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Abstract: The advent of bioprocessing has revolutionized the biomanufacturing industry, leading to
the rise of biotherapeutics derived from biologic products such as chimeric antigen receptor (CAR)
T-cells used for targeted cancer treatment and the Vero cell line for the production of viral vectors
and vaccines. Despite these promising developments, most biologic products are characterized
by fragile macromolecular structures that are heterogenous with a purity profile that varies with
each batch making them susceptible to microorganism contamination. Regulatory oversight of
biologic products is imperative to ensure adherence to good manufacturing practices and compliance
with quality management systems. Current quality assurance protocols during production include
monoclonality during cell line development, real-time monitoring of process parameters, flow
cytometry for microbial monitoring, polymerase chain reaction, and immunoassay techniques to
amplify DNA sequences related to bacterial or biological contaminants. FDA guidance recommends
the implementation of process analytical technology within biomanufacturing production to measure
critical quality parameters, which includes screening for potential biological contamination. Future
advancements in bioprocess monitoring and control should capitalize on providing cheap, real-time,
and sensitive detection. Biosensors, mass spectrometry, and polymerase chain reaction present
robust, rapid, and real-time capabilities for multiplexed detection of contaminant analytes and have
shown promise in meeting these needs. This review discusses the main biological contaminants of
bioprocesses, European Union and FDA regulatory guidelines for monitoring and control within
biologics production, existing methods and their limitations, and future advancements for biological
contamination detection.

Keywords: biomanufacturing; biological contaminants; analytical testing; biosensors

1. Introduction

Cells are now grown and differentiated for life-saving medical applications including
cancer treatment (dendritic cells, CAR-T cells), hematopoiesis (hematopoietic stem cells),
and vaccines for infectious diseases (Vero cells) [1]. For the patients, they present numerous
interesting new therapy choices. However, many of these biologic products comprise
macromolecules that are orders of magnitude more complex than the conventional tiny
molecules (such as aspirin, insulin, diphenhydramine, antihistamines, etc.) produced
through chemical synthesis [2,3]. Most biologic products are biosynthesized by live cells,
except for DNA/RNA and peptides [3]. These bio-syntheses are more naturally variable
than chemical synthesis, which makes them more difficult to characterize and manage
properly [3]. These cell culture products are grown and expanded under a controlled
environment inside medium to large-volume bioreactors [4]. Generally, good manufactur-
ing practices and strict quality control are applied to eliminate any contaminations that
could not only set back the production line but, if unchecked, can have fatal outcomes
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for patients treated with contaminated cells [4]. Due to these factors, it is essential to
characterize and monitor these macromolecules in a highly precise and sensitive manner
during development and manufacturing to effectively regulate the safety and efficacy of
biologic products [3].

The World Health Organization (WHO) defines adventitious biological contaminants
as microorganisms that might have been accidentally introduced during the production of a
biologic product, such as transmissible spongiform encephalopathy (TSE), viruses, bacteria,
fungi, mycoplasma, and more [5]. Starting materials used in manufacturing biopharma-
ceutical products, such as cell substrates, porcine trypsin, bovine serum, or any other
source materials of animal or human origin, environmental exposure, such as equipment,
handling, and personnel, may unintentionally introduce adventitious agents [5,6]. Mam-
malian cell culture contamination continues to be a significant issue in the development and
production of bioprocesses, resulting in time, money, and effort losses [7]. Contamination
happens when undesirable microorganisms or higher eukaryotic cells infiltrate the culture.
This could prevent the target cell line from growing and make it more difficult to identify
certain cell lines. Cell culture consumers in the US alone are thought to incur annual costs
of millions of dollars [7]. A person being affected as a result of a contaminated product
has the greatest immediate impact. As contaminated products must be pulled off the
market, contamination might result in shortages of products or vaccines [8]. Therefore, the
issue of unidentified contamination concerns associated with live or vectored vaccinations
necessitates stricter safety control [9].

There are many current methods that have been continuously used for monitoring
different biological contaminants that affect the yield of the bioprocess. These range from
gold-standard microbial monitoring [10,11] to evolving reagent-based tests for protein and
nucleic acid markers of biological contaminants [12], as well as the collection of sophis-
ticated tools such as process analytical technologies [13]. Many emerging methods are
also finding foot in the industrial process by offering facile operations, rapid results, and
automation [14,15]. Additional review articles only focus on specific bioprocess contami-
nants or only examine particular biomonitoring processes [16,17]. Therefore, an overview
addressing all necessary biomonitoring-related topics would greatly benefit researchers,
policymakers, and practitioners. It provides an outline of the subject, highlighting the
most significant aspects and recent advancements in the field of biomonitoring, and serves
as a valuable resource for individuals developing and utilizing biomonitoring systems.
Such an article bridges the gap between research and practice, thereby encouraging the
establishment of more comprehensive biomonitoring strategies and enhancing our ability
to protect human health.

In this review, we discuss the main biological contaminants of bioprocesses such as
bacteria, viruses, and fungi. We also introduce the regulatory requirements of different reg-
ulatory bodies in the world. Many gold-standard tools and screening methods for each type
of contamination are discussed in detail while outlining their advantages and shortcomings.
Finally, emerging methods for detecting biological contaminants and their advantages over
the current methods are reviewed. While there are a few reviews that comprehensively
discuss different biological contaminants such as mycoplasma [18], bacteria [5], viruses [9],
and fungi [19], this review enables researchers to understand the challenges and advances
in designing novel screening methods for biological contaminants in biomanufacturing.

2. Biological Contaminants

Any microorganism that is accidentally introduced during the production of a biolog-
ical product in the biomanufacturing process is considered a biological contaminant [5].
Indoor air settings include a complex variety of biological contaminants, which, if not con-
trolled, may contaminate the finished product and cause adverse consequences in people,
such as allergies, infections, or inflammatory reactions [20]. Controlling biological pollution
in indoor air is primarily centered on avoiding circumstances that offer a substrate for the
development of viable particles, followed by the containment and removal of such growth.
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It is feasible to plan preventative measures to avoid indoor environmental contaminations
by employing air filters and boosting ventilation effectiveness [20].

