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ABSTRACT
Biosimilars have transformed access and cost of healthcare globally. 
There has been an explosion of technological advances in biotechnology 
and computational systems in the past decade. Regulations have also 
evolved to meet technological advances for example exploring real-
world evidence to inform regulatory decisions is mandated by the 21st 
Century Cures Act. The authors have reviewed applications of these novel 
technologies in the major stages of biosimilars development: process 
development, pharmacology, toxicology, and clinical trials, with an emphasis 
on recent regulatory requirements (Figure 1). The advances in process 
development include process analytical technology and multivariate 
analysis methods for real-time monitoring and analysis of critical quality 
attributes and continuous manufacturing processes, which can reduce 
the manufacturing footprint and increase efficiencies. The applications of 
artificial intelligence/machine learning in pharmacology, toxicology, and 
clinical trials have been reviewed. These processes have accelerated 
development time and decreased cost of biosimilars development. 
Regulatory considerations on quality aspects of biosimilars are listed 
as well as some of the major challenges in biosimilars development.
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FDA defines biosimilars as biological 
products that are highly similar to 
and have no clinically meaningful 
differences from existing FDA-

approved reference products in terms of 
safety, purity, and potency (1). Since the first 
approval of a biosimilar in 2015 (1), the US 
healthcare system has saved approximately 
$338 billion (2). The 21st Century Cures Act 
of 2016 mandates FDA to accelerate medical 
product development and bring new innova-
tions and advances to patients who need them 
faster and more efficiently (3). The regulatory 
pathways for biosimilar development have 
evolved to meet the requirements of indus-
try, law, markets, and most importantly, the 
patient (4,5).

Over the past two decades, technolog-
ical advances and enhancements have 
improved the process of establishing bio-
similarity, which has an impact on global 
regulatory guidance (6). Some of these 

technologies range from gene-editing 
of cell lines to continuous operation of 
upstream and downstream processes for 
enhancing operational aspects of manu-
facturing (4). New instrumentation tech-
nologies have enhanced the accuracy and 
precision of measuring primary, secondary, 
and tertiary structures of proteins (7,8). 
Process analytical technology (PAT) and 
multi-attribute methods (MAMs) have 
enabled real-time decision-making (9,10). 
The use of machine learning algorithms 
has improved predictive methods for phar-
macology and toxicology. Finally, the use 
of adaptive clinical trials and real-world 
evidence methods have enhanced robust-
ness in clinical assessments of endpoints.

PROCESS DEVELOPMENT 
AND MANUFACTURING
International Council for Harmonization 
(ICH) Q8(R2) provides overall guidance on 

Biosimilars Drug Development: 
Advances in Technologies from 

Molecule Design to Clinical Trials
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pharmaceutical development (11). In 
September 2017, following the Cures 
Act, FDA introduced new initiatives 
to support adopting and implementing 
new pharmaceutical manufacturing 
technologies (12). To keep up with 
emerging technologies in the phar-
maceutical sector, FDA promotes 
collaboration between its Emerging 
Technology Team (ETT) and phar-
maceutical companies in the approval 
processes by the Center for Drug 
Evaluation and Research (CDER) 
(13). Similarly, in Europe, initiatives 
have been taken to foster research and 
uptake of innovative technologies in 
the development of drugs through 
the EU Innovation Network, which 
includes the European Medicines 
Agency (EMA), Innovation Task 
Force (ITF), and innovation offices 
in each EU member state (13). The 
advances in the development of bio-

similars have been supported by sev-
eral processes in process development 
(upstream, downstream, and formula-
tion), such as PAT, MAM, and con-
tinuous manufacturing. These topics 
are discussed with an application to 
the development of biosimilars.

PAT
In 2004, FDA provided guidance on 
PAT, which involves timely meas-
urement of crucial quality attributes 
(CQA) and cr it ica l performance 
parameters (CPP) of raw and in-pro-
cess materials and processes during 
manufacturing (14). The objective 
of this process is to utilize in-line, 
at-l ine, and off-l ine analy tics to 
ensure rea l-time product qual it y 
through well-characterized proce-
dures (15). PAT includes tools and 
processes such as multivariate ana-
lytics, process analyzers, process con-

trollers, and continuous improvement 
tools (16).

