruses, including 

coronaviruses, are the only ones that conserve genetic 
information in the form of RNA. Thus, they require an 
enzyme that copies RNA from RNA, namely, RNA-
dependent RNA polymerase (RdRp). Since RdRp is a special 
enzyme present only by RNA viruses, it is an ideal target for 
anti-viral drugs.

 When a coronavirus infects its host cell, it first produces 
a large polyprotein, which is then cleaved by viral proteases 
to form smaller functional proteins. To use a common 
example, when assembling a plastic model, scissors are 
needed to separate the parts; the protease has the role of 

these scissors. Just as a plastic model cannot be made 
without scissors, the virus cannot grow as a large protein. 
Hence, it must be cut into smaller proteins. For this reason, 
viral proteases are also targets of antiviral drugs.

 The coronavirus S protein mediates viral entry into the 
cell through a process of membrane fusion, whereby the 
membranes of the virus and the host cell are fused. For this 
process to occur, the S protein must be cleaved and activated 

by a host protease. Thus, drugs that suppress host proteases, 
which are different in structure and location of action from 
the viral proteases mentioned above, may also have antiviral 
activity.

1. RNA dependent RNA polymerase: RdRp

2. Virus-derived protease

3. Host-derived protease
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Figure 2.  Classification pyramid of the level of evidence of different clinical studies
The strength of the scientific evidence gets stronger further up in the pyramid. Clinical studies are divided into two main categories: observational 
studies, where the researcher simply observes the treatment and course of events as they occur; and interventional studies, where a researcher adds an 
intervention to a subject for research purposes. Interventional studies are categorized into randomized controlled trials (RCTs) and non-randomized 
controlled trials (non-RCTs), depending on whether the subjects are randomly assigned. Observational studies are classified into descriptive 
studies, which do not provide comparisons, and analytical observational studies, which provide comparisons and controls. As of June 2, 2020, the 
observational studies of domestic drug candidates fall into the category of descriptive observational studies without control group.

 The antiviral effect of a candidate drug may be 
assessed in vitro, in vivo (animal experiment), or in a 
clinical study on human subjects. The quality of the 
scientific evidence clearly differs between different 
types of clinical studies, and the higher up the pyramid 
in Figure 2 the study is, the higher is the level of 
evidence it provides. Clinical studies can be divided 
into two main types: observational studies, where the 
course of symptoms and side effects after administration 
of the candidate drug are observed without intended 
intervention; and interventional studies, where researchers 
actively intervene for the purpose of studying the effects 
of a therapeutic drug.9) Interventional studies are further 

divided into randomized (RCTs) and non-randomized 
(non-RCTs) control trials, depending on whether subjects 
were randomized (randomization). RCTs provide the 
highest level of evidence, while non-RCTs provide 
a lower level of evidence. In addition, there exist 
secondary studies (e.g., systematic reviews) that collect 
and comprehensively analyze the results of these RCTs. 
The current view by many experts that “the efficacy of a 
candidate drug must be adequately supported by scientific 
evidence from clinical studies” is tantamount to saying 
that “the efficacy must be evaluated based on the results 
from RCTs”.10) 

 These provide the highest level of evidence among 
interventional studies. Infected patients meeting certain 
conditions are randomly assigned to multiple groups 
(randomization); one group is given a candidate drug 
and the other is given a sham drug (placebo-controlled) 
or an existing treatment to evaluate treatment and side 
effects. To avoid potential bias in the data resulting from 

information that may influence the patients or doctors, 
patients (single-blind) or both patients and doctors 
(double-blind) are often unaware of which group received 
the real medicine (blinding). In contrast, unblinded 
studies, known as “open-label,” studies, contribute to a 
lower level of evidence.

What is the scientific evidence-based evaluation of a therapeutic drug?

Randomized controlled trials: RCTs
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 Although there are various levels of observational 
studies, they involve administration of a candidate drug 
for therapeutic purposes and the follow-up of subsequent 
symptoms and side effects. Following this, the collected 
data are analyzed. Observational studies are further 
divided into analytical, which provide comparisons with 
control groups, and descriptive, which do not provide 
comparisons with control groups (Figure. 2). In such 
studies, however, the use of an infected unmedicated 
group as a comparison (control) is challenging because 
the candidate drugs are administered for therapeutic 
purposes. Furthermore, since approximately 80% of 
the cases resolve on their own without treatment, it is 
not possible to clearly judge the effect of a medication, 
even if the symptoms improved after its administration. 
At present, most clinical studies reported in Japan are 
observational studies lacking a control group. The level of 
evidence of such studies, as shown in Figure 2, is rather 
low. For this reason, caution must be exerted in their 
interpretation.

