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Abstract: Microbial contamination in pharmaceutical products poses a significant threat to patient
safety and drug efficacy. Despite stringent regulatory frameworks, discrepancies between the
European Pharmacopoeia (Ph. Eur.) and the United States Pharmacopeia (USP) complicate
standardization. This review examines microbiological contamination trends in pharmaceutical
recalls from 2020 to 2024, identifies common contaminants, and evaluates rapid microbiological
detection methods and alternative antimicrobial strategies. A cross-sectional study of all current
recalls, market withdrawals, and safety alerts published by the European competent authorities
pertaining to drugs was conducted. A manual review of all the recalls was also conducted to extract
additional information including name of product and type, reason for contamination, and
responsible contaminant. Contaminant prevalence, sterility compliance issues, and regulatory gaps
were analyzed. Differences in microbiological testing methodologies between Ph. Eur. and USP were
compared, alongside emerging rapid detection technologies such as Next-Generation Sequencing
(NGS) and MALDI-TOF mass spectrometry. Data from recalls in Europe between January 2020 and
December 2024 indicate that approximately 70% (N=62) of reported contamination cases lack specific
microorganism identification, with Burkholderia cepacia and Ralstonia pickettii being the most
frequently reported contaminants. Recalls of sterile pharmaceuticals, including infusion solutions
and eye drops, increased significantly in 2023 and early 2024. While traditional sterility testing
remains standard, novel technologies such as Al-assisted microbial identification and metagenomics
offer promising alternatives for enhanced contamination control. Regulatory harmonization and
improved transparency in contamination reporting are essential to mitigate pharmaceutical
microbiological risks.

Keywords: pharmaceuticals; microbiology; contamination; sterility; regulations; antimicrobial
resistance; quality control

1. Introduction

The beginning of pharmaceutical manufacturing date back to pre-classic antiquity (3000 B.C),
with compounded formulas (customized medications prepared by the combining and mixing of
ingredients) using willow bark as an analgesic containing acetylsalicylic acid, which is now known
worldwide as aspirin [1]. In the 17th and 18th centuries, therapeutic innovations came to Europe from
America and the East resulting in the chemical revolution of Lavoisier, the discovery by Edward
Jenner of a vaccine against smallpox and the creation of the first non-official pharmaceutical
standards [1].

These developments marked the transition from traditional remedies, which lacked quality
control, to a more scientific approach to medicine [2]. This shift laid the foundation for modern
pharmaceutical practices, driven by advancements in scientific analysis and manufacturing
techniques fundamental for determining the efficacy and safety of medications [2]. And these

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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transformations were driven by the need for more standardized and reproducible medicinal
products, ensuring consistency in treatment outcomes and today, drug preparation, analysis and
treatment guidelines are standardized through pharmacopoeias, which are official publications
regulating the quality of pharmaceutical drugs, excipients and flavoring agents [1,3]. These
pharmacopeias specify testing methods, purity criteria, storage instructions, composition, and
concentration to ensure uniformity in remedies approved by regulatory authorities, while upholding
obligatory quality standards [1,3].

However, despite these significant advancements in both pharmaceutical manufacturing and
quality control, such as, ventilation and cleanroom technologies, including HEPA filtration in air
and water systems, single-pass airflow systems and automated sterilization with hydrogen peroxide
vapor and UV light, challenges remain in ensuring consistent product quality and regulatory
compliance [4,5].

Numerous cases of microbial contamination in pharmaceuticals have been reported, leading to
severe health consequences. For example, in 2012, an outbreak of fungal meningitis in the United
States was linked to contaminated steroid injections produced by the New England Compounding
Center, resulting in over 750 infections and 64 deaths [6]. Other incidents have involved bacteria such
as Burkholderia cepacia between 2016 and 2017 which was detected in 59 nursing facilities with 162
cases of bloodstream infections (BSI) and sepsis derived from contaminated saline flush syringes
from an American manufacturer, which led to a national-scale recall [7]. Another common
contaminant is Ralstonia pickettii commonly found in contaminated water used in pharmaceutical
production and in 2015, 29 BSI were reported due to a specific lot of saline injections that was
contaminated with the previously mentioned bacteria, leading to an eventual recall of 761 saline
solutions in the same medical center [8].