Biological contaminants can easily contaminate any biomanufacturing process since
they occur everywhere in the environment. The majority of these microorganisms can
be classified into bacteria [5], fungi [19], and viruses [21] and will be briefly discussed
here. Other preventative actions, such as assessing the indoor environment for potential
biological pollutants, as well as chemical pollutants, are also necessary. Chemical pollutants
can exist in various shapes and can contaminate the bioprocess depending on the type of
exposure. Dust and particles are one of the most common types of these contaminants that
can originate from skin cells, hair, or other organic matter [22].

2.1. Bacteria

Due to the abundance of bacteria in the environment, they are very likely to con-
taminate biomanufacturing processes. Aerosol generation on the surfaces of instruments,
or even water, is a significant mode of bacterial contamination. These airborne microbes
can invade cell cultures and outgrow the desired cells [16]. In addition, some bacteria
release toxic chemicals into the environment. More specifically, in the outer membrane
of Gram-negative bacteria, a highly toxic chemical called endotoxin exists, which is a
potential contaminant of many bioprocesses. This chemical is released during different
phases of bacterial growth, and even in small amounts, can cause various health issues such
as including septic shock, inflammation, fever, and organ dysfunction if entered into the
human body [23,24]. Bacteria are simpler to detect compared to viruses and mycoplasma as
the cloudiness, pH, and color changes of the media could indicate contamination; however,
this detection occurs rather late in the process [7]. Among various contaminations, bacterial
contamination, specifically by mycoplasmas, is a grave concern in the biomanufacturing
of these cells [25]. Mycoplasmas are the smallest self-replicating bacteria that lack cell
walls, making them resistant to common antibiotics [26]. Mycoplasmas can be introduced
throughout the manufacturing process including through starting materials and via human
intervention and can influence almost every parameter of the cell culture system [27]. It is
estimated that ~5 to 30% of the world’s cell lines are infected with mycoplasma causing an
estimated average of USD 350 million in economic loss each year [18,28].

There are currently around 190 species of mycoplasma that are found in humans,
animals, insects, and plants, yet only six of them are thought to be in charge of almost 95%
of cell culture contamination incidents: Mycoplasma orale, Mycoplasma arginini, Mycoplasma
hyorhinis, Mycoplasma fermentans, Mycoplasma hominis, or Acholeplasma laidlawii [29]. M. orale,
M. fermentans, and M. hominis, present in the human oropharyngeal tract, are mainly
introduced through personnel, and account for more than half of mycoplasma infections
in cell cultures [30]. M. arginini and A. laidlawii are commonly isolated from fetal bovine
serum (FBS) or newborn bovine serum (NBS). Swine trypsin solutions are a major source of
M. hyorhinis [30]. One of the tiniest free-living bacterium species, Mycoplasma can be found
in sizes between 0.15 and 0.3 µm [31]. Special tip organelles, containing high concentrations
of adhesins, allow mycoplasmas to attach to and penetrate their host cells (Figure 1a).
Moreover, the lack of a stiff wall in mycoplasma may facilitate their fusion with the host
cell’s membrane and the exchange of membrane and cytoplasmic components [32,33].
Because of their small size, mycoplasma strains can accumulate to large concentrations in
cell culture without causing media turbidity or other overt signs of infection. They can
also bypass numerous filtration devices. Furthermore, mycoplasma contamination can
have a major financial impact due to the time and costs involved with the loss of batches
that were contaminated, the search for the source of the contamination, and the facility’s
decontamination [32].
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Figure 1. Infection mechanism of different cell culture contaminants: (a) Bacteria/mycoplasma [33]
(reprinted with permission from [33] Copyright 2020 MDPI), (b) viruses [34] (reprinted with permis-
sion from [34] Copyright 2019 Elsevier), (c) fungi [35] (reprinted with permission from [35] Copyright
2022 Nature).

2.2. Viruses

Viruses may enter cell cultures from contaminated mammalian cells, tissues, and
blood materials such as serum. The detection of viruses is often more difficult than that of
other microorganisms, and they can potentially replicate human pathogens in mammalian
cells [36]. Like mycoplasma, a normal light microscope cannot detect viral contamination,
unlike bacterial and fungal contamination. Virus contamination can only be suspected
when it causes morphological changes in the cultured cells, such as a cytopathic effect.
Viruses that transmit silently without modifying the morphology of the infected cell are
clearly more dangerous. Moreover, it is possible for cells that have been infected with
some viruses to become more susceptible to infection by other viruses [21]. Moreover,
some viruses can be as small as 20 nm; thus, they can pass through filtration devices [36].
Viruses that infect bacteria are called bacteriophages [37,38]. They can be found in almost
any environment, including soil, food, groundwater, and surface water, and suboptimal
environmental conditions do not affect their stability. Bacteriophages are involved in an-
tibiotic resistance spreading. Therefore, rapid phage detection is important in bioprocesses
that involve bacterial cultures [39]. Figure 1b illustrates how a virus attacks cell culture.
Viral DNA replicates when it gets inside a cell, hijacking the cellular processes to produce
proteins encoded with viral DNA. Proteins and genetic material can be translocated from
cells and assembled into new virus particles using viral mechanisms. Pharmaceutical
medicines still include some adventitious substances despite advanced detection mea-
sures [5]. The inclusion of porcine circovirus 1 (PCV1) in a rotavirus vaccination was a
recent noteworthy occurrence. Early cases of biological contamination (such as tetanus
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contamination of diphtheria anti-toxin) predate contemporary immunization and resulted
in the development of regulatory monitoring in the early 1900s. An important manufactur-
ing transition from primary rhesus monkey kidney cells to African Green monkey kidney
cultures occurred from the revelation that the early polio vaccine was tainted by simian
virus 40 (SV40) due to rhesus monkey infection. Reverse transcriptase and bacteriophages
were found in measles and polio vaccines, and the emergence of bovine spongiform en-
cephalopathy (BSE), also known as “mad cow disease”, and ultimately the human version
variant Creutzfeldt–Jakob disease (vCJD), in the 1990s, resulted in extensive regulatory
deliberations as well as recommendations on the use of bovine vaccines [9].

