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A B S T R A C T   

Active pharmaceutical ingredients (APIs), their metabolites and transformation products (TPs) are found as 
pollutants in the environment. They can impact human and environmental health. To address this issue, an 
efficient, long-term prevention strategy could be the design of APIs that have less impact on the natural envi
ronment, i.e. the design of greener APIs, by the implementation of environmental parameters into the drug dis
covery and development process (also abbreviated R&D for ‘research and development’). Our study aimed to 
evaluate the feasibility of the design of greener APIs based on insights from drug design experts working in large, 
research-based pharmaceutical companies. The feasibility evaluation also identified needs and incentives for 
process modification. For this purpose, 30 R&D and environmental experts from seven globally active phar
maceutical companies were interviewed along a structured questionnaire. 

Main findings are that the interviewed experts saw manifold opportunities to include properties rendering 
APIs greener in different stages along the R&D process. This implementation would be favoured by the fact that 
the pharmaceutical R&D process is very flexible and relies on balancing multiple parameters. Furthermore, some 
API properties that reduce environmental risks were considered compatible with common desirable properties 
for application. Environmental properties should be considered early during R&D, i.e. when molecules are 
screened and optimized. It has been found that availability of suitable in silico models and in vitro assays is crucial 
for this environmental consideration. Their attributes, e.g. throughput and costs, determine at which process 
stage they can be successfully applied. 

An intensified exchange between R&D and environmental experts within and outside companies would push 
the industrial application of the benign by design approach for APIs forward. Collaboration across pharma
ceutical companies, authorities, and academia is seen as highly promising in this respect. Financial, social, and 
regulatory incentives would support future design of greener APIs.   

1. Introduction 

Active pharmaceutical ingredients (APIs) are essential for human 
‘Good Health and Well-Being’, one of the UN’s Sustainable Development 
Goals (United Nations, 2015). At the same time, residues of APIs, their 
metabolites and transformation products (TPs) are frequently found as 
pollutants in the environment (aus der Beek et al., 2016; European 
Commission, 2020b, 2020a, 2020d; Hester and Harrison, 2015; Wil
kinson et al., 2022). This is a long standing and well-known issue 
(Daughton and Ternes, 1999; Jones et al., 2001; Kümmerer and Hem
pel, 2010). Their presence potentially impacts ecosystems, drinking 

water resources, crops, and eventually humans (WHO, 2017). For 
example, some progestins and estrogens (hormones), oxazepam (anxi
olytic), diclofenac (nonsteroidal anti-inflammatory drug), carbamaze
pine (anticonvulsant) and metoprolol (beta blocker) have been reported 
to chronically affect individual fitness and population health of aquatic 
organisms (Blazer et al., 2021; Brodin et al., 2013; Fent, 2015; Kidd 
et al., 2007; Triebskorn et al., 2007). 

One of the concepts, which both the scientific and the policy com
munity see as having potential to reduce pollution of the environment by 
pharmaceuticals, is the design of APIs that have less impact on the 
natural environment, i.e. the design of greener APIs (Kümmerer, 2007, 
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2016). This concept is included amongst the proposed actions of policy 
initiatives addressing pharmaceutical pollution, including the European 
Union’s ‘Strategic Approach to Pharmaceuticals in the Environment’ 
which highlights ‘green pharmaceutical design’ as a means to develop 
pharmaceuticals intrinsically less harmful to the environment (Euro
pean Commission, 2019). Similarly, the OECD’s work on pharmaceu
tical residues in freshwater includes amongst its proposed preventive 
measures the ‘rational design’ or ‘benign by design’ approach when 
developing pharmaceutical compounds (OECD, 2019). 

The design of greener APIs is an approach directed at the source of 
pollution with the ultimate aim of designing APIs that have less impact 
on the environment (Kümmerer et al., 2020). The comparative of green, 
i.e. greener, is used to underline that it is about a comparison between 
common design and the design of more environmentally friendly APIs. 
Thus, the aimed-for environmental properties are not rigidly defined, 
but rather significant improvement is sought, analogous to the 
best-in-class approach (LaMattina, 2013). Moreover, it is not sufficient 
to consider only the impact by environmental pollution for a compre
hensive assessment of the greenness of an API. For example, criteria for 
green production (Anastas and Warner, 1998) would also play a role, but 
are out of the scope of this study and the term greener. Recently the 
GREENER concept was published which proposes approaches for 
designing APIs with reduced environmental impacts after excretion 
based on well-known aspects (Moermond et al., 2022). These aspects 
can be divided into (i) those to reduce environmental exposure and (ii) 
those to reduce adverse environmental effects. The first aspect encom
passes the second one and reduces environmental pollution by phar
maceuticals independently of known (in present) or to be discovered (in 
future) unwanted effects. In this respect the first approach is closer to the 
precautionary principle, which is a basic principle underlying all Euro
pean environmental policy (European Parliament, 2015). 

On this basis, we understand greener APIs as APIs that have less 
environmental impact after use, i.e. after excretion by patients, due to 
either reduced environmental exposure or at least reduced adverse 
environmental effects. 

Reduced environmental exposure 
A central approach to reduce environmental exposure significantly 

from the very beginning is the design of compounds that mineralize 
completely in the natural environment, i.e. degrade to innocuous 
inorganic compounds, such as carbon dioxide, water and inorganic 
salts (in the case of hetero atoms), by biotic and abiotic processes. 
Fast and full environmental mineralization leads to reduced envi
ronmental concentrations of the compound and its transformation 
products (TPs, i.e. molecules formed in the environment, including 
wastewater treatment plants, by incomplete biotic and abiotic 
transformation of the parent compound, e.g. an API) (Kümmerer, 
2007; Puhlmann et al., 2021). In the best case, such a complete 
mineralization in the environment also occurs in the absence of 
sewage treatment, i.e. in surface waters. This presents a true sus
tainable solution of the problem as it is estimated that worldwide 
over 80% of wastewater (from municipalities, industry and agricul
ture) is released to the environment without adequate treatment 
(UN Water, 2017). Another design approach for achieving reduced 
environmental impact is having a lower therapeutic dose, which 
intrinsically leads to reduced API excretion by the patient. A lower 
dose may be achieved for example by improved bioavailability in 
patients, improved drug delivery or higher specificity (Baron, 2012; 
Daughton, 2003). 

Reduced excretion can also be approached at a level other than 
drug design, e.g. through optimized drug prescribing (Daughton, 
2003, 2014; Fortunak et al., 2015; Hamburg and Collins, 2010; 
Taylor, 2015). Environmental loads may also be reduced via wider 
adaptation of precision (personalized) medicine approaches that aim 
to replace suboptimal (e.g. ineffective) drug treatments with such 

that better account for individual genetic, environmental and life
style variabilities (European Commission, 2020c). 
Reduced adverse environmental effects 

Reduced adverse environmental effects could be achieved 
considering i) adverse environmental effects studied within regula
tory environmental risk assessment (ERA; (EMA, 2006, 2018; Euro
pean Commission, 2004a, 2004b)) and ii) adverse environmental 
effects that are linked to the therapeutic mode of action. For the 
latter, the presence/absence of drug-target orthologues in environ
mental organisms is a key factor to predict species susceptibility for 
drug exposure at low concentrations (Gunnarsson et al., 2019). 
Orthology predictions of drug targets can be obtained from the 
database Ecodrug.com (Verbruggen et al., 2018). 