During upstream process develop-
ment, several gene editing technologies 
are utilized to edit genes that control 
expression levels of post-translational 
modification-inducing enzymes such 
as codon optimization and RNA inter-
ference (RNAi) technology (17). These 
processes aim to maximize the pro-
duction of a biosimilar molecule by the 
cells and limit product variants and 
product impurities. Technologies such 
as f low cytometry, f luorescent micros-
copy, Raman spectroscopy, and var-
ious chemometric analyses are being 
implemented for inline monitoring 
of cell culture health.  SegFlow or 
MAST systems are used for monitor-
ing in-line amino acid trends, thereby 
helping assess the feeding criterion 
to maintain CQAs at desired levels 
(18,19). Ultra-high-performance liq-
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Figure 1. Graphical abstract.
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uid chromatography–mass spectrom-
etry (UHPLC–MS) has been used 
to enable real-time monitoring and 
control of CQAs (8). Nuclear mag-
netic resonance (NMR) technology is 
used for analyzing glycosylation pat-
terns, post-translational modifications 
(PTMs), contaminants, and prod-
uct variants (20, 21). Automated 
high-throughput infrared spectros-
copy has been used for the analysis of 
the secondary structure of proteins. 
Small-scale bioreactors (22) and liq-
uid handling systems (23) for media 
preparation and automation can accel-
erate biosimilar process development 
by providing real-time data for deci-
sion-making.

For downstream processing, PAT 
sensors for pH, conductivity, absorb-
ance, and pressure measure the real-
time chromatographic conditions, all 
of which can impact quality attrib-
utes of the biomolecule such as protein 
aggregation, oxidation, and isomeri-
zation (18,24,25). Multi-wave ultra-
violet (UV) spectra can be employed 
to effectively determine the concen-
tration of individual components in a 
protein mixture and accurately pre-
dict aggregate concentration (18,24). 
Sharma et al. (2006) have demon-
strated the use of on-line analytical 
liquid chromatography (LC) for con-
tinuous monitoring of chromatography 
steps for aggregate peaks (26). Using 
an on-line HPLC system to investigate 
real-time pooling of a process chroma-
tography column, the process was pro-
grammed to stop collecting when the 
aggregate peak appeared. This auto-
mated process is an example of PAT for 
real-time decisions for column pooling 
based on product quality attributes (18) 
(Table I).

Several guidelines for the formu-
lation of drug product development 
are included in ICH documents (27). 
These processes include establishing 
stability, accelerated stability, forced 
degradation, and analytical assessment 
of impurities and product variants. 

New technologies involving microf lu-
idics during drug product characteri-
zation and validation involve accurate 
and precise measurement systems (28). 
Microf luidics technology involves 
pre-programmed functional charac-
terization of CQA and CPP, such as 
size, morphology, and control of mix-
ing (24). Furthermore, the use of auto-
mation, robotics, and machine learning 
tools are being implemented for the 
characterization and validation of drug 
products (29,24).

Using PAT in the process develop-
ment of biosimilars is a critical step 
toward improving efficiency by under-
standing product and process charac-
teristics in real-time, preventing delays. 
The processes have been implemented 
across the process development life 
cycle (30). Some of the regulatory chal-
lenges in implementing PAT include 
validation of the in-line and at-line 
processes, establishing limits of the 
control parameters, documentation, 
and decision-making processes.

MAM
FDA guidance for MAM processes 
has evolved through ICH Q8 and 
IC HQ11 guidelines, which refer to 
def ining and monitoring of CQAs 
(31). ICH Q6B (31) def ines prod-
uct-related impurit ies as molec-
ular variants of the desired product 
(e.g., precursors, certain degradation 
products arising during manufacture 
and/or storage). MAM enables the 
detection and quantification of rele-
vant product quality attributes using 
high-accuracy, high-resolution mass 
spectrometry. This process utilizes 
a bottom-up approach wherein the 
product is enzymatically digested fol-
lowed by peptide mapping (LC–MS/
MS), and the data are analyzed for 
PTMs. This approach is more eff i-
cient than ion exchange chroma-
tography (IEX), reduced capillary 
electrophoresis SDS (rCE–SDS), and 
hydrophilic interaction liquid chroma-
tography (HILIC) glycosylation pro-

filing. MAM, however, is limited in 
predicting conformational changes in 
proteins. Several novel biologic drug 
applications (BLAs) have used MAM 
for process characterization (30). 

The technical challenges for MAM 
include hardware robustness, method 
transferability, software robustness, 
and accuracy of new peak detection 
(NPD) (32) (Table I). Regulatory con-
cerns involve method validation, vol-
ume of data collection, parallel testing, 
and technical understanding in quality 
control labs (32). Standardization, dig-
itization, and training can improve the 
use of MAM in effective process mon-
itoring during process development and 
manufacturing.

Continuous  
manufacturing processes
ICH Q13 provides guidance for con-
tinuous manufacturing (CM) processes 
of drug substances and drug products 
(33–35). CM for biologic drugs has 
evolved due to the challenges in batch 
processes. These include batch-to-
batch variability, labor-intensive and 
time-consuming processes, and larger 
manufacturing footprints (36). 