 In addition, clinical trials are conducted after non-
clinical studies in animals in stages ranging from Phase I 
to Phase III, and RCTs are often conducted in Phase III. 
Normally, a drug is approved if its therapeutic efficacy 
has been confirmed in clinical trials. However, in the 
case of COVID-19, drugs are being approved before the 
results from clinical trials are collected, as long as their 
efficacy and safety have been confirmed in observational 
studies.11) The Japan Medical Association has issued a 
statement saying that “candidate drugs with insufficient 
scientific evidence should not be approved as therapeutic 
drugs, even in an emergency situation.” 10) In addition, 
the results from RCTs are usually published in medical 
journals after rigorous peer review; however, there have 
been a few cases where the pre-peer review content was 
reported in the press, leading to misunderstandings.12,13) 
Moreover, some journals have temporarily retracted those 
papers after peer review,14) which results in significant 
challenges in the identification of accurate information.

 Remdesivir*3 was developed for the treatment of 
Ebola virus disease. RCTs in patients with Ebola showed 
that remdesivir was less effective than monoclonal 
antibody therapy, and it has now been discontinued.15)

Mechanism of action: RdRp inhibition
 Remdesivir is a nucleotide analog. A nucleotide is 
a substance made up of sugar bases (abbreviated as A, 
C, G, T, U) and phosphate groups, which are connected 
to form DNA and RNA. The same A (adenine) has a 
slightly different structure in RNA and DNA, and when 
taken into the body, the structure of remdesivir resembles 
that of the A (adenine) used in RNA.16) Humans have 
the enzyme DNA-dependent RNA polymerase (DdRp), 
which transcribes RNA from DNA and can distinguish 
between remdesivir and A (adenine). Therefore, DdRp 

does not inadvertently take up remdesivir. In contrast, 
RdRp, present only in RNA viruses have, cannot 
distinguish between the two. Therefore, it is thought 
that remdesivir exhibits antiviral activity by inhibiting 
viral RNA synthesis because of the accidental uptake 
of remdesivir.16) Indeed, remdesivir shows antiviral 
activity against a wide range of RNA viruses, including 
coronaviruses.17,18) However, although nucleotide analogs 
targeting RdRp have been widely developed, there are 
some cases where the analogs have been effective against 
other RNA viruses but not against coronaviruses.19-21) 
This is may be because some RNA viruses, including 
coronaviruses, have other viral proteins (ExoNs) that have 
a proofreading activity and remove nucleotide analogs.22) 
Therefore, the development of nucleotide analogs 
exhibiting anti-coronaviral activity has proven difficult, 

 Candidate drugs can be classified into: antiviral drugs 
that directly suppress viral growth and drugs that improve 
acute respiratory distress syndrome and the cytokine 

storms caused by severe illness. All the candidate drugs in 
Table 1 belong to the antiviral category.

Observational studies

Mechanism of action of candidate drugs and results from clinical studies

1. Remdesivir (Veklury® : Gilliard Sciences, USA)
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because a fine balance between RdRp take-up and 
ExoN removal the analogs is not easily met. However, 
remdesivir is a drug that has this balance admirably.

Results from clinical studies
 Two double-blind, placebo-controlled RCTs of 
remdesivir have been reported. The first was a global 
trial, in which Japan participated, involving 1,053 
moderately and critically ill patients. Clinical outcomes 
were compared between the remdesivir and placebo 
groups. Time to recovery was 11 days in the remdesivir 
group and 15 days in the placebo group; mortality by 
day 14 was 7.1% in the remdesivir group and 11.9% in 
the placebo group. These results suggested the efficacy 
of remdesivir. Importantly, a significant difference 
was found in moderate cases, but not in severe cases 
requiring a ventilator. Notably, a significantly higher 
effect was found in the white population compared 
with the black population, and almost no effect was 
observed in Asians.23) The second trial was carried out 
on 237 moderately ill patients at a hospital in Hubei 

Province, China. Although the number of cases was not 
enough to warrant a large trial, no clinical improvement 
was identified in the remdesivir group compared to the 
placebo group.24) In addition, a Gilliard-led RCT of 397 
critically ill patients, open-label and without placebo 
group, compared remdesivir in a 5-day vs. 10-day group 
and found no difference in clinical symptoms between the 
two.25) 

 Based on the above results, the United States Food 
and Drug Administration approved the drug on May 1. 
In response, Japan simplified the process, which usually 
takes more than a year from application to approval and 
gave special approval on May 7. This makes remdesivir 
the first new type of coronavirus treatment in Japan. 
However, remdesivir is intended for severely ill patients, 
and the supply of remdesivir to Japan is limited for the 
time being, it cannot be used for patients with minor 
illnesses. Further, it is important to note that the current 
data do not provide evidence of treatment efficacy in 
Asians.