This issue, which is widely described in the literature, requires continuous vigilance and
improvement in microbiological control measures as it can happen at any stage of the drug
manufacturing, distribution, or dispensing process [5]. Additionally, microbial contamination results
in substantial financial losses due to equipment contamination, production stoppages, and
subsequent investigations [9].

An increasing number of hospitalized patients, both adults and pediatric, require
pharmaceutical products that may not always be available due to quality control issues or supply
shortages. A 2023 survey of 1,497 hospitals across 36 European countries revealed that 95% still
experience shortages, compared to 86% in 2014 [10,11]. Manufacturing problems accounted for 67%
of these shortages, with antimicrobials being the most in-demand category at 76% [10,11]. Despite
this, reports of microbial contamination in pharmaceuticals within Europe remain critically under
reported with many reports unable to identify the responsible microorganism [12].

This review aims to assess the most recent methods for microbiological analysis in
pharmaceuticals intended for human use and to compare with recent alternative pharmacopoeias
like the United States Pharmacopoeia for discrepancies. It also examines pharmaceutical recall trends
due to microbiological contaminations in Europe from January of 2020 to December of 2024,
categorizing the recalls by types based on the free text descriptions posted by the European
competent authorities (ECA) [13] in addition to the United Kingdom [14] and Switzerland [15] within
the recall announcements to conduct exploratory analyses for researchers interested in
pharmaceutical manufacturing challenges.

Data indicated that approximately 70% of reported contamination cases lack specific
microorganism identification, hindering effective monitoring and corrective measures. Among
identified contaminants, B. cepacia and R. pickettii were the most prevalent, aligning with global trends
reported by regulatory agencies such as the Food and Drug Administration (FDA) and European
Medicines Agency (EMA). While recalls due to microbiological contamination showing a significant
increase, particularly in 2023 and early 2024, with sterile products, including solutions for infusion
and eye drops, being the most affected. The primary causes were non-compliance with sterility
standards, contamination risks from raw materials, and inadequate environmental control measures
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during production. These findings also highlight growing concerns regarding antimicrobial
resistance (AMR) linked to pharmaceutical waste disposal and the potential role of preservatives in
horizontal gene transfer.

2. Regulatory Framework and their challenges

In Europe, regulatory frameworks such as the EMA and the European Directorate for the
Quality of Medicines & HealthCare (EDQM) play a crucial role in setting and enforcing standards to
ensure the microbiological integrity of pharmaceutical products [16,17].

The quality, safety and efficiency of all products intended for human use (i.e., pharmaceuticals,
cosmetics, medical devices, water, foods and beverages), are under strict regulations which must be
upkept to be placed on the market and the fulfillment of these requirements is obtained through peer
reviewed, validated, standardized and controlled processes. These processes adhere to Good
Manufacturing Practices (GMP), hygiene standards, data collection and continuous training and
inspections of personnel involved as reported by several European legislations [18-22].

Microbiological control of both sterile and non-sterile pharmaceuticals is essential to assure both
the quality and safety of products intended for human use and must be specifically regulated and
continuously updated [23,24].

This is essential because when microbial contamination does occur either by bacteria or fungi,
they can cause serious harm to patients, including infection, sepsis, and other life-threatening
conditions [25]. Furthermore, microbial contamination can compromise drug stability, degrade active
pharmaceutical ingredients or excipients, and alter formulation pH [26,27]. In nonsterile medicines,
such as tablets, oral solutions, and topical creams, among other products, contamination can arise
from both direct sources including raw materials (e.g., excipients, active pharmaceutical ingredients,
water or packing material) manufacturing environment (air, surface, or operators), and
manufacturing equipment [26,28]. Additionally, indirect sources include inadequate storage
conditions (i.e.,, contamination during storage and/or transportation) and improper handling of
medicines (i.e., contamination during their usage) [26,28].

Furthermore, the physicochemical properties of nonsterile medicine can also increase or
decrease the proliferation of microorganisms with high-water-content formulations (e.g., solutions,
suspensions, emulsions) and neutral to slightly acidic pH can promote microbial growth, while
products with preservatives or antimicrobial accompanied with low-water-content forms (e.g.,
tablets, powders, capsules) are less susceptible to microbial growth [29].

For sterile medicines such as solutions for infusion, injections and ophthalmic products,
contamination can cause irreversible damage during the production and storage process, and
noncompliance with sterility can often be detrimental to the patient’s health and even to their lives
as many are immunocompromised [30].