Ågerstrand et al. (2015) have proposed that potential ecotoxicity 
could be assessed earlier in the drug discovery and development 
process (also abbreviated R&D for ‘research and development’) to 
identify problematic APIs correspondingly earlier. They also 
recommend including environmental risks in the benefit-risk 
assessment when a medicinal product is considered for marketing 
authorization. 

According to the Deloitte Report ‘Options for a strategic approach to 
pharmaceuticals in the environment’, the concept of designing greener 
substances has not yet been significantly explored by industry possibly 
because of concerns that it might be costly and technically challenging 
(Deloitte et al., 2018). Moreover, in contrast to the scientific and policy 
community’s explicit backing, there is to the best of our knowledge no 
data so far in the public domain on how the pharmaceutical industry 
evaluates the feasibility of this concept, and which preconditions would 
have to be met for its implementation. 

Addressing this gap, we conducted interviews with company experts, 
such as medicinal chemists, process chemists, and environmental risk 
assessors, from globally active, research-based pharmaceutical com
panies. A structured questionnaire was used to evaluate the feasibility of 
including environmental criteria for APIs into the drug discovery and 
development process (also abbreviated R&D for ‘research and develop
ment’) based on experts’ insights. The feasibility evaluation also 
included identifying needs and incentives for the design of greener APIs. 

2. Method 

2.1. The questionnaire 

A questionnaire (see supplementary) was developed consisting of 
two sections of five questions each: 

Section I dealt with topics on the pharmaceutical R&D process, such 
as different phases and decision points within the process (Fig. 1), as 
well as criteria that play a role in decision-making. This section aimed to 
validate publicly available information on the R&D process provided, 
for example, by Blass (2015) and Summerton et al. (2015). 

Moreover, the first section aimed to complement literature data with 
more detailed information on actual R&D practice. Understanding the 
main features of the R&D process was a prerequisite to evaluating the 
feasibility of the design of greener APIs based on interviewees’ opinions. 

Section II covered where environmental considerations are already 
implemented in a company’s R&D process or can be integrated in future 
to enable the design of greener APIs. The aim of this section was to elicit 
information of interviewees on the current role of environmental criteria 
and their opinions regarding the feasibility of including environmental 
criteria into the pharmaceutical R&D process in future. The discussion 
on future integration of the design of greener APIs included key attributes 
for any in silico model or in vitro assay, related to their use at specific 
points in the R&D process. 

In scope of environmental criteria were aspects related to APIs that 
are greener due to less impact on the environment after patient excretion 
(cf. introduction for a more detailed discussion of our understanding of 

N. Puhlmann et al.                                                                                                                                                                                                                             



European Journal of Pharmaceutical Sciences 192 (2024) 106614

3

the concept). Out of scope were aspects of green chemistry addressing 
greener production methods such as synthesis routes that use less inputs 
and the use of renewable materials within R&D. 

The following four environmental criteria were used in the 
questionnaire:  

a) No/reduced environmental exposure to the compound reduces risks in 
the environment. Exposure should not exceed a limit value for eco
toxicological effects, like the predicted no effect concentration 
(PNEC).  

b) Environmental (bio)degradability or environmental persistence of an 
API has major influence on the actual environmental concentration 
and thereby exposure. Complete and fast environmental (bio) 
degradation (i.e. mineralization) reduces or even prevents environ
mental risks (no risk in case of no exposure). 

c) No/reduced adverse environmental effects reduces risks in the envi
ronment. Adverse environmental effects include adverse effects 
studied within regulatory environmental risk assessment and those 
that are linked to the therapeutic mode of action. 

d) The concept behind no/reduced undesirable moieties (e.g. PFAS moi
eties CF2 and CF3 including C-CF3 as precursor of trifluoroacetic acid 
(Cahill, 2022; Joudan et al., 2021; Rüdel et al., 2020; Scheurer and 
Nödler, 2021)) is to avoid, if possible, the use of molecular groups 
that are known to have a negative impact on the environment (e.g. 
due to persistence or ecotoxicity). Thus, this concept is linked to all 
previous criteria. 

Before conducting the interviews, the questionnaire was tested on 
two R&D experts from medicine agencies who worked in pharmaceu
tical companies’ R&D earlier in their careers. Question scope, compre
hensibility and scheduling feasibility were tested. The questionnaire was 
revised in favour of comprehensibility by using more common terms. 
Time slots for blocks of questions were adjusted. 

2.2. Interview request and interviewees 

An interview request was sent to representatives of 10 globally 
leading pharmaceutical companies, which do research, development 
and manufacturing of pharmaceutical products. The request was 
accompanied by a two-page background summary of the challenge of 
pharmaceuticals in the environment, and the questionnaire to show the 
interview scope and allow for preparation (both in supplementary). The 
contacted company representatives forwarded the request to the 
addressed R&D and environmental experts within their company; 
particularly medicinal chemists, but also computational chemists, pro
cess chemists responsible for the development of APIs and environ
mental risk assessors (in the following “company experts”). 

In total, 30 company experts working for seven out of the ten con
tacted companies accepted the request. All companies are large-sized 
pharmaceutical companies and members of the European Federation 
of Pharmaceutical Industries and Associations (EFPIA), with head offices 
in Europe (6 companies) or in the USA (1 company). Interviewed experts 
were mostly medicinal chemists (at least one per company), others were 
staff with expertise in other disciplines, e.g. environmental risk 

assessment (ERA) (Table 1). 

2.3. Conducting and evaluating the interviews 

Interviews lasted 2 h and were conducted online between April and 
July 2021 using the video conferencing platform GoToMeeting. After a 
brief round of introductions, the interview was conducted along the two 
sections of the questionnaire:  

I description of the R&D process within the particular company 
(00h:10m - 01h:10m),  

II current role of environmental considerations for APIs and potential 
in future (01h:11m - 02h:00m). 

Before the interview started, interviewees agreed to a recording for 
the purposes of completing the transcript by the recorder. It was ensured 
that the group answers followed the questionnaire’s structure, to obtain 
the specific data required for answering this study’s research questions 
and to ensure comparability between the interviews. Interview tran
scripts were used as basis for a qualitative and systematic evaluation of 
all answers and additional comments. Statements that were not directly 
asked for were considered individually, but only if they were within the 
scope of this study. As confidentiality was agreed, results are presented 
anonymized and generalized, so that statements cannot be traced back 
to an individual company or employee. 

2.4. Data analysis 

Data generated in the interviews was predominantly qualitative. The 
qualitative data analysis conducted was abductive in nature (straddling 
a middle ground between deductive and inductive approaches; cf. 
Thompson, 2022). On the one hand, the analysis follows theoretical 
concepts related to the topic, such as the phases and decision points in 
the pharmaceutical R&D process and the environmental criteria pre
sented in 2.1). On the other hand, the analysis engaged inductively with 
the empirical data generated, identifying relevant patterns and themes 
in the different responses to one and the same question and summarizing 
the data available for these patterns/themes. In particular, emphasis was 
placed on themes and patterns related to potential for uptake and 
implementation, as well as barriers hereto. 

Analysis was conducted per question. For each question, data was 
condensed and restructured into a synthesis of the meaningful infor
mation provided in the responses. 

Fig. 1. Generic workflow of a common R&D process inspired by Messinger et al. (2016). The first four phases – from target selection to candidate selection, which 
aim to discover an API candidate – are placed under the label drug discovery (Research, i.e. the R in R&D). The last two phases, i.e. preclinical and clinical studies, 
deal with the development of the formulated drug (drug Development, i.e. the D in R&D). Explanation of the terminologies ‘target’, ‘hit’, ‘lead’ and ‘candidate’ can be 
found elsewhere (Messinger et al., 2016). 