 Avigan® was developed as a flu treatment. According 
to the manufacturer's literature, a non-inferiority study 
comparing tamiflu® and avigan® without placebo group 
(which focused only on whether the developed drug 
was inferior to the existing drug) found no inferiority 
over tamiflu®.26) Incidentally, tamiflu® was found to 
be effective in reducing flu symptom by half a day (0.7 
days) in healthy adults according to a 2014 systematic 
review.27,53) In animal studies using avigan®, the risk 
of fetal deformities has been recognized. Thus, it is a 
special approved drug manufactured at the request of 
the government only when a new strain of influenza is 
prevalent and other drugs are ineffective.

Mechanism of action: RdRp inhibition
 Avigan® is a nucleotide analogue similar to 
remdesivir. When ingested, its structure resembles 
that of A (adenine) and G (guanine), which are used 
in RNA, and is thought to exhibit antiviral activity by 
inhibiting the synthesis of RNA when it is mistakenly 
taken up by RdRp.28) Similar to remdesivir, it also shows 
antiviral activity against a wide range of RNA viruses.29) 
Although avigan® is not remarkably effective against 
the novel coronavirus in vitro, tests against the Ebola 
virus have shown good results in in vivo animal studies. 

Thus, avigan® is expected to show good in vivo clinical 
results.18) 

Clinical trial results
 Results from a high level of evidence from an RCT 
(e.g., peer-reviewed article) for avigan® are yet to be 
reported. A study from China comparing 35 patients 
treated with avigan® to 45 patients treated with the 
anti-HIV drug kaletra® (see below) showed shorter 
viral resolution time and faster improvement in chest 
CT imaging.14) However, this was an open-label, non-
randomized RCT (additionally, both groups received 
concurrent interferon-α therapy). Another study from 
China, a pre-reviewed paper, compared 116 subjects who 
were administered avigan® with 120 subjects who were 
administered albidol (an influenza drug from China) in 
an open-label, uncontrolled RCT, and found no difference 
in clinical improvement between the two.13) In Japan, an 
interim observational study showed that the symptoms 
of approximately 90% of patients with mild illness and 
60% of patients with severe illness improved. However, 
since this was an uncontrolled observational study, it is 
impossible to clearly determine the treatment effect of 
avigan®.30) 

2.  Favipiravir (Avigan® tablet: Fujifilm Toyama Chemical, Japan)
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 Avigan® is a highly anticipated drug candidate, with 
several studies from China and Japan, leaving the general 
public wonder why it has not been approved yet when it 
is supposed to be able to cure the disease. On the other 
hand, based on the interim report of a planned RCT in 
Japan,31) the news have reported that “avigan® does not 

show efficacy.”32) However, currently, there is insufficient 
scientific evidence, and it is premature to evaluate 
avigan® against novel coronaviruses. Clinical trials are 
still being conducted in various countries, and the results 
of these trials need to be carefully assessed.

 Kaletra® is one of the leading drugs in the primary 
and alternative treatment of HIV. It has been approved 
and commercialized domestically and internationally.

Mechanism of action: Viral protease inhibitor
 When either coronavirus or HIV infects a cell, a large 
polyprotein is formed, which is then cleaved by a viral 
protease to produce smaller functional proteins. Lopinavir 
exhibits anti-HIV activity by inhibiting the action of the 
HIV protease. Ritonavir increases blood levels of the 
main ingredient, lopinavir, by inhibiting enzymes in the 
body involved in the metabolism and breakdown of the 
drug. In addition to case reports and observational studies 
showing that kaletra® improves symptoms of SARS and 
MERS,33,34) computer simulations showed that lopinavir 
docked with the SARS-CoV-2 protease.35) However, 
the mechanism of HIV and coronavirus proteases 
is controversial because their structures are clearly 
different,33) high concentrations of lopinavir and ritonavir 
do not inhibit the growth of SARS-CoV in in vitro 
experiments,36) and no direct evidence of the inhibition of 
protease activity has been provided.

