
Citation: Bas, T.G.; Duarte, V.

Biosimilars in the Era of Artificial

Intelligence—International

Regulations and the Use in

Oncological Treatments.

Pharmaceuticals 2024, 17, 925. https://

doi.org/10.3390/ph17070925

Academic Editors: Marcela Segundo

and Luisa Barreiros

Received: 16 May 2024

Revised: 2 July 2024

Accepted: 3 July 2024

Published: 10 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceuticals

Review

Biosimilars in the Era of Artificial Intelligence—International
Regulations and the Use in Oncological Treatments
Tomas Gabriel Bas * and Vannessa Duarte

Escuela de Ciencias Empresariales, Universidad Católica del Norte, Coquimbo 1781421, Chile;
vannessa.duarte@ucn.cl
* Correspondence: tomas.bas@ucn.cl

Abstract: This research is based on three fundamental aspects of successful biosimilar develop-
ment in the challenging biopharmaceutical market. First, biosimilar regulations in eight selected
countries: Japan, South Korea, the United States, Canada, Brazil, Argentina, Australia, and South
Africa, represent the four continents. The regulatory aspects of the countries studied are analyzed,
highlighting the challenges facing biosimilars, including their complex approval processes and the
need for standardized regulatory guidelines. There is an inconsistency depending on whether the
biosimilar is used in a developed or developing country. In the countries observed, biosimilars are
considered excellent alternatives to patent-protected biological products for the treatment of chronic
diseases. In the second aspect addressed, various analytical AI modeling methods (such as machine
learning tools, reinforcement learning, supervised, unsupervised, and deep learning tools) were
analyzed to observe patterns that lead to the prevalence of biosimilars used in cancer to model the
behaviors of the most prominent active compounds with spectroscopy. Finally, an analysis of the use of
active compounds of biosimilars used in cancer and approved by the FDA and EMA was proposed.
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1. Introduction

The growing approval of biosimilar drugs, designed to precisely mimic their peers of
biological origin, has generated some changes in the pharmaceutical industry. This fact occurs
after the expiration of patents (intellectual property) that protect the inventions of molecules
of biological origin from being copied for 20 years from their creation [1–4]. Protection
of intellectual property causes a monopoly in favor of inventors and patent owners and
therefore an increase in the cost of the law-protected medicine, making it less accessible
to patients with fewer resources [5–10]. However, the expiration of patents opens up new
opportunities for these biological molecules, enabling the creation of new medicines known
as biosimilars, which must comply with rigorous regulatory conditions [11]. Many of these
molecules have preliminarily had a long history of efficacy in the treatment of complex
conditions, particularly autoimmune and oncological diseases [12–14]. In other words, with
the expiration of these patents, the manufacture of biosimilars has become an increasingly
profitable and accessible alternative to expensive original biological therapies [10–12,15–18].
The development and integration of biosimilars into healthcare systems present a unique set
of challenges and opportunities, but unlike chemical-based generic drugs, biosimilars are
not exact replicas of their original counterparts [19,20]. Biosimilars share a high degree of
similarity in terms of protein sequence, efficacy, safety, and quality to the original biological
molecule, but variations in the manufacturing process often lead to differences in the structure
of the active protein [21,22]. Due to this complexity, a comprehensive understanding of
biosimilars and very strict regulatory frameworks are required to ensure their safe and
effective implementation equivalent to the original biological molecules [11].

This article explores the diverse regulatory landscape for biosimilars across eight
countries spanning four continents: the United States, Canada, Australia, Japan, South
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Korea, Argentina, Brazil, and South Africa. These countries were selected for their var-
ied regulatory approaches and significant influence on the global biosimilar market. The
analysis delves into the regulatory policies and approval processes of each country, em-
phasizing the complexity of these processes and the necessity for standardized regulatory
guidelines. It addresses inconsistencies in regulations, particularly regarding biosimilars
developed, manufactured, and utilized in developed versus developing nations. Despite
these variations, commonalities and differences exist in how biosimilars are regulated
across the studied countries. For instance, in the United States, the FDA oversees biosimilar
quality, whereas Health Canada fulfills this role in Canada. Both nations maintain stringent
regulatory frameworks with detailed requirements to demonstrate biosimilarity, safety, and
efficacy compared to original biological medicines [23–26]. In Australia, for its part, the
Therapeutic Goods Administration (TGA) is the one that regulates everything related to
biosimilars [27]. In Japan, supervision is carried out by the Pharmaceuticals and Medical
Devices Agency (PMDA), which presents innovative and collaborative approaches for the
evaluation of biosimilars [28]. In South Korea, the Ministry of Food and Drug Safety (MFDS)
has emerged as a leader in the supervision and production of biosimilars, driving favorable
policies to encourage research and development in this field [29–31]. In South America,
Argentina and Brazil have adopted regulatory policies in line with the recommendations of
the World Health Organization (WHO), but have also implemented specific regulations
that consider their local contexts [12]. The National Administration of Medicines, Food,
and Medical Technology (ANMAT) in Argentina and the National Health Surveillance
Agency (ANVISA) in Brazil are working to balance the accessibility of these drugs with the
safety and effectiveness of biosimilars [12,25,32,33]. South Africa, representing the African
continent, faces unique challenges in terms of infrastructure and resources, but the South
African Health Products Regulatory Authority (SAHPRA) is making progress in establish-
ing regulations that allow the safe and effective introduction of biosimilars into its market,
thus improving access to high-quality biological treatments at more reasonable costs [34].
Harmonizing these regulations, along with the incorporation of advanced technologies,
such as artificial intelligence into research and development processes, is essential to ensure
that biosimilars meet the quality, safety, and efficacy standards necessary to benefit patients
around the world.

This leads to the second factor addressed in this research through an analysis of
the use of artificial intelligence (AI) in the development of biosimilars, which would
significantly improve the efficiency in time and quality of research and production of
these medications [35,36]. AI is particularly used to optimize manufacturing processes,
predict the stability of molecules, and improve bioequivalence studies in more urgent
times [37]. Furthermore, it can help to quickly identify possible structural and functional
variations of molecules, ensuring that biosimilars maintain the required quality and safety
throughout the study [38]. Some AI tools typically used are ‘computational modeling and
simulation’, which allow for predicting the behavior and stability of biological molecules
under specific conditions [39]; ‘machine learning and deep learning’, which are techniques
used to analyze large volumes of data from preclinical and clinical studies [40]; ‘predictive
analytics’, which uses historical and current data, where predictive analysis algorithms
can anticipate problems in production and supply chain, optimize logistics, and reduce
costs [36]; ‘natural language processing (NLP)’, used to review and analyze large amounts of
validated scientific literature, as well as patents, allowing researchers to stay up-to-date with
the most recent advances and even identify possible intellectual property problems [41];
‘convolutional neural networks (CNNs)’, through the analysis of biological images, CNNs
can identify and classify cellular and molecular structures with great precision, facilitating
quality control and comparison between biosimilars and their reference biologics [42].

Finally, this research proposes a third analysis, which is based on active compounds used
in biosimilars and approved by the FDA and EMA for cancer treatment [43]. The interest in
these molecules in particular results from the existence of a greater slowness than in other
therapeutic areas for the integration of these biosimilars into oncological clinical practice,
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fundamentally due to the need for more solid clinical evidence, and in many cases, due to the
preference that would exist due to the original medication from both patients and treating
physicians [44,45]. The use of biosimilars in cancer treatment in the United States and Europe
was prioritized due to the safety guaranteed by their regulations within the framework of
the development of biosimilars in oncology, including exhaustive comparative studies and
demonstrations of non-inferiority in terms of safety and effectiveness [46].

The research methodology was based on a systematic review of the most representative
literature, which allowed us to compile a complete collection of documents related to the
three aspects investigated [47]. That is, regulations in the eight countries of interest, the use
of AI in the development of biosimilars, and biosimilars applied to cancer treatments in
Europe and the United States [48].

2. Methodology

Figure 1 illustrates the steps taken to improve search effectiveness. Various docu-
mentary sources, bibliographic databases, and search engines tailored to each selected
field or subject area were employed. These included Science Direct, Compendex, Derwent,
Statistics Canada, Scopus, Web of Science Core Collections, Google Scholar, Innovation
Index, and GeoIndex. Furthermore, interdisciplinary research tools were integrated to
enhance the breadth of search systems [49].

Step 1:
Article search

on the academic
databases Database
Result:1684 articles

a) On AMiner, ACM, arXiv, BASE (Bielefeld Academic Search Engine),
CiteSeerX, DBLP (Digital Bibliography and Library Project), DOAJ
(Directory of Open Access Journals), IEEE Xplore Digital Library,
JSTOR, Microsoft Academic, Semantic Scholar, SpringerLink, Wiley
Online Library, WorldCat and WorldWideScience

b) Keywords: “machine learning”, “neural network”, “genetic
algorithm” , “random forest”, “decision tree”, “support vector”,
“k-means”, “fuzzy logic”, “deep learning”, “artificial intelligence”,
“biosimilar”, “regulatory biosimilar”, “cancer”, “oncology”.

• Based on the selection criteria, using Boolean relationships
between keywords using logical operators such as AND and
OR, along with precise expressions and appropriate field
codes.

c) A syntax analysis was conducted to ascertain the logical structure of
the concepts, which were automatically extracted and assigned to
entities for further elaboration

d) The data post-processing operations, such as search and derivation
filters, are then applied to these entities (Scells et al., 2020, Scells et
al., 2021)

Step 2:
A systematic review
of the literature was

carried out using
natural language
processing (NLP)
through Vectara
with app type

“semantic search”
Result:932 articles

On Vectara, a list of articles with their abstracts was added to the corpus
and analyzed to address the question: How are biosimilars used in cancer
treatment and how is artificial intelligence employed in their development?
Additionally, how do regulations by country influence the development of
biosimilars?

a) Only articles with a score higher than 0.80 for both questions were
selected.

b) Each word or phrase within a concept or semantic key serves as a
synonym or closely related term.

Step 3:
The search was

structured method-
ically, taking into
account the level

of sensitivity (recall
rate) and specificity

(precision rate).
Result: 586 articles

The search framework consists of four steps (Scells et al., 2020):

a) Query logic composition.
b) Entity extraction.
c) Entity expansion.
d) Post-processing.

To expand the scope of research, certain concepts based on semantic sig-
nals such as word/cloud and word/frequency were divided (Lashkari et al.,
2017)

Step 4:
Selection of the more

relevant studies
used on biosimilars

• Regulation for four continents and eight countries.
• Artificial intelligence in the development of biosimilars, process,

prediction, quality, machine learning, and pharmacovigilance.
• In cancer: biosimilar active compounds and data analysis.

Figure 1. Methodology used in the study [50–52].
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During the initial phase, a comprehensive repository of 586 documents was collected,
including research articles from journals indexed in Clarivate and Scopus, reviews, books,
book chapters, and conference proceedings. It is important to note that this sample is
representative of the information analyzed, but in no way is it intended to cover all existing
documents related to the topic of the study ‘Biosimilars’ in the databases consulted.

3. Biosimilars: Characteristics and Perspectives

Emerging as a cornerstone in the field of biopharmaceuticals, biosimilars are meticu-
lously designed complex bio-therapeutic products that mirror existing biological medicines,
known as originator or reference products [19]. Unlike conventional small-molecule gener-
ics, these are large complex molecules that are typically derived from living cells, represent-
ing significant advancement and complexity in drug development [53]. At the molecular
level, biosimilars share identical primary protein sequences with their reference drugs, and
this similarity extends to their three-dimensional structures, crucial for biological activ-
ity [37]. However, the production of biosimilars introduces small differences in higher-order
structures that are possible and significant, requiring extensive regulatory evaluation to
ensure that the efficacy and safety profiles of biosimilars closely match those of the original
biological products [5]. The physicochemical properties of biosimilars are a central point
in their characterization, ensuring their alignment with those of the reference drug [54].
This involves a comprehensive evaluation of molecular weight, isoform patterns, impurity
profiles, and other biochemical properties using advanced analytical methods [23]. These
evaluations are crucial to confirm that any differences do not affect the clinical performance
of the biosimilar. A critical step in the development of biosimilars is to demonstrate that
there are no clinically significant differences in efficacy and safety compared to the reference
product [55]. This involves conducting comparative clinical and preclinical trials, focusing
on pharmacokinetics, pharmacodynamics, immunogenicity, and safety parameters [56].
Despite the objective of replicating the therapeutic effects of original biologics, biosimilars
are not considered identical—reflecting the inherent complexity and nuances of biologic
production [57]. The manufacturing process is where biosimilars differ most notably from
their reference biologics [58]. Produced from living cells, biosimilars are sensitive to growth
conditions, resulting in potential differences in the structure of the active protein, despite
having an unchanged primary amino acid sequence [59]. Biosimilar manufacturers must
develop their own cell lines and production processes, and demonstrate that these processes
produce a product very similar to the original in quality, safety, and efficacy [12]. Hence,
the difficulty regarding the rigor of the standards that accompany these products. How-
ever, biosimilars offer important advantages in terms of profitability, since they provide
lower-cost alternatives to expensive biological therapies and, mainly, they no longer pay
royalties on patents [60].