In the upstream processing, CM 
processes utilize perfusion bioreac-
tors. Single-use bioreactors enable 
rapid changeover between batches and 
reduce costs involved with the clean-
ing and maintenance. Downstream 
processing enables process intensifica-
tion (37) involving technologies such 
as f locculation, alternating tangential 
f low (ATF) cell separation (13), peri-
odic countercurrent chromatography 
(PCC), and simulated moving bed 
(SMB) chromatography. The multi-col-
umn approaches improve resin capacity 
utilization, reduce buffer/solutions con-
sumption, reduce residence times, and 
holdup times, while running the process 
at optimum productivity (38) (Table I).

The major challenge for CM is the 
resistance to transition from batch 
processing facilities (36). Integration 
of technologies for CM,  achieving 
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steady state, and control strategies 
are complex. The solution for these 
challenges requires commitment to 
changing the requirements of this 
technology and regulatory guidance.

Mathematical modeling  
during process development
AI- and ML-based methodologies are 
heralding the promise of changing the 
landscape of bioprocessing. Regression 
models utilize principal component 
analysis (PCA) and partial least square 
(PLS) methods for predictive analyt-
ics. Statistical approaches utilize pre-
viously generated data to predict the 
patterns and establish correlation 
between dependent and independent 
variables. Mechanistic models utilize 
supervised, unsupervised, and reinforce-
ment learning (39). Supervised learning 
predicts future values for input parame-
ters, whereas the unsupervised learning 
method identifies hidden parameters. 
Neural networks rely on operation data 
sets (40). Digital twins are emerging as 
potential applications for predictive ana-
lytics for process development (39, 40). 

ML has also been applied in for-
mulation and stability studies. In this 
regard, deep convolutional neural 
network (ConvNets)-mediated anal-
ysis is used for the classif ication of 
subvisible particles in protein solu-
tions (41). Superv ised and unsu-
pervised ML algorithms have been 
utilized for automatic identification of 
stress-experienced formulated prod-
ucts including silicon oil droplets (SO), 
air bubbles, and protein aggregates. 
Artificial neural network (ANN) has 
been used to predict the retention of 
monomers from therapeutic protein 
formulations (41).

ML processes will become central 
tools in the process development and 
analytics characterization of products. 
The use of ML-based models for the 
prediction of PTMs, characterization 
of impurities, and study of formulation 
and stability is expanding exponen-
tially (42). While regulatory guidance 

for the use of ML tools during the 
development of medical devices has 
been established (43), the use of these 
tools during process development will 
need to address quality parameters, 
control procedures for decision-making, 
and risk management.

TOXICOLOGY
The 1997 FDA guidance for preclin-
ical safety evaluation of biotechnolo-
gy-derived pharmaceuticals describes 
the requirements for preclinical safety 
testing for animal models, immuno-
genicity, safety pharmacology, and 
immunotoxicity (44,45). Since then, 
additional guidance documents have 
been published for support of devel-
oping strategies for preclinical stud-
ies in the development of biologic 
drugs (44,46). Since the US Senate 
announced the reduction and elimi-
nation of the use of animals in drug 
development (47), advances in novel 
tools for preclinical development 
is necessary to ensure the develop-
ment of safety prof i les of drugs. 
Technologies that are being developed 
for safety assessment during preclini-
cal development, all of which could be 
used for the development of biosimi-
lars, are listed in the following.

Predictive toxicology
In 2017, FDA published a roadmap 
for predictive toxicology based on 
advice from a diverse working group 
(48). Similar guidance has been pro-
vided by EMA (49). This process 
identifies toxicology areas that could 
predict and support the animal 3R 
process (Replacement, Reduction 
and Refinement). The use of in-silico, 
in-vitro, and in-vivo models in this 
area has been used to predict struc-
ture-function relationships of mole-
cules (50,51). These studies provide an 
early warning system to characterize 
hazards that may impact preclinical 
and clinical endpoints. The process 
involves determining target liabili-
ties through on-target and off-target 

mechanisms, the potential impact 
of gene and protein-deleted muta-
tional studies, and causes and effects 
of immunogenicity to proteins and 
impurities. A thorough predictive pre-
clinical exercise enables clinicians to 
better define risk mitigation strategies 
based on those assessments.

Organoid models and  
organ-on-chip systems
The ef fect of a biologica l drug 
depends on the receptor-binding 
properties, which are either not ref lec-
tive in animal models or may result 
in misleading interpretations. Owing 
to the limitations of non-clinical 
studies, there is an increasing need 
for relying on next-generation ana-
lytical techniques such as in-silico 
modeling, organoids, and organ-on-
chip systems (52, 53). Organoids are 
typically 3D cultures that are ex vivo 
and cultured using stem cells in sol-
ubilized basement membrane matrix. 
Patient-derived organoids have suc-
cessfully proven to be a robust model 
for assessing resistance to PARP (Poly 
ADP- ribose polymerase) inhibi-
tors in epithelial ovarian cancers (7). 
Strategies to use organoid cultures to 
represent tissues help in understand-
ing disease physiology. FDA encour-
ages the development of organoid 
models and has initiated obtaining 
data and advice for creating guidance 
for these complex heterogeneous mod-
els (53). 