Clinical trial results
 An open-label, controlled RCT of kaletra® was 
performed in 199 critically ill patients in China. When 99 

patients in the kaletra® group were compared with 100 
patients in the standard treatment group (no administration 
of kaletra®), there was no difference in time to clinical 
improvement.37) Thus, no effect of kaletra® on the novel 
coronavirus was observed. In contrast, an RCT (open-
label, no placebo control) conducted in Hong Kong on 
127 mild to moderate patients compared the kaletra® plus 
ribavirin (antiviral) group, the kaletra® plus interferon 
beta group, and the kaletra®-only group. The virus became 
undetectable in nasopharyngeal swabs after 7 days in 
the kaletra®-only group and after 5 days in the kaletra® 
plus other drugs groups, suggesting that the combination 
therapy with kaletra® and other drugs is effective for 
symptomatic relief and early virus elimination.38) 

 Kaletra® has long been a promising candidate for the 
treatment of severe coronavirus diseases based on case 
reports and observational studies, and its RCT for MERS 
is planned.39) The drug was also used in China and Japan 
at the beginning of the COVID-19 epidemic.40) There 
is no doubt about the importance of case reports and 
observational studies, but the RCTs suggest that kaletra® 
alone is ineffective, indicating that clinical studies with 
high scientific evidence are essential.

3. Lopinavir/Ritonavir combination (Kaletra® tablets: AbbVie Inc., USA)
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 Ciclesonide is approved and commercialized in 
several countries for the treatment of asthma. In Japan, 
the antiviral effect of ciclesonide on novel coronaviruses 
was revealed in a study led by the National Institute 
of Infectious Diseases, in collaboration with Gunma 
University and the Nippon Veterinary and Life Science 
University (author).

Mechanism of action
 Ciclesonide is a steroidal anti-inflammatory drug, 
and a systematic review of SARS suggests that steroidal 
anti-inflammatory drugs have no benefit in the treatment 
of SARS and may rather delay viral exclusion in small 
RCTs.41) Thus, the use of steroidal anti-inflammatory 
drugs in the treatment of severe coronaviruses has not 
been recommended. However, an examination of the 
anticoronaviral activity of ~90 steroidal compounds found 
strong antiviral activity in a small number of compounds, 
including ciclesonide.42) Analysis of the same in MERS 
suggests that ciclesonide acts on the NSP15 protein of the 
coronavirus.42) Although the mechanism of action is still 
unknown, it is known that host cells undergo apoptosis, 
which is a reaction that suppresses viral growth by 

destroying infected cells before the virus multiplies, and 
that NSP15 suppresses this reaction.43) In other words, 
NSP15 suppresses apoptosis and increases the number 
of cells in which the virus can multiply, thus, ciclesonide 
may show antiviral activity by suppressing this process. 
Alternatively, since NSP15 is thought to be a member of 
the viral replication factory,44) the binding of ciclesonide 
to NSP15 may disrupt the overall balance of the viral 
replication factory. This, however, requires further 
analysis.

Clinical trial results
 The antiviral effect of ciclesonide has been 
confirmed only in vitro.42) According to an interim report 
of an observational study of avigan®, ciclesonide was 
also concurrently administered in 865 of 2,081 of the 
2,158 patients who received avigan® for whom dosing 
information was available (approximately 40%).30)  
A full observational study of ciclesonide is expected in 
June 2020, and an RCT is being planned.45) In addition, 
ciclesonide is an inhalational drug, so it acts only 
topically, has fewer side effects than medicated steroidal 
anti-inflammatory drugs, and is safer.

4. Ciclesonide (Alvesco® inhaler: Teijin Pharma, Japan)

Nafamostat (Futhan® injection: Nichi-Iko Pharmaceutical, Japan)

 Nafamostat has been developed and commercialized 
in Japan for the treatment of acute pancreatitis.  
The antiviral efficacy of nafamostat against SARS-CoV-2 

has been presented by a group at the University of 
Tokyo.46) Camostat (Foipan®: Ono Pharmaceutical, 
Japan) is also a similar drug.
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*1  Infectious diseases caused by novel coronaviruses is called 
coronavirus diseases 2019 (COVID-19) and the causative virus is 
called severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). 

*2  In textbook terms, a virus is not an organism because “anything that 
cannot grow on its own is not an organism.”

*3  Candidate drugs have both generic names and brand names, but we 
have used names that are often seen in the press.