3.1. Patient and Physician Perspectives, Nocebo Effect, and Clinical Outcomes

When addressing patient opinions, it is very important to raise the “nocebo” effect,
which is characterized by certain negative reactions from patients to the laboratories
responsible for researching and developing new drugs. Also, it emphasizes the negative
outcomes of active treatments in clinical settings, such as new or worsening symptoms and
adverse events, which are driven by patients’ negative expectations and reactions, rather
than by the pharmacological effects of the treatment itself. These are markedly negative
perceptions [61,62]. Numerous factors can generate this scenario, such as patient personality,
psychosocial and neurobiological effects, poor communication between patient and doctor,
and also environmental and cultural influences, which can affect and reduce patients’
adherence to the chosen treatment [63]. A lack of knowledge or adequate understanding of
the patient about the true effects of biosimilar-based treatment can generate rejection due
to fear. Sometimes, even the treating doctor himself may lack all the necessary information,
which can generate negative expectations and nocebo effects, thus reducing the acceptance
and clinical and even economic benefits of biosimilars [64].
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However, Wu et al. [65] analyzed patients’ perceptions of biosimilars and showed
that the majority of them expressed satisfaction with biosimilar treatment. However, the
negative perception was reflected in fear of clinical effects and the regulatory approval
process. Although most participants understood the potential economic advantages of
biosimilars, some incorrectly thought that a lower price was correlated with a lower quality.
The same study highlights that a lack of knowledge about biosimilars could be observed in a
percentage between 25% and 58%, while up to 51% expressed knowledge about biosimilars.
That is, parity can be observed between patients who declared that they were aware of
biosimilars and those who did not. On the other hand, information about these medications
is generally obtained directly from doctors, pharmacists, and patient associations. Another
study on patient opinion shows that among all patients, 66% were unaware of the existence
of biosimilars, but the majority were potentially receptive to biosimilar treatment after
learning what a biosimilar meant. Despite this, after learning about biosimilars, patients
were still concerned about side effects (59%), and long-term safety (50%). Among current
users, 43% would switch to a biosimilar and 26% would not (32% were unsure). The
patients showed, among other things, interest in learning more about the different benefits
and associated final costs [66].

It is essential to provide balanced information on risk–benefit profiles, frame the
information to emphasize positive aspects, and encourage shared decision-making and
patient empowerment. By increasing their knowledge about biosimilars and being aware
of bias-inducing factors, healthcare professionals can help reduce the risk of nocebo effects
and improve patient adherence by suggesting biosimilars for autoimmune diseases or
treatments against different types of cancer [67]. Adoption of biosimilars in cancer requires
critically examining clinical outcomes and patient experiences [65]. Patient organizations,
such as the Patient Forum (the WCG Patient Forum is an initiative of WCG (Western Insti-
tutional Review Board Copernicus Group), a leading provider of solutions that improve
the quality and efficiency of clinical research). The WCG Patient Forum aims to improve
the clinical trial process by integrating the patient’s perspective at every stage of drug
development and research; the National Patient Advocacy Foundation (NPAF) (a nonprofit
organization that represents the patient’s voice in health care policies and practices); and
Patient-Centered Drug Development (PFMD) is a global initiative that aims to integrate the
patient’s voice throughout the drug development lifecycle. PFMD collaborates with many
stakeholders, including patients, patient organizations, industry representatives, and regu-
lators, to promote patient-centered approaches in healthcare [68–72]. Feldman et al. [71]
explain that PFMD was created in 2015 with the purpose of uniting people and organiza-
tions dedicated to the creation of drugs with the active collaboration of patients, bringing
together patients and other groups with relevant knowledge and good ideas about how to
effectively involve patients in drug development. Collaboratively, they have developed
’practical guides’ covering the main activities throughout the drug development process.
These freely available guides provide practical tips and examples that anyone can use to
encourage patient participation. Additionally, these guides help patients better understand
the drug development process and how they can participate effectively to ensure that their
needs are taken into account. From the perspective of patient organizations, the intro-
duction of biosimilars offers the possibility of more affordable treatment options, thereby
increasing access to essential therapies for a broader patient population. However, patient
trust in biosimilars may be influenced by their experiences and perceived equivalence
to originator biologics [73]. It is crucial to collaborate with patient advocacy groups to
collect feedback and address any concerns about biosimilars. In general, patients tend to
have the same prejudices about the use of biosimilar medicines, partly due to difficulties
in understanding biosimilarity and expressing the need to be well-informed about the
change. One of the main causes of the push for biosimilars seems to be, among others, the
health budget restrictions of the different countries involved, as well as health insurance.
Therefore, how the benefits and drawbacks of both efficacy and safety and the associated
costs of these biosimilar medications are communicated to the patient is key [74].
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The treating physician plays a vital role in the acceptance and integration of biosimilars
into clinical practice, by adequately informing and prescribing such medications [75]. These
authors determined that treating physicians play a very important role in the access and
availability of information related to biosimilars. The level of familiarity among doctors
with biosimilars varied widely: Between 49% and 76% were familiar with biosimilars, while
between 2% and 25% did not know what biosimilars were, with variations between different
studies. Knowledge measured by the same research was generally lower than self-assessed
knowledge. The perceptions of biosimilars also differed: between 54% and 94% were
confident in prescribing biosimilars; however, between 65% and 67% were concerned about
these medications. There was a tendency to favor originator biologics over biosimilars
prescribed, with biosimilars primarily for patients who had not previously received biologic
treatments. The main advantages of biosimilars, as perceived by physicians, were cost
savings and lower prices compared to biologic originators, while concerns were often
related to safety, efficacy, and immunogenicity. Between 64% and 95% of the physicians
had negative opinions about pharmacists replacing reference biologics with biosimilars.
Physicians’ opinions would be determined by clinical evidence, regulatory guidelines, and
their own experiences with biosimilars [76]. For cancer treatments, it is essential to provide
oncologists with comprehensive data on the safety and efficacy of biosimilars, as well as
real-world evidence from post-marketing surveillance [77]. Educational programs and peer-
reviewed and validated publications can help build trust among healthcare professionals,
facilitating informed decision-making and adoption of biosimilars in cancer [78].

3.2. Impact of the Cost-Saving Potential of Biosimilars on Health Systems

The issue of costs in relation to biosimilars is complex because of many factors that
intermingle. The costs of biosimilars can vary widely depending on multiple factors, such as
the complexity of the drug, the production infrastructure, the price regulations in different
markets, the patient’s situation, and the manufacturer of the product [79]. There are still no
conclusive results that allow us to establish standardized long-term costs since they vary
according to the factors listed above and will be discussed below. However, some studies
have shown that the cost-saving potential of biosimilars is significant for health systems
in the United States and Europe. Implementing appropriate strategies can maximize
the benefits of these therapies, improving the accessibility and sustainability of cancer
treatment. The key is to promote supportive policies, educate healthcare professionals and
patients, and invest in continued research and development to ensure the efficiency and
effectiveness of biosimilars on the market.

United States

Reduction of costs and financial pressure:

• Biosimilars can significantly reduce treatment costs for healthcare systems in the US
due to their lower prices compared to reference biologic drugs [80]. This is crucial in
a market with high drug costs, where biosimilars can relieve financial pressure on
public health programs such as Medicare and Medicaid.

• The introduction of biosimilars could save the US healthcare system up to USD
100 billion over the next decade, depending on the adoption rate and market competi-
tion [81].

Improvement in accessibility and adherence to treatment:

• Reducing biosimilar prices improves accessibility and adherence to oncological treat-
ments, which could translate into better clinical outcomes and a decrease in disease
progression [82].

• The availability of biosimilars could expand access to innovative treatments, espe-
cially in underserved communities that traditionally have less access to expensive
therapies [83].

Europe, meanwhile, significant savings and system sustainability:
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• European healthcare systems have achieved significant savings with the introduction
of biosimilars, particularly in countries with favorable pricing and reimbursement
policies. These savings have been reinvested in the health system to improve the
quality of care and access to new therapies [84].

• The adoption of biosimilars in Europe has enabled health systems to maintain financial
sustainability in the face of increasing costs of innovative biological medicines [85]

Promotion of competition and price reduction:

• The competition generated by biosimilars has led to a reduction in the prices of original
biological medicines on the European market, benefiting both patients and health
systems [86].

• The implementation of incentive policies for the adoption of biosimilars in Europe
has accelerated competition in the pharmaceutical market, promoting innovation and
reducing long-term treatment costs [87]

Strategies to maximize the benefits of biosimilars in the fight against cancer:

Support policies and financial incentives:

• Governments should implement policies that encourage the adoption of biosimilars,
such as tax discounts and subsidies for institutions that choose to use these drugs
instead of their reference counterparts [88]. These policies can facilitate a faster and
more efficient transition toward the use of biosimilars.

• Establishing specific pricing and reimbursement agreements that favor biosimilars
is important, ensuring that these are accessible and attractive to both providers and
patients [89].

Education and awareness:

• The importance of educational campaigns aimed at health professionals and patients
to increase confidence in the safety and effectiveness of biosimilars. This is essential to
promote its acceptance and widespread use in cancer treatment [90].

• The need for workshops and continuing education programs for doctors to ensure
that they are well [91].

Promotion of research and development:

• Investments in research and development should be encouraged to improve the
production technology of biosimilars and optimize their regulatory processes, which
can lead to cost reduction and greater availability in the market [92].

• The creation of public–private research consortia to develop new biosimilars, which
can accelerate their arrival on the market and increase competition, benefiting patients
and health systems with more therapeutic options and lower costs [93].

Continuous evaluation and monitoring:

• The implementation of continuous monitoring and evaluation systems to track the
impact of biosimilars on health costs and treatment effectiveness, which can help
adjust adoption policies and strategies in real-time [93].

• The creation of open-access databases to share information on the effectiveness and
cost of biosimilars, promote transparency, and facilitate informed decision-making in
the field of public health [94,95].

3.3. The Profitability of Biosimilars against Cancer According to the Perspective of the Actors
Involved (Patients, Treating Physicians, Manufacturers)

The cost-effectiveness of biosimilars must be evaluated from different perspectives,
both from patients, health systems, and manufacturers. It is important to explore in-depth
how these agents impact the health economy in the United States and Europe to become
clearer about the general importance of biosimilars in the treatment of critical diseases
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such as cancer. If we look from the patient’s perspective, we must primarily consider two
elements: cost and quality of life.

Reduced costs and accessibility:

• Biosimilars can offer more accessible treatment options due to their lower costs while
maintaining the clinical effectiveness necessary to treat serious infections such as the
respiratory synaptic virus [96].

• Biosimilars, due to their lower cost, can allow greater patient adherence to treatment,
which can translate into better clinical outcomes and quality of life [97].

Impact on quality of life:

• The use of biosimilars can improve patients’ quality of life by making necessary
ongoing treatments for chronic conditions—such as cancer—more accessible [98].

• Although some biosimilars may be less effective in certain clinical contexts, their lower
costs can compensate for this difference, allowing broader and continued access to
treatment [99].

Health system perspective.
Cost Savings for the Health System:

• Biosimilars represent a more economical option for health systems by negotiating
lower prices for drugs that are equally effective as their brand-name counterparts [100].

Impact on health policies:

• The adoption of favorable policies toward biosimilars can lead to significant reductions in
public health spending without compromising the quality of cancer treatment [101,102].

• The implementation of biosimilar incentives and education programs can accelerate
their adoption, resulting in long-term savings for healthcare systems in Europe [103].

Manufacturer perspective.
Impact on competition and prices:

• The competition generated by biosimilars can put downward pressure on the prices
of original medicines, promoting a more competitive and accessible market [104].

• Manufacturers can benefit from economies of scale and lower long-term production
costs, which allows them to offer more competitive prices without sacrificing profit
margins [105].

Challenges and opportunities in the market:

• Biosimilar manufacturers face significant challenges, including high upfront devel-
opment costs and strict regulations, but they also have the opportunity to capture a
considerable share of the global cancer market [53].

• Investment in the research and development of biosimilars is crucial for manufac-
turers who want to remain competitive and comply with international regulatory
standards [92].

4. Biosimilar Process and Regulation in Eight Countries on Four Continents

The process and regulation of biosimilars on the four continents are presented through
the selection of eight countries represented by the United States and Canada (North Amer-
ica), Australia (Oceania), Japan and South Korea (Southeast Asia), Argentina and Brazil
(South America), and finally South Africa (Africa). Each country has its own regulatory
challenges for the manufacturing, approval, market dynamics, and growth and innovation
opportunities of biosimilars [106]. At the continental level, in South America and Africa,
whose economies are developing, the biosimilar market has a comparative and competitive
advantage based on economic and social needs, which generates enormous expectations of
the rapid growth of these drugs [12]. This is partly due to the need for affordable healthcare
solutions as the number of chronic diseases increases in the target population. In South
America, Argentina and Brazil lead in terms of regulatory and investment frameworks for
the manufacture of biosimilars at the local level [32]. In Africa, South Africa is the most
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advanced country in biosimilar regulation [30]. However, there are great challenges due to
inadequate, dissimilar, and inconsistent institutional frameworks, which prevent the har-
monization of biosimilar regulations in different Latin American and African countries as a
whole [56]. In Southeast Asian countries (such as Japan and South Korea), North American
countries (Canada and the United States), as well as in Oceania (Australia), the respective
biosimilar markets are evolving in a more dynamic context based on improved institu-
tional quality and long-term regulatory support for the growing demand for cost-effective
healthcare solutions [5,107–109]. However, in the United States, there are some barriers
on the part of the FDA to approve biosimilars from the moment a patent expires [110,111].
It is important to clarify that each country’s approach to biosimilar regulation reflects its
healthcare landscape and public health policy priorities.

4.1. Regulatory Guidelines and Approvals for Each Selected Country by Continent

Each country involved in this research requires rigorous data to demonstrate biosimi-
larity to the original and places a strong emphasis on post-market surveillance, but they
differ in their approaches to exclusivity periods, naming conventions, and substitution
policies [24,112]. These differences reflect each country’s own health systems and regula-
tory priorities, balancing the drive for pharmaceutical innovation and the development
of a competitive market to improve accessibility to this type of medicine [25]. There is no
universal regulatory system, but it varies from one country to another, where some have
similarities to others in their regulations and applications, which is why it is interesting to
specifically observe some of these countries by continent.