Microbial contamination is then exacerbated by the emergence of AMR, a growing global threat
that has been significantly underestimated by the European Commission (EC). Based on the EC's own
conservative estimates, AMR has caused the deaths of 400,000 European Union (EU) citizens since
2001 [31]. Globally, AMR was responsible for 1.27 million deaths in 2019, with projections indicating
that the global death toll could reach 10 million per year by 2050 [31].

In addition, many pharmaceuticals that are given to patients or clients are not fully consumed
by patients and improper disposal by pharmaceutical companies further contributes to
environmental contamination as a lack of awareness regarding proper disposal methods has resulted
in large quantities of unused or expired medications laden with antibiotics, resistance genes, and
preservatives being discharged into wastewater and landfills posing risks to ecosystems and public
health [32].

As these pharmaceuticals persist in the environment, their components, including preservatives,
can interact with microbial populations, resulting in AMR being developed which remains poorly
understood, with recent studies indicating that sub-lethal concentrations of preservatives may
promote horizontal transfer of AMR genes [33]. Additionally, some microorganisms develop
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resistance through genetic mutations that modify their cell walls or alter enzymes responsible for
antibiotic degradation, compounding the challenge of effective microbiological control [34].

3. Microbiological Testing in Pharmaceuticals

Given these rigorous regulations, ensuring effective microbiological testing remains a critical
challenge. The Ph. Eur. and the USP provide harmonized yet distinct microbiological testing
guidelines, dividing methods into those for sterile and non-sterile products [23]. The first section (Ph.
Eur. 2.6.1) is for parenteral medicines or products that are required to be free from any viable
microorganisms by applying methods such as membrane filtration or direct inoculation and is based
on the aseptic inoculation of samples into fluid thioglycollate medium or Soybean-Casein Digest
medium and incubation for up to 14 days with high-turbidity bacterial density (over 107 CFU/mL)
(CFU = colony-forming units) indicating the presence of microorganisms [23].

While largely aligned with USP Chapter 71 on sterility testing, key differences exist. For
example, is the use in the Ph. Eur. of Clostridium sporogenes (ATCC 19404 or 11437) and Pseudomonas
aeruginosa (ATCC 9027) as the standard anaerobe microorganisms, while USP permits as an
alternative to C. sporogenes the bacteria Bacteroides vulgatus (ATCC 8482) and Kocuria rhizophila
(Micrococcus luteus) ATCC 9341 as an alternative for P. aeruginosa. As for neutralization and method
suitability USP explicitly details [3-lactamase validation for penicillin/cephalosporin testing while Ph.
Eur. does not [23,35].

The second section (Ph. Eur. 2.6.12 and 2.6.13) is related to non-sterile pharmaceuticals which
may include oral and topical formulations. These guidelines define strict limits on microbial presence,
measured through total aerobic microbial count (TAMC), total yeast and mold count (TYMC), and
specific pathogen testing [23]. These methods are harmonized with USP chapters 61 and 62, and do
not present significant differences [35].

Among the many harmonized methods (Ph. Eur. 5.1.6), the counting of bacterial CFUs on agar
plate by membrane filtration is the most common, while application of the “most probable number”
is used when the other methods have failed with both requiring a long incubation time (1-3 days)
[23]. In agar, colonies may be formed by several related species of bacteria, and full identification
takes up to seven days, whereas with the use of the “most probable number” method an approximate
number of bacteria can be detected in a diluted test sample by measuring turbidity after incubation
[23].

In addition to the traditional methods, rapid methods exist for faster results and enable the
detection of slow growing microorganisms compared to traditional culture-based techniques and fall
into three main categories: growth-based methods, direct measurement, and cell component analysis
[23].

Growth-based methods, such as electrochemical detection [36], gas monitoring [23],
bioluminescence [37], chemiluminescence [37], turbidimetry [38], Radiometry using radioactive “C
[37], ATP bioluminescence assay using luciferase enzyme [39] and chromogenic media [40], rely on
microbial metabolism or proliferation to generate detectable signals [23].

Direct measurement techniques, including solid phase and flow cytometry [41], direct
epifluorescent analysis [42], and autofluorescence [42], enable rapid detection of individual
microorganisms without requiring growth [23].