Table 1 
Number of company experts from different disciplines in the 7 interviews.  

Discipline Number per interview I-VII ∑ 

I II III IV V VI VII 

Medicinal chemistry 1 3 1 2 2 2 3 14 
In silico chemistry      1  1 
Process chemistry  2    1 1 4 
Product Stewardship      1  1 
ERA 1  1 2 1 2 3 10 
∑ experts 2 5 2 4 3 7 7 30  
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3. Results 

The interviewees usually answered the questions very comprehen
sively and were open-minded and interested towards the approach the 
design of greener APIs. Some of them expressed intrinsic motivation to 
contribute to this solution approach for pharmaceuticals in the envi
ronment. Interviewee’s attitude led to lively, data-providing discussions 
– also between experts from the same company. 

3.1. The drug discovery and development process, R&D (Q1–Q5) 

3.1.1. Variability in pharmaceutical companies’ R&D process (Q1–Q3) 
All interviewees confirmed that in general terms their company’s 

R&D workflow follows the generic workflow described in the literature 
(Fig. 1). Differences in how phases are named were seen as insignificant. 
Additional phases to those presented in Fig. 1 were mentioned by in
terviewees. However, they were not considered relevant to the design of 
a greener API. An example is synthesis route selection (deciding on the 
best process to synthesize the API for larger-scale production), which 
usually occurs after candidate selection and has therefore no impact on 
the drug design. Additional important decision points apart from those 
covered by Fig. 1 were not identified in the interviews. 

In general, modification of the workflow of R&D occurs due to 
project- or programme-specific circumstances. For example, if a project 
is targeting a new or less well-known biological target it will require 
more intensive validation, leading to significantly more testing and thus 
to some R&D phases taking longer, than if the biological target is well 
known. However, whereas projects can have very significant differences 
in individual phase length, approach applied, resources and so on, such 
modifications do not change the overall picture and logic of the process. 
The overall picture is also still valid when taking into account that the 
R&D process evolves rapidly e.g. due to new testing methods and ap
proaches, especially in the field of computational chemistry. 

All interviewees highlighted that the R&D process is typically not 
linear, but rather highly cyclical and flexible due to significant learning 
steps within the process. Particularly, the phases of hit optimization and 
lead optimization, where multiple parameters are optimized (using 
Multi-Parameter Optimization, MPO), are highly iterative and flexible. 
This flexibility allows for the process to be changed by adding decision 
points or “stoppers” (red flags), or new parameters to be considered with 
further assays to filter out problems encountered in previous iterations. 
However, decision points are not significantly affected when returning 
to a previous stage in an iteration, as the same level of characterization 
of every potential API is needed. If information may be drawn from the 
failures that lead to the iteration, decision points can be merely refined 
by more extensive data (leading e.g. to specific follow-up assays). In
terviews revealed that there is a trend towards more continuity of team 
members along the R&D chain, more exchange within and between 
teams, and more collaboration between different experts from different 
departments within companies. This indicates not only the possibility of 
flexibility but also that companies rate this as important. Accordingly, 
interviewees stated that these changes are seen as helping to lower 
compound failure rates during the process (attrition rates). 

3.1.2. Decision criteria (Q4) 
According to the interviewees, the parameters listed in the ques

tionnaire (supplementary, Q4) are by default part of screening cascades 
in the R&D process as they are crucial for the development of an 
approvable pharmaceutical product. Examples are potency, physico
chemical properties, adsorption, distribution, metabolism, excretion 
(ADME) parameters, stability (chemical, plasma, shelf life), pharmaco
kinetic, efficacy and safety related parameters such as off-target effects. 

The list of parameters can be expanded to include project-specific 
parameters as needed. Some decision point criteria can vary with dis
ease area (nervous system, oncology, etc.). For example, possible off- 
target effects for headache medication are less acceptable than for 

oncology drugs. 
Several parameters being optimized for in R&D have been discussed 

during the interviews also in terms of their environmental significance 
(listed in the supplementary with literature-based information). Exam
ples are lipophilicity and stability. It was highlighted by medicinal 
chemists that they try to strive for less lipophilic molecules. Regarding 
stability, interviewees said that results of experimental stability tests 
during lead optimization phase can lead to red flags. For example, if a 
lead compound is unstable under atmospheric, humid, or oxidative 
conditions this leads to a red flag for the decision criteria, as it would 
shorten the specified shelf life considered necessary to deliver the drug 
to the patient. Moreover, API stability in the human body is desired for 
treatment regimens conducive to patient compliance, e.g. no fast 
metabolism of compound, or half-lives in blood allowing for e.g. oral 
dosing no more than once or twice daily. 

3.1.3. Company’s use of a target product profile (Q5) 
A so-called target product profile (TPP) builds the basis for the 

development of the pharmaceutical product. The TPP outlines the 
desired pharmaceutical profile of a new product. For example, topics 
such as dosage and administration are part of the TPP. Consistently, 
interviewees summarized their TPPs as living guidance documents 
which are systematically developed and refined along the entire R&D 
process. 

3.2. Environmental considerations (Q6–Q10) 

3.2.1. Current role of environmental considerations in any phase of the 
R&D process (Q6) 

According to interviewees, current consideration of environmental 
aspects within their R&D process is limited to aspects related to 
manufacturing, for example, the use of fewer and safer raw materials, 
and lower carbon footprint. Since manufacturing-related aspects are out 
of the scope of this study they are not discussed here in more detail. 
Currently, then, the interviewed companies do not consider the envi
ronmental behaviour or profile of potential APIs when designing APIs. 

Whereas there is currently no explicit consideration of environ
mental criteria of an API during the different phases of drug discovery, 
several interviewees identified aspects related to properties that me
dicinal chemists aim for in an API, and which may also result in better 
environmental properties. The consideration of these criteria by me
dicinal chemists may thus result in beneficial outcomes for the envi
ronment (albeit unintentionally) too, which can be seen as a win-win 
situation. These identified aspects are:  

• low dose drugs (if enabled for reasons other than increased potency; 
see section Q8b)  

• high target specificity  
• aqueous solubility balanced against lipophilicity  
• high bioavailability  
• no toxicity (e.g. carcinogenic, mutagenic, reprotoxic)  
• no/reduced adverse effects. 

A low administered dose can be expected to translate into low 
amounts of API being excreted by the patient and thereby to result in 
lower environmental concentrations of an API or its metabolites. High 
specificity leads to less off-target effects in the human body, which may 
translate to less adverse effects in environmental organisms. 

There is currently a trend in drug design to aim for lower lip
ophilicity (which enables better plasma solubility and minimizes non- 
specific, off-target binding, amongst other things). A consequence of 
the design towards lower lipophilicity is that newly developed APIs have 
lower potential for bioaccumulation. On the other hand, the develop
ment towards more molecular complexity appears not to be positive 
from an environmental perspective. According to an interviewee, 
complexity is generally on the rise because of the exploration of a wider 
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chemical space aiming for drugs that are superior to current drugs. API 
complexity (e.g. due to more extensive branching and number of func
tional groups) might hinder complete mineralization in the 
environment. 

3.2.2. Potential for uptake of environmental considerations in the 
pharmaceutical R&D process (Q7–Q8) 

On the general question if environmental considerations can be 
included amongst other criteria in the target product profile, in
terviewees in six of the seven interviews tended towards an uptake being 
potentially possible, associated with conditionalities, however. The 
implementation would depend on suitable models or assays being 
available to evaluate the environmentally relevant criteria. Environ
mental criteria would need to be clearly defined, be translatable to pa
rameters that play a role in environmental evaluation, and have an 
importance attached to them, e.g. if there were legal requirements to 
meet these criteria. 