Organ-on-chip systems are micro-
fluidic chips with embedded small tis-
sues, which mimic the tissue function 
in accordance with real physiological 
scenarios. An article by Leung et al. 
(54) provides a detailed overview of
designing and using organ-on-chip
systems, elaborates on their vast appli-
cations, and highlights underlying
challenges. Furthermore, multi-or-
gan chip models are being designed
to understand the complex interac-
tions between multiple organs; how-
ever, their interpretation is a further
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challenge. In-silico modeling involves 
simulation using computer models and 
efficient algorithms to set up hypothe-
ses and understand disease physiology. 
Microscale thermophoresis, a technique 
in which molecules move based on a 
temperature gradient, is used to under-
stand protein interactions with a lim-
ited sample quantity (8). Several other 
advanced in-vitro models such as bioen-
gineered human skin models, advanced 
biomaterials such biomacromolecules 
and bio-scaffolds, and 3D bioprinting 
technology are evolving (55).

These innovations in preclinical 
technologies can transform early drug 
development by increasing the predictive 
potential for safety effects, increasing 
speed, and reducing the speed of devel-
opment. Regulatory guidance for these 
technologies will be able to support the 
systematic application of these technol-
ogies in investigational new drug (IND) 
and BLA submissions.

PHARMACOLOGY
Pharmacological bioequivalence is a 
central component of demonstrating 

biosimilarity. ICH Q5(E) describes 
the process for the compatibil ity 
of biological products (56). During 
clinical development, pharmacology 
studies which include pharmacoki-
netics (PK), pharmacodynamics (PD), 
and immunogenicity provide infor-
mation on comparability of products. 
Extensive analytics on the charac-
terization of product attributes have 
been shown to have different statis-
tical methods to establish similarity. 
During PK, absorption, distribution, 
metabolism, and excretion (ADME) 
are studied using primary and sec-
ondary endpoints. Some of these 
parameters include area under the 
concentration-time curve (AUC) from 
time of dosing to inf inity [AUC(0-
inf)]; AUC from time zero to the last 
quantif iable concentration [AUC(0-
last)]; AUC to the end of the dos-
ing period [AUC(0-tau)]; maximum 
observed concentration of the drug 
[Cmax]; time it takes to reach the 
maximum concentration [Tmax]; and 
the time required for half of the drug 
to be eliminated [T1/2]. Advanced 
methods such as physiologically based 
pharmacokinetic (PBPK) models can 
help in estimating the ADME prop-
erties and can simulate the time vs 
concentration profiles to optimize the 
dosing regimen. More recently, AI/
ML-based studies are used for the
prediction of ADME (57).

The use of PD biomarkers in place 
of comparative clinical studies is being 
explored for proving biosimilarity. 
The major characteristics include:

• relevance of the PD marker to
the mechanism of drug action

• the time of onset of change in the
marker relative to dosing and its
return to baseline

• the sensitivity of the biomarker
is proved by dose–response rela-
tionships

• the dynamic range of the bio-
marker

• analytical validity of the bio-
marker assay (40).

Process Technology References

PAT

Cell line gene editing CRISPR-Cas9; Zn-Finger; 
TALEN (17)

Automation Ambr (and others), Tecan 
(and other liquid handlers) (18,21,22)

Cell analytics Flow cytometry, CyTOF, 
SegFLOW, MAST (17,18,21,22)

Primary structure

Ultra-high performance 
liquid chromatography 

(UP-HPLC)-mass 
spectrometry

(8)

Secondary structure RAMAN spectroscopy (18, 30, 100)

Tertiary Structure Nuclear magnetic 
resonance (NMR) (19,20)

pH monitoring In line probes (17,23,24)

Pressure  In line sensors (17,23,24)

Conductivity monitoring In line sensors (17,23,24)

MAM

Detection and 
quantification of relevant 
product quality attributes

Peptide mapping (liquid 
chromatography [LC]-MS/

MS)
(30, 100)

Impurity/purity method: 
potential detection of 

any new impurities in the 
samples 

New peak detection (NPD) (32, 100)

CONTINUOUS MANUFACTURING

Continuous upstream 
processing Perfusion bioreactors (13)

Continuous downstream 
processing

Alternating tangential flow 
filtration (13)

Periodic countercurrent 
chromatography (PCC) (13)

Simulated moving bed 
(SMB) (13)

Table I. Process analytical technologies (PAT), multi-attribute methods (MAM), 
and continuous manufacturing used in process development.
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ML tools such as reinforcement 
learning (RL) are used for dose opti-
mization and prediction of dosing 
even with fewer data sets. The inter-
play of PK/PD models with RL aids 
in a better approach toward patient 
dosing regimens (18).