Cell component analysis encompasses phenotypic approaches, such as immunological assays
[38], fatty acid profiling [43], Fourier Transform Infrared (FTIR) spectroscopy [44] and biochemical
assays [45], as well as genotypic techniques like direct hybridization [46], nucleic acid amplification
(e.g., PCR) [47], and genetic fingerprinting (e.g., RFLP, PFGE, VNTR) [48].

Emerging molecular-based techniques not yet harmonized in the European pharmacopeias are
revolutionizing rapid microbial detection one such example is NGS enabling the rapid and precise
sequencing of DNA and RNA to identify microbial communities in mixed samples, although with
complex pipelines and expensive equipment and regents [49]. Several others have been developed
but not yet used in the context of microbial detection in pharmaceuticals like microarray technology
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and especially MALDI-TOF MS which is an advanced technique that ionizes biomolecules for mass-
to-charge ratio (m/z) analysis without fragmentation, enabling rapid, accurate detection of peptides,
lipids, and oligonucleotides and identification of microorganism [50,51].

Although not microorganisms, bacterial endotoxins pose significant risks in parenteral products,
eye drops, and medical devices. Endotoxins are highly pyrogenic, capable of triggering severe
immune responses and septic shock [52].

Consequently, the bacterial endotoxins test (BET) is a critical safety measure [53]. Traditionally,
BET methods, although still reliant on Limulus Amoebocyte Lysate (LAL) derived from horseshoe
crab blood, have brought up conservation concerns and driven the development of recombinant BET
(rBET) methods, such as those using recombinant Factor C (rFC) [54].

The Ph. Eur. has been a forefront in adopting these non-animal methods, including rFC-based
assays under Chapter 2.6.32 since January 2021, reflecting a commitment to sustainable and ethical
testing practices but in contrast, the USP only recently granted compendial status to rBET methods
in Chapter 86, nevertheless creating up until now regulatory discrepancies and additional burdens
for global pharmaceutical companies, as a lack of harmonization between the Ph. Eur. and USP
complicates regulatory submissions [54].

Some other harmonized methods for microbiological stability also overlook key tests, such as
water activity in non-sterile drug products, which helps identify microorganisms capable of
proliferating, and container-closure integrity in sterile products, which ensures a sterile environment
and controls oxygen availability [55].

And while USP chapters 922, 1112, and 1207 cover water activity and container-closure integrity
testing, the Ph. Eur. lacks dedicated chapters for these methods, referencing them only in general
chapters 3.2.9. and 3.2.1. [23,35].

4. Europe’s State of Microbial Contaminations

Despite several quality control methods, microbial contamination in pharmaceutical products
remains a critical concern for public health and regulatory bodies in Europe [12]. While
comprehensive, up-to-date statistics specific to Europe are limited, available data and further studies
can provide insight into trends and common contaminants [12].

A cross-sectional study of all current recalls, market withdrawals, and safety alerts published by
the European competent authorities pertaining to drugs was conducted. A manual review of all the
recalls was also conducted to extract additional information including name of product and type,
reason for contamination, and responsible contamination in Europe between January 2020 and
December 2024.

Between 2012 and 2019, most FDA drug recalls in America were due to unidentified microbial
contamination, accounting for 77% in non-sterile and 87% in sterile drugs [56]. These results align
with the data collected for Europe between January 2020 and December 2025, as shown in Figure 1,
which indicates that 70 % of contaminants belong to unidentified microbial contamination.
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Figure 1. Percentage of microbial contaminants reported in pharmaceutical withdrawal provided by the ECA

reports in Europe between January 2020 and December 2024 (N = 62).

While B. cepacia followed by R. pickettii being the most frequently identified bacteria in recalls
[56]. This matches with the data from FDA and EMA due to Burkholderia spp. being the most
frequently identified contaminants in pharmaceutical products [57]. A study analyzing FDA recall
data from 1998 to 2006 found that 22% of non-sterile product recalls were due to Burkholderia
contamination [58], this trend although with a much lower sample size is observed in Europe with a
total of 8% belonging to Burkholderia spp. in both sterile and non-sterile pharmaceutical withdrawal,
as shown in Figure 1, while also being the prevalent isolated microorganism.

The presence of about 12% of all identified microbiological contaminants being gram-negative
bacteria is also strongly associated in sterile pharmaceuticals with high water content (solutions for
infusion and eye drops), while both