2.3. Fungi

Like bacteria, fungi are also found abundantly in the environment. Therefore, bio-
processes are prone to contamination by fungi [36]. Aspergillus species dominate fungus
contamination in cell culture. M. morale is the most common source of contamination that
can spread from the oral cavity. We may be able to detect fungal contamination by direct
microscopic imaging of a culture if it cannot be seen visually. Biochemical tests detect 1,3-d-
glucan or galactomannan from fungus cells. The polysaccharide antigen galactomannan
is found primarily in the cell walls of Aspergillus species, which sometimes affects cell
cultures [36]. Figure 1c shows the infection mechanism of a specific fungus. The invasion of
a host cell involves two steps: adhesion and invasion. Host cell invasion can be categorized
into two general mechanisms, induced endocytosis and active penetration. A fungus may
also gain nutrients from the invaded host cell.

Considering the safety issues, past instances, risks imposed on public health as the
result of consumption of contaminated products, and the financial losses associated with
such products, it is essential to understand the nature of the contamination, its sources,
prevention, and inactivation methods. Most importantly, it is necessary to acknowledge the
limitations of current screening methods and move toward the development of technologies
that maximize safety, while minimizing cost, time requirement, and labor.

3. Regulatory Requirements for Bioprocess Monitoring

Regulatory requirements are critical in ensuring the safety, effectiveness, and quality
of products produced through bioprocessing, usually by emphasizing Quality by Design
(QbD) principles and adherence to Good Manufacturing Practices (GMPs) [40]. Since these
products are often used in biomedical contexts, it is essential to establish regulatory guide-
lines to ensure that they meet rigorous quality and safety standards. The bioprocessing
sector is heavily regulated, and companies are required to observe strict adherence to
several laws and policies established by different regulatory bodies, such as the US Food
and Drug Administration (FDA) and the European Medicines Agency (EMA) [41]. Harmo-
nization of such regulatory requirements is critical for the development and manufacture
of drug products while ensuring that quality, safety, and efficacy standards are upheld to
meet the regulatory requirements prioritizing public health [42].

3.1. Regulations in the United States

The regulatory landscape in the field of bioprocess monitoring in the United States
is governed primarily by the Food and Drug Administration (FDA), whose scope of
activities includes surveillance of pharmaceutical manufacturer compliance to current
Good Manufacturing Practices (cGMPs) among many others [43]. The FDA enforces
Title 21 of the Code of Federal Regulations; for monitoring bioprocess specifically, Part 210
(cGMP in Manufacturing, Processing, Packaging, or Holding of Drugs) and Part 211 (cGMP
for Finished Pharmaceuticals) outline the minimum standards used in the production,
processing, and packaging of drug products [44]. Regulations require written procedures for
preventing undesired microbial contamination to be established and adhered to. Given this
general requirement, pharmaceutical manufacturers have the responsibility to generate a
complete list of microorganisms for which to test; although, Part 317.2 is considered a logical
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but incomplete starting point as it does not outline potential opportunistic pathogens [45].
To introduce some guidance on industry compendial standards harmonization, the United
States Pharmacopeia (USP) stated that a 10 CFU/100 mL target for pre-filtration bioburden
is suitable for general cases, with a maximum acceptable count of 20 CFU/100 mL [46].

3.2. Regulations in the European Union (EU)

In the European Union (EU), the European Medicines Agency (EMA) harmonizes
bioprocessing activities and coordinates compliance with Good Manufacturing Practices
(GMPs) [47]. Specifically, the EudraLex, Volume 4—Good Manufacturing Practice (GMP)
guidelines uphold the rigorous standards of Quality Management with regard to the
development, production, and oversight of drug products in the pharmaceutical industry
of the EU [48]. Unlike the FDA guidelines, Annex 1—Manufacture of Sterile Medicinal
Products outlines the approaches to be taken regarding aseptic and terminal sterilization
processes, which include the specific techniques and thresholds for the maximum permitted
microbial contamination level during qualification according to area grades [49]. However,
despite providing more specific guidance compared to the regulatory requirements in the
US, the annex does not specify the species of bacteria to test against, unless otherwise a
model organism is stipulated for standardized testing, e.g., bacterial retention testing.

3.3. Challenges and Trends in Meeting Regulatory Requirements

With the difference in the specific regulatory requirements across different global
regions of interest due to their high pharmaceutical production capacity, there is a need for
technologies that can adapt to the proprietary processes of various pharmaceutical entities
while still adhering to the stipulated regulations. Furthermore, there is recent interest in the
field of bioprocess intensification in the context of continuous production [50]. Hence, in
order to develop, analyze, and control a continuous pharmaceutical manufacturing process,
it is necessary to put new developments in the field of process analytical technology (PAT),
specifically bioprocess monitoring, into practice [51].

4. Current Methods

Bioprocess monitoring is a critical component of manufacturing biological products
such as pharmaceuticals, cell therapy products, gene therapy products, and therapeutics.
Hence, it becomes crucial to ensure that the final product meets the desired specifications
and is safe for use [52]. Monitoring bacterial or biological contamination in bioprocesses
requires detecting and analyzing factors such as pH, temperature, dissolved oxygen, nutri-
ent levels, and cell counts during manufacturing. Along with contamination prevention,
these details are used to control and optimize the process, detect and repair problems, and
assure product quality and process efficiency [53]. In recent years, several FDA-approved
procedures for detecting biological contaminants have been approved to be applied in
the industry. Immunoassay procedures, such as Enzyme-Linked Immunosorbent Assay
(ELISA), assess the presence and concentration of specific proteins or antibodies that may
indicate bacterial contamination [54]. ELISA is a powerful method for detecting and mea-
suring proteins and antibodies frequently used in producing medicines, vaccines, and
diagnostic kits, which, if utilized correctly, can also aid in the detection of bacterial contam-
ination [54]. However, alternative procedures may be more appropriate depending on the
application and product. For example, Polymerase chain reaction (PCR) can detect bacterial
and virus contaminants, and cell analysis can evaluate if there is any aberrant cell develop-
ment that could indicate bacterial or other contamination [54]. The technique employed
is often decided by the unique needs of the process and the product being manufactured,
with the ultimate goal of preventing and detecting biological contamination [11].