There has been an evolution of 
regulatory requirements for pharma-
cological assessment of biologics and 
biosimilars, led by EMA and even-
tually followed by jurisdictions across 
the globe. In biosimilarity assessment, 
the central theme across agencies has 
been that the biosimilar product and 
reference product have similar pri-
mary, secondary, and tertiary analytical 
properties, equivalent PK/PD, and no 
meaningful clinical differences. EMA 
has led the regulatory processes and 
has waived the requirements for con-
firmatory clinical safety and efficacy 
studies for some of the biosimilars (58), 
based on the complexity of the product 
and the assessment of analytical and 
pharmacology data packages. Hence, 
in-depth pharmacological assessment 
using new technologies and predictive 
AI/ML-based algorithms will be crit-
ical to ensure the development of safe 
effective drugs and biosimilars.

Bioanalytical  
characterization and validation
Guidance documents (59–61) detail 
the requirements for method robust-
ness, validation, and life cycle man-
agement. The guidance on setting of 
specifications and various associated 
risks followed by their mitigation and 
definite decision rules aids in a holis-
tic approach to analytical target pro-
filing (62). Analytical characterization 
is important to establish the similarity 
of a biosimilar with its reference prod-
uct with respect to physiochemical and 
biological properties by performing an 
extensive comparability analysis. CQAs 
for physicochemical characterization 
include primary structure, higher-or-
der structure, and glycosylation, which 
are analyzed using tools such as chro-

matography, mass spectrometry, and 
electrophoresis (63). Studying PTMs, 
especially glycosylation patterns, across 
different processes is a challenge. The 
in-vitro and in-vivo potency of the drug 
determines the functional activity of 
the product. Biological characterization 
using cell-based assays, enzyme-linked 
immunosorbent assay (ELISA), and 
surface plasmon resonance is already 
established. However, the use of AI for 
analytical characterization is gaining 
momentum since it can analyze data 
faster, automate repetitive tasks, and 
provide crucial insights.

Immunogenicity
During biosimilarity assessment, immu-
nogenicity to the biosimilar and ref-
erence product is a critical parameter 
to demonstrate bioequivalence (64). 
The presence of anti-drug antibodies 
(ADAs) alters the efficacy of the prod-
uct, and unwanted/unexpected or clin-
ically harmful immunogenicity poses 
a challenge in biosimilar approval and 
sustenance. The extensive literature 
of regulatory guidance has been pub-
lished for measuring and characteriz-
ing immune responses, analyzing the 
impact on safety and efficacy, and case 
studies (65,66). For measuring immu-
nogenicity, platform technologies such 
as electrochemiluminescence immu-
noassay (ECLIA), which measures 
the antigen/antibody reaction based 
on an electrochemiluminescence sig-
nal, and multiarray meso scale discov-
ery (MSD) technology have become 
the standard. These multiplexing tech-
nologies provide an edge over tradi-
tional ELISA due to their increased 
throughput, higher sensitivity, shorter 
turnaround time, and smaller sample 
quantity. During the design phase of 
the molecule, immune epitope-editing 
technologies have been used to mini-
mize immunogenicity by modification 
of T-cell epitopes, B-cell epitopes, and 
immune profiling of patient samples 
(67). For predicting the potential immu-
nogenicity of biologic drugs, several 

software-based tools are used, which 
use various algorithms to predict dif-
ferent steps in immunogenicity such as 
epitope identification and MHC (major 
histocompatibility complex) bind-
ing. ML based tools such as NetCTL, 
NetMHC, and NetChop have been 
developed to predict the likelihood of 
an immunogenic response based on a 
neural network. Neilson, et al. (68) sum-
marizes the journey of T cell recog-
nition right from the identification of 
the major histocompatibility complex 
(MHC) gene complex to motif-based 
MHC binding prediction methods 
and further to sophisticated methods 
such as hidden Markov models, arti-
ficial neural network, and quantitative 
structure affinity relationship (QSAR)-
based regression models. In-silico models 
for immunogenicity prediction include 
structure-based models that use 3D 
structure data of protein and sequence-
based models, which analyze amino 
acid sequences (69).