3.2.2.1. Potential uptake of environmental considerations in the different 
phases of the R&D process. According to interviewees, already at target 
selection a first environmental risk evaluation for an API could be 
possible based on intended volume of use and population. For example, 
contraceptives would be a high-risk area, which contrasts strongly in 
volume of use and population with e.g. some antineoplastics for small 
patient populations and specific indications. An evaluation at this stage 
could inform the degree and extent of uptake of environmental criteria 
in the R&D process. 

Hit identification is the phase where the highest number of com
pounds is screened and therefore the phase with the highest chances of 
finding promising structures meeting environmental criteria. The min
imum requirement for a potential assay would be that it has “at least a 
medium throughput, is not too costly, and does not require a too large 
amount of substance.” However, adding further criteria to the early 
stages could hamper drug discovery, in the opinion of some in
terviewees. Medicinal chemists generally want to avoid potentially 
filtering out promising scaffolds. Moreover, it would be difficult to 
evaluate compound’s environmental properties in early phases as there 
would be a very large question mark regarding a compound’s charac
teristics, including metabolites. One interviewee highlighted that hit 
structures selected will not necessarily resemble the evolved lead 
structures. 

At hit selection and optimization, a standard toolbox would be 
needed that is suitable for routine screening of environmental parame
ters. For example, problematic structural elements could be identified at 
an early stage using a standard filter. Models could be based on pa
rameters that are measured anyway in the process. Several interviewees 
mentioned the possibility that environmental criteria could be part of 
the parameters evaluated in the design-make-test-analyse (DMTA) cycle. 
DMTA consists of the design of new analogues, their synthesis (make) 
and testing, and analysis of results. The cycle is performed iteratively in 
hit optimization and lead optimization to optimize multiple parameters 
using MPO. Analogues result from various modifications in the molec
ular structure. Whether structural changes are kept, developed further, 
or discarded is decided on the basis of test results. For example, struc
tural changes are kept if improved potency (and/or other properties) 
results from the change. According to interviewees, it would be ambi
tious to implement molecular changes to the minimum environmental 
impact within MPO, but feasible. 

Lead optimization was seen as the phase where environmental 
considerations should play an important role, because in this phase in 
vitro assays to characterize a compound’s environmental properties can 
have much lower throughput and greater expense. The more precise 
evaluation of environmental parameters possible in this phase could 
ensure that any decisions taken are based on adequate and relevant data. 
Longer assay turnarounds, while not desirable, would not necessarily 

slow down processes in this phase, as the significantly smaller number of 
molecules that reach this phase will already undergo a detailed char
acterization. Interviewees also highlighted the potential to use the high- 
quality data that could be generated in this phase for improving the 
corresponding in silico models. 

Moreover, at this phase a selection of compounds is prioritized, and 
choices can still be made when optimising parameters as part of MPO. 
Some parameters, such as dose-related ones, may go hand in hand with 
environmental risk. Opportunities were identified to consider environ
mental biodegradability in this phase by using in silico testing in com
bination with the ADME profile, as an extension of it. An interviewee 
showed interest in the approach of benign by design and mentioned the 
literature example of the β-blocker propranolol optimized regarding 
biodegradability (Rastogi et al., 2015). 

When considering environmental criteria in MPO, it could be diffi
cult to weigh different parameters (e.g. different ecotoxicity parameters 
against each other, or ecotoxicity parameters and those related to other 
issues) since there would already be a balance between the standard 
pharmaceutical parameters. The question arose of how to decide which 
is the most important environmental parameter. Interviewees high
lighted that in medicinal chemistry, tests are almost never a yes-no de
cision, but rather balancing several criteria on different sliding scales of 
acceptability. Interviewees assumed that an evaluation of environ
mental criteria and prioritising compounds based on an environmental 
score is possible. In case of a selection of compounds that are similar in 
terms of pharmaceutical properties, prioritization due to environmental 
properties is considered feasible. It may become challenging if the 
outcome of an assay evaluation greatly reduces the variety of structures 
of different scaffolds, resulting in only one series of a compound with a 
solid scaffold, but with poor environmental characteristics. 

The latest process point identified with potential for incorporating 
environmental criteria in decision-making is right before candidate 
selection (effectively the “spout of the funnel”). The reason is that the 
molecular structure is set with candidate selection. Once a development 
candidate builds momentum it is considered very difficult to go back to 
design alternatives that may have better properties. However, results of 
environmental tests at these later stages would be valuable for data and 
knowledge-generation purposes. 

In preclinical and clinical studies metabolites could potentially be 
investigated, e.g. regarding potency, to figure out how they should be 
assessed from an environmental perspective. In clinical phases I and II, 
the therapeutic range of dosing is determined. There could be some 
potential for choices that can be made to the dosing regimen (e.g. 
choosing a lower individual dose with several daily doses, while 
considering patient compliance) which could reduce the amount of 
unchanged compound excreted by the patient. 

3.2.3. Suitability of environmental criteria for uptake (Q8b) 
Asked for concrete environmental criteria that could be suitable for 

uptake in pharmaceutical R&D, interviewees discussed the following 
greener aspects (Section 2.1, a - d) proposed in the questionnaire. 

3.2.3.1. No/reduced environmental exposure. Exposure data is needed 
(together with effect data) to estimate a potential environmental risk. 
Early on in the R&D process, environmental exposure of the API could be 
estimated very roughly based on assumed dosage and market penetra
tion which impacts environmental concentration. Compound dosage 
becomes more clearly specified later, typically during preclinical and 
clinical studies. 

According to some interviewees, there are possibilities for adjusting 
drug dosage in ways that could lead to reduced excretion from the 
human body, and thus emissions into the environment. Interviewees, 
however, stressed that the efficacious dose in humans needed for 
administration would be one of the most important of multiple criteria, 
i.e. the dose would never be lower than needed for efficacy. 
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For the interviewees of six of the seven companies, no/reduced low 
dose toxicity is compatible with parameters currently optimized in the 
R&D process, as meeting toxicity requirements is necessary from a 
pharmaceutical point of view. APIs after all need to be safe for the pa
tient. All the efforts carried out during the R&D process to reach a low 
dose can in general be seen as reducing risks of toxic effects on patients, 
and potentially also on the environment. 

The feasibility of a lower dose is favoured by higher compound po
tency. However, highly potent APIs may already exert toxicity to envi
ronmental organisms at low doses. Therefore, high potency needs a 
more detailed consideration than the use of a simple rule of thumb. An 
interviewee explained that, in general, the more potent one would make 
the drug, the more one would have to build in some additional prop
erties to avoid side effects, for example, a very specific way of drug 
delivery. After in vivo efficacy it would be desirable that the API is 
metabolized to less potent metabolites. 

In addition to the aspect of low dose, an interviewee argued that for 
new substances designed for specific diseases of a small patient popu
lation, no release in huge quantities is expected. The low quantities of 
these substances would never provoke any risks in the environment. 

3.2.3.2. Environmental (bio)degradability. All interviewees agreed in 
principle on the desirability of APIs with a higher environmental (bio) 
degradability, but there was no clear agreement amongst them on the 
potential to implement this criterion in practice. An interviewed me
dicinal chemist feared that the consequences of designing APIs that are 
degradable in the environment have not yet been sufficiently 
researched, and was therefore sceptical of the aim of environmentally 
biodegradable drugs. Multiple transformation products could be formed 
in the water that are more soluble, and therefore harder to extract from 
water. 