4.1. Process Analytical Technology (PAT)

Process Analytical Technology (PAT) is a systematic approach to designing, analyz-
ing, and controlling biomanufacturing processes that can help prevent contamination [13].
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PAT allows for real-time monitoring and control of critical process parameters such as
temperature, pressure, and pH, as well as rapid and precise measurement of the final
product’s quality attributes [55]. Potential issues can be identified early by continuously
monitoring the process and analyzing data using advanced statistical and mathematical
techniques [55]. Proactive adjustments can be made to prevent or correct deviations from
the desired specifications, consequently aiding in improving process efficiency, reducing
waste, and improving product quality and consistency while ensuring patient safety [56].
One of the primary benefits of PAT is its ability to provide continuous monitoring and
control, allowing for detecting and correcting process deviations that could result in bi-
ological contamination [57]. PAT implementation, conversely, can be difficult and costly,
necessitating the use of specialized analytical equipment and personnel, as well as an
investment in process understanding, data analysis, and process control expertise [58].
Despite these challenges, the advantages of PAT make it a valuable method for ensuring
consistent product quality and process performance in the bioprocess industry, especially
when it comes to preventing biological contamination [53].

PAT has been extensively used for contamination detection in bioprocesses, some
exploring combinations of two or more methods, and some modifying and enhancing
the current methods [3,59,60]. For instance, a light microscope and/or molecular probes
are traditionally used to detect microbial contamination in cell culture media. Some of
these methods are incompatible with certain cell lines, require human intervention, and
take a long time to test. Using an integrated microfluidic device (IMD), a research group
demonstrated that (E. coli) could be detected in BPH-1 cell culture. A sensor with continuous
monitoring capability was used to monitor glucose metabolism in cell culture media, and an
optofluidic sensor was used to measure acidity in cell culture media (Figure 2a). In contrast
to light microscopes and plate counting methods, this IMD detects bacterial contamination
at a stage where it is undetectable. A continuous cell culture monitoring platform reduces
the risk of undetected contamination by reducing even the short-term (less than 8 h)
presence of E. coli changing cellular metabolism in the long term (at least up to 24 h). This
increases the reliability of experiments conducted with no interference with cell culture.
The glucose detection range was 50–950 µM, with a sensitivity of 3.81 ± 0.08 µA mM−1,
and a detection limit of 27.7 ± 1.3 µM. This method provides continuous and sensitive
pH monitoring within the physiological range of pH 6.4–8.1. Designed to allow easy
surface modification using drop casting, the sensor has a microfluidic chamber that allows
continuous media analysis and allows the electrodes to be accessed [61]. In another study,
FTIR imaging with a focal plane array detector (FPA) was used to identify mycoplasma
in a human brain glioblastoma cell culture due to its advantages of quick acquisition and
high spectral quality. By FTIR micro-analysis, it was possible to distinguish control cells
from mycoplasma-infected cells because of molecular changes in the host cells. The FTIR
data were compared to those from PCR and a biochemical test. Since the detection level
was just on the boundary of what was acceptable, the extremely sensitive biochemical test
was unable to identify the positive contamination. As with PCR, FTIR analysis was able
to identify mycoplasma contamination. In addition, this study demonstrates the ability
of FTIR to detect early metabolic changes caused by mycoplasma infection, though it will
be necessary to conduct an additional study and analyze samples to test the specificity in
various mycoplasma species [60].
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ty of bioreactor scales for batch and perfusion processes. Additionally, the automation 
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Figure 2. (a) An illustration of the cell culture media sample analysis characteristics and sequence for
the IMD. (b) Optofluidic pH sensor, (i) complete device detailing the microchannel dimensions and
configuration of the optical waveguide, (ii) illustration of the light propagation alongside the optical
waveguide, and (iii) SEM micrographs of waveguide and micromixer areas. (c) (i) Sample dilution
unit detailing one modified Tesla unit and (ii) SEM micrograph of micromixer area. (d) (i) Design
and (ii) components of the electrochemical microfluidic glucose sensor (reprinted with permission
from [59] Copyright 2022, Elsevier).

Integrating the Modular Automated Sampling Technology (MAST) based aseptic
sampling, multi-function Sequential Injection Analysis (SIA) sample preparation, UHPLC
separation, and high-resolution mass spectrometry (HRMS) analysis Liu et al. obtained
real-time monitoring of multiple product quality attributes (Figure 3). During a 17-day 3 L
Chinese Hamster Ovary (CHO) bioreactor cell culture process, continuous measurements
of titer, size variants, glycosylation, and post-translational modifications yielded quality
profiles comparable to traditional offline analyses. The online workflow provided fast
cycle time, automated end-to-end analysis, and easy application to a variety of bioreactor
scales for batch and perfusion processes. Additionally, the automation platform supported
the online multi-attribute method, removing a major barrier to the broad implementation
of high-resolution, high-sensitivity procedures. Automated real-time monitoring and
feedback control will be part of the future biomanufacturing process, thereby improving
yield, robustness, and product quality. The minimum 25 mL volume requirement should be
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addressed in future work. While multi-day repeated sampling may not have a significant
impact on pilot or commercial processes, it might during bench-scale development [3].
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4.2. Microbial Monitoring

Microbial control and quality assurance rely heavily on microbial monitoring. Mi-
crobial monitoring methods are used to ensure that the bioprocess environment is free of
contaminants and that the final product is free of microorganisms that could be harmful
to patients [56]. The FDA has established guidelines for the use of microbial monitoring
methods such as viable cell counting and flow cytometry for the detection and enumeration
of microorganisms in bioprocesses [61]. The principle of viable cell counting is based
on the measurement of microbial growth via agar plate culture of microorganisms. Mi-
croorganisms in the sample are transferred to agar plates and incubated under optimal
conditions for microorganism growth [56]. After growing the microorganisms in a suitable
medium, and counting the number of cultured colonies, the number of colony-forming
units (CFUs) in the sample is counted to determine the number of viable cells [56]. One
of the critical applications of microbial monitoring in bioprocesses is in the production of
biopharmaceuticals, where it is essential to ensure that the final product is free of microbial
contamination [56]. This can be performed by monitoring the bioprocess at various stages,
such as during fermentation or downstream processing, to detect and quantify any mi-
croorganisms that may be present. This information can then be used to make adjustments
to the process to reduce or eliminate microbial contamination [56].