AI-ML-based models 
in pharmacology
Overall bioanalytical characteriza-
tion of pharmacological properties of 
biosimilars is performed by sophisti-
cated methods of PK, PD and immu-
nogenicity studies. Technological 
advances in each of these processes, 
assisted by predictive algorithms, can 
improve understanding of the struc-
ture–function relationships between 
the molecules and their biological 
effects in vivo (70,71) The evolving 
regulatory processes will enable clarity 
in the use of these methods in sup-
porting BLA documents that demon-
strate the development of safe and 
effective drugs.

CLINICAL TRIALS
Regulatory requirements for clinical tri-
als to determine biosimilarity have been 
established since 2015 (72). A decade 
since FDA approved the first biosimilar, 
more than 40 biosimilars comprising 11 
different reference products have been 
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approved (73). Despite experiences of 
more than a decade, there have been 
several rejections and warning letters 
issued for clinical and regulatory con-
cerns (74). Advances in technologies and 
computational processes have the poten-
tial to reduce failures, increase speed of 
clinical trials, and reduce costs.

Biosimi la r d rug development 
requires clinical trials for establish-
ing biosimilarity in pharmacology, 
and a confirmatory study to ensure 
safety (75). These trials are performed 
and designed to provide statistical 
evidence of equivalence to the refer-
ence product. Several product- and 
patient-derived factors such as dif-
ferences in immunogenicity due to 
product variants and impurities, and 
inherent variations within the trial 
subjects, have an impact of estab-
lishing clinical biosimilarity (76). 
Advances in clinical trial design and 
operations include the use of adap-
tive designs and Bayesian statistical 
approaches. Adaptive clinical trial 
designs enable f lexible approaches to 
statistical aspects designs. Regulatory 
guidance documents for adaptive clin-
ical trial design def ine the require-
ments by which these trials can recruit 
cohorts of subjects, and reduce expo-
sure of the drug to subjects, the drug 
is unlikely to benefit (77). Bayesian 
statistical methodology approaches 
are being applied to improve the 
precision of estimates from clinical 
studies (78). In the Bayesian meth-
odology, the information from prior 
and current clinical studies is com-
bined, and the trial designs can be 
updated every time the new data are 
entered into the system (79,80). The 
Bayesian approach provides much 
f lexibility during the design stage and 
analysis stage when implemented with 
adaptive clinical trials (80). These 
approaches of clinical trial design and 
operations have the potential to pro-
vide efficacy and safety information 
more precisely, without exposing sub-
jects where the product may not be 

effective, and result in safety adverse 
events.

Digitalization in clinical trials
The estimated cost of launching 
a biosimilar in the market ranges 
from $100 million to $300 million, 
and the entire process takes almost a 
decade (81). The clinical trial phase 
consumes the most time and money 
than any other stages of biosimilar 
development. Therefore, various strat-
egies are being explored for reducing 
these hurdles. One of them is dig-
italization (82). US Code of Federal 
Regulations (CFR) Part 11, which 
addresses data security through access 
control and audit trails, and related 
regulatory guidance documents have 
been available for standardized use of 
digital technologies (83). Various col-
laborative workstreams, particularly 
through the US Pharmacopeia (USP) 
and FDA, are addressing standards 
for collection of electronic data (84–
86). Adoption of digitization has been 
limited, and the reasons range from 
cost of installation of digital technol-
ogies, anxiety of change, to fear of 
data security (87). Some of the major 
advantages of digitization in the clin-
ical trial phase include: 

• patient recruitment processes
(use of databases, standardized
informed consent processes ,
effective communication)

• identifying site location (data-
bases geographies of patients for
particular indications, knowledge
of availability of the reference
product in that region, opera-
tional efficiencies, such as supply
chain of materials and product)

• patient follow-up (digital apps for
tracking, monitoring, and real-
time reporting)

• documentation practices (elec-
tronic health records, real-time
dashboards).

The robustness and quality of the 
data collection processes in clinical 
trials depends on the trueness and 

statistical accuracy of the efficacy and 
safety data sets. Going digital in doc-
umentation can mitigate most of these 
hurdles.

Real-world evidence– 
clinical trials
Controlled clinical trials utilize pre-
cisely defined inclusion and exclusion 
criteria to recruit subjects and have 
pre-defined endpoints for safety and 
eff icacy. When the drug is used in 
a population the study group is not 
clearly defined, all safety and efficacy 
parameters are collected, and most 
importantly there is no placebo or 
control group. The real-world data 
(RWD) are analyzed through patient 
history studies. Real-world evidence 
(RWE) is the clinical evidence regard-
ing the usage and potential benefits 
or risks of a medical product derived 
from analysis of RWD. Regulatory 
requirements for RWD to estab-
lish RWE are being development in 
the guidance (88). The Cures Act, 
Section 3022, required FDA to utilize 
RWE to support drug under section 
505(c) of the Federal Food, Drug, and 
Cosmetic Act (FD&C Act) to sat-
isfy post-approval study requirements 
(89). Some of the methods of collect-
ing RWD include the use of mobile 
apps and devices, electronic health 
records, in-house application settings, 
and electronic laboratory data. The use 
of RWE in biosimilars is critical to 
understanding any safety or efficacy 
signals. The biosimilar regulation in 
India has requirement of providing 
post-approval data in the guidance (90).