In two interviews it was mentioned that environmental (bio)de
gradability could clash with the need to design for API stability against 
enzymes in the human body. However, in four interviews it was argued 
that the different conditions affecting the API along its lifecycle should 
be considered in detail when evaluating the potential of environmental 
(bio)degradability. It would be interesting to find some kind of ‘window 
of opportunity’ for compounds to be both sufficiently stable in the 
human body and (bio)degrade in the environment: the compound could 
be made so that it is sufficiently stable to have an effect in the human 
body, and later degrade relatively quickly in the environment. 

Another concept for APIs designed to be only as stable as necessary 
was the antedrug1 approach. Antedrugs could result in molecules that 
are smaller, more polar, more easily excreted and probably also readily 
biodegraded in the environment. An interviewee proposed that data on a 
molecule’s behaviour in the patient (e.g. molecule clearance from the 
body) could be made available for environmental studies. In this 
context, it was recognized that modifying lead structures using certain 
functional groups to block metabolism (e.g. groups containing fluorine) 
could hinder biodegradation in the environment. 

3.2.3.3. No/reduced adverse environmental effects. The aim of no/ 
reduced adverse environmental effects in the environment would be 
strongly compatible with several established R&D practices, in the 
opinion of interviewees of six of the seven participating companies. 

In particular, interviewees mentioned medicinal chemistry’s aim of 
very high target specificity of their active substances – high specificity 
being an established strategy to reduce off-target (side-) effects in the 
patient. High specificity is synergistic with reducing off-target effects in 
the environment, as specific drugs, once excreted, might be expected to 
show fewer off-target environmental effects than less specific drugs 

dosed at similar levels (due to the high specificity to the drug target in 
the human body). 

Several interviewees suggested that in silico testing with mouse en
zymes or human enzymes could possibly inspire the testing with fish 
enzymes (off-targets). Off-target assay panels for human safety existing 
in pharmaceutical R&D could be of great interest to integrate targets of 
environmental species that are associated with adverse effects. 

At the moment of this study, no concrete off-targets in environmental 
species (e.g. concrete enzymes) were known to the interviewees. If one 
would know concrete off-targets one could look at structural similarities 
and build selectivity into the molecule. However, this could be contra
dictory to environmental biodegradability and no/reduced undesirable 
moieties (next paragraph). To overcome such a consequence of 
increased specificity, targeted delivery and pro-drugs were mentioned as 
further strategies to reduce adverse effects. An interviewee mentioned 
ecotoxicity screens, developed by OECD (e.g. OECD test 201, 210, 211), 
the use of which could be generally plausible. 

3.2.3.4. No/reduced undesirable moieties. Many interviewees saw high 
potential for implementing the criterion no/reduced undesirable moieties 
in future R&D, based on lists of moieties of concern. They suggested it 
should be considered as a parameter which weighs decisions in favour of 
molecules without problematic moieties, or a parameter which flags 
particular concerns and increase awareness, rather than a hard rule or 
‘blacklist’ of forbidden structural elements, as a ‘blacklist’ could hinder 
the ability of the pharmaceutical industry to treat diseases (e.g. in the 
case of a complete ban on fluorinated groups). 

A computational chemist highlighted the potential of in silico ap
proaches for developing databases of matched molecular pairs that 
could, for a given molecule, on the one hand identify undesirable 
structural moieties in it, and on the other suggest better structural 
moieties for it. Pooling industry data and resources for a common large 
database with this purpose was seen as a great opportunity. 

3.2.4. Key attributes of environmental models/assays (Q9) 
Future integration of environmental criteria in the pharmaceutical 

R&D process requires that models and assays be developed that predict 
or assess environmentally relevant properties of APIs. Interviewees 
identified key attributes of these potential environmental screening 

Fig. 2. Key attributes for environmental in silico screening models (light green) 
and in vitro assays (dark green). Note, high-quality data is a key attribute to 
build/improve in silico models, but comes from in vitro tests. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

1 An antedrug is defined as an active synthetic derivative that is designed to 
undergo biotransformation to the readily excretable inactive form upon entry in 
the systemic circulation (Khan et al. (2005)). 
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models and assays, which would facilitate their future integration into 
the R&D process (Fig. 2). 

Two attributes often mentioned, both for in vitro and for in silico tests, 
are reliability and translatability to the real world, i.e. the natural 
environment. Assays need to be reliable and sufficiently reflective of the 
natural environmental to play a role in an R&D project’s TPP. Attributes 
mentioned for in vitro tests are the amount of substance needed for the 
assay, throughput, and test costs. An aspect of special relevance for in 
silico tests is high-quality experimental data as the basis for the models. 
It remained unclear to which extent companies already have such data 
and whether they would share it. 

3.2.4.1. In silico models. Most interviewees stressed the very high po
tential of in silico models: they were considered enormously helpful, and 
quite an “easy sell”, due to time and cost savings when compared to in 
vitro or in vivo assays. In silico models also have high potential because 
they would make it as easy as possible for medicinal chemists to include 
environmental considerations in their workflows and decision-making. 
Computational screening is well implemented for a range of desirable 
API parameters, from physicochemical properties to target binding. In 
silico models based on large compound databases are already available 
for physicochemical properties (e.g. lipophilicity, solubility, vapour 
pressure), which are also relevant for environmental properties. 

The importance of the size of the applicability domain of the model 
as well as good predictiveness was stressed – qualities based on the 
availability of high-quality data for a wide variety of compounds. 
Reaching the necessary level of model predictiveness would just be a 
matter of time, hinging on the database eventually incorporating suffi
cient data on new compounds also from different sources (i.e. com
panies’ and public data). Several companies expressed interest in 
developing in silico models for environmentally relevant parameters, 
required for environmental endpoints where high-quality data are 
missing. Three companies emphasized that they are open-minded 
regarding a cooperation across the pharmaceutical industry and 
academia on such models. Furthermore, the possibility of using already 
generated data for existing drugs was highlighted, including the envi
ronmental test data generated in the past 15 years in the context of EU 
authorisation. 

3.2.4.2. In vitro assays. Aspects highlighted by interviewees as impor
tant for in vitro assays, independent of the phase in which an in vitro 
assay is implemented, were reproducibility and reliability, as well as its 
being well-defined, standardized and validated. Having defined cut-off 
criteria for environmental parameters, i.e. a concrete value for what 
would be acceptable, would be helpful. 

Complexity, throughput, and costs of an assay as well as the amount 
of material required will influence where the assay is placed in the 
screening cascade along the drug discovery pathway. This means that 
there is not one set of attributes that in vitro assays for environmental 
properties need to meet for their being taken up in the R&D process; 
rather, environmental screen/assay characteristics will determine in 
which phase uptake could take place. 

Interviewees highlighted the benefits of using models and assays at 
several different points along the R&D process, for example, during hit 
selection to get an idea on the environmental impact, and during lead 
optimization using a high-quality test to drive the molecule design with 
data allowing for a better understanding of the property. Repeating the 
evaluation of an environmental criterion by a high-quality test can also 
be desirable at a later stage to feed back into the models applied in 
earlier stages. 

3.2.5. Incentives for the design of greener APIs (Q10) 
Incentives in fostering the design of greener APIs are viewed by in

terviewees as potentially helpful in stimulating efforts in research and 
development in the field of greener APIs. 

