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Abstract

Testosterone is a male hormone which is being manufactured in pharmaceutical industry for many years. Testoster-
one is the primary sex hormone and anabolic steroid in males. It is also used as a drug to treat male hypogonadism,
gender dysphoria, bone loss, certain types of breast cancer, prostate cancer and hypersexuality [01]. It may also be
used to increase athletic ability in the form of doping. Most of the time the current manufacturing routes start from
4 androstene 3,17 dione which is chemically converted to Testosterone by a reduction reaction. In this article we
present the development of a second-generation route towards Testosterone via Biocatalysis, using an oxidoreductase
enzyme. This results in a more sustainable API Testosterone. The overall PMI decreases from 69 to 44. Consequently,
the enzymatic route reduces the environmental impact based on material use by 36%. Via proteomics principles we
have been able to develop a generally applicable in-house analysis/method to prove absence of residual enzyme with

a detection limit as low as 1 ppm.
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Introduction

For millions of years nature has evolved, and many complicated
chemical conversions are carried out by enzymes, resulting in very
efficient processes. For example, the human body uses enzymes to
digest food and to build hormones such as progesterone, estradiol
or Testosterone [01]. Moreover, plants have also become very effi-
cient in producing all kinds of alkaloids via enzymatic processes.

In the design of a route towards an Active Pharmaceutical Ingre-
dient (API), by means of traditional organic chemistry, addition-
al process steps are often needed (e.g. application of protecting
groups followed by a deprotection step). Typically, the use of pu-
rification steps is also required because via traditional synthetic
methods, stereocenters are usually not introduced selectively. Var-
ious impurities can arise depending on the applied chemistry. Fur-
thermore, traditional synthetic organic methods sometimes require
the use of reactive or toxic chemicals and elevated temperatures.
The use of enzymes in a synthesis route towards an API can lead to
a more cost efficient, safer and more sustainable process.

Materials and methods
Enzymatically produced Testosterone was dissolved in a digestion

buffer containing 1 ppm of labelled enzyme digestion fragments.
The mixture was denatured, the digestion enzyme solution was
added, and the mixture was incubated at 37°C overnight to digest
residual enzyme. The digestion was quenched with TFA and the
mixture was analysed by UHPLC-MS on presence of digestion
fragments. The fragments were quantified against the labelled ref-
erence standards.

A Thermo Vanquish Flex UHPLC system was used in combination
with a Thermo Q-Exactive Orbitrap High resolution mass spec-
trometer.

Enzyme used for digestion is obtained from Fisher Scientific. En-
zyme used for conversion of 4-AD was obtained from Cambrex.
Co-enzyme was obtained from Syncozymes. Peptide fragments
for the protein analysis were purchased from Pepscan.

Results

At present, Testosterone is produced by Aspen API via a synthetic
route comprising of two conversions and a purification step, start-
ing from 4 androstene 3,17 dione via the intermediate androstene-
dione ethyl-enolether (cf. figure 1). A new route to Testosterone
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has been developed at Aspen Oss, in which the same, globally
accepted Regulatory Starting Material (RSM) 4 androstene 3,17
dione is enzymatically converted to crude Testosterone in a single
step using an oxidoreductase enzyme and NADP as co-enzyme.
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For removal of residual biomaterial originating from the applied
enzyme, a small silica plug was applied in the final purification.
The product was purified by crystallization from acetone/water.
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Figure 1: Classical chemical synthesis towards Testosterone and the second-generation route via the enzymatic pathway.

To define the environmental impact of a synthetic route, a Life Cy-
cle Assessment (LCA) can be performed. One of the most useful
green metrics is the Process Mass Intensity (PMI) ; this metric con-
siders the amount of material needed to produce 1 kg of product.
The PMI calculation for the current route to Testosterone resulted
in an overall PMI of 69, which means that 69 kg of material is
needed to produce 1 kg of Testosterone API. The PMI calculation
for the enzymatic route to Testosterone resulted in a PMI of 44,
which means that 44 kg of material is needed to produce 1 kg of
Testosterone API. Consequently, the enzymatic route reduces the
environmental impact based on material use with 36%. The water
PMI (enzymatic route: 10, chemical route: 34) represents the high-
est contribution. Since water waste in API processes is difficult to
recover and very energy consuming to destroy, the reduction in
water consumption is another environment friendly improvement
in the enzymatic route to Testosterone.

Since enzymes are used, endotoxins, residual DNA but also resid-
ual enzyme need to be analyzed. Endotoxins can be analyzed by
standard endotoxin tests, whereas residual DNA can be analyzed
via PCR testing. Proving the absence of residual enzyme proved
to be a very challenging task. Via proteomics principles (digestion
of the enzyme into known fragments and analysis by means of
HPLC-MS of the fragments and quantification by means of inter-
nal standards) we have been able to develop a generally applicable
in-house analysis/method to prove absence of residual enzyme as
low as 1 ppm. Regarding the quality of Testosterone API a total
purity of >99,5% was achieved with all specified impurities <0.10
m/m%, A6-TT: < 0.20 m/m%, Any other impurities < 0.10 a/a%.