AI/ML in clinical trials
ML will help in clinical trial protocol 
preparation and trial design wherein 
an organization spends maximum 
time. AI/ML implementation will 
help in predicting/designing several 
aspects of clinical trials (79). Some of 
the applications of ML in clinical tri-
als design and operations include: 

• evaluating the effect of the drug
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by race and ethnicity
• development of eff icient fol-

low-up processes to collect long-
term safety and efficacy data

• identify precise population of
subjects eligible for the clinical
trials through public databases

• study the potential impact on
concomitant use therapies

• evaluate missing data (91,92).

REGULATORY 
CONSIDERATIONS OF 
ADVANCED TECHNOLOGIES
As the number of biosimilars approv-
als continues to rise, more and more 
regulatory agencies are working on 
streamlined regulatory processes. 
There will be need to harmonize 
guidance documents and standardize 
regulatory processes globally (93–97). 
Following the scientif ic review pro-
cesses of biosimilarity, quality con-
siderations during manufacturing are 
evaluated by the following types of 
regulatory inspections for biosimilars 
(98,74): 

• Pre-approval inspections. These
inspections are done to assure
that the manufacturing facility
can manufacture the drug in con-
formance with current good man-
ufacturing practice requirements.
These inspections also take place
to ensure that the data submitted
in the application is accurate and
complete.

• Post-approval facility inspection.
This is a product-specific inspec-
tion that is largely focused on
the process validation lifecycle
and checks any manufacturing
changes that may have occurred
after the approval.

• Sur vei l lance fac i l it y inspec-
tions. The main purpose of these
inspections is to identify quality
problems and adverse trends at
the manufacturing facility so that
FDA can develop strategies to
mitigate them.

• For-cause facility inspections.

These types of inspections are 
triggered because of a specif ic 
event. 

Following are some of the reasons 
for the failure of biosimilar approval 
and issuance of warning let ters 
(99,100):

• Missing information and data in
the BLA. During the regulatory
pathway, if there are any miss-
ing data or information observed,
FDA either refuses to f ile the
BLA or withdraws it, or requests
for the missing information. If
there is any major amendment
submit ted to the BLA, the
review clock may be extended,
and, f inally, the BLA does not
get approved if the data are
insufficient.

• Facilities not ready for inspection
or not manufacturing the product.
No biological licenses are issued
if the product is not available for
inspection during all the phases
of manufacturing. The time of
inspection of an establishment for
which a BLA is pending need not
be decided until the establish-
ment is in operation and is man-
ufacturing the complete product
for which the license is desired.

• Facility not in compliance. When
a facility is under a warning letter,
a pre-license/pre-approval inspec-
tion cannot be conducted until
the warning letter is resolved.

• Data integrity issues. The docu-
ments must include all the infor-
mation of the process, product,
time, date, and duration of each
activity. They should also include
information about the personnel
executing the activity, their stan-
dard operating procedures (SOPs),
and their job descriptions. If all
this information is not included,
FDA might issue Form 483.

• Process validation. The process
should be validated thoroughly
with the consistent quality of
the product, a good laboratory

control mechanism and a good 
implementation of the corrective 
actions for the results which are 
beyond specif ications. Process 
va l idat ion issues cannot be 
addressed after the BLA submis-
sion.

• Good manufacturing practice
(GMP) and good clinical practice
(GCP) compliance. A well-main-
tained and consistently supreme
quality of the product is the prime
reason why warning letters are
issued in this area. The deviations
which are of the critical level in
this area should be given the pri-
ority for investigation and actions
should be taken to resolve it.

CHALLENGES IN  
BIOSIMILAR DEVELOPMENT
Nearly two decades after the first bio-
similar was approved by EMA, several 
challenges are still pertinent in the 
biosimilar approval process. Figure
2 shows the percentage share of each 
reason behind the objections raised by 
EMA (2A) and FDA (2B) (98).

Various challenges in the biosimilar 
development process throughout its 
life cycle are as follows: 

• Manufacturing complexity. To be
competitive, manufacturers of
biosimilars require highly eff i-
cient and cost-effective process
designs. The steps from upstream
cell culture to downstream puri-
fication and formulation to mak-
ing the final drug substance and
completing the f ill/f inish steps
are complex. These complex steps
require advanced manufacturing
techniques to produce at a large
scale. Developing robust manu-
facturing processes, robotics, and
automation that can consistently
produce high-quality biosimilars
have become a requirement to be
competitive.