However, there are some disadvantages to using microbial monitoring for bioprocess
monitoring. Microbial monitoring can be time-consuming and resource-intensive, requir-
ing specialized equipment and trained personnel. This includes preparing the sample,
cultivating it, and identifying the present microorganisms. Specificity is also limited since
microbial monitoring is not as precise as other techniques, such as PCR or qPCR. The
method relies on microorganism growth and does not allow for the identification of specific
microorganisms [56].

Subsequently, microbial monitoring is a popular method for monitoring bioprocesses.
However, it has downsides including being time demanding and having limited real-time
monitoring [61]. Other methods, such as PCR or qPCR, can be used in conjunction with
microbial monitoring to provide more specific and accurate information about the presence
of microorganisms in the process.

4.3. Polymerase Chain Reaction

PCR is widely used in bioprocess monitoring to amplify specific DNA sequences of
interest, such as those of bacterial or biological contaminants [61]. PCR can be used to
detect and quantify the presence of specific microorganisms in a bioprocess by tracing the
expression of specific genes linked to microbes [11]. The method entails repeatedly heating
and cooling a nucleic acid sample to denature and re-anneal distinct DNA strands, followed
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by strand extension by a polymerase enzyme. This procedure duplicates the target DNA
sequence, allowing detection and quantification via gel electrophoresis or real-time PCR
techniques [62]. There are several types of PCR, including conventional PCR, quantitative
PCR (qPCR), and reverse transcription PCR (RT-PCR) [10]. Conventional PCR is the most
basic technique to amplify a specific DNA sequence of interest. qPCR is used to quantify
the amount of a specific DNA sequence in a sample. RT-PCR detects and quantifies RNA
molecules in a sample, which is useful for monitoring gene expression [10]. One of the
primary advantages of PCR is its high sensitivity and specificity, which enables the detection
of very low levels of target DNA or RNA. PCR is also a quick and straightforward technique,
making it ideal for routine monitoring in a bioprocess [63]. However, PCR has some
limitations, such as the possibility of false positive results, the need for meticulous sample
preparation, and the possibility of cross-contamination between samples. Furthermore,
PCR requires specialized equipment and reagents, which can be costly [62]. Overall, PCR is
regarded as a valuable tool for detecting genetic changes in cell lines used in bioprocessing
and monitoring the presence and growth of bacterial or biological contaminants during
fermentation or cell culture processes.

4.4. Immunoassay Techniques

Immunoassay techniques are a group of analytical methods used to detect and quantify
the presence of specific molecules in a sample, such as bacterial proteins or antibodies.
These techniques use the specific binding of an antigen or antibody to a labeled reagent,
such as a fluorescent marker, to detect the presence of the target molecule [64]. These
techniques can be used to quantitatively and qualitatively measure the bacterial target,
and ensure that the final product meets the desired specifications. The FDA has approved
immunoassay techniques such as ELISA for bioprocess monitoring [65]. ELISA is a plate-
based assay that uses a specific antibody–antigen binding to detect the presence of a target
molecule. The sample is added to a plate coated with a particular antibody, and any target
molecule in the sample will bind to the antibody. A labeled reagent is then added to the
plate to detect the presence of the target molecule [54]. Another example is sandwich
ELISA, which utilizes a capture antibody and a detection antibody to detect the target
molecule. This method allows for higher sensitivity and specificity in detecting the target
molecule [54].

Immunoassay techniques have several advantages for bioprocess monitoring, includ-
ing high specificity and sensitivity, the ability to detect a wide range of biomolecules, and
the ability to measure both qualitative and quantitative characteristics of the product [65].
However, these techniques also have some limitations, such as the need for a highly pure
and specific antibody, the potential for interference from other molecules in the sample, and
the need for specialized equipment and trained personnel to perform the assay [54]. One
disadvantage of using immunoassay techniques to monitor bioprocesses is that they may
not be as sensitive as other techniques. Furthermore, using specific antibodies or probes
can be expensive and may not be available for all biomolecules [54].

4.5. Limulus Amebocyte Lysate

Limulus Amebocyte Lysate (LAL) is a routinely used test for detecting endotoxins in
bioprocesses, which are toxic substances released by Gram-negative bacteria that can cause
undesirable effects on people, such as fever, inflammation, and shock [66]. Thus, detecting
and controlling endotoxins in bioprocesses is crucial for guaranteeing product quality
and patient safety. The test uses horseshoe crab blood that primarily includes enzymes
that bind to endotoxins, causing a coagulation reaction that can be detected visually or
spectrophotometrically [66]. One of the primary benefits of LAL is its incredible sensitivity,
which allows for detecting endotoxins at low concentrations. It is also quick and simple
to perform, creating further possibilities for more automated high-throughput tests [66].
However, this technique has its own limitations. The test is endotoxin-specific and will
not detect different types of bacterial contamination, such as Gram-positive bacteria or
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fungi [66]. Furthermore, LAL is sensitive to interference from specific sample matrix
components, such as surfactants or chelating agents, which might result in false negative
or false-positive results. As a result, thorough sample preparation and test procedure
validation are crucial for reliable results [66].