Mechanism of action: Host protease inhibitor
 The S protein of coronaviruses becomes infectious 
when cleaved and activated by the host protease. 
Naphamostat acts by inhibiting the host protease. 
Coronaviruses, such as SARS and MERS, exploit two 
entry pathways depending on the localization of the host 
protease.48,49) In the absence of an extracellular protease, 
the virus is taken up by the endocytosis. Following this, 
the S protein is activated by a protease (cathepsin)47) in 
the endosome, after which the virus enters the cell. By 
contrast, the presence of extracellular proteases (such as 
TMPRSS2) activates the S protein on the cell surface, 
allowing the virus to be invasive.52) For this reason, 
both cathepsin (E64d) and TMRPSS2 (nafamostat or 
camostat) inhibitors show strong antiviral activity when 
used together in in vitro evaluations, although camostat 
alone was found to be effective to a certain extent.18,50) 

Nafamostat was reported to be more effective than 
camostat, and in an evaluation using calu-3 cells derived 
from airway epithelial cells, which are similar to the 
target cells of SARS-CoV-2, nafamostat alone inhibited 
infection at low concentrations.46) Thus, nafamostat is 
expected to be effective.

Clinical trial results
 The antiviral efficacy of naphamostat has been 
confirmed only in vitro.46) In addition to observational 
studies, RCTs are currently being planned,51) and the 
results will be closely monitored. Studies have shown that 
SARS-CoV-2 causes blood clot formation in the lungs, 
increasing the severity of the infection. Nafamostat is also 
effective in dissolving blood clots, thus, it may prevent 
not only the spread of the virus but also blood clot 
formation.

 We are currently taking a stand against SARS-CoV-2 
with bare hands and need adequate weapons as soon as 
possible. Under these circumstances, research institutes, 
pharmaceutical companies, and government agencies 
worldwide are collaborating to develop therapeutic drugs 
and vaccines at an astonishing speed. It is a remarkable 
effort on the part of medical professionals who are 
obtaining data on candidate drugs for the treatment 
of COVID-19 amid confusion and fears of a medical 
collapse. Furthermore, to alleviate the anxiety of the 
public, which is under a great deal of self-restraint and 
restriction, the role of the press in releasing information 
on various candidate drugs and their effects and the 
government’s attempt to approve promising candidate 
drugs earlier than usual are understandable. It is the hope 
of the scientific community that the therapeutic effects of 
the candidate drugs are proven as soon as possible and 
that lives are saved. However, given the lack of strong 
scientific data, the recommendation by the Japan Medical 
Association’s recommendation10) that “candidate drugs 
with insufficient scientific basis should not be approved 
as therapeutic drugs, even in an emergency situation.” is a 
correct approach.
 Current novel coronaviral drug candidates (some of 
which are therapeutic drugs) are just diversions of existing 
drugs (drug repositioning) whose efficacy is thought to 
be limited and are unlikely to become specialized agents 
like antibiotics against bacteria. Therefore, even if a drug 

is scientifically proven to be “effective” on RCTs and 
other studies, it is crucial to judiciously evaluate the level 
of effectiveness. For example, tamiflu®, thought to be a 
special agent against influenza, has been shown to shorten 
symptoms by about half a day in healthy adults.27) A press 
release from the British Medical journal that published 
the study said, “Approval and use of drugs should no 
longer be based on biased or incomplete information. The 
risk to the health and economy of our people is extremely 
high.” 53) 
 All this information indicates that the press is 
going into overdrive, and we need a calm response to 
the various therapeutic agents behind which the public’s 
overwhelming expectations are placed. Remdesivir, 
currently the only drug approved for COVID-19 
treatment, is a potent weapon until the next good 
treatment is developed; however, it has not been shown 
to be effective in Asians to date, nor in treating severely 
ill patients on artificial respiration. In such an emergency, 
it is necessary to carefully consider the effectiveness, 
timing, and type of symptoms for the administration of 
the drug. The strongest weapon against SARS-CoV-2 
appears to be a vaccine, unfortunately, it usually takes 
1-1.5 years at the earliest to manufacture a practical 
vaccine.55) Fortunately, the search for candidate drugs and 
their clinical trials is still ongoing worldwide. Hopefully, 
we will find better treatments in the future.

Conclusion
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Hexafluoroisopropanol in Ion Pair Chromatography

Maximilian Boehm
TCI AMERICA

Short Topic

 All progress in all chemical disciplines, such as organic chemistry, materials science and biochemistry has been 
reliant on ever improving analytical and separation technologies. Without reliable methods to detect and distinguish 
one component from another, as well as fully characterize individual compounds, any progress in furthering our 
understanding of how molecules interact with each other could not be measured. As all scientific disciplines progress 
towards an increasingly complex understanding of our world, the need for accurate detection and separation of 
individual compounds within complicated mixtures increases as well. Among the many available analytical techniques, 
liquid chromatography has become an indispensable tool especially in the biotech sector. As we increasingly discover 
how biomolecules interact in complicated ways on the cellular level, we have become more and more dependent on 
highly purified molecules. 
 While the demands on analytical labs keep increasing, it is of paramount importance to keep procedures simple. 
Established methods like reversed phase chromatography have proven themselves to be extremely versatile and have 
been able to accommodate our ever increasing demands through coupling to various detection systems as well as simple 
modifications of analytical protocols. One such simple modification has been the use of ion pair technology. 