• Regulatory hurdles. Biosimilars
are subject to rigorous regulatory
scrutiny, and the regulatory path-
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way for biosimilars is still evolv-
ing. Developers must navigate 
complex regulatory requirements 
to gain approval for their prod-
ucts. The sections above have 
listed several recent regulatory 
guidance in various steps.

• Intellectual property issues. Many
biologics are protected by patents,
which can make it diff icult for
biosimilar developers to enter the
market. Developers must care-
fully navigate intellectual prop-
erty laws, otherwise they may
face legal challenges from origi-
nator companies.

• Clinical trial design. Clinical trials
for biosimilars must be carefully
designed to demonstrate similarity
to the originator product while
minimizing patient risk. This can
be challenging due to the complex
nature of biologics and the limited
availability of reference products.

• Reference product availability.
Biosimilars must be compared
to their corresponding reference
products. To do so, reference
products must be available in
sufficient quantities for testing,
which can be challenging. Further,
the reference product procured
for testing must be from the same
batch, as batch-to-batch variability

of the reference product creates 
issues during in-house reference 
standard characterization.

•	 Manufacturing variability. Biologics
can be highly variable, and this
variability can be diff icult to
control during manufacturing.
Developers must carefully monitor
their manufacturing processes to
ensure consistency and quality.

• Immunogenicity. Biosimilars can
sometimes provoke an immune
response in patients, which can
impact their safety and efficacy.
Developers must carefully study
and monitor the immunogenicity
of their products.

•	 Interchangeability. Biosimilars may
not always be interchangeable with
the originator product or with
other biosimilars, which can cre-
ate confusion for physicians and
patients. Developers must provide
clear guidance on the interchange-
ability of their products.

• Pharmacovigilance. Biosimilars
require close monitoring for
adverse events and other safety
concerns, both during clinical tri-
als and after approval. Developers
must establish robust pharma-
covigilance programs to ensure the
ongoing safety of their products.

• Different regulatory pathways across

countries. Biosimilar developers 
may need to navigate different 
regulatory pathways across differ-
ent countries, which can lead to 
additional complexities and costs. 
An important aspect of demon-
strating product comparability is 
the selection of the appropriate 
reference standard. Regulatory 
bodies often question data that 
are not significant with respect 
to comparability exercises. For 
example, EMA expressed con-
cerns over the comparability data 
of a proposed human insulin 
biosimilar with Humulin. Batch 
traceability and guidelines for the 
selection of a reference standard 
are also important aspects where 
regulators focus.

• Process validation. The article
notes that regulatory agencies are
also focused on process validation.
EMA has objected to the paucity
of data on fermentation, harvest-
ing, and purif ication processes,
as well as the in-process controls
for different human insulin prod-
ucts. The lack of identif ication
of critical process parameters for
the upstream process, inadequate
control strategy for microbial
extraction filter, and lack of robust
in-process controls were raised by

Figure 2. A) Objections raised by the European Medicines Agency (EMA). B) Objections raised by FDA.
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EMA as reasons for denying the 
approval for Fulphila (97). FDA 
has raised concerns about valida-
tion of equipment sterilization, 
media fill strategy in vials, and 
acceptable range for parameters 
such as chromatography columns.

• Shelf life and quality. The arti-
cle notes that the shelf life and
quality of the product are other
related areas where deficiencies
have been f lagged in regulatory
submissions. For example, EMA
questioned the proposed shelf
life of Alpheon and Fulphila
applications due to inadequate
stability data (98), while FDA
questioned shipping stress and
pH stress studies for Trazimera
and Retacrit applications, respec-
tively (96, 97).

SUMMARY
The development of biosimilars has 
become increasingly important in 
recent years, as they reduce health-
care costs and provide safe and effec-
tive treatment options for patients. 
Emerging technologies that improve 
the eff iciency and speed of biosim-
ilar development include perfusion 
bioreactors and multi-column con-
tinuous chromatography as a part of 
continuous manufacturing for improv-
ing productivity, reducing variability, 
and achieving consistency in product 
quality and for reducing process time. 
PAT tools have been used to monitor 
and control critical process parame-
ters in real time. Mechanistic mod-
eling and digital twin technologies 
have been utilized to optimize process 
parameters and predict process out-
comes, leading to improved efficiency 
and reduced cost. AI/ML tools have 
been employed for data analysis and 
prediction in all stages of biosimilar 
development, from upstream process 
development to clinical trial design 
and analysis. The future of the bio-
pharmaceutical industry would be 
interesting considering the constant 

developments in bioprocessing, data 
analytics, and AI technologies. 
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