Various biological contamination detection methods have distinct benefits as well as
drawbacks. PAT is an all-encompassing method for real-time monitoring and controlling
manufacturing processes. For instance, mass spectrometry is an effective analytical method
that can be used to detect and quantify biological contaminants as part of PAT. Different
methods, such as targeted mass spectrometry, can be used for analysis depending on
the analyte of interest and the required specificity and sensitivity. Microbial monitoring
involves finding and counting microorganisms in a given environment or product [61].
Culture-based techniques, such as plate counting and membrane filtration, have low LODs
and help detect various microorganisms but require a lengthy incubation period. For
instance, the limit of detection for detecting E.coli in water with the assistance of a culture-
based technique is 0.01 cfu/mL [67]. Non-culture-based techniques, such as PCR and
immunoassay approaches, have higher LODs but are more rapid and specific. PCR is a
highly sensitive and specific method for determining specific DNA fragments, making it
helpful in spotting various microorganisms [63]. Depending on the type of the PCR analysis,
this method can have a limit of detection as low as 9 genome copies/mL [68]. Immunoassay
techniques are useful for detecting particular pathogens in food, clinical samples, and
environmental samples due to their high specificity [54]. The limit of detection for this
technique can vary depending on the specific sample and assay used; however, for instance,
this technique is capable of detecting aerobic Bactria with an LOD of 25 cfu/mL [69].
LAL is a highly sensitive assay that can identify endotoxins in pharmaceuticals, medical
devices, and biological products; however, it can only detect endotoxins produced by Gram-
negative bacteria [66]. This technique can be used for the detection of endotoxins with a
detection limit of 0.01 Endotoxin Unit/mL [70]. Depending on the specific application and
the type of microorganisms being targeted, it may be necessary to apply a combination of
various methodologies for effective biological contamination recognition. For instance, it is
possible to increase the sensitivity and specificity of microbial monitoring by integrating
the process with PCR techniques. PCR can be used to confirm the existence of certain
microorganisms detected by culture-based methods, whereas immunoassays can detect
particular pathogens not detected by culture-based methods. In addition, PAT can be
combined with microbial monitoring techniques to monitor manufacturing processes in
real time and detect potential deviations before product failures, guaranteeing the reliability
and quality of the overall product [71].

5. Emerging Methods

As discussed in the previous sections, the established methods are not ideal for the
dynamically progressing biomanufacturing process, as they fail to provide cheap, real-time,
and sensitive detection. Moreover, in the early 2000s, as bioprocesses and their products
seemed to be more and more complex, FDA published a guideline that involved the use
of process analytical technology (PAT) as “a framework for innovative pharmaceutical
development, manufacturing, and quality assurance” [3]. It encourages manufacturers
to incorporate in-process, rather than end-of-process testing, monitoring, and control. In
the context of biological contaminant detection, among the studied PAT tools, biosensors
offer many advantages such as ease of operation, sensitivity, affordability, as well as
fast and label-free online detection. Biosensors are analytical tools used for detection of
one or multiple analytes [39]. The biosensors explored for bioprocess monitoring can be
divided into two major categories based on their transduction mechanism: optical and
electrochemical. Other methods that utilize one or more transduction mechanisms in
combination to detect biological contaminants are also discussed here. A list of methods
and their performance are included in Table 1.
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Table 1. Summary of analytical parameters of the biological contaminant’s detection methods.

Method Type Target
Biocontaminant

Time Required to
Do the Test LOD Specificity Reference

LSPR Endotoxin 1 to 24 h 340 pg/mL Selectively detects
endotoxin [14]

UFOPs Endotoxin 25 min 0.4 ng/mL Highly specific [72]

Capacitive Residual DNA 14 min 10−5 ng/L
Specific to DNA

regardless of source [73]

MIP/Capacitive E. coli phage
E. coli Real-time 10 pfu/mL

1.0 × 102 cfu/mL

Selective for E. coli phage
in river water

Selective for E. coli but
recognized other bacteria

[39]

Impedance-based
aptasensor Endotoxin 15 min 0.01 ng/mL

Minimal response to other
media components

(pDNA, RNA, proteins,
saccharides, and lipids)

[74]

Integrated
microfluidic device E. coli Less than 8 h 27.7 ± 1.3 µM

of glucose
Highly selective
toward glucose [59]

FTIR
microspectroscopy Mycoplasma bovis 6 min (data

acquisition) NA Not validate for specificity [60]

5.1. Optical

Optical biosensors incorporate a biorecognition element with a transducer as a com-
pact analytical device. In optical biosensors, the optical signal produced by the interaction
of light with the analyte directly correlates with the concentration of the analyte. In biosen-
sors, biorecognition elements include enzymes, antibodies, antigens, receptors, nucleic
acids, whole cells, and tissues [75]. As compared to traditional analytical techniques, optical
biosensors provide a unique combination of highly sensitive, specific, and cost-effective
detection of biological and chemical substances in real time [76] as compared with the
conventional techniques such as culturing and PCR. Additionally, optical biosensing is
supported by multidisciplinary approaches such as microelectronics, microelectromechan-
ical systems (MEMS), nanotechnology, molecular biology, and biochemistry [76]. There
are many applications of optical biosensors, including those in healthcare, environmental
analysis, and biotechnology. Several advantages are available with these applications,
including a low concentration and reduced amount of analyte required, a fast analysis
completion time, and reusability of the sensor chip [76].