Incentives identified by interviewees can be described as either hard 
or soft (Fig. 3). Regarding hard incentives, proposals put forward often 
related to policy incentives with economic implications, such as fast- 
track approval in the authorisation process, and increased patent life
time exclusivity for medicines that meet specific environmental criteria. 
It was speculated (by non-legal experts) that regulated patentability for 
reduced environmental impact as novelty could be helpful. Further
more, a green label (which builds trust with society) could encourage 
companies to invest in environmental considerations. It would create a 
social incentive2 as it may project a positive reputation in society. 
Financial support, e.g. by subsidizing testing for environmental impact, 
was also suggested as a viable incentive. 

Interviewees observed that regulations in many fields are becoming 
more stringent; some saw the possibility that in future there could be “a 
must” around this topic for pharmaceuticals. Companies would thus 
have an intrinsic incentive for acting sooner rather than later, as they 
should be prepared for upcoming regulatory developments. 

Soft incentives include creating awareness and motivation within 
teams of medicinal chemists. Awareness of a compound’s environmental 
impact, based on in-depth knowledge (regarding environmental issues, 
and tools to avoid those), would be important to make good decisions in 
the R&D process. An interviewee mentioned that so as to increase their 
intrinsic motivation, companies should be exposed to and familiarized 
with test methods. Once this exposure has taken place, acceptance for 
integration would increase. Another soft incentive would relate to 
reputational issues, as implementing environmental considerations 
would be beneficial for the reputation of pharmaceutical companies. 

Some interviewees suggested no policy incentives would be needed, 
as the direction society is travelling in was already creating ‘soft’ in
centives; it generates public pressure, company willingness, and even 
personal interest of medicinal chemists. Personal interest and intrinsic 
motivation were indeed noticeable in each of the conducted interviews. 

Fig. 3. Soft incentives (light green) and hard incentives (dark green) 
mentioned in the interviews (Q10). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 

2 Social incentives cover a wide spectrum of interpersonal rewards and mo
tivations, encouraging people (here, companies’ actors) to behave in a socially 
valued and approved manner. Examples are projecting a positive social image 
and reputation and gaining social acceptance (Dorfman and Grossmann 
(2020)). 
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4. Discussion 

Current application of green chemistry principles by pharmaceutical 
companies interviewed is limited to the manufacturing process, e.g. 
using fewer and safer raw materials, or reducing a product’s carbon 
footprint. Reducing the environmental impact of an API itself by mini
mizing its environmental exposure and adverse effects does not play a 
role in their drug discovery and development. This finding is in line with 
the study by Di Soete et al. (2017) who intensively discussed the 
application of green chemistry principles by the pharmaceutical in
dustry beyond the design of greener APIs. However, Di Soete et al. (2017) 
highlighted the need to evaluate the feasibility of the design of greener 
APIs from the perspective of R&D experts, including needs and in
centives. Our interview study should lead to a better understanding of 
the feasibility of this concept according to the medicinal chemists and 
other experts who work on discovering and developing APIs. 

4.1. The R&D process and environmental considerations 

No significant, company-specific deviations from the general 
approach to the pharmaceutical R&D process were identified when 
interviewing experts of seven global pharmaceutical companies. Dif
ferences in nomenclature and intermediate decision points exist, but are 
not necessarily linked to a governance process and can be neglected. As 
the overall process in different companies is largely the same, the po
tential for uptake of environmental parameters in the pharmaceutical 
R&D process identified in this paper can be generalized to other 
research-based pharmaceutical companies. 

The finding that the pharmaceutical R&D process is highly flexible is 
consistent with literature data. Companies try to operate in a very 
nimble, agile nature to improve R&D productivity (Berggren et al., 
2018), for example applying an agile, iterative test-and-learn approach 
(Gyurjyan et al., 2017). A study of the operational practices of more than 
25 global pharmaceutical companies found that all companies had 
launched lean or Six Sigma projects in the recent past (Cremer et al., 
2009). Thus, the R&D culture in pharmaceutical companies is familiar 
with highly dynamic processes and continuous changes. This process 
flexibility and flexible R&D culture show that there are no intrinsic 
barriers to the uptake of novel criteria of a different type to the criteria 
already playing a role in pharmaceutical R&D decision-making. 

The interviewees saw numerous opportunities for uptake of envi
ronmental parameters in different phases of the R&D process. Envi
ronmental parameters could already play a role in the earliest phases of 
R&D, for example in hit identification approaches based on in silico 
screens and in vitro high throughput screens, all the way up to the final 
stages of lead optimization. With candidate selection the molecular 
structure is established, and environmental parameters will not lead to 
structural changes after that point. After candidate selection, relevant 
environmental data could however still be collected to improve the 
scientific knowledge base and the predictive capability of in silico 
models. 

The opinions of medicinal chemists differed when it came to their 
preference for including environmental criteria earlier or later within 
phases of drug discovery. Different opinions can be explained by a lack 
of clarity on how strategies for decision-making could look like, 
including an approach on how to weigh parameters of different nature 
(pharmaceutical and environmental aspects). A strategy for decision- 
making to include environmental parameters in overall compound 
scores, or as flags, was seen as more promising by medicinal chemists 
than strict cut-off limits or go/no-go criteria. 

4.2. Environmental parameters 

According to many interviewees, some environmental properties can 
go hand in hand with common desirable API properties, leading to po
tential win-wins. For instance, physicochemical or fate properties such 

as plasma solubility or permeability also influence the uptake by envi
ronmental organisms, required for biodegradation by intracellular en
zymes. Environmental bioaccumulation is often associated with high 
lipophilicity of the compound, combined with lack of enzymatic clear
ance in the non-target species. The current trend in drug design is to
ward lower lipophilicity (to enable better plasma solubility and 
minimize off-target binding, amongst other things) and thus only very 
few newly developed APIs should show bioaccumulative properties. 
Conversely, hydrophilic APIs and their transformation products that are 
persistent and mobile in the aquatic environment are more likely to be a 
concern for the future (Hale et al., 2020). 

Furthermore, compounds that are highly selective in the human 
body may also cause fewer adverse effects on non-target species. Effects 
based on a mode of action needed for applications, e.g. of antibiotics, 
might be challenging to avoid in the environment. Orthology predictions 
of drug targets in the human body and environmental organisms can be 
obtained from the database Ecodrug.com (Verbruggen et al., 2018). 
Options to mitigate risks of adverse effects based on a mode of action are 
largely limited to reducing environmental exposure e.g. through 
degradation. 

There was less consensus on the compatibility of the criteria ‘no/ 
reduced environmental exposure’, ‘no/reduced undesirable moieties’, 
and ‘environmental (bio)degradability’. Regarding environmental 
exposure, low dose drugs (leading to reduced excretion by patients into 
the environment) potentially go hand in hand with desirable environ
mental considerations. However, some interviewees highlighted that 
approaches aiming for lower dosing (which reduces exposure) are 
limited due to therapeutic dose requirements. Moreover, strategies of 
dose reduction require a more precise examination. Lower dose due to 
higher potency may also result in greater ecotoxicological potency in 
case of greater potency enhancement than dose reduction. A well-known 
example are endocrine disrupters, which are potent at low environ
mental concentrations (Vandenberg, 2014). This is possibly the reason 
for frequent hazard- and risk-based prioritization for environmental 
assessments but no consideration by exposure-based methods (Burns 
et al., 2018). Lower dose due to better bioavailability is considered 
beneficial from an environmental perspective not only because of 
reduced emissions, but also because of potentially better bioavailability 
for bacteria, which is required for biodegradability in the environment 
(Boethling et al., 2007; Daughton, 2003). The latter is true only if 
bioavailability is improved by optimizing the API structure, not the drug 
delivery system (Baron, 2012). Higher on-target specificity to enable a 
lower dose and reduced off-target effects in the patient will likely result 
in fewer effects on related targets conserved in environmental organisms 
(Moermond et al., 2022). Environmental adverse effects based on 
interaction with more distant targets are still possible, especially for 
bioaccumulating substances. 