4.1.1. North American Continent (United States and Canada)

In the United States, in the period 2014–2018, there was an unprecedented 50% increase
in spending attributed to specialty drugs of biological origin, reaching USD 125 billion.
Biosimilars could drastically lower these costs, therefore lowering the quality of therapies,
but despite this argument, biosimilars have not yet achieved a boom in this country [113].
The low success in the adoption of biosimilars in the US market would not be due specif-
ically to these drugs, but to differences in the regulatory, legislative, legal, and clinical
frameworks, as well as to the payment models used in this country [114]. Despite what
is described above, the regulatory framework for biosimilars in the US is designed to
try to balance the dual objectives of stimulating innovation in the development of new
biological medicines and facilitating the entry into the market of more affordable biosimilar
alternatives. Producing a new reference biological drug begins with FDA approval through
a Biologics License Application (BLA) [115]. A central element of this regulation has to
do with the provision of a 12-year exclusivity period after the approval of the BLA where
no biosimilar product can enter the market [116]. This would simply mean prolongation
of the camouflaged exclusivity property right, probably under pressure from large phar-
maceutical laboratories. However, a biosimilar application can be submitted four years
after approval of the reference product. This exclusivity, granted by the FDA, is intended
to reward innovation by protecting the reference product, which is different from the origi-
nal patent protection that the original biological product had [92]. Canada’s approach to
regulating biosimilars, known as late-entry biologics (SEB), is designed to foster a balance
between encouraging innovation of originator biologic drugs and allowing the introduc-
tion of more affordable biosimilar options [117]. In Canada, biosimilars are subject to a
rigorous approval process by Health Canada, which involves a comprehensive evaluation
of quality, safety, and efficacy compared to the reference biological product [112,117]. On 18
December, 2023, Health Canada announced the creation of the Canadian Medicines Agency.
This new entity will provide crucial guidance and organization to promote resilience and
future readiness of the Canadian pharmaceutical system, including biosimilars. A notable
aspect of the Canadian regulatory framework for biosimilars is that it is similar in principle
to that of the United States, although in this case, the protection term of this regulation
has to do with the provision of an eight-year exclusivity period for the biological drug
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original [118]. This period prevents biosimilar manufacturers from using data for their own
approval applications, thus protecting the biosimilar manufacturer’s R&D investments and
the innovation of the original medicine [119].

4.1.2. Southeast Asia Continent (Japan and South Korea)

In Japan, biosimilar regulation is a key component of the healthcare system, which
aims to balance the promotion of innovative biological medicines with the introduction of
cost-effective biosimilar alternatives. Japan’s framework, governed by the Pharmaceuticals
and Medical Devices Agency (PMDA), requires biosimilars to demonstrate high similarity
in quality, safety, and efficacy to their reference biologics [120]. Unlike the United States
and Canada, Japan does not have a fixed exclusivity period for original biologics once the
patent expires. Decisions are made on a case-by-case basis, allowing flexibility to enter the
biosimilar market [121]. The naming convention for biosimilars in Japan follows the Inter-
national Nonproprietary Names (INN) system, facilitating global consistency [11]. South
Korea’s regulatory framework for biosimilars is also designed to ensure the availability
of affordable biologic therapies. The biosimilar approval process, overseen by the Min-
istry of Food and Drug Safety (MFDS), requires extensive comparative studies to establish
biosimilarity in terms of efficacy, safety, and quality [25]. South Korea does not specify
a different exclusivity period for original biologics, but instead aligns with patent laws
for reference products [122]. This approach facilitates a competitive market environment
after patent expiration [123]. The naming and labeling of biosimilars in South Korea is
designed to ensure clarity and avoid confusion, with specific distinctions from reference
biologics. Substitution policies allow the interchangeability of biosimilars at the discretion
of the prescribing healthcare professional [118].

4.1.3. Oceania Continent (Australia)

Australia’s regulatory approach to biosimilars is overseen by the Therapeutic Goods
Administration (TGA) and is strategically formulated to encourage innovation in biologic
drug development while facilitating the entry of affordable biosimilar alternatives [124].
The framework requires biosimilars to demonstrate high similarity to their reference bio-
logical products in terms of safety, efficacy, and quality. A feature of the Australian system
is the provision of a 5-year exclusivity period for biosimilars, which is shorter than that of
the United States and Canada but harmonizes the intention to balance market protection
for originator biological products with timely entry into the biosimilar market [26]. In
terms of naming conventions, Australia follows a case-by-case assessment, ensuring clear
differentiation and security [125]. The decision to switch from a reference biologic to a
biosimilar rests with the prescribing healthcare professional, highlighting the emphasis on
clinical judgment.

4.1.4. Latin American Continent (Argentina and Brazil)

In Argentina, the regulatory framework for biosimilars is the responsibility of the
National Administration of Medicines, Foods, and Medical Devices (ANMAT). It is de-
signed to encourage the development of innovative biological medicines and ensure the
availability of biosimilars as affordable alternatives [12]. Regulatory support requires that
biosimilars demonstrate similarity to reference products in quality, safety, and efficacy.
Argentina does not specify a single period of exclusivity for biosimilars but rather adheres
to general pharmaceutical patent laws, which influence the timing of market entry for
biosimilars [24]. Regulations require a distinctive name for biosimilars, ensuring clear
identification and minimizing potential confusion between the two. Substitution at the
pharmacy level is not automatically allowed but requires prescription authorization [126].
Brazil’s approach to regulating biosimilars, overseen by the National Health Surveillance
Agency (ANVISA), aims to balance the promotion of innovation in biological medicines
with the introduction of cost-effective biosimilar alternatives [12]. Brazilian regulations
require biosimilars to provide extensive analytical, nonclinical, and clinical data to establish
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biosimilarity with reference biologics [127]. Unlike other countries, Brazil, like Argentina,
also does not have a specific exclusivity period for biosimilars, and the framework is
governed by general patent and data protection laws [128]. Distinctive naming is required
for biosimilars for clear identification, and labels must indicate the biosimilar nature of
the product [127]. In Brazil, substitution at the pharmacy level is not allowed, being the
decision of the health professional [128].

4.1.5. African Continent (South Africa)

Africa is a large continent with 54 states and each country has its own biosimilar
regulatory body [129,130]. Some African countries are moving towards adopting WHO,
EMA, and FDA recommendations on biosimilarity, quality, efficacy, and safety standards.
The regulatory framework for African countries is still in a nascent stage, except in South
Africa, Egypt, and Tunisia, which are a little more advanced [30]. On this continent, the
commercialization of biosimilars occurs mainly with companies in low-cost regions of China
and India that provide copies of biologics [130,131]. The adoption by the African Union of a
treaty in May 2018 to establish the African Medicines Agency is an important step towards
a harmonized regulatory framework in Africa, which could improve the development and
accessibility of biosimilars [132]. These developments highlight Africa’s growing share
of the global biosimilar market, with South Africa leading regulatory advances and other
countries gradually moving toward establishing their frameworks [133]. The potential for
biosimilars in Africa is substantial, considering the size of the population and the need
for cost-effective treatment options. South Africa has been at the forefront of biosimilar
registrations in Africa and South Africa’s regulatory framework is under the auspices of
the South African Health Products Regulatory Authority (SAHPRA) [30]. This country
approved its first biosimilars, Filgrastim Teva in 2018 and trastuzumab from Biocon and
Mylan Ogivri in 2019 [27]. South Africa established a clear regulatory framework for the
approval of biosimilars, and its Medicines Control Council (MCC) published guidelines
in 2012 and amended them in 2014 [34]. The estos guidelines align with the criteria of the
European Medicines Agency (EMA) and the World Health Organization (QUIEN). These
guidelines align with the criteria of the European Medicines Agency (EMA) and the World
Health Organization (WHO).

Table 1 shows the number of biosimilars approved in 2023 by each of the eight coun-
tries analyzed, where Canada and Brazil lead with 53 and 52 biosimilars approved, then
the United States and Australia with 45 and 43 biosimilars. Japan follows with 32 biosimi-
lars, followed by South Korea with 25, Argentina with 24, and finally South Africa with
5 approved biosimilars.

Table 1. Total number of biosimilars approved until 2023 by the eight countries analyzed.

Countries and Sources Total Number Approved Regulatory Framework for Biosimilars

Canada [134] 53 (September 2023) CMA
Brazil [135] 52 (May 2023) ANVISA

United States [136] 45 (December 2023) FDA
Australia [137] 43 (September 2023) TGA

Japan [138] 32 (December 2022) PMDA
South Korea [108] 25 (December 2022) MFDS
Argentina [126] 24 (December 2022) ANMAT

South Africa [139] 5 (November 2020) SAHPRA

Figure 2 summarizes the number of approved biosimilars (size), the time required
to develop a biosimilar after a patent expires, and the regulatory incentives for either the
innovation of new patented drugs or the use of expired patents for biosimilar production.
Countries such as the USA, Canada, and Australia are more inclined to promote innova-
tion, whereas Asian and South American countries tend to balance innovation with the
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development of biosimilars. In South Africa, the use of biosimilars is increasing, but the
number of approved biosimilars is lower compared to other regions.

Figure 2. Summary of regulations by country and continent.

5. Artificial Intelligence Applied to R&D Processes in Biosimilars

The integration of smart technologies to assist in the research and development of biosim-
ilar drugs marks a revolutionary change in the biopharmaceutical industry [12,140–142]. AI
in healthcare represents a broad spectrum of technologies and methodologies, each play-
ing a critical role in various subdomains [37,143]. When considering the acceleration of
new medical applications, particularly in the development of biosimilars, AI and machine
learning algorithms are instrumental in improving the efficiency and accuracy of biosimilar
drug development processes [144]. IoT plays a vital role in monitoring and managing the
biosimilar production method by integrating sensors and connected devices throughout
the manufacturing environment, ensuring real-time data collection and analysis [145]. This
leads to a more controlled and consistent production process, which is vital to maintaining
the quality and effectiveness of biosimilars. These technologies can analyze large amounts
of biological data at unprecedented speed, helping to identify potential biosimilar candi-
dates and optimizing their development [36]. They are particularly adept at understanding
complex biological systems, which is crucial for creating biosimilars that closely mimic their
reference biological drugs. Modeling performed “in silico” in collaboration with mathemat-
ics carried out on a reference product to predict its behavior could be an area of potential
growth in the application of AI for the development of biosimilars [146]. These methods
aim to imitate the behavior of a biological system through a computer program, where
the critical model behaves with a pattern similar to that of the real system [36,142,147].
AI is finding an interesting niche in the validation of biosimilars, but this is an area of
potential growth [148]. Since the development of biosimilars depends on the demonstration
of high similarity to an existing and authorized biological product, regulatory agencies
require that the laboratory responsible for carrying out the production of a biosimilar
have a comprehensive understanding of the structural and functional characteristics of the
reference biosimilar product [149].

5.1. Benefits of Artificial Intelligence in the Development of Biosimilars

The use of AI can accelerate the identification of predictive biomarkers to evaluate
clinical outcomes [150]. Data derived from the identification of new biomarkers of clinical
efficacy can improve the design of clinical trials and, subsequently, result in faster and more
efficient tests [151]. Although not solely related to AI, identifying predictive biomarkers and
designing more efficient trials, is a key step in the successful development of a biosimilar
as described by the FDA [152]. In addition to an analysis of historical data to inform trial
design, AI can optimize the trial process itself [153]. By using AI to compare and contrast
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historical data about the drug and its target, a virtual model could be created that allows
simulating the effects of the biosimilar in a low-risk, high-reward scenario in record time
compared to what has been done [154]. In this sense, it is interesting to observe in Table 2
the description of the different AI applications used in the development of biosimilars.

Big data analysis further complements the use of these smart technologies by pro-
viding deep insights into large data sets related to biosimilars and their parent biological
molecules [142]. In this sense, it collaborates in predictive modeling, helping researchers
anticipate challenges and opportunities in the biosimilar development life cycle in record
time [155]. By analyzing trends and patterns in biological data, ‘big data’ can guide decision-
making, from the early stages of drug design to final production [36]. The combination
of these smart technologies not only streamlines the various development processes but
also improves the precision of biosimilar production. This increase in precision is crucial,
given the complex nature of biologics and the need for biosimilars to closely resemble
their reference products in terms of safety, efficacy, and quality [149]. By applying these AI
methodologies to the development of biosimilars, stakeholders can significantly accelerate
the process from laboratory to market, ensuring that these critical medicines are developed
efficiently, safely, and at a lower cost [36]. Each AI technology brings a unique set of
tools that can address the specific challenges of reproducing biologics, understanding their
behavior in biological systems, and ensuring their efficacy and safety in patients.

Table 2. Integration of AI and smart technologies in biosimilar R&D.

Application of AI in Biosimilar
Development Description

Machine learning in healthcare for
biosimilars [142]

• Predictive modeling for biosimilars: critical component used to predict bio-
logical and clinical outcomes of biosimilars. Analyzes complex datasets from
bioprocessing to clinical trials, predicting how changes in biosimilar production
could affect efficacy and safety.

• Adaptation of biosimilar development: Recognizes patterns in the data to
adapt biosimilar development processes, optimize manufacturing conditions,
ensure quality, and predict patient responses to biosimilars based on genetic
and environmental factors.

Support vector machine for classification
tasks [156]

• Classification of biological patterns: The support vector machine is used to
classify crucial complex biological data to understand the variations between
biosimilars and original biological products—including the prediction of the
protein structure, functional annotation, or determination of immunogenicity
risk of different biosimilar candidates.

Artificial neural networks for biosimilar
development [36]

• Prediction of complex outcomes: Neural networks analyze vast and complex
biological datasets, predicting crucial outcomes for biosimilar development.
It is used to understand the relationship between the structure of biological
molecules and their function or efficacy, which is fundamental to the replication
and validation of biosimilar products.

• Image analysis in biosimilar research: Artificial neural networks analyze elec-
tron microscopy or other imaging techniques to evaluate the quality and simi-
larity of biosimilars.