Optical biosensors use different methods to generate an optical signal [15]. Among
them, plasmonic optical biosensors have been employed to detect biological contami-
nants [14,72]. Essentially, they work by interacting light with thin films and nanoparticles
to generate an optical phenomenon [77]. Two types of plasmonic optical biosensors exist:
one uses a thin metal film and the other uses nanostructure-based inorganic plasmon
resonance. Surface plasmon resonance (SPR), a metal-based film sensor, is the most com-
mon plasmonic biosensor. Noble metal nanoparticles possess Localized Surface Plasmon
Resonance (LSPR) as a consequence of collective oscillations of conduction electrons at
their surface [15]. Interaction between biomolecules at the surface of the sensor alters
the refractive index of the surrounding medium in LSPR biosensors. Subsequently, the
LSPR peak wavelength of the extinction spectrum changes, and this wavelength shift
indicates the concentration of the target [78]. Zandieh et al. used this phenomenon to
develop a biosensor based on silver nanocolumns for endotoxin detection [14]. Many
biopharmaceutical products are contaminated by this toxic component in Gram-negative
bacteria’s outer membranes. As the sensing layer of the biosensors must be in contact
with biological or chemical liquors, their stability is a major concern. In order to fabricate
stable and oxidation-resistant nanostructures, the silver nanostructures were first covered
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by a self-assembled monolayer of 3-Mercaptopropionic acid (MPA). Polymyxin B (PmB),
a poly cationic peptide, was then immobilized on the MPA SAM, to act as the sensing
probe (Figure 4a). Compared to conventional peptides and aptamers, PmB is significantly
cost-effective, and offers better stability and high affinity with endotoxin. Their biosensor
could selectively detect endotoxin concentrations as low as 340 pg/mL. For selectivity
studies, two PmB-coated substrates were incubated in 10 µg/mL solution of BSA and
HBs-ag, which respectively resulted in 0.23 nm and 0.58 nm LSPR peak shift, both less than
the 10% effect concentration value of biosensor (3.96 nm). Furthermore, PmB functionalized
substrate was incubated in a solution of endotoxin B. abortus. The biosensor was found
to be insensitive to endotoxin molecules specific to a particular bacterium. Although the
Limulus Amebocyte Lysate (LAL) test, which is conventionally used to detect endotoxin,
is more sensitive, this biosensor offers fast, label-free, and low-cost detection without
the need for multiple preparation steps. Moreover, interfering molecules such as EDTA,
glucans, proteases, and phenols, as well as temperature and pH, interfere with LAL, further
limiting their application. Additionally, ELISAs are rarely available due to the difficulty in
developing specific antibodies against the endotoxin-producing bacteria [14].
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In another work to detect endotoxin using plasmonic biosensors, Manoharana et al.
developed a biosensor using Ubent fiber optic probes (UFOPs) (Figure 4b,c). Optical fiber
probes were functionalized with biomimetic hydrophobic layers of octadecyltrichlorosi-
lanes (OTS) to entrap endotoxin hydrophobically. To enhance specificity and signal amplifi-
cation, PmB-coated gold nanoparticles were sandwiched between the bound endotoxin
molecules (PmB-AuNPs). A silver reduction step of endotoxin resulted in a 36-fold in-
crease in sensitivity and a lower limit of detection of 0.4 ng/mL. Several biopharmaceutical
interferents, including amino acids such as threonine and tyrosine, lactic acid, human
immunoglobulin (IgG), normal saline (NS), and dextrose normal saline (DNS), were used
to evaluate the specificity of the assay. There was a 10–100-fold increase in the concentra-
tion of these contaminants over endotoxin. In addition to detecting endotoxin sensitively,
the assay was highly specific, suggesting it could serve as an efficient platform during
therapeutic development to detect endotoxins [72]. The setup and fabrication steps are
shown in Figure 4.

5.2. Electrochemical

Another class of biosensors used for bioprocess monitoring uses electrochemical
transduction mechanisms. An electrochemical biosensor measures the conductance, resis-
tance, or capacitance of a surface in response to biological binding events. Biorecognition
molecules are attached to one of the electrodes of these devices. Sensor signals are gener-
ated by oxidation and reduction reactions triggered by the binding of a target to a biological
recognition element [79].

Numnuama et al. developed a flow injection capacitive biosensor for detecting trace
amounts of DNA using affinity binding between immobilized histone and DNA. It is
critical to quantify residual cellular DNA from host cells in the purification process since
biopharmaceutical products must meet specific requirements for contaminating cellular
DNA, which is less than 10 ng per dose. Gold electrodes were coated with thioctic acid
self-assembled monolayer (SAM) (Figure 5a,b). A lower detection limit of 10−5 ngL−1 for
DNA from calf thymus, shrimp, and E. coli was achieved. As a real sample, a particle-free
homogenate of shrimp protein was used to determine residual DNA. To test the possibility
that the protein in the extract might interfere with the detection of residual DNA by non-
specifically binding to the electrode surface, bovine serum albumin (BSA) was used. As
compared to DNA, the BSA responses were nearly constant when using an electrode
immobilized with calf thymus histone. Thus, non-specific bindings from proteins do not
contribute to the response. Although electrode preparation takes two days, one electrode
can be reused up to 40 times by using the appropriate regeneration solution, which helps
to reduce the cost of analysis [73].

A bacteriophage (phage) is a virus that infects host bacteria. Since bacteriophages
are resistant to suboptimal environmental conditions, rapid and sensitive detection of
bacteriophages is crucial during biotechnological and biopharmaceutical processes. A
double agar overlay plaque assay is the most commonly used biological assay to detect
bacteriophages. However, this method is laborious and fails to provide rapid detection. To
address the need for hassle-free and rapid phage detection, Ertürk and Lood developed a
molecularly imprinted polymer (MIP) integrated capacitive biosensor to detect an E. coli
phage (Figure 5c,d). MIPs, unlike common recognition elements, are robust and stable in
harsh environments. The relationship between biosensor response and phage concentration
varied linearly between 101 and 105 pfu/mL with a LOD value of 10 pfu/mL. When tested
against other phages with similar morphology, the sensor showed a high selectivity, as
a 1000-fold higher concentration of non-E. coli phage failed to generate an equal signal.
Furthermore, they investigated the ability of phage imprinted cavities resembling phage
receptors to detect E. coli, which resulted in a linear response to the concentration ranges of
1.0 × 102–1.0 × 107 cfu/mL with a LOD value of 1.0 × 102 cfu/mL, selectivity toward E. coli
compared to common bacteria, and no sample preparation requirement. To investigate
the detection ability of the developed sensor from real complex samples, water from a
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local river was used since phages are commonly isolated from water samples. To reach the
desired final concentration, river samples were spiked with known phage concentrations
(101–105 pfu/mL) and diluted appropriately with phosphate buffer. Even in complex
media, the sensor could detect the phage. The rapid and real-time detection capabilities
of this sensor, along with its stability for up to two months when used daily, renders it
promising for biotechnological and biopharmaceutical process monitoring [39].
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Figure 5. Schematic of the biosensor setup: (a) flow injection capacitive biosensor system to detect
trace amounts DNA. The total capacitance measured at the working electrode/solution interface
comes from the capacitance of self-assembled thioctic acid monolayer, the capacitance of the histone
layer, and the capacitance DNA analyte interaction [73]. (b) Capacitance vs. time plot. The binding of
histone and DNA causes the capacitance to decrease (∆C1) with subsequent signal increase due to
dissociation under regeneration conditions. After regeneration, the system can be reused to detect
DNA in a new injection (∆C2) [73]. (Reprinted with permission from [73] Copyright 2009 Elsevier.)
(c) Schematic of the capacitive biosensor with an automated flow injection system [39] (reprinted
with permission from [39] Copyright 2009 Elsevier). (d) Schematic of the phage imprinted capacitive
biosensor. (i) Preparation of the glass coverslips (phage stamps), (ii) preparation of the capacitive
gold electrodes, (iii) imprinting of phage onto the gold electrode surface via UV-polymerization
and removal/rebinding of phage to the electrode surface [39] (reprinted with permission from [39]
Copyright 2009 Elsevier).