Regarding no/reduced undesirable moieties, it was not covered 
during the interviews which ones are undesirable. Regardless of this, an 
early flagging was considered generally feasible, keeping in mind that 
the importance of such moiety for the bioactivity is rather unclear at 
early stages. For the classification as undesirable moiety, a starting point 
might be looking at regulations for other product categories such as 
cosmetics, plant protection products, and chemicals in general. A highly 
topical example is the proposal by the Netherlands, Germany, Norway, 
Denmark and Sweden to restrict per- and polyfluoroalkyl substances 
(PFAS) under REACH. It covers a wide range of PFAS uses (ECHA, 2022). 
Even if the restriction proposal does not apply to pharmaceuticals, the 
criteria for a greener API can be guided by it. 

At first glance, environmental (bio)degradability does not seem 
compatible with the required chemical stability for an API. However, in 
some interviews it was discussed that conditions such as pH, access to 
light and bacteria concentration and diversity (and therefore the set of 
enzymes that interacts with the compound) change continually during 
the API’s lifetime (i.e. from synthesis to excretion and presence in the 
environment), possibly creating significant windows of opportunity for 

N. Puhlmann et al.                                                                                                                                                                                                                             



European Journal of Pharmaceutical Sciences 192 (2024) 106614

9

compounds to be both sufficiently stable in the human body and (bio) 
degradable in the environment. Environmental conditions changing 
along the lifetime of a compound are described in literature in the 
context of ‘benign by design’ as an opportunity (Kümmerer, 2007; 
Puhlmann et al., 2021). For example, a compound could be designed 
that, after use, will be cleaved by light to TPs, which are then mineral
izable by enzymes in the natural environment. Such consideration re
quires expertise in environmental processes within the teams of drug 
designers or by close collaboration with environmental scientists. At the 
moment, most R&D experts interviewed seem to not be aware of the 
debate of fate and effects of pharmaceuticals, leading to e.g. scepticism 
about aiming for degradability of APIs, not because of doubts about the 
feasibility but because of concerns of supposedly unknown conse
quences regarding TPs. However, research on TPs has been going on for 
more than 25 years, e.g. TPs of pesticides, demonstrated by search re
sults using e.g. the literature data base ‘Web of Science’ and keywords 
“transformation products” combined with “environment”. 

Furthermore, the growing API complexity mentioned by an inter
viewee can hinder complete (bio)degradability (e.g. in case of carbon 
chain branching or amine functional groups carrying further sub
stituents), but not necessarily, as (bio)degradability depends on the 
specific structural units and the molecule as a whole. Nonetheless, this 
knowledge could serve as rough guiding principles (‘rules of thumb’) for 
the design for environmental biodegradation (Boethling et al., 2007). 
For example, biomolecules such as the group of monoclonal antibodies 
can be very complex (with repeating structural features) and biode
gradable at the same time as long as they carry natural function groups 
and are attached in a natural manner (Website Roche). Thus, it is too 
early for a final conclusion at this point in time. Environmental (bio) 
degradation has to be better understood. 

The ideal outcome from an environmental perspective would be 
ready and complete environmental biodegradation of an API to inor
ganic compounds such as carbon dioxide and inorganic salts, i.e. com
plete mineralization. This would mean that neither parent compound 
nor any TPs are persistent and there would therefore be no risks in the 
environment, as there would be no meaningful exposure (DeVito, 2016; 
Kümmerer, 2010; Kümmerer and Hempel, 2010; Taylor, 2015). 

Complete mineralization is probably not feasible for all APIs, but 
could be aspired to for a share of new APIs. According to publicly 
available ERA data from pharmaceutical companies, there are examples 
of APIs on the market which are unintentionally (i.e. without targeted 
design) biodegradable in the environment, e.g. rosiglitazone (inher
ently), interferon alfa-2a (readily), and enfuvirtide (readily), as well as 
monoclonal antibodies (readily), such as emicizumab and ocrelizumab 
(Websites GSK; Roche). Examples of high-volume marketed APIs which 
are readily biodegradable include several β-lactams (such as Penicillin 
V), valproic acid, and acetylsalicylic acid (Kümmerer and Al-Ahmad, 
1997; Längin et al., 2009; Puhlmann et al., 2021). But overall, many of 
registered pharmaceuticals are persistent. For example, Schwarz et al. 
found that approx. 50% of APIs are persistent according to ERA datasets 
of around 300 APIs (Schwarz et al., 2021). 

Interviewees would like to have a set of clearly defined, measurable 
and optimizable parameters for greener APIs, either related to ecotox
icity or to fate endpoints. Exchange of knowledge between R&D experts 
and environmental scientists is needed to clarify how to measure and 
optimize environmental parameters in practice. The GREENER 
approach by Moermond et al. (2022) proposing environmental criteria is 
a good starting point for such an exchange. 

4.3. Needs of models and assays and incentives for this process 
modification 

Interviewees often argued that incorporating environmental con
siderations into R&D is possible when suitable models or assays are 
available for clearly defined parameters. Standardized assays for eco
toxicity or environmental fate, such as OECD tests, are well established, 

e.g. as part of the marketing authorisation procedure (EMA, 2006, 2016, 
2018). However, these are low-throughput assays and less suitable for 
uptake in early R&D processes. Approaches are needed to screen a 
higher number of compounds at an earlier phase of R&D, e.g. in silico 
tools for predictions or in vitro medium- or high-throughput screens. For 
chronic ecotoxicity, using less complex test systems than whole organ
isms enables shorter time of test run. Examples are enzymes (as a panel 
of targets related to effects in environmental species), cells (including 
bacteria) and embryos (e.g. embryo-larval zebrafish). 

Development of in silico tools could play an important role in 
considering environmental parameters due to e.g. high throughput and 
comparatively low costs, and the possibility of prioritizing compounds 
for synthesis. The last years have seen a growing role of in silico ap
proaches in different areas of pharmaceutical R&D and this growth is 
expected to continue (Leveridge et al., 2018; Trenfield et al., 2022; 
Wang et al., 2021), a development that underscores their potential for 
environmental parameters. Environmental in silico models could help e. 
g. predict a compound’s binding affinity to relevant off-targets from 
wildlife species, or predict its environmental (bio)degradability and 
resulting transformation products and their properties. Furthermore, 
structural moieties (i.e. desired / undesired including rules of thumb 
from an environmental perspective) could be identified. 

In silico tools like QSARs (Quantitative Structure-Activity Relation
ships) have been used to predict toxicity of industrial chemicals to algae, 
daphnia and fish, e.g. through ECOSAR (US EPA, 2012), with varying 
results. Predictions are best for neutral compounds in acute studies. 
However, many pharmaceuticals are ionisable rather than neutral, and 
concern regarding their environmental effects relates to chronic toxicity 
at low environmentally relevant concentrations rather than acute 
toxicity at high concentrations. Prediction of presence or absence of 
drug targets in the most susceptible species was found to be possible 
(Gunnarsson et al., 2019). Within the VEGA platform (https://www.ve 
gahub.eu/), there are several in silico models to predict persistence of 
chemicals in soil, sediment and water, including ready biodegradability. 
Using the prediction system JANUS, transformation products formed in 
the environment can be evaluated. JANUS is also available within 
VEGA. Further examples for models to predict biodegradability are 
Biowin1–7 of the US EPA, CASE Ultra from Multicase, Model Applier 
from Leadscope, VEGA, and the OECD QSAR Toolbox (Rücker and 
Kümmerer, 2012). However, the applicability domain of in silico 
methods for environmental (bio)degradability is generally limited for 
pharmaceuticals as experimental data is missing to build (better) models 
with an applicability domain of considerable size. A practical in-silico 
workflow addressing such limitations was suggested by Lorenz et al. 
(2021) to support the design of new environmentally mineralizing 
compounds. 