Deep learning applications for advanced
biosimilar analysis [37]

• Identification of molecular patterns: Deep learning uncovers intricate patterns
in molecular data that are not evident with traditional analysis methods. It is
particularly useful to ensure the biosimilarity of complex molecules, leading to
more effective and safer biosimilars.

• Enhancement of radiomics for biosimilar assays: Deep learning can improve im-
age data analysis in clinical trials, helping researchers understand how biosimi-
lars affect disease progression and response, particularly in oncology.
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5.2. Accelerated Discovery and Development Process

A key step towards an AI-assisted biosimilar development process is to increase the
pace and quality of development [157]. In this context, AI is not only a tool to analyze
preexisting data but also aims to become a key player in the planning stage of experimental
protocols and interpretation of a quantity of data never before treated for the same product
under development [158]. The idea is to use it to predict the molecular and physical prop-
erties of the original products and quickly and more economically select the molecule most
similar to the original [159]. This can be achieved by using machine learning algorithms to
indirectly relate product properties to intended clinical safety and efficacy data [160]. In this
sense, “in silico” (computational) AI-based molecule design methods seek to maximize the
efficiency and effectiveness of the event method at each stage by accelerating the prediction
of activities [161]. This covers a very wide variety of methods, but essentially AI would
learn a model to predict the relationship between the molecule and the action and would
use this model to suggest alterations of the molecules and their expected results in record
time [162]. The most immediate biological consequence of this field of computational AI is
the use of machine learning algorithms in the analysis of complex biological systems [163].
These algorithms are being implemented to perform what would be considered “big data”
analysis or meta-analysis of different data sets, ranging from these ‘in silico’ models to
raw data obtained from previous molecular or cellular studies [164]. Molecular modeling
methods are commonly used to predict the behavior of a molecule in question or the best
way to create a desired molecule [165,166]. This may involve simple 2D structure–activity
relationship (SAR) analysis that compares the biological activity of a molecule with its
chemical structure or more complex methods that use molecular dynamics or simulations
to visualize the behavior of a molecule in atomic detail [167]. These methods are used
to identify the most effective changes in an active molecule or the best way to create a
replacement [168].

5.3. Improved Prediction of Biological Activity

In the development of biosimilars, a detailed understanding of the pharmacokinetics
and pharmacodynamics (PK/PD) of the originator product is essential, as this understand-
ing guides subsequent in vitro and in vivo testing that demonstrates biosimilarity [169].
However, this information is not always published, often for confidentiality reasons, and
when it is published, it may not be detailed enough [170]. AI can help close the gap by
predicting the PK/PD of the original product from the molecular and structural information
provided in the reference material [171]. Artificial intelligence with machine learning has
proven to be effective in predicting the biological activity of drug molecules, in particular
by comparing the molecular interaction of active molecules with their biological target
of interest with the physical and chemical properties of the same molecules [172]. This
“in silico” approach can help identify molecules that are more likely to have the desired
therapeutic effect and also provide an indication of those that are likely to have undesirable
effects [173]. Evidence collected by artificial intelligence tools can serve to inform evalua-
tors about the relative safety and possible public health impact of accepting or rejecting
a new biosimilar product compared to the original therapy [174]. To look specifically at
AI-assisted comparison methods, the identification of potential candidates for the ‘in silico’
routine is, as has been observed, crucial [175]. A routine that compares each biosimilar
attribute with the reference product to determine areas of similarity and difference and
ranks them in order of potential impact on the efficacy of the biosimilar [176]. In some cases,
this may involve developing a mathematical model of the system that can be validated by
comparing clinical trial data of the reference product with clinical trial simulations [147].
Stepwise analysis of the type suggested by the EMA involves starting with a comparison of
quality attributes and conducting additional comparisons only of those attributes that show
disparity [177]. With the development of biosimilars, a thorough analytical comparison
between the new product and the reference product should be the basis of a stepwise
approach that demonstrates biosimilarity [37]. According to the guidelines of the Inter-
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national Conference on Harmonization, this involves a risk-based approach in which the
type and extent of comparisons depend on the complexity of the molecule and any prior
knowledge of the critical quality attributes that affect safety and effectiveness [178]. Given
that the biosimilar will only be approved if it can be determined that there is no increased
risk in terms of safety and efficacy variability, the main objective of any analysis at any stage
of development is to detect differences between the biosimilar and the reference product
and support that are not due to random variability [179].

5.4. Identification of Critical Quality Attribute

An ideal scenario for the development of biosimilars would be to generate an au-
tomatic algorithm that takes information about the molecule or the process of change
and produces a prediction of the probability of success in demonstrating comparability
and the areas that will have the greatest impact from the required studies. This would
help in the efficient design of a development program and specific studies for individual
products or processes [180]. The approach of the ICH Q8 (R2) guideline on pharmaceutical
development is based on the design of a quality product and its manufacturing process by
evaluating the impact of raw materials and process parameters that can affect the quality
profile of the product [181]. This offers a decision tree methodology to establish a specific
design space to ensure the quality of a product [182]. Therefore, quality is ensured if
the product is manufactured within the design space; the set of predefined conditions is
established to ensure the quality of the process and the product [183]. This methodology is
applied by generating data from studies designed to reflect the probability of analytical
success in detecting a change in a critical quality attribute [184].

5.5. Machine Learning and Deep Learning Integration

One application of machine learning that is poised to have a major impact on the devel-
opment of biosimilars is the prediction of the higher-order structure (HOS) of proteins and
the evaluation of comparability with innovative drugs [185]. Currently, the development of
a biosimilar involves extensive use of analytical methods to evaluate the comparability of
the biosimilar with the innovator drug [149]. Machine learning algorithms can be trained
with data from synchrotron radiation circular dichroism (SRCD) experiments [186] and
hydrogen/deuterium exchange mass spectrometry (H/DX-MS) that are used to evaluate
the HOS protein, to create predictive models of the HOS protein from primary data and sec-
ondary protein sequence data [187]. These predictive models can enable rapid assessment
of the comparability of a biosimilar with an innovator drug without the need to repeat
costly and time-consuming HOS experiments. Artificial neural networks have been used to
find patterns in gene expression data in an attempt to determine correlations with protein
abundance and function [188]. These applications corroborate that machine learning has
already proven to be valuable in the more traditional biochemical and biological field of
biosimilar development.

5.6. Application of AI in Pharmacovigilance

Simulation studies have shown a high probability of detecting rare adverse events
with AI methods compared to traditional statistical methods that use much smaller sample
sizes [189]. This is important because it reduces the amount of exposure a patient has to
a medication before an adverse event is detected. The adverse events with the biosimilar
can then be compared with those of the reference product using unsupervised machine
learning methods to assess whether there has been a significant difference [142]. This
type of analysis is described as a “probabilistic” comparison and is more powerful than
traditional statistical methods because it identifies and evaluates changes in the probability
of events rather than specific events and associated tests [190,191]. On the other hand, AI
methods can help detect adverse events by allowing the comparison of structured and
unstructured data patterns of patients treated with a biosimilar with the data of those
treated with the reference product [156]. This is achieved through data mining techniques,
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which extract information about adverse events and establish whether there is a causal
link between the event and the drug through an inference system on event terms and drug
definitions [192,193].

5.7. Collaborative AI Platforms for the Development of Biosimilars

Through increased use of machine learning technology and predictive analytics, col-
laborative AI platforms are being developed for reporting and analysis of adverse events of
biosimilars globally [194,195]. Currently, adverse event data are collected in different parts
of the world and stored in very powerful databases, and systems for reporting adverse
events and software for cause-and-effect analysis vary between organizations and countries,
making this still a complex process [196,197]. EudraVigilance has created a system for
simplified reporting of individual case safety reports (ICSRs) using a structured electronic
format and input mask [198]. However, a significant proportion of adverse events remain
unreported. The aim of the AI platform would be to provide global access to stored adverse
event data using a common data model and automated multilingual causality analysis to
standardize the process [199,200].

5.8. Natural Language Processing in Biosimilar Development

The integration of NLP into medical studies, particularly through the use of advanced
pre-trained models and optimization techniques, is increasingly applied in the develop-
ment of biosimilars. There are models that adapt the use of NLP by training on large
datasets to find connections between data, such as sentences and words. In the case of
biosimilars, these models have been used to identify chemical relationships between genes
and sequences that can generate diverse structures that capture numerous dependencies,
markers, and diseases based solely on medical documents and new candidate molecules for
a novel design [201–203]. Additionally, natural language processing quickly analyzes large
amounts of scientific literature and regulatory documents to aid biosimilar development.
It extracts information, trends, and relevant data points to inform development strategies
and regulatory considerations [204].

These applications demonstrate how NLP (as shown in Table A1 as Appendix A),
particularly transformer-based, language- and multimodal models, is revolutionizing the
biosimilar landscape. Using the power of NLP, researchers and developers can accelerate
the development process, improve regulatory compliance, and ultimately bring safer and
more effective biosimilars to market. Models such as M-FLAG: medical vision–language
pre-training with frozen language models and latent space geometry optimization using
advanced vision–language pre-training techniques with frozen language models and latent
space geometry optimization [205]. These models facilitate the integration and analysis of
complex data from various modalities to identify new biological relationships and drug
candidates. The frozen language model helps to learn zero-shot electrocardiograms (ECG),
demonstrating how frozen language models can be applied to zero-shot electrocardiogram
learning, speeding up the identification of relevant patterns in clinical data, thus supporting
biosimilar evaluation and monitoring in clinical studies [206]. Med-UniC: unifying cross-
lingual medical vision language pre-training by reducing bias focuses on unifying medical
vision language pre-training across languages by reducing biases, improving the accu-
racy and generalization of NLP models in extracting and analyzing multilingual medical
data, crucial for biosimilar development in a global context [207]. These advances con-
tribute significantly to the efficiency and effectiveness of the development and utilization
of biosimilars.

6. Application of Biosimilars in Cancer

The biopharmaceutical industry continues to research new drugs to treat a wide range
of oncological diseases. As technology advances, these drugs are becoming more efficient
and more precise; however, at the same time and compared to other classes of therapies,
the costs patients must face for cancer treatments are unattainable for most budgets [59].
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In an attempt to address the health and economic consequences of these high costs, the
entry of biosimilars into the global healthcare system has facilitated the possibility of more
affordable biologic therapies entering the healthcare space. However, its roots in oncological
clinical practice have shown a delay compared to its success in other areas such as the
treatment of autoimmune, inflammation, and cardiovascular diseases [208]. Reasons may
include limited clinical evidence and short-term follow-up data, and general preference
controls for the original due to its high perceived clinical value and superior efficacy [209].
There may also be a factor of inertia, in the sense that medications historically prescribed
for therapies continue to be so due to a trust process between doctors and patients.

6.1. Modeling Behaviors of Active Compounds

The superiority of the study of cell states focused on proteins—and their mutual
interactions—is that masses of cancer cells are always measurable and then—in the context
of a mass of normal cells—allow for an early diagnosis of cancer [210]. The second category
of ODE biological systems consists of those in which the dynamics of these proteins or
some of the subcellular machinery are followed over time [211]. There are also biological
elements that affect the behavior of anticancer drugs, which should be incorporated into the
model. These include the age, weight, and sex of the patients (based on pharmacokinetic
data), but also the other cytostatic or cytotoxic drugs in combination therapies and the
patient’s immune system, which would be important when immunotherapy is combined
with other types of cancer [212]. Another modeling tool is the system of ordinary differential
equations (ODE), which is essential for investigating and modeling the behavior of active
compounds [213]. These active chemicals include anticancer drugs, small molecules, which
are often considered cytostatic or cytotoxic agents, interleukins, cytokines, antibodies, etc.
The advantage is that ODE techniques allow the use of data obtained from early and late
clinical stages, but also from preclinical in vivo and in vitro experiments [214]. All of these
types of data can be used to decide on effective administration schedules. Two elementary
classes of EDO systems have been very popular in research [215]. The first class is called the
type of time-dependent constant coefficient type, which only includes a linear structure of
drug pharmacokinetic data. These types of systems are used when anticancer compounds
have only renal elimination or few metabolic steps. For more complex profiles or when the
drug is made up of peptides or monoclonal antibodies, the drugs are those of the second
family, systems of periodic coefficients in time, with time-dependent kinetics of the drug in
the system [216].

6.2. Spectroscopy Data Analysis

Anatune and Chemometrics detailed guidance should be documented [217]. While
the guide does not establish the minimum number of samples necessary for a repeatable
measurement, it does clarify that individual spectra from a series of completed analyses
should be integrated into a single spectrum for better repeatability that addresses possible
variations in laser energy, differences in the point of focus, and small variations in the
alignment of a sample with the microscope objective. Currently, available guidelines for
study measurements of biosimilar versions generally do not discuss this step. Therefore,
the normalized spectrum of the untreated sample should be inspected in detail. If both
the sequential measurement lines and the spectra are at multiple points at approximately
the same distance due to the influence of temperature changes on the laser excitation and
differences in the zero point, the maximum position of the LSCB band should be within
1 cm−1, in some devices, a displacement of at least up to 4 cm−1 could still be eligible. If
changing amplitudes are common and consistent with sequential measurements (most
signatures are identified in Raman measurements over a decade), it is assumed that the
samples are treated appropriately. The monoclonal antibody rituximab, for example, is
licensed for use in rheumatoid arthritis and non-Hodgkin lymphoma (NHL), where the
price drop for these indications can be up to 30 times the original [218,219]. The existence
of a biosimilar rituximab would generate considerable savings and would probably expand
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the authorized indications. This may increase access for patients with conditions in which
its use is currently uneconomical. In contrast, the use of erythropoietin-stimulating agents
for the treatment of anemia secondary to cancer has been controversial due to cost, safety,
and concerns about potential adverse effects on cancer progression [220,221]. Monoclonal
antibodies (mAbs) are an important component of targeted therapy and are widely used in
the treatment of many types of cancer [222]. Among the various classes of biologics, tumor
necrosis factor (TNF) antagonists and erythropoietin stimulating agents (ESAs) emerge
as the leading contenders in terms of sales and clinical experience [223]. Based on the
availability of match data between original biological products and biosimilars, AI has the
potential to more accurately predict the efficacy and safety of biosimilars in record time
and with greater certainty [35,36]. The use of the National Comprehensive Cancer Network
(NCCN) Oncology Drug Compendium, composed of evidence-based data, to compare
biosimilars with their originators in mAbs and other biologics has been an important
advance [224]. Biosimilar medicines supported by FDA and EMA approval for cancer
treatment offer a variety of tested and approved options to combat cancer [54,225].