 While historically chromatography has been developed utilizing a polar, stationary phase (usually silica) and an 
apolar mobile phase, the opposite combination has shown itself as more versatile and robust for general analytical 
use. Through modifications on the surface of the silica column, the stationary phase can be turned into a hydrophobic 
surface allowing for strong retention of most organic analytes, while eluting with water provides advantages in terms of 
compatibility with coupled detection methods, like mass spectrometry. LC-MS has long been the standard for separation 
and detection of a multitude of organic molecules.
 It is at the interface between HPLC and MS, that ionization properties become a crucial factor in analytical 
method development. For instance, reversed phase chromatography depends on reasonable retention of the analytes 
on the stationary phase, requiring the presence of apolar analytes. On the other hand, modern mass spectrometry using 
soft ionization methods like ESI (electrospray ionization) requires a chemical environment that allows for an easy 
conversion of analytes into detectable ions at a sufficiently high concentration to enable a high sensitivity.
 Biomolecules have been a prime target for developing robust LC-MS protocols. Most biomolecules as well as 
most developed drugs contain ionic functional groups. To enable a high resolution during the separation step it has been 
found that basic additives to the mobile phase provide an easy fix.

 A prime challenge for LC-MS methods have been the separation and detection of long oligonucleotides, especially 
when present in more complex mixtures and when they are of the same length, but containing different base sequences.
 It was in 1997 that Apffel et al. at Hewlett-Packard presented a novel method that allowed them to separate 
mixtures of long (up to 75 bases) oligonucleotides with high resolution and analyze them with high sensitivity via ESI-
MS.1) The challenges that needed to be overcome were finding a balance between high resolution in the separation step 
and high concentration of ionic species for the MS detection. 
 At that time it has already been established that addition of strong, organic bases like triethylamine (TEA) prevent 
the binding of sodium and potassium ions to the phosphate backbone of the oligonucleotides. This cation adduction has 
been a cause of lower detection sensitivity in the past and TEA improved that situation. 
Unfortunately, this optimization at the detection step leads to reduced resolution in the separation step. On the other 
hand, the use of buffers containing carboxylic acids to enable better resolution leads to a lower production of analyte 
ions and thus sensitivity. This resulted in a quest to find a different approach that enables both, high resolution of 

Foundations

HPLC/MS for Oligonucleotides
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complex biomolecules in the separation step as well as a high concentration of ions to enable a higher sensitivity in the 
detection step. 

 This search for an improved method that improves both sides of the procedure (good separation and high detection 
sensitivity) resulted in the discovery of hexafluoroisopropanol (HFIP) as an ideal additive together with TEA.

 TCI has been providing labs with HFIP of the highest quality for many years. Our stringent QC requirements and 
our commitment to customer satisfaction above all else has won the trust of many leading biotech companies that rely 
on the consistent purity of our materials every day in R&D as well as production environments. The accuracy of your 
analytical results should not be limited by the purity and consistency of available solvents and additives. This is why 
TCI is committed to continue providing the industry with the highest quality ion pair reagents on the market. For more 
information on TCI’s ion pair portfolio, visit: https://www.tcichemicals.com/assets/brochure-pdfs/Brochure_A1084_
E.pdf

 The physicochemical properties of HFIP make it a good candidate as an additive to chromatography systems:
 1.  Miscibility with water, methanol, 2-propanol and even hexane.
 2.  Boiling point of 58°C, allowing for high volatility during electrospray ionization
 3.  High level of fluorination increasing acidity to a pKa of 9.3 compared to a pKa of 16.5 for non-fluorinated 

propanol.
 4. No UV absorption

 The approach of employing a HFIP/TEA buffer eliminates the need for low volatility buffer additives while 
preserving their resolution enhancing benefits. 
The mixture of TEA and HFIP stabilizes the pH during the separation step. The TEA pairs with the oligonucleotides 
to allow better retention on the stationary phase which in turn leads to higher chromatographic resolution. It was 
initially hypothesized that during the ionization step, HFIP’s lower boiling point leads to a rapid elimination from the 
droplet surface, leading to an increase of the pH within the droplet. With an increased pH, the TEA-oligonucleotide 
pair dissociates leading to a higher availability of free oligonucleotides in the gas phase which in turn enhances the 
sensitivity during detection. Since then, a more extensive study of this phenomenon by Chen et al.2) has shown that it is 
not only the high volatility of HFIP, but also its moderate acidity that contributes to an enhancement of the MS signal. 
According to this study, running ESI in negative ion mode leads to the reduction of protons in the solution, thus driving 
the equilibrium of protonated species like this:

 The anion A- stemming from the analyte will compete with the anion generated by deprotonation of HFIP. In the 
case of carboxylic acids that used to be part of buffer solutions, their low pKa leads to a higher amount of carboxylate 
ions thus suppressing the analyte signal. HFIP on the other side is much less acidic and provides much less competition 
with the deprotonated oligonucleotides.

 Since this discovery, HFIP/TEA has established itself as the prime buffer system for HPLC/ESI-MS applications in 
the nucleotide space.

HFIP

The TCI Advantage

References
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2)  B. Chen, S. F. Mason, M. G. Bartlett, J. Am. Soc. Mass Spectrom. 2013, 24, 257.
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New Product Information
Useful Pd-Catalyst for Alkynylation of Aryl Triflates

Useful Azeotropic Mixture Both as Solvent and Hydrogen Surrogate

Product Number: D5719
200mg 1g

Product Number: F1202
25mL 100mL

 PdCl2(alaphos) catalyst (1) is a complex of Pd(II) and a bidentate aminopropylphosphine ligand.1) Cross-coupling 
products are obtained in high yields by the reaction of aryl triflates with alkynyl Grignard reagents in the presence of 1 and 
LiBr. Aryl triflates as starting materials are readily prepared from the corresponding phenols, which is one of the advantages 
of this reaction. Furthermore, when an aryl triflate with a bromo group is used as a substrate, the alkynyl aryl bromide can 
be obtained with high functional group selectivity.2) Alkynyl arenes are important compounds as building blocks of polycyclic 
aromatic hydrocarbons and as functional materials, so the coupling reaction with 1 is anticipated to be used widely.

 Formic acid - triethylamine (5:2) azeotrope (1) is utilized both as a solvent and as a hydrogen surrogate. Using 
a ruthenium catalyst (2, 3) in 1 solvent, asymmetric transfer hydrogenation of acetophenones1) or benzophenones2) 

proceeds with high yield and enantioselectivity. Using 1, reduction reactions can be performed without the need for 
flammable hydrogen gas or high-pressure equipment. 1 can also be utilized in dehalogenation reaction of aryl halides with 
a palladium catalyst.3)

PdCl2(alaphos) (1)

Formic Acid - Triethylamine (5:2) Azeotrope (1)

Reference
1) T. Kamikawa, Y. Uozumi, T. Hayashi, Tetrahedron Lett. 1996, 37, 3161.
2) T. Kamikawa, T. Hayashi, J. Org. Chem. 1998, 63, 8922.

Reference
1) T. Touge, T. Hakamata, H. Nara, T. Kobayashi, N. Sayo, T. Saito, Y. Kayaki, T. Ikariya, J. Am. Chem. Soc. 2011, 133, 14960.
2)  T. Touge, H. Nara, M. Fujiwhara, Y. Kayaki, T. Ikariya, J. Am. Chem. Soc. 2016, 138, 10084.
3) Z. Baán, A. Potor, A. Cwik, Z. Hell, G. Keglevich, Z. Finta, I. Hermecz, Synth. Commun. 2008, 38, 1601.

Related Products
Lithium Bromide 25g 100g 500g L0210
1-(Diphenylphosphino)-N,N-dimethyl-2-propanamine  1g 5g D5819

Related Products
(S,S)-Ts-DENEB® (2)  200mg 1g T3077
(R,R)-Ts-DENEB® (3)  200mg 1g T3078

DENEB® is a registered trademark of TAKASAGO INTERNATIONAL CORPORATION.
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User-Friendly Granulated Products in a Jar

Product Number: P2771
 100g

Product Number: D4876
 100g

 TCI has recently implemented granulated products in a jar as an improved version of slushed/clotted products in 
a small-neck bottle. The new jar has a cylindrical shape which is less likely to fall over on a bench or in a refrigerator, 
a wide outlet enabling large spatulas to be used to scoop the reagent out, and an inner cap to improve sealability. 
These products require neither granulation nor melting before use, and therefore can be weighed immediately. TCI 
will expand the lineups of granulated products in a jar.