Generally, chemical and taxonomic read-across approaches may 
overcome the limited applicability domain of QSARs, and other future in 
silico approaches of artificial intelligence could also help, but their use 
requires great expertise, standardization, and rigorous validation 
(Benigni, 2019; ECHA, 2017; Fenner et al., 2020). 

Attributes of the screening tools (throughput, costs, etc.) will decide 
for which phase in R&D a particular tool or assay is suitable. For 
instance, new tools and assays with lower throughput and more 
complexity will be helpful in later stages of drug discovery (e.g. lead 
optimization), as well as help improve knowledge and validate models 
used in the earlier stages. New tools with higher throughput and lower 
complexity could in turn prove helpful in the earlier stages of drug 
discovery (e.g. hit selection and optimization). In the long-term, a 
standard toolbox that is suitable for routine screens in analogy e.g. to the 
OECD QSAR toolbox (OECD, 2021) would be helpful for successful 
application of environmental considerations in R&D processes. 

Efforts to develop screening tools are needed to close the identified 
gaps in methodology. Collaborations within and across pharmaceutical 
companies and between industry and academia on these topics was seen 
as highly promising. The incorporation of environmental parameters 
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into early R&D would benefit from an earlier involvement of environ
mental experts (including industry’s own environmental experts) in the 
R&D process. Currently, these experts become involved around pre
clinical studies only (cf. Fig. 1). Including environmental expertise in the 
earlier phases could be beneficial, in a similar fashion to previous pro
cess transformations in pharmaceutical R&D in which other areas (e.g. 
formulation) were addressed earlier in the R&D process, as it was real
ized that an earlier evaluation of these topics was potentially profitable 
in the long term. R&D experts need to become aware of the issue of 
pharmaceuticals in the environment and how they can use models and 
assays. This will facilitate further discussions on the feasibility and 
follow up developments of incorporating the design of greener APIs in the 
R&D process. Furthermore, pharmaceutical companies could cooperate 
to pool data for a common large database needed for development of 
prediction models. Moreover, exchange with other sectors facing the 
same challenge of designing more environmentally friendly products, e. 
g. agrochemical or detergent industries, could also support efficient 
research and development of tools. 

Important for the addressing of identified needs in research and 
development are financial, social, and regulatory incentives. In
terviewees proposed a number of soft and hard drivers that would be 
reasonable ‘carrots and sticks’ to encourage industry investment: 
creating awareness and knowledge, (intrinsic) motivation, and public 
pressure, as well as pharmaceutical sector internal standards, increased 
patent life, fast track approval, financial drivers, and regulations. The 
European Union’s ‘Strategic Approach to Pharmaceuticals in the Envi
ronment’ highlighting “the green pharmaceutical design” (European 
Commission, 2019) might generate pressure on the research-based 
pharmaceutical companies. According to Ågerstrand et al. (2015) an 
inclusion of environmental risks into the benefit-risk assessment of a 
medicinal product under consideration for marketing authorisation 
would consequentially lead to an early consideration of environmental 
aspects. 

Based on the identified needs for process modifications, we propose a 
roadmap with sequential actions that would facilitate industry moving 
towards the design of greener APIs. It consists of four phases: i) uptake of 
novel approaches, ii) data gathering, iii) toolbox development and iv) 
ongoing tasks (Fig. 4). Especially for step i) and ii), collaboration across 
pharmaceutical industry, academia, authorities and all other stake
holders is essential. These changes would profit from guidance and 
regulation. 

4.4. Discussion of the study design 

Due to the COVID-19 pandemic the interviews could not be con
ducted face-to-face, leading to a loss of personal atmosphere and body 
language on the one hand. On the other hand, this format allowed for 
more interview participants, as no travel time was required. Interviews 
resulted in fruitful discussions between the interviewees of the same 
company. The different numbers of participants per interview (2 - 7) 
might have led to losses in comparability between the seven interviews 
due to differences in the diversity of opinions and dynamics of the dis
cussions between company members. However, the different numbers of 
participants per interview is considered to have less impact on the data 
evaluation, as interview data was evaluated qualitatively. The same 
applies to differences in statements between companies due to corporate 
culture and policy. 

Since all interviewed experts work for major pharmaceutical com
panies, the perspective of smaller pharmaceutical companies and 
biomedical start-ups was not captured by this study. It would be desir
able to elicit the perspective of smaller companies in future research, 
given their significant share of newly approved and marketed drugs 
(Ioannou, 2018). 

5. Conclusion 

This study breaks new ground in that it managed to elucidate state, 
needs and opportunities for the design of greener APIs within pharma
ceutical industry, based on in-depth interviews with medicinal chemists 
and other experts of major global pharmaceutical companies. Informa
tion on the technical feasibility of implementing the design of greener APIs 
was gained. Needs (e.g. tools and their attributes) and incentives for this 
process modification were identified. 

The results indicate that including environmental considerations in 
pharmaceutical R&D is possible and could take place at several stages in 
the R&D process, from the hit selection phase to late stages of lead 
optimization. In addition, it could also result in new business opportu
nities, both in general terms and against the background of on-going 
policy developments e.g. in the EU. Environmental properties that are 
determined by the molecular structure should be considered early dur
ing R&D. The latest opportunity would be at late stages of lead opti
mization, as the molecular structure of an API candidate will no longer 
be subject to change thereafter. Uptake of environmental considerations 
is possible due to the highly flexible nature of the R&D process (with 
processes adapting continuously over time, but also individual projects 
updating continuously their approaches) and due to the fact that me
dicinal chemists are highly experienced in optimizing numerous inter
dependent parameters in parallel. Moreover, some properties that 
reduce environmental risks were considered compatible with common 
desirable API’s properties in the human body, which are already opti
mized for in pharmaceutical R&D. 

However, barriers exist to actually including environmental consid
erations in pharmaceutical R&D. Most significant are the challenges 
related to the current state of knowledge and the availability of appro
priate in silico models and in vitro assays that can help evaluate 

Fig. 4. Proposal of a roadmap towards the design of greener APIs. 
Abbreviation: Env.: environment(al), PiE: pharmaceuticals in the env., HTS: 
high throughput screen, RoT: rules of thumb, SPR: structure-property 
relationship. 
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environmental parameters. For their uptake in R&D, environmental 
parameters should ideally be clearly defined, measurable and relevant. 
Furthermore, identified interdependencies between environmental as
pects and the desirable API parameters need to be further investigated to 
understand exactly how any molecular modification affects its envi
ronmental behaviour and impact in order to identify synergies and 
possible hurdles. Collaboration between R&D experts and environ
mental scientists within and outside pharmaceutical companies and 
authorities would help R&D experts to better understand needs and 
possible future drivers on the one hand and existing tools to assess 
environmental properties and how to include environmental data into 
the decision-making during drug discovery on the other hand. For the 
development of new environmental assessment tools, financial, social, 
and regulatory incentives would be beneficial. 

In future research, the scope of the design of greener APIs should be 
expanded to i) greener pharmaceutical products, i.e. considering ex
cipients, and ii) further principles of green chemistry, e.g. reduced car
bon footprint. 
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