In Figure 3, you can see the six different active components used for the treatment of
cancer according to the FDA of the original molecule of bevacizumab.

Figure 3. Active components approved by the FDA for use of cancer treatment from “bevacizumab”.

In Figure 4, one can see the biosimilars approved until 18 April 2024. It can be seen
that in the European Union, the number of biosimilar approvals used for cancer treatment
is similar to those used for the treatment of other diseases, compared to the United States,
where the approval of biosimilars for cancer is less than 50% in relation to the use of
biosimilars for other diseases. In Brazil and Canada, the proportion of the distance between
them is not so marked. In all cases, biosimilars for the treatment of cancers than for those
that are other than cancer. However, in proportion to the number of diseases treated by
biosimilars, cancer has been well studied and has a higher proportional approval.

In Figure 5, it can be seen that the approval of biosimilars for cancer treatment repre-
sents 40% of the total approved biosimilars. With the exception of the United States, which
does not invest in the massive approval of biosimilar molecules for oncology use, other
countries, and more so emerging ones, invest a lot of their studies in the approval of drugs
for oncology use.

The potential for significant cost savings in the healthcare system is a key factor in
the use of biosimilars in such expensive treatments [226]. Healthcare professionals play a
crucial role in integrating these biosimilar-based therapies into daily practice in the fight
against cancer [227]. Due to the complexity and heterogeneity of each country’s different
clinical, population, and regulatory environments related to cancer treatments, prescribing
decisions, and treatment regimens are based on a multitude of different factors and vari-
ables [228]. To alleviate this multitude of multiple events, there is an artificial intelligence-
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based clinical decision support system (CDSS) designed to help cancer researchers make
the most optimal and personalized treatment decisions for each patient [229]. CDSS could
be used to evaluate the implications of switching to a biosimilar compared to the originator
product [230,231]. An AI model that compares the treatment results of biosimilars and their
originator products is likely to become an essential tool in determining whether substi-
tution is an appropriate option for cancer patients at both an individual and population
level [232]. The development of such a model would require the integration of large-scale
clinical data, including patient demographics, disease characteristics, treatment history, and
clinical outcomes [233]. Additionally, the AI model should take into account the specific
pharmacokinetics and pharmacodynamics of the biosimilar and originator.

Figure 4. Biosimilars approved in Canada, the United States, Brazil, and Europe to be applied in
cancer treatments.

Figure 5. Total biosimilars approved for cancer treatment based on investment.

7. Discussion

The biopharmaceutical sector is experiencing a significant change with the increase
in biosimilars, especially after the expiration of multiple patents on biological molecules
that have been occurring since the last decade [1–4]. As we have already seen, biosimilars
are complex biological entities that replicate the original biological medicines since they



Pharmaceuticals 2024, 17, 925 20 of 38

share primary protein sequences with their reference drugs, which is a requirement for
their development, but the conditions of the biotechnological process can induce minor
variations in the higher-order structures of the resulting proteins [19]. Unlike generic drugs,
biosimilars face unique challenges due to differences in the manufacturing process that
can affect the structure of the active protein, requiring rigorous regulations to ensure their
efficacy and safety [11]. These large molecules are derived from living cells and share
primary protein sequences with their reference products. These variations can significantly
influence the efficacy and safety of the biosimilar. For example, post-translational mod-
ifications such as glycosylation can alter the stability of the protein, its immunogenicity,
or its biological activity. This underlines the need for comprehensive and comparative
characterization with the reference product, using advanced techniques such as mass spec-
trometry and liquid chromatography, which are essential to establish biosimilarity [37].
However, the manufacture of biosimilars can introduce minor but significant variations
that require rigorous evaluations to confirm that these products maintain the efficacy and
safety of their original counterparts [5,37]. Physicochemical characterization plays a crucial
role in this process, ensuring structural and functional similarity to the original drug [23].
The manufacture of biosimilars introduces a spectrum of variability not seen in the pro-
duction of small, non-biological medicines. Therefore, regulatory bodies such as the FDA
in the US and the EMA in Europe have established strict criteria for the evaluation of
biosimilars. These include the demonstration of similarity in terms of purity, potency, and
biological activity through a set of analytical, preclinical, and clinical studies [5]. One of
the central debates in the regulation of biosimilars is the level of evidence necessary to
demonstrate their comparative safety and efficacy. Although some argue in favor of large
clinical trials that replicate those conducted for the original drugs, others advocate a more
pragmatic approach that relies on solid analytical characterization and pharmacokinetic
studies, reserving clinical trials for situations where analytical analyses suggest significant
differences [23]. The key is that the development of biosimilars provides more accessible
therapeutic alternatives. However, the complexity of their development and different
regulations require a collaborative approach between developers, regulators, healthcare
professionals, and patients to ensure that the benefits of biosimilars are fully realized in the
context of global and equitable healthcare [15,25]. The regulatory frameworks for biosimi-
lars vary significantly between regions. In North America, the FDA and Health Canada
have implemented robust systems that offer post-patent exclusivity periods to protect
original biologics while facilitating the entry of biosimilars [116,117]. In contrast, Japan
and Brazil have more flexible approaches and do not establish fixed exclusivity periods,
allowing greater competition and access to biosimilars [12,121]. This diversity of regulatory
approaches reflects the different public health policies and economic needs of each country.
An industrialized country with health plans that generate benefits for its members is not
the same as a plan intended for developing countries [234], where, except for Brazil and
partly Argentina, medications do not reach patients due to the high prices that patients
must pay and also the lack of adequacy of medical personnel in prescribing biosimilar
medications [12]. The same author cites the fact that the emergence of biosimilars, driven
by the numerous expirations of biological products, which address the demand for more
affordable public health solutions around the world is increasing every day. These biosimi-
lars, although designed to be similar to their biologic counterparts, are not identical due to
inherent variations in their manufacturing, highlighting the critical need for meticulous
regulatory evaluations to ensure comparable safety, efficacy, and quality [22]. Different
countries around the world seek to competitively regulate regulations to homogenize study
and analysis parameters, as well as their approvals [235–237]. The growing adoption of
biosimilars is not only due to patent expirations. Also due to its potential to reduce costs in
the treatment of complex diseases such as autoimmune, ocular, and cardiovascular diseases,
and especially those related to oncology [5,209]. Historically, in these treatments, high costs
have been associated with royalties and intellectual property protections, making quality
state-of-the-art treatments practically unattainable for populations in poorer countries
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or those with fewer resources [8,93]. Globally, regulation varies considerably, reflecting
differences in policy priorities and health systems [18,169,238]. In North America, for
example, legislation continues to favor post-patent exclusivity periods protecting original
biologics, while in Europe and some regions of Asia there is a trend toward reducing these
periods to encourage greater competition and accessibility [239]. Regulatory frameworks
in developing countries are still evolving, with challenges including a lack of homogeneity
and the need to adapt to guidelines from bodies such as the WHO and EMA [12]. These
obstacles could be attributed equally and speculatively to the strength of laboratories that
are at the forefront of the development of new molecules to prevent biosimilars from taking
away the market in fundamentally novel cancer treatments. In the field of oncology, biosim-
ilars offer significant potential to reduce the costs of treatments against different types
of cancer [240–242]. However, its integration into clinical practice has been slow, facing
challenges such as the need for solid evidence to demonstrate its equivalence with original
biologics and the reluctance of health professionals to adopt less expensive alternatives
due to concerns about their effectiveness and security [37,208,243,244]. As more cancer
biosimilars enter the market, it will be crucial for health systems to adopt policies that
not only facilitate their adoption but also ensure post-marketing monitoring to validate
their long-term safety and efficacy. Artificial intelligence is transforming the development
of biosimilars, from prediction of molecular structures to optimizing manufacturing pro-
cesses [140,141]. Machine learning and natural language processing facilitate clinical trial
design, safety monitoring, and production efficiency [36,143]. These technologies not only
promote faster and cheaper development but also improve the accuracy of comparability
of biosimilars with reference biologics. One of the most important applications of AI in the
development of biosimilars is the prediction of molecular structures [245]. Using machine
learning algorithms, researchers can now accurately model complex three-dimensional
protein structures that are crucial to the therapeutic efficacy of biosimilars. These models
help anticipate how small differences in amino acid sequence or post-translational modifi-
cations can influence the function and immunogenicity of the products [140]. The ability
to anticipate these characteristics essentially allows developers to optimize cell culture
conditions and purification processes to produce biosimilars that are truly comparable to
the originator products. Artificial intelligence is also revolutionizing the way biosimilars
are manufactured. Through the use of advanced process control systems that integrate
machine learning, companies can monitor and adjust production conditions in real-time
to ensure product consistency and quality. This not only improves efficiency and reduces
waste, but also ensures that each batch of biosimilar meets the strict similarity standards
required by regulatory authorities [36]. Machine learning and natural language processing
significantly facilitate the design and management of clinical trials for biosimilars. Some
advanced algorithms can analyze large volumes of data from previous studies to identify
the most relevant parameters that should be evaluated, thus optimizing study designs to
be more effective and less expensive. Furthermore, AI can continuously monitor emerging
safety data to quickly identify any signs of adverse events, thus improving patient safety
during clinical trials [143]. In monitoring the effectiveness of biosimilar therapy, AI has
been used to evaluate laboratory biomarkers, showing significant improvements in patients
with various parameters in rheumatoid arthritis who receive biosimilar treatment.

Finally, it is important to highlight in this discussion that the current trends and future
perspectives for the use of biosimilars in the treatment of cancer are multiple although they
depend on numerous internal variables specific to each molecule, but also external ones,
dependent on the evolution of the regulations, the availability of patient associations, and
treating physicians to accept or not the more massive use of this type of medication. The
use of biosimilars in cancer treatment points to increased adoption and promising future
prospects. To maximize the benefits of these medicines, healthcare professionals must
integrate biosimilars into their daily practice through educational strategies, incorporation
of patient associations, incentive policies, and an evidence-based approach. This will not
only improve the accessibility and quality of cancer treatments but will also contribute
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to the sustainability of health systems. If we look at current trends, we could name four
main ones:

• Gradual increase in the approval and use of biosimilars: In recent years, a signif-
icant increase in the approval and use of biosimilars in cancer treatment has been
observed, especially in Europe and the United States. In this sense, the authorization
of biosimilars has increased as regulatory agencies such as the EMA and the FDA have
developed clearer and more precise regulatory frameworks for their evaluation and
approval [225].

• Expansion of competition and cost reduction: The introduction of biosimilars has
encouraged competition in the pharmaceutical market for biomolecules, leading to
lower prices for both biosimilars and original biological medicines. This competition
benefits the different health systems involved in funding programs and the patients
by making treatments more accessible [101].

• Adoption in developing countries: Biosimilars are gaining ground in developing
countries precisely because of their lower cost compared to reference biologics. The
trend is particularly important in resource-limited regions, where biosimilars offer a
viable option for the treatment of chronic diseases such as cancer [246].

• Expansion of the treatment portfolio: The number of biosimilars available on the
market is expected to continue to increase. In the coming years, biosimilars will be
here to stay, and more massive approvals are a matter of time, and therefore a broader
range of oncological indications will be approved, thus expanding treatment options
against an even greater variety of treatments against different types of cancer [247].

Regarding future prospects, the observed panorama is quite encouraging for a good
proportion of beneficiaries. Among them, there are four possibilities.

• Improvements in production technology through the use of more massive AI: Innova-
tions in biosimilar production technology should continue to improve the efficiency
and quality of these medicines, with the greater use of different AI tools, which could
further reduce costs, improve quality and safety, and obviously, accessibility [248].

• Integration into standard treatment protocols: Biosimilars are likely to become in-
creasingly integrated into standard treatment protocols for various types of cancer,
allowing healthcare professionals to offer more accessible, flexible, and cost-effective
treatment options. This integration will likely accelerate as more data on the long-term
safety and efficacy of biosimilars become available [249].

• More favorable policies and refunds: Policies for biosimilars, both in Europe and
other markets, would promote greater adoption of these medicines, making health-
care systems more financially sustainable and lowering payment premiums for all
involved [85].

• Greater education and confidence of patients and treating physicians: Education and
awareness of the benefits and safety of biosimilars as they become available will be
crucial to increasing trust among healthcare professionals and patients, facilitating
their adoption and regular use in clinical practice [235].

It is important to highlight some strategies for the effective integration of biosimilars
into daily practice. We identified at least six of these strategies.

• Training and continuing education: Regular training on biosimilars is essential for
healthcare professionals to fully understand their benefits, limitations, and the regula-
tory framework that supports them [90,91].

• Development of updated treatment protocols: It is important to generate and develop
an update of the treatment guidelines to include specific recommendations on the use
of biosimilars, ensuring that professionals have a clear framework for their prescription
and monitoring [12].

• Promoting evidence-based adoption: It is critical to building trust between healthcare
professionals and patients [250].
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• Implementation of financial incentive policies: The implementation of financial incen-
tives for the prescribing of biosimilars could encourage healthcare professionals to opt
for these treatments, ensuring that economic benefits are passed on to patients and the
health system, in general, [251].