Discussion

The most important part of this work consists of the removal of
the biomaterial and the prove of absence of biomaterial in the final
API. The presence of biomaterial can be investigated by means of
several methods [2-8]. Standard methods like LAL test (Endotox-
ins), PCR (DNA/RNA) can be used. The presence of residual pro-
teins appeared to be more troublesome. Methods like ICP, Lowry,
HPLC and CBQCA resulted in too high limits or interference with
Testosterone. Via proteomic principles a new method was devel-
oped which could detect residual proteins as low as 1 ppm.

Conclusion

The process described above has been executed on large scale
development batches within our multipurpose multiproduct plant
and is currently being validated. By applying enzymes, we have
successfully developed a new route towards Testosterone which
is safer (no HCl and NaBH4 is used anymore), more sustainable
(decrease of PMI) and more cost competitive. The application of
enzymes is currently being investigated on multiple other APIs
within the portfolio of Aspen AP

Acknowledgments

The authors like to thank the R&D department and manufacturing
department from Aspen API for the contribution of this work and
many fruitful discussions.

References

1. Hydrochloride, T. (2020). Drugs. com. American Society of
Health-System Pharmacists. Last Updated on, 24.

2. Schiffer, L., Barnard, L., Baranowski, E. S., Gilligan, L. C.,
Taylor, A. E., Arlt, W,, ... & Storbeck, K. H. (2019). Human

J Pharmaceut Res, 2023

Volume 8 | Issue 1 | 200


https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Drugs.com.+American+Society+of+Health-System+Pharmacists&btnG=#d=gs_cit&t=1682751939216&u=%2Fscholar%3Fq%3Dinfo%3A3hWm4wWz5ScJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D3%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Drugs.com.+American+Society+of+Health-System+Pharmacists&btnG=#d=gs_cit&t=1682751939216&u=%2Fscholar%3Fq%3Dinfo%3A3hWm4wWz5ScJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D3%26hl%3Den
https://www.sciencedirect.com/science/article/pii/S0960076019302791
https://www.sciencedirect.com/science/article/pii/S0960076019302791

steroid biosynthesis, metabolism and excretion are differen-
tially reflected by serum and urine steroid metabolomes: A
comprehensive review. The Journal of steroid biochemistry
and molecular biology, 194, 105439.

Jimenez-Gonzalez, C., Ponder, C. S., Broxterman, Q. B., &
Manley, J. B. (2011). Using the right green yardstick: why
process mass intensity is used in the pharmaceutical indus-
try to drive more sustainable processes. Organic Process Re-
search & Development, 15(4), 912-917.

Tufvesson, P., Lima-Ramos, J., Nordblad, M., & Woodley, J.
M. (2011). Guidelines and cost analysis for catalyst produc-
tion in biocatalytic processes. Organic Process Research &
Development, 15(1), 266-274.

Kim, H. J., Lee, S. H., Lee, J. H., & Ahn, J. H. (2019). Strate-

gies for removal of host cell proteins. Biotechnology and Bio-
process Engineering, 24(4), 505-514.
Patel, N., & Shukla, A. A. (2017). High-throughput screening
for host cell protein clearance in bioprocessing: Current sta-
tus, challenges and innovation. Biotechnology and Bioengi-
neering, 114(5), 965-976.
Sun, H., Liu, J., Huang, Y., & Liu, L. (2017). Strategies for
removal of impurities in biopharmaceuticals. World Journal
of Biological Chemistry, 8(2), 148-161.
Pramod, K., Tahir, M. A., Charoo, N. A., Ansari, S. H., & Alj,
J. (2016). Pharmaceutical product development: A quality by
design approach. International journal of pharmaceutical in-
vestigation, 6(3), 129.

Copyright: ©2023 Dirk-jan van Zoelen, et al. This is an open-access
article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original author and source are credited.