Phenol (Granulated)

N,N'-Dicyclohexylcarbodiimide (Granulated)

Image of granulated compoundClosed jar

Inner cap
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Self-Assembled Monolayer (SAM) Forming Hole Transport Materials

Product Number: C3663
500mg

Product Number: D5798
500mg

 Perovskite solar cells have developed significantly over the last 10 years, since the first report was published by 
Miyasaka et al.1) The power conversion efficiency has been demonstrated to be 25.2% for a small cell, 16.09% for a 
module, and 29.15% for a perovskite/silicon tandem.2) One of the main bottlenecks to large-scale production is the 
hole transport layer. Many researchers have undertaken the challenged of stabilizing and upscaling perovskite solar 
cells for practical use. Conventional hole-transport materials such as Spiro-OMeTAD and PTAA are expensive and 
are destabilized by the addition of dopants to provide carrier transport. 
 Recently, Getautis and Albrecht et al. have developed the hole-selective self-assembled monolayer (SAM) 
forming agents, 2PACz (1) and MeO-2PACz (2), for high-performance perovskite solar cells. 1 and 2 can form a 
monolayer on a metal oxide surface anchored by a phosphonic acid moiety. These materials are useful for tandem 
solar cell because they make allow conformal coverage of rough surfaces. A perovskite solar cell using a SAM 
hole transport layer can realize more than 20% efficiency without any dopants, and is very cost effective due to the 
extremely low material consumption.3)

2PACz (1)

MeO-2PACz (2)

References
1) A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, J. Am. Chem. Soc. 2009, 131, 6050.
2) NREL solar cell efficiency chart: https://www.nrel.gov/pv/cell-efficiency.html
3) A. Al-Ashouri, A. Magomedov, V. Getautis, S. Albrecht, et al., Energy Environ. Sci. 2019, 12, 3356.
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Material for Redox Flow Battery Exhibiting Long Lifetime

Product Number: D5764
5g 

 Redox flow batteries (RFBs) have been developed for application as scalable stationary batteries, and they are 
promising energy storage systems for a smart grid that balance power supply and demand. Organic RFBs, fabricated 
by organic-based redox active electrolytes, have received considerable attention as they are potentially much less 
expensive than vanadium-based flow batteries. However, one drawback of organic RFBs is their relatively low 
chemical stability. Early research papers indicates that most show high temporal capacity fade rates of 0.1-3.5%/day, 
which limits their long-term use.1)

 Gordon and Aziz et al. recently reported that an organic RFB made with 2,6-DBEAQ (1) exhibits a long lifetime, 
losing less than 0.01% of their capacity per day and less than 0.001% of its capacity per cycle. The chemical 
structure of 1 involves anthraquinone and soluble carboxy groups, and 1 shows good chemical stability and solubility 
in alkaline solution (0.6 M at pH 12, 1.1 M at pH 14). Pairing a 1-based negative electrolyte with a potassium 
ferrocyanide-based positive electrolyte results in a battery with an open-circuit voltage of 1.05 V and a theoretical 
volumetric energy density of 17 Wh/L at pH 12.2)

2,6-DBEAQ (1)
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Solution-Processable and/or Vacuum-Evaporable High-Performance n-Type Organic Semiconductors

Product Number: T3922
100mg 250mg 

Product Number: T3924
100mg 250mg 

 Benzobisthiadiazole derivatives TU-1 (1) and TU-3 (2) are n-type organic semiconducting materials that 
possess excellent electron transport properties (Figure 1). 1 and 2 can be used for vacuum-evaporated and/or 
solution-processed organic field effect transistor devices (OFETs). They allow the fabrication of high-performance 
complementary circuits by combination with p-type organic semiconductors.1-3) The characteristics of a 1-based 
device fabricated by vacuum evaporation and a 2-based device fabricated by spin coating are shown in Figures 2a 
and 2b, respectively. Both devices exhibit electron carrier mobilities of up to 1 cm2/Vs.

TU-1 [for organic electronics] (1)

TU-3 [for organic electronics] (2)

Related Products
Ph-BTBT-10  100mg 250mg  D5491

Figure 1.  (a) Chemical structures of 1 and 2

(a) (b)

Figure 2.  Transfer curves for (a) 1- and (b) 2-based OFETs (measured at TCI)
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• The chemical, physical and toxicological properties of some chemicals have not been thoroughly investigated. Please handle with care.
• Chemicals itemized in this catalog are for research and testing purposes only. According to patent laws, use of listed chemicals outside of research and testing, voids any guarantees to properly work.
• Availability or specifications of the listed products are subject to change without prior notice.
• Reproduction is strictly forbidden without prior written consent from Tokyo Chemical Industry Co., Ltd.
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