• Monitoring and evaluation of results: The creation of robust monitoring and evaluation
systems for patients who use biosimilars, allowing adjustments in health practices
and policies over time and as necessary to optimize the effectiveness and efficiency of
treatment, since being biomolecules, reactions can vary from patient to patient [252].

• Promotion of participation in clinical studies and information on patient associations:
Participation in biosimilar clinical studies can help healthcare professionals stay up-to-
date with the latest research improve the adoption of these treatments in their daily
practice and inform respective patient associations [95,246].

8. Conclusions

Biosimilars represent a transformative development in the biopharmaceutical industry
as cost-effective alternatives to patented biologics, marking an important milestone and
addressing the critical need for more accessible treatments in both developed and devel-
oping countries. The global narrative of biosimilars is rich and varied, characterized by
the diversity of regulatory frameworks and the ramified evolution of different markets.
This diversity reflects the unique challenges and opportunities that different regions face
when integrating biosimilars into their healthcare systems. Developed countries often lead
regulatory innovations, while developing countries struggle to establish frameworks that
can accommodate these complex biologics. Market developments in regions such as North
America, Southeast Asia, South Africa, and South America, along with Australia’s trajectory,
highlight a growing recognition of the role biosimilars can play in improving accessibility
and healthcare affordability. With the future ahead, the success of the biosimilar industry
depends on a harmonized approach to its regulations on a global scale. Such harmonization
would not only facilitate smoother entry into the biosimilar market but would also ensure
consistent standards of safety and efficacy across borders. Other important challenges lie in
the quality of the infrastructure used for research, development, and manufacturing, which
in some developing countries is often poor, of low quality, and with inefficient public health
policies and terrible governance, as is the case with Brazil and Argentina in South America
and with South Africa in Africa, which can make regulatory harmonization of different
intra- and inter-border biosimilars difficult. The global landscape for biosimilar regula-
tion is characterized by great diversity, reflecting different national healthcare systems,
regulatory priorities, and strategies to balance pharmaceutical innovation with market
competitiveness and accessibility. This lack of harmonization can create barriers to entry for
these biomolecules in different markets, slowing their adoption and limiting their impact
on the affordability of quality care for patients who need it most. Therefore, due to the
cultural complexity of the countries involved and their disparate socioeconomic problems,
it is important to find a more global understanding of the regulations related to these medi-
cations. In essence, its development is a delicate balance between replicating the positive
therapeutic effects of the original biologics. Although there is a universal commitment to
ensuring the safety, efficacy, and quality of biosimilars, approaches to exclusivity periods,
naming conventions, and substitution policies vary significantly from country to country.
This diversity reflects the delicate nature of finding the unique balance between fostering
pharmaceutical innovations by funding basic research into new molecules and encouraging
their intellectual protection through patents, while at the same time fostering a competitive
market for pharmaceutical biosimilars to improve access to quality medications for a low-
income patient population. Countries such as the United States and Canada emphasize
a balance between stimulating innovation through periods of exclusivity and facilitating
market entry for biosimilars, while Japan and South Korea offer more flexible approaches
to biosimilars. Australia, Argentina, and Brazil also adapt unique frameworks, each tailor-
ing their biosimilar policies to their legal and health systems. South Africa established a
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clear regulatory framework for the approval of biosimilars through its Medicine Control
Board. Despite the growth in specialty medicine spending and the potential of biosimilars
to reduce healthcare care costs, the adoption of biosimilars varies significantly between
countries, influenced by regulatory, legislative, legal, and clinical frameworks, as well as the
delivery payment. In oncology, biosimilars have demonstrated their ability to significantly
reduce treatment costs. Biosimilars of agents such as trastuzumab and rituximab are pro-
viding more affordable options for patients, without compromising efficacy or safety. The
application of AI in the development of biosimilars is revolutionizing this field, facilitating
processes from molecule design to production optimization and quality control. Machine
learning and deep learning systems can predict protein stability and optimize cell culture
conditions to maximize the production of therapeutically relevant biosimilar proteins. Due
to the cultural complexity of the countries involved and their disparate economic and social
problems, it is important to find a more global understanding of the regulations related
to these medications. In essence, biosimilars represent a sophisticated and nuanced class
of therapeutic agents in the pharmaceutical landscape. Their development is a delicate
balance between replicating the therapeutic effects of original biologics, represented by
biosimilars and navigating the complexities of research into new biologics, which involve
significant investments and long testing periods throughout the development phases devel-
opment that can reach 10 years, which considerably increases the prices of these exclusive
drugs and makes them unaffordable to ordinary patients, regardless of their nationality
of origin.

Among the most significant findings of this research, we can mention the importance
of global regulations and challenges; the impact of the use of artificial intelligence in the
development of biosimilars; the significance of the adoption of biosimilars for the treatment
of different types of cancer; the accessibility and affordability of biosimilars, particularly in
developing countries and those with health insurance problems; the collaboration and inter-
national support that these molecules can mean for developing countries; the importance of
the opinion of patients and doctors for the most efficient communication about the quality
of these medicines. Based on each of these findings, different recommendations, actions,
and justifications are addressed to improve the global understanding of these important
medications, such as biosimilars.

• Global regulations and challenges: The regulatory framework for biosimilars world-
wide is disorganized and without unifying criteria, where each country establishes the
rules according to its own health needs and interests. Likewise, there is an interest in
extremely strict regulations in all countries, most of the time there is a lot of disparity,
fully impacting the quality of the medicine and, therefore, the safety of the patients
involved, generating fear in their use.

– Recommendation: Implement a harmonized international regulatory frame-
work to facilitate the approval and adoption of biosimilars in different parts
of the world.

* Actions: Establish a global working group composed of representatives from
major regulatory bodies such as the FDA (US), EMA (Europe), PMDA (Japan),
patient representative groups, and other authorities responsible for the man-
ufacturing and distribution of medicines. Develop unified guidelines for
biosimilar approval processes, including clinical trial requirements, quality
standards, and post-marketing surveillance. Create an international database
to share regulatory data and best practices.

* Justification: Currently, regulatory requirements for biosimilars vary sig-
nificantly between countries, resulting in delays and increased costs for
manufacturers, who must navigate multiple regulatory landscapes generat-
ing mistrust and uncertainty. A harmonized approach would streamline the
approval process, reduce duplication of efforts, and facilitate faster access to
biosimilars around the world.
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• Use of artificial intelligence in the development of biosimilars: The use of artificial
intelligence (AI) in the development of biosimilars for cancer treatments offers both
positive and negative contributions. Among the positive contributions, can be said to
be the acceleration of development and cost reduction, where AI can analyze large
volumes of complex biological and clinical data quickly and efficiently, significantly
accelerating the process of discovery and development of biosimilars. Similarly, artifi-
cial intelligence improves the efficiency, precision, and personalization of treatments,
enabling the identification of new therapeutic targets and the design of molecules that
precisely imitate the properties of original biological medicines. It allows a detailed
analysis of the genomic and proteomic profiles of patients, helping to predict the
behavior of biosimilars in different clinical settings, and optimizing the formulation
and dose of these drugs. The potential negative impacts are data dependence and risk
of bias since we are highly dependent on the quality and quantity of data available and
therefore there is a risk that AI models reproduce or amplify biases existing in the data,
which can result in the under-representation of certain patient groups or incorrect
decision making. Ethical challenges are also faced regarding the transparency and
interpretability of AI models used in decision-making clinics and the development of
treatments.

– Recommendation: Invest in artificial intelligence and machine learning technolo-
gies that help improve the efficiency and precision of the biosimilar development
process.

* Actions: Allocate funding for R&D initiatives focused on the application of
artificial intelligence in the development of biosimilars. Foster partnerships
between pharmaceutical companies and technology companies specializing
in AI. Deploy AI-powered platforms to predict molecular structures, optimize
cell culture conditions, and conduct virtual clinical trials. Integrate artificial
intelligence tools into regulatory review processes to assess biosimilarity and
predict clinical outcomes.

* Justification: Artificial intelligence technologies can analyze large data sets
more quickly and accurately than traditional methods, identifying optimal
biosimilar candidates and predicting their clinical performance. This can
significantly reduce the time and cost involved in bringing biosimilars to
market, ensuring that patients receive safe and effective treatments sooner.

• Adoption of biosimilars in cancer treatment: At the molecular level, biosimilars
are designed to be highly comparable to the original biologics in terms of structure,
function, and biological activity. Through extensive characterization and comparability
studies, biosimilars ensure that any molecular differences do not compromise the
safety or efficacy of treatment. A strict evaluation of immunogenicity and stability
ensures that these drugs can be used safely and effectively in the treatment of cancer,
providing a viable and more accessible alternative to original biological medicines.

– Recommendation: Increase comparative clinical studies and educational pro-
grams for patients and health professionals on the safety and efficacy of biosimi-
lars in oncology compared to the reference ones. Focus on points such as struc-
tural and functional equivalence, glycosylation and post-translational modifi-
cations, the main mechanisms of action, further studies of comparability and
immunogenicity, and finally, stability and purity.

* Actions: Conduct large-scale, multicenter clinical trials that compare biosim-
ilars with their reference biologics in cancer treatment. Develop compre-
hensive educational modules and certification programs for oncologists and
other healthcare providers. Host international conferences and seminars to
share trial results and real-world data on the efficacy and safety of biosimilars.
Generate and communicate relevant information to patient associations to
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improve understanding of biosimilars. Collaborate with medical societies to
update clinical guidelines that incorporate biosimilars.

* Justification: Despite their potential, biosimilars have faced slow adoption in
cancer due to more limited clinical evidence relative to reference molecules,
and there are concerns about their efficacy and safety. Robust comparative
studies and continuing education could build greater confidence among
healthcare providers, leading to greater acceptance and use of biosimilars in
cancer treatment.

• Accessibility and affordability (cost) of biosimilars: Biosimilars have had a transfor-
mative impact on cancer treatment in both the United States and Europe, providing
significant benefits in terms of reducing costs, expanding access to treatments, and
fostering competition and innovation in the pharmaceutical market. These benefits are
essential to improve the sustainability and effectiveness of health systems, allowing
better resource management and broader, more affordable care for cancer patients.

– Recommendation: Establish pricing and reimbursement policies that encourage
the adoption of biosimilars, especially in developing countries.

* Actions: Implement government subsidies and financial incentives for biosim-
ilar manufacturers to reduce production costs. Negotiate wholesale pur-
chasing agreements with manufacturers to ensure lower prices for national
healthcare systems. Develop reimbursement policies that favor the use of
cost-effective biosimilars over more expensive reference biologics. Provide
grants or low-interest loans to local companies in developing countries to
develop biosimilar manufacturing capabilities.

* Rationale: High treatment costs constitute a major barrier to access to ad-
vanced biological therapies, especially in low- and middle-income countries.
By reducing the cost of biosimilars through supportive policies and incen-
tives, more patients can benefit from high-quality, affordable treatments and
ultimately improve public health outcomes.

• International collaboration and support for developing countries: International sup-
port and collaboration in the development and use of biosimilars are essential to im-
prove access to biological medicines, mainly in developing countries. This is achieved
through technology transfer, training, strategic alliances, regulatory support, and
financing of research projects. These actions not only help reduce costs and improve
the availability of treatments for serious diseases such as cancer but also strengthen
the capacity of these countries to produce and regulate high-quality biosimilars in a
sustainable manner.

– Recommendation: Strengthen international cooperation to support infrastructure
and regulatory capacity in developing countries, allowing them to fully benefit
from biosimilars.

* Actions: Establish international training programs to develop regulatory ex-
pertise in developing countries. Create twinning agreements in which regula-
tory agencies in developed countries advise their counterparts in developing
regions. Provide technical assistance and funding to improve regulatory
infrastructure and laboratory facilities. Facilitate the exchange of knowledge
and best practices through international forums and collaborative networks.

* Justification: Developing countries often lack the resources and expertise to
effectively regulate and monitor the introduction of biosimilars. International
support can help these countries establish strong regulatory frameworks,
ensuring that biosimilars are safe, effective, and accessible to those who
need them. Improving regulatory capacity will also attract investment in
local production of biosimilars, fostering economic growth and improving
healthcare outcomes.
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• Patient and physician opinion: Patient and physician opinion on the use of biosimilars
in cancer treatment is generally positive once initial mistrust is overcome through
education and clinical experience. The different patient associations do a remarkable
job informing patients. On the other hand, patients and health insurance associations
value the reduction in costs and greater access to treatments, while physicians appre-
ciate the comparable efficacy and economic benefits of biosimilars. However, both
patients and physicians highlight the importance of clear regulation and continued
education to maximize the adoption and success of biosimilars in clinical practice.

– Recommendation: Develop comprehensive educational programs for physicians
and patients that clarify pharmacist substitution policies. Incorporate the different
associations into the discussion.

* Actions: Implement targeted educational initiatives focused on the safety, ef-
ficacy, and immunogenicity of biosimilars, supported by current clinical trial
data and real-world evidence. Develop clear policies on the pharmaceutical
substitution of biologicals with biosimilars, guaranteeing transparency and
communication.

* Justification: Better education will close knowledge gaps, build clinician
confidence, and address concerns about the use of biosimilars, thereby pro-
moting their broader prescription and integration into clinical practice. Clear
communication can alleviate concerns and build trust, supporting the wider
adoption of biosimilars.

The development and adoption of biosimilars is crucial to providing high-quality,
affordable healthcare solutions worldwide. Implementing harmonized regulatory frame-
works, using artificial intelligence technologies, and promoting clinical evidence are es-
sential steps to realize the full potential of biosimilars to improve public health outcomes.
It is vital to establish pricing and reimbursement policies that encourage the adoption of
biosimilars, especially in developing countries. Strengthening international cooperation
to support infrastructure and regulatory capacity in developing countries will allow them
to fully benefit from biosimilars. This comprehensive approach will facilitate the global
adoption of biosimilars, improve access to advanced treatments, and reduce healthcare
costs. Develop comprehensive educational modules for healthcare providers, and patient
and treating physician associations, and organize international conferences to share trial
results and real-world data on the efficacy and safety of biosimilars. Better education and
favorable policies can increase the confidence and adoption of these medications among
healthcare professionals.