J Pharmaceut Res, 2023

https://opastpublishers.com

Volume 8 | Issue 1 | 201


https://www.sciencedirect.com/science/article/pii/S0960076019302791
https://www.sciencedirect.com/science/article/pii/S0960076019302791
https://www.sciencedirect.com/science/article/pii/S0960076019302791
https://www.sciencedirect.com/science/article/pii/S0960076019302791
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=3.%09Jimenez-Gonzalez+C%2C+Ponder+CS%2C+Broxterman+QB%2C+and+Manley+JB.+Using+the+Right+Green+Yardstick%3A+Why+Process+Mass+Intensity+Is+Used+in+the+Pharmaceutical+Industry+To+Drive+More+Sustainable&btnG=#d=gs_cit&t=1682752027256&u=%2Fscholar%3Fq%3Dinfo%3A5ct0jIbElBIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=3.%09Jimenez-Gonzalez+C%2C+Ponder+CS%2C+Broxterman+QB%2C+and+Manley+JB.+Using+the+Right+Green+Yardstick%3A+Why+Process+Mass+Intensity+Is+Used+in+the+Pharmaceutical+Industry+To+Drive+More+Sustainable&btnG=#d=gs_cit&t=1682752027256&u=%2Fscholar%3Fq%3Dinfo%3A5ct0jIbElBIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=3.%09Jimenez-Gonzalez+C%2C+Ponder+CS%2C+Broxterman+QB%2C+and+Manley+JB.+Using+the+Right+Green+Yardstick%3A+Why+Process+Mass+Intensity+Is+Used+in+the+Pharmaceutical+Industry+To+Drive+More+Sustainable&btnG=#d=gs_cit&t=1682752027256&u=%2Fscholar%3Fq%3Dinfo%3A5ct0jIbElBIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=3.%09Jimenez-Gonzalez+C%2C+Ponder+CS%2C+Broxterman+QB%2C+and+Manley+JB.+Using+the+Right+Green+Yardstick%3A+Why+Process+Mass+Intensity+Is+Used+in+the+Pharmaceutical+Industry+To+Drive+More+Sustainable&btnG=#d=gs_cit&t=1682752027256&u=%2Fscholar%3Fq%3Dinfo%3A5ct0jIbElBIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=3.%09Jimenez-Gonzalez+C%2C+Ponder+CS%2C+Broxterman+QB%2C+and+Manley+JB.+Using+the+Right+Green+Yardstick%3A+Why+Process+Mass+Intensity+Is+Used+in+the+Pharmaceutical+Industry+To+Drive+More+Sustainable&btnG=#d=gs_cit&t=1682752027256&u=%2Fscholar%3Fq%3Dinfo%3A5ct0jIbElBIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=4.%09Processes.+Organic+Process+Research+%26+Development&btnG=#d=gs_cit&t=1682752077395&u=%2Fscholar%3Fq%3Dinfo%3ApIU4S3TwYDIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D3%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=4.%09Processes.+Organic+Process+Research+%26+Development&btnG=#d=gs_cit&t=1682752077395&u=%2Fscholar%3Fq%3Dinfo%3ApIU4S3TwYDIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D3%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=4.%09Processes.+Organic+Process+Research+%26+Development&btnG=#d=gs_cit&t=1682752077395&u=%2Fscholar%3Fq%3Dinfo%3ApIU4S3TwYDIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D3%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=4.%09Processes.+Organic+Process+Research+%26+Development&btnG=#d=gs_cit&t=1682752077395&u=%2Fscholar%3Fq%3Dinfo%3ApIU4S3TwYDIJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D3%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=8.%09International+Conference+on+Harmonisation+of+Technical+Requirements+for+Registration+of+Pharmaceuticals+for+Human+Use.+%282016%29.+ICH+harmonised+guideline%3A+Q6B+specifications%3A+test+procedures+and+acceptance+criteria+for+biotechnological%2Fbiological+products.+International+Conference+on+Harmonisation+of+Technical+Requirements+for+Registration+of+Pharmaceuticals+for+Human+Use&btnG=#d=gs_cit&t=1682752752860&u=%2Fscholar%3Fq%3Dinfo%3Av60KQk21FD8J%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=8.%09International+Conference+on+Harmonisation+of+Technical+Requirements+for+Registration+of+Pharmaceuticals+for+Human+Use.+%282016%29.+ICH+harmonised+guideline%3A+Q6B+specifications%3A+test+procedures+and+acceptance+criteria+for+biotechnological%2Fbiological+products.+International+Conference+on+Harmonisation+of+Technical+Requirements+for+Registration+of+Pharmaceuticals+for+Human+Use&btnG=#d=gs_cit&t=1682752752860&u=%2Fscholar%3Fq%3Dinfo%3Av60KQk21FD8J%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=8.%09International+Conference+on+Harmonisation+of+Technical+Requirements+for+Registration+of+Pharmaceuticals+for+Human+Use.+%282016%29.+ICH+harmonised+guideline%3A+Q6B+specifications%3A+test+procedures+and+acceptance+criteria+for+biotechnological%2Fbiological+products.+International+Conference+on+Harmonisation+of+Technical+Requirements+for+Registration+of+Pharmaceuticals+for+Human+Use&btnG=#d=gs_cit&t=1682752752860&u=%2Fscholar%3Fq%3Dinfo%3Av60KQk21FD8J%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=8.%09International+Conference+on+Harmonisation+of+Technical+Requirements+for+Registration+of+Pharmaceuticals+for+Human+Use.+%282016%29.+ICH+harmonised+guideline%3A+Q6B+specifications%3A+test+procedures+and+acceptance+criteria+for+biotechnological%2Fbiological+products.+International+Conference+on+Harmonisation+of+Technical+Requirements+for+Registration+of+Pharmaceuticals+for+Human+Use&btnG=#d=gs_cit&t=1682752752860&u=%2Fscholar%3Fq%3Dinfo%3Av60KQk21FD8J%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den