Aptamers, single-stranded oligonucleotides that bind specifically and with high affin-
ity to a wide variety of targets, such as proteins, small molecules, and living cells, are
easy to synthesize and chemically modify and integrate into various analytical designs.
They are developed through a process called systematic evolution of ligands by exponen-
tial enrichment (SELEX), which involves the separation of target-bound aptamers from
unbound aptamers and PCR amplification of the bound aptamers. Kim et al. used a
modified SELEX process to obtain an endotoxin-specific aptamer for endotoxin detection
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in biological liquors, using an electrochemical sensor. The impedance-based aptasensor
was fabricated by functionalizing a gold electrode with endotoxin aptamer and MCH SAM.
A detection range of 0.01–1 ng/mL was achieved, with minimal response to interfering
components commonly found in biological media, such as proteins, saccharides, plasmid
DNA, RNA, and lipids. As representative model analytes for endotoxin-rich environments,
pDNA, RNA, BSA, glucose, sucrose, and cholesterol were selected to assess sensor selectiv-
ity. The 15 min detection time of this sensor is significantly lower than the LAL method
conventionally used for endotoxin detection [74].

6. Challenges of Emerging Methods

Nevertheless, the use of optical or electrochemical biosensors for contamination moni-
toring is subject to some restrictions.

The sensitivity and specificity of biosensors is one of their drawbacks. These electro-
chemical biosensors can be developed to recognize certain analytes, but they might not be
able to detect all potential contaminants. For example, some biosensors can only detect
small molecules, while others are designed to recognize protein targets. The sensitivity of
biosensors can also be impacted by interfering substances, which can lead to false-positive
results [80]. Proteins, lipids, and other metabolites may be present in complex mixtures in
bioprocess samples, which may affect the biosensor’s response. Some of the biosensor’s
limitations in bioprocess monitoring can be overcome in several ways. Utilizing both
conventional laboratory-based techniques and biosensors is one strategy. A biosensor, for
instance, can be used as a screening tool to quickly identify potential contaminations, which
are then confirmed using more precise laboratory-based techniques [81]. Consistency and
repeatability of the biosensor response over time are two other limitations. Environmental
variables such as temperature, pH, and humidity can have an impact on the sensitivity
and accuracy of biosensors. Variations in the manufacturing process, such as different
bioreceptor or immobilization methods, can also impact the repeatability of the biosensor
response [81]. The repeatability and accuracy of the biosensor response, for instance, can
be increased by using reference biosensors. Reference biosensors are biosensors created
to identify a well-known analyte or to offer a benchmark signal for comparison with the
biosensor under test [82]. The sensitivity and detection limit of the biosensor can also
be increased by using signal amplification techniques such as enzyme amplification and
nanoparticle amplification [82]. By using reference biosensors, signal amplification meth-
ods, and careful optimization of the biosensor design and manufacturing process, these
limitations can be lifted.

Despite these drawbacks, these emerging methods have several advantages over
conventional laboratory-based techniques for monitoring bioprocesses. Real-time mea-
surements from these methods facilitate quicker and more precise decision-making [80].
Additionally, they require less sample handling and preparation, which can lower the risk
of error and contamination [81].

7. Conclusions and Future Outlook

Testing for biological contaminants in a biomanufacturing plant has a market size of
USD 10 billion with 350 million tests run annually [83]. Among other contaminants, extra-
neous biological materials do not just contaminate the biomanufacturing but also make the
products fatal to consumers. The bio-contaminants in biomanufacturing can be categorized
broadly into bacteria, viruses, fungi, and their related products. While the current gold stan-
dard technologies provide sensitive and specific detection of these biological contaminants,
they lack convenience as they are still limited to batch monitoring by a trained professional.
One of the key challenges in detecting biological contaminants is the ability to identify them
quickly and accurately. Advancements in technologies such as mass spectrometry, PCR,
and microfluidics have led to the development of rapid and sensitive detection methods
that can detect even low levels of contaminants. Furthermore, other relevant technologies
can be used. Such as Acoustic ejection mass spectrometry (AEMS), which can transfer
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small volumes of liquid samples from a surface to the inlet of the mass spectrometer using
acoustic waves [84]. Real-time monitoring systems allow for the continuous monitoring
of biomanufacturing processes, providing real-time data on the presence of contaminants.
This can help identify potential sources of contamination early on, preventing contamina-
tion from spreading and reducing the risk of product recalls. Artificial intelligence and
machine learning algorithms can be used to analyze large datasets and recognize patterns
that may be indicative of contamination. These technologies can also help predict potential
contamination events, allowing for proactive measures to be taken. Single-use systems are
becoming increasingly popular in biomanufacturing due to their convenience and reduced
risk of cross-contamination. These systems also make it easier to trace the source of any
contamination, simplifying the detection process. Many emerging methods such as optical
and electrochemical sensors and biosensors that are integrated with technologies such as
microfluidics can provide the aforementioned benefits and enable continuous and timely
monitoring of biological contaminants in biomanufacturing industries.
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