9. Challenges and Future Considerations

Despite its numerous benefits, the implementation of AI in biosimilar development
presents challenges, including the need for large, high-quality data sets to train algorithms,
concerns about data privacy, and the need for careful interpretation of the results generated
by AI. Furthermore, the acceptance of AI-based techniques by regulatory authorities is still
evolving, which requires continued dialogue between drug developers and regulators to
ensure that AI innovations are effectively and safely integrated into regulatory standards.
Artificial intelligence is shaping a new paradigm in biosimilar development, one that
promises to significantly improve the efficacy, safety, and accessibility of these essential
therapies. As technology continues to advance, we are likely to see even more innovative
applications that will transform the biopharmaceutical industry.
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Appendix A

Table A1 of the role of NLP in medical studies: M-FLAG: medical vision–language
pre-training with frozen language models and latent space geometry optimization; the
frozen language model helps ECG zero-shot learning; Med-UniC: unifying cross-lingual
medical vision–language pre-training by a diminishing bias.

Table A1. The role of NLP in medical studies.

Study Main Contribution Methodology Significance

M-FLAG: medical
vision–language
pre-training with frozen
language models and
latent space geometry
optimization [205].

Introduces M-FLAG, a
model that combines

frozen language
models with

vision–language
pre-training for medical

applications.

• Utilizes frozen language mod-
els to maintain robust linguistic
features.

• Optimizes latent space geom-
etry to enhance alignment be-
tween visual and textual infor-
mation.

• Improves medical image un-
derstanding and diagnostic ca-
pabilities.

• Facilitates more accurate and
interpretable medical AI appli-
cations.

Frozen language model
helps ECG zero-shot
learning [206].

Demonstrates the
effectiveness of frozen

language models in
performing zero-shot
learning on ECG data.

• Applies a pre-trained language
model to interpret ECG signals
without additional training on
ECG- specific data.

• Leverages the generalization
ability of language models to
understand medical terminol-
ogy and concepts.

• Enables rapid deployment of
ECG analysis tools without
the need for extensive domain-
specific data.

• Enhances the ability of AI
to generalize across different
medical datasets and tasks.

Med-UniC: unifying
cross-lingual medical
vision–language pre-
training by diminishing
bias [207].

Proposes Med-UniC, a
model that addresses

cross-lingual and
cross-modal biases in

medical
vision–language

pre-training.

• Implements techniques to di-
minish biases present in mul-
tilingual and multimodal med-
ical datasets.

• Uses a unified framework to
align vision and language rep-
resentations across different
languages and medical con-
texts.

• Promotes more equitable AI
tools that perform consistently
across diverse patient popula-
tions.

• Enhances the usability of medi-
cal AI in multilingual and mul-
ticultural healthcare settings.
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194. Batko, K.; Ślęzak, A. The use of Big Data Analytics in healthcare. J. Big Data 2022, 9, 3. [CrossRef] [PubMed]
195. Lindroth, H.; Nalaie, K.; Raghu, R.; Ayala, I.N.; Busch, C.; Bhattacharyya, A.; Moreno Franco, P.; Diedrich, D.A.; Pickering, B.W.;

Herasevich, V. Applied Artificial Intelligence in Healthcare: A Review of Computer Vision Technology Application in Hospital
Settings. J. Imaging 2024, 10, 81. [CrossRef]

196. Mascarenhas-Melo, F.; Diaz, M.; Gonçalves, M.B.S.; Vieira, P.; Bell, V.; Viana, S.; Nunes, S.; Paiva-Santos, A.C.; Veiga, F. An
Overview of Biosimilars—Development, Quality, Regulatory Issues, and Management in Healthcare. Pharmaceuticals 2024,
17, 235. [CrossRef]

197. Kwon, M.; Joung, C.I.; Shin, H.; Lee, C.C.; Song, Y.S.; Lee, Y.J.; Kang, S.; Kim, J.Y.; Lee, S. Detection of novel drug-adverse drug
reaction signals in rheumatoid arthritis and ankylosing spondylitis: Analysis of Korean real-world biologics registry data. Sci.
Rep. 2024, 14, 2660. [CrossRef] [PubMed]

198. Malikova, M.A. Practical applications of regulatory requirements for signal detection and communications in pharmacovigilance.
Ther. Adv. Drug Saf. 2020, 11, 204209862090961. [CrossRef] [PubMed]

199. Alowais, S.A.; Alghamdi, S.S.; Alsuhebany, N.; Alqahtani, T.; Alshaya, A.I.; Almohareb, S.N.; Aldairem, A.; Alrashed, M.;
Bin Saleh, K.; Badreldin, H.A.; et al. Revolutionizing healthcare: The role of artificial intelligence in clinical practice. BMC Med.
Educ. 2023, 23, 689. [CrossRef] [PubMed]

200. Kawasaki, R. How Can Artificial Intelligence Be Implemented Effectively in Diabetic Retinopathy Screening in Japan? Medicina
2024, 60, 243. [CrossRef] [PubMed]

201. Mariam, Z.; Niazi, S.K.; Magoola, M. Unlocking the Future of Drug Development: Generative AI, Digital Twins, and Beyond.
BioMedInformatics 2024, 4, 1441–1456. [CrossRef]

202. Ang, D.; Rakovski, C.; Atamian, H.S. De Novo Drug Design Using Transformer-Based Machine Translation and Reinforcement
Learning of an Adaptive Monte Carlo Tree Search. Pharmaceuticals 2024, 17, 161. [CrossRef] [PubMed]

203. Grechishnikova, D. Transformer neural network for protein-specific de novo drug generation as a machine translation problem.
Sci. Rep. 2021, 11, 321. [CrossRef] [PubMed]

204. Chiu, K.; Racz, R.; Burkhart, K.; Florian, J.; Ford, K.; Iveth Garcia, M.; Geiger, R.M.; Howard, K.E.; Hyland, P.L.; Ismaiel, O.A.;
et al. New science, drug regulation, and emergent public health issues: The work of FDA’s division of applied regulatory science.
Front. Med. 2023, 9, 1109541. [CrossRef] [PubMed]

205. Liu, C.; Cheng, S.; Chen, C.; Qiao, M.; Zhang, W.; Shah, A.; Bai, W.; Arcucci, R. M-FLAG: Medical Vision-Language Pre-training
with Frozen Language Models and Latent Space Geometry Optimization. In Proceedings of the Medical Image Computing and
Computer Assisted Intervention—MICCAI, Vancouver, BC, Canada, 8–12 October 2023; Springer: Cham, Switzerland, 2023;
pp. 637–647, ISSN 1611-3349. [CrossRef]

206. Li, J.; Liu, C.; Cheng, S.; Arcucci, R.; Hong, S. Frozen Language Model Helps ECG Zero-Shot Learning. In Proceedings of the
Medical Imaging with Deep Learning, Paris, France, 3–5 July 2024; pp. 402–415, ISSN 2640-3498.

207. Wan, Z.; Liu, C.; Zhang, M.; Fu, J.; Wang, B.; Cheng, S.; Ma, L.; Quilodrán-Casas, C.; Arcucci, R. Med-UniC: Unifying Cross-Lingual
Medical Vision-Language Pre-Training by Diminishing Bias. arXiv 2023, arXiv:2305.19894. [CrossRef]

208. Hair, J.; Maryon, T.; Lieneck, C. Identification of Barriers Preventing Biosimiliar Oncology Medication Adoption. Medicina 2022,
58, 1533. [CrossRef]

209. Joshi, D.; Khursheed, R.; Gupta, S.; Wadhwa, D.; Singh, T.G.; Sharma, S.; Porwal, S.; Gauniyal, S.; Vishwas, S.; Goyal, S.; et al.
Biosimilars in Oncology: Latest Trends and Regulatory Status. Pharmaceutics 2022, 14, 2721. [CrossRef] [PubMed]

210. Teng, F.; Cui, T.; Zhou, L.; Gao, Q.; Zhou, Q.; Li, W. Programmable synthetic receptors: The next-generation of cell and gene
therapies. Signal Transduct. Target. Ther. 2024, 9, 7. [CrossRef] [PubMed]

211. Arman, S.; Tilley, R.D.; Gooding, J.J. A review of electrochemical impedance as a tool for examining cell biology and subcellular
mechanisms: Merits, limits, and future prospects. Analyst 2024, 149, 269–289. [CrossRef]

212. Foglizzo, V.; Marchiò, S. Nanoparticles as Physically- and Biochemically-Tuned Drug Formulations for Cancers Therapy. Cancers
2022, 14, 2473. [CrossRef] [PubMed]

213. Fong, E.J.; Strelez, C.; Mumenthaler, S.M. A Perspective on Expanding Our Understanding of Cancer Treatments by Integrating
Approaches from the Biological and Physical Sciences. SLAS Discov. 2020, 25, 672–683. [CrossRef] [PubMed]

214. Lorenzo, G.; Ahmed, S.R.; Hormuth, D.A., II; Vaughn, B.; Kalpathy-Cramer, J.; Solorio, L.; Yankeelov, T.E.; Gomez, H. Patient-
specific, mechanistic models of tumor growth incorporating artificial intelligence and big data. arXiv 2023, arXiv:2308.14925.

215. Fujita, K.i.; Matsumoto, N.; Ishida, H.; Kubota, Y.; Iwai, S.; Shibanuma, M.; Kato, Y. Decreased Disposition of Anticancer Drugs
Predominantly Eliminated via the Liver in Patients with Renal Failure. Curr. Drug Metab. 2019, 20, 361–376. [CrossRef]

216. Malinzi, J.; Basita, K.B.; Padidar, S.; Adeola, H.A. Prospect for application of mathematical models in combination cancer
treatments. Inform. Med. Unlocked 2021, 23, 100534. [CrossRef]

217. Delrue, C.; Speeckaert, M.M. The Potential Applications of Raman Spectroscopy in Kidney Diseases. J. Pers. Med. 2022, 12, 1644.
[CrossRef]

http://dx.doi.org/10.1080/14740338.2024.2348577
http://dx.doi.org/10.1080/14712598.2023.2189007
http://dx.doi.org/10.1186/s40537-021-00553-4
http://www.ncbi.nlm.nih.gov/pubmed/35013701
http://dx.doi.org/10.3390/jimaging10040081
http://dx.doi.org/10.3390/ph17020235
http://dx.doi.org/10.1038/s41598-024-52822-w
http://www.ncbi.nlm.nih.gov/pubmed/38302579
http://dx.doi.org/10.1177/2042098620909614
http://www.ncbi.nlm.nih.gov/pubmed/32313617
http://dx.doi.org/10.1186/s12909-023-04698-z
http://www.ncbi.nlm.nih.gov/pubmed/37740191
http://dx.doi.org/10.3390/medicina60020243
http://www.ncbi.nlm.nih.gov/pubmed/38399532
http://dx.doi.org/10.3390/biomedinformatics4020079
http://dx.doi.org/10.3390/ph17020161
http://www.ncbi.nlm.nih.gov/pubmed/38399376
http://dx.doi.org/10.1038/s41598-020-79682-4
http://www.ncbi.nlm.nih.gov/pubmed/33432013
http://dx.doi.org/10.3389/fmed.2022.1109541
http://www.ncbi.nlm.nih.gov/pubmed/36743666
http://dx.doi.org/10.1007/978-3-031-43907-0_61
https://doi.org/10.48550/ARXIV.2305.19894
http://dx.doi.org/10.3390/medicina58111533
http://dx.doi.org/10.3390/pharmaceutics14122721
http://www.ncbi.nlm.nih.gov/pubmed/36559215
http://dx.doi.org/10.1038/s41392-023-01680-5
http://www.ncbi.nlm.nih.gov/pubmed/38167329
http://dx.doi.org/10.1039/D3AN01423A
http://dx.doi.org/10.3390/cancers14102473
http://www.ncbi.nlm.nih.gov/pubmed/35626078
http://dx.doi.org/10.1177/2472555220915830
http://www.ncbi.nlm.nih.gov/pubmed/32297829
http://dx.doi.org/10.2174/1389200220666190402143125
http://dx.doi.org/10.1016/j.imu.2021.100534
http://dx.doi.org/10.3390/jpm12101644


Pharmaceuticals 2024, 17, 925 37 of 38

218. Amasawa, E.; Kuroda, H.; Okamura, K.; Badr, S.; Sugiyama, H. Cost–Benefit Analysis of Monoclonal Antibody Cultivation
Scenarios in Terms of Life Cycle Environmental Impact and Operating Cost. ACS Sustain. Chem. Eng. 2021, 9, 14012–14021.
[CrossRef]

219. Bittner, B. Customer-centric product presentations for monoclonal antibodies. AAPS Open 2023, 9, 3. [CrossRef] [PubMed]
220. Fan, X.; Krzyzanski, W.; Wong, R.S.M.; Liu, D.; Yan, X. Novel Combination of Erythropoietin and Romiplostim to Treat

Chemotherapy-Induced Anemia and Thrombocytopenia via Pharmacodynamic Interaction on Hematopoietic Stem and Progeni-
tor Cells. ACS Pharmacol. Transl. Sci. 2023, 6, 1884–1897. [CrossRef] [PubMed]

221. Gilaberte Reyzabal, S.; Isenberg, D. Differences in the Development of Adverse Infusion Reactions to Rituximab in Patients With
Systemic Lupus Erythematosus, Rheumatoid Arthritis and Non-Hodgkin’s Lymphoma-Enigma Variations. Front. Med. 2022,
9, 882891. [CrossRef] [PubMed]

222. Peipert, J.D.; Kaiser, K.; Kircher, S.; Greene, G.J.; Shaunfield, S.; Hauner, K.; Cella, D.; Mroczek, D.K. Medical Oncologists’
Knowledge and Perspectives on the Use of Biosimilars in the United States. JCO Oncol. Pract. 2023, 19, e457–e464. [CrossRef]
[PubMed]

223. Evangelatos, G.; Bamias, G.; Kitas, G.D.; Kollias, G.; Sfikakis, P.P. The second decade of anti-TNF-a therapy in clinical practice:
New lessons and future directions in the COVID-19 era. Rheumatol. Int. 2022, 42, 1493–1511. [CrossRef] [PubMed]

224. Cliff, E.R.S.; Rome, R.S.; Kesselheim, A.S.; Rome, B.N. National Comprehensive Cancer Network Guideline Recommendations of
Cancer Drugs With Accelerated Approval. JAMA Netw. Open 2023, 6, e2343285. [CrossRef] [PubMed]

225. Gherghescu, I.; Delgado-Charro, M.B. The Biosimilar Landscape: An Overview of Regulatory Approvals by the EMA and FDA.
Pharmaceutics 2020, 13, 48. [CrossRef] [PubMed]

226. Kvien, T.K.; Patel, K.; Strand, V. The cost savings of biosimilars can help increase patient access and lift the financial burden of
health care systems. Semin. Arthritis Rheum. 2022, 52, 151939. [CrossRef]

227. Greene, L.; Singh, R.M.; Carden, M.J.; Pardo, C.O.; Lichtenstein, G.R. Strategies for Overcoming Barriers to Adopting Biosimilars
and Achieving Goals of the Biologics Price Competition and Innovation Act: A Survey of Managed Care and Specialty Pharmacy
Professionals. J. Manag. Care Spec. Pharm. 2019, 25, 904–912. [CrossRef]

228. Lengyel, C.G.; Habeeb, B.S.; Altuna, S.C.; Trapani, D.; Khan, S.Z.; Hussain, S. The Global Landscape on the Access to Cancer
Medicines for Breast Cancer: The ONCOLLEGE Experience. In Breast Cancer Research and Treatment; Al Jarroudi, O., El Bairi, K.,
Curigliano, G., Eds.; Series Title: Cancer Treatment and Research; Springer International Publishing: Cham, Switzerland, 2023;
Volume 188, pp. 353–368. [CrossRef]

229. Wang, L.; Chen, X.; Zhang, L.; Li, L.; Huang, Y.; Sun, Y.; Yuan, X. Artificial intelligence in clinical decision support systems for
oncology. Int. J. Med. Sci. 2023, 20, 79–86. [CrossRef]

230. Mysler, E.; Azevedo, V.F.; Danese, S.; Alvarez, D.; Iikuni, N.; Ingram, B.; Mueller, M.; Peyrin-Biroulet, L. Biosimilar-to-Biosimilar
Switching: What is the Rationale and Current Experience? Drugs 2021, 81, 1859–1879. [CrossRef] [PubMed]

231. Nicoletti, M.M.; Crisci, E.; Pentella, C.; Cantone, A.; Ruggiero, D.; Anatriello, A.; Scavone, C. Switching between Originators and
Biosimilars in Dermatology: A Systematic Review of Real-World Clinical Studies. Biologics 2023, 3, 95–115. [CrossRef]

232. Wirth, K.; Boes, S.; Näpflin, M.; Huber, C.; Blozik, E. Initial prescriptions and medication switches of biological products: An
analysis of prescription pathways and determinants in the Swiss healthcare setting. BMJ Open 2023, 13, e077454. [CrossRef]
[PubMed]

233. Liu, R.; Wang, L.; Rizzo, S.; Garmhausen, M.R.; Pal, N.; Waliany, S.; McGough, S.; Lin, Y.G.; Huang, Z.; Neal, J.; et al. Systematic
analysis of off-label and off-guideline cancer therapy usage in a real-world cohort of 165,912 US patients. Cell Rep. Med. 2024,
5, 101444. [CrossRef] [PubMed]

234. Iqbal, Z.; Sadaf, S. Biosimilars: A Comparative Study of Regulatory, Safety and Pharmacovigilance Monograph in the Developed
and Developing Economies. J. Pharm. Pharm. Sci. 2022, 25, 149–182. [CrossRef] [PubMed]

235. Barbier, L.; Simoens, S.; Vulto, A.G.; Huys, I. European Stakeholder Learnings Regarding Biosimilars: Part I—Improving
Biosimilar Understanding and Adoption. BioDrugs 2020, 34, 783–796. [CrossRef] [PubMed]

236. Florio, M.; Gamba, S. Biomed Europa: After the coronavirus, a public infrastructure to overcome the pharmaceutical oligopoly.
Ann. Public Coop. Econ. 2021, 92, 387–409. [CrossRef]

237. Feldman, R. Trade Secrets in Biologic Medicine: The Boundary with Patents. Sci. Technol. Law Rev. 2023, 24, 1–54. [CrossRef]
238. Rahalkar, H.; Sheppard, A.; Santos, G.M.L.; Dasgupta, C.; Perez-Tapia, S.M.; Lopez-Morales, C.A.; Salek, S. Current Regulatory

Requirements for Biosimilars in Six Member Countries of BRICS-TM: Challenges and Opportunities. Front. Med. 2021, 8, 726660.
[CrossRef]

239. Mercurio, B.; Upreti, P.N. Patent term extension and test data protection obligations: Identifying the gap in policy, research, and
practice of implementing free trade agreements. J. Law Biosci. 2023, 10, lsad017. [CrossRef]

240. Simoens, S. How do biosimilars sustain value, affordability, and access to oncology care? Expert Rev. Pharmacoecon. Outcomes Res.
2021, 21, 327–329. [CrossRef] [PubMed]

241. Hübel, K.; Kron, F.; Lux, M.P. Biosimilars in oncology: Effects on economy and therapeutic innovations. Eur. J. Cancer 2020,
139, 10–19. [CrossRef] [PubMed]

242. Nahleh, Z.; Lyman, G.H.; Schilsky, R.L.; Peterson, D.E.; Tagawa, S.T.; Chavez-MacGregor, M.; Rumble, R.B.; Gupta, S. Use of
Biosimilar Medications in Oncology. JCO Oncol. Pract. 2022, 18, 177–186. [CrossRef]

http://dx.doi.org/10.1021/acssuschemeng.1c01435
http://dx.doi.org/10.1186/s41120-022-00069-y
http://www.ncbi.nlm.nih.gov/pubmed/36713112
http://dx.doi.org/10.1021/acsptsci.3c00194
http://www.ncbi.nlm.nih.gov/pubmed/38093847
http://dx.doi.org/10.3389/fmed.2022.882891
http://www.ncbi.nlm.nih.gov/pubmed/35652065
http://dx.doi.org/10.1200/OP.22.00502
http://www.ncbi.nlm.nih.gov/pubmed/36623249
http://dx.doi.org/10.1007/s00296-022-05136-x
http://www.ncbi.nlm.nih.gov/pubmed/35503130
http://dx.doi.org/10.1001/jamanetworkopen.2023.43285
http://www.ncbi.nlm.nih.gov/pubmed/37962889
http://dx.doi.org/10.3390/pharmaceutics13010048
http://www.ncbi.nlm.nih.gov/pubmed/33396369
http://dx.doi.org/10.1016/j.semarthrit.2021.11.009
http://dx.doi.org/10.18553/jmcp.2019.18412
http://dx.doi.org/10.1007/978-3-031-33602-7_14
http://dx.doi.org/10.7150/ijms.77205
http://dx.doi.org/10.1007/s40265-021-01610-1
http://www.ncbi.nlm.nih.gov/pubmed/34705255
http://dx.doi.org/10.3390/biologics3020006
http://dx.doi.org/10.1136/bmjopen-2023-077454
http://www.ncbi.nlm.nih.gov/pubmed/37989386
http://dx.doi.org/10.1016/j.xcrm.2024.101444
http://www.ncbi.nlm.nih.gov/pubmed/38428426
http://dx.doi.org/10.18433/jpps32433
http://www.ncbi.nlm.nih.gov/pubmed/35439428
http://dx.doi.org/10.1007/s40259-020-00452-9
http://www.ncbi.nlm.nih.gov/pubmed/33141421
http://dx.doi.org/10.1111/apce.12341
http://dx.doi.org/10.52214/stlr.v24i1.10455
http://dx.doi.org/10.3389/fmed.2021.726660
http://dx.doi.org/10.1093/jlb/lsad017
http://dx.doi.org/10.1080/14737167.2020.1813570
http://www.ncbi.nlm.nih.gov/pubmed/32842809
http://dx.doi.org/10.1016/j.ejca.2020.07.037
http://www.ncbi.nlm.nih.gov/pubmed/32950935
http://dx.doi.org/10.1200/OP.21.00771


Pharmaceuticals 2024, 17, 925 38 of 38

243. García, J.J.; Raez, L.E.; Rosas, D. A narrative review of biosimilars: A continued journey from the scientific evidence to practice
implementation. Transl. Lung Cancer Res. 2020, 9, 2113–2119. [CrossRef] [PubMed]

244. Kurki, P.; Barry, S.; Bourges, I.; Tsantili, P.; Wolff-Holz, E. Safety, Immunogenicity and Interchangeability of Biosimilar Monoclonal
Antibodies and Fusion Proteins: A Regulatory Perspective. Drugs 2021, 81, 1881–1896. [CrossRef] [PubMed]

245. Khan, M.A.A.K.; Turjya, R.R.; Islam, A.B.M.M.K. Computational engineering the binding affinity of Adalimumab monoclonal
antibody for designing potential biosimilar candidate. J. Mol. Graph. Model. 2021, 102, 107774. [CrossRef] [PubMed]

246. Kute, N.; Mankar, S.D.; Bhawar, S.B. Biosimilar and it’s Current Perspective—A Review. Res. J. Pharmacol. Pharmacodyn. 2022, 14,
84–88. [CrossRef]

247. Blackstone, E.A.; Joseph, P.F. The Economics of Biosimilars. Am. Health Drug Benefits 2013, 6, 469–478.
248. Da Silva, R.G.L. The advancement of artificial intelligence in biomedical research and health innovation: Challenges and

opportunities in emerging economies. Glob. Health 2024, 20, 44. [CrossRef]
249. Cortes, J.; Perez-García, J.M.; Llombart-Cussac, A.; Curigliano, G.; El Saghir, N.S.; Cardoso, F.; Barrios, C.H.; Wagle, S.; Roman, J.;

Harbeck, N.; et al. Enhancing global access to cancer medicines. CA Cancer J. Clin. 2020, 70, 105–124. [CrossRef]
250. Kar, I.; Kronz, M.; Kolychev, E.; Silverman, P.; Mendiratta, P.; Tomlinson, B.K.N.; Prunty, J.; Copley, M.; Patel, S.; Caudill, S.; et al.

Biosimilar strategic implementation at a large health system. Am. J. Health-Syst. Pharm. 2022, 79, 268–275. [CrossRef] [PubMed]
251. Bond, A.M.; Dean, E.B.; Desai, S.M. The Role of Financial Incentives in Biosimilar Uptake in Medicare: Evidence from the

340B Program: Study examines the role of financial incentives in the uptake of biosimilar drugs in Medicare. Health Aff. 2023,
42, 632–641. [CrossRef] [PubMed]

252. Lam, S.W.; Amoline, K.; Marcum, C.; Leonard, M. Healthcare system conversion to a biosimilar: Trials and tribulations. Am. J.
Health-Syst. Pharm. 2021, 78, 2159–2163. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.21037/tlcr-20-601
http://www.ncbi.nlm.nih.gov/pubmed/33209630
http://dx.doi.org/10.1007/s40265-021-01601-2
http://www.ncbi.nlm.nih.gov/pubmed/34596876
http://dx.doi.org/10.1016/j.jmgm.2020.107774
http://www.ncbi.nlm.nih.gov/pubmed/33130388
http://dx.doi.org/10.52711/2321-5836.2022.00015
http://dx.doi.org/10.1186/s12992-024-01049-5
http://dx.doi.org/10.3322/caac.21597
http://dx.doi.org/10.1093/ajhp/zxab410
http://www.ncbi.nlm.nih.gov/pubmed/34752608
http://dx.doi.org/10.1377/hlthaff.2022.00812
http://www.ncbi.nlm.nih.gov/pubmed/37126754
http://dx.doi.org/10.1093/ajhp/zxab279
http://www.ncbi.nlm.nih.gov/pubmed/34259801

	Introduction
	Methodology
	Biosimilars: Characteristics and Perspectives
	Patient and Physician Perspectives, Nocebo Effect, and Clinical Outcomes
	Impact of the Cost-Saving Potential of Biosimilars on Health Systems
	The Profitability of Biosimilars against Cancer According to the Perspective of the Actors Involved (Patients, Treating Physicians, Manufacturers)

	Biosimilar Process and Regulation in Eight Countries on Four Continents
	Regulatory Guidelines and Approvals for Each Selected Country by Continent
	North American Continent (United States and Canada)
	Southeast Asia Continent (Japan and South Korea)
	Oceania Continent (Australia)
	Latin American Continent (Argentina and Brazil)
	African Continent (South Africa)


	Artificial Intelligence Applied to R&D Processes in Biosimilars
	Benefits of Artificial Intelligence in the Development of Biosimilars
	Accelerated Discovery and Development Process
	Improved Prediction of Biological Activity
	Identification of Critical Quality Attribute
	Machine Learning and Deep Learning Integration
	Application of AI in Pharmacovigilance
	Collaborative AI Platforms for the Development of Biosimilars
	Natural Language Processing in Biosimilar Development

	Application of Biosimilars in Cancer
	Modeling Behaviors of Active Compounds
	Spectroscopy Data Analysis

	Discussion
	Conclusions
	Challenges and Future Considerations
	Appendix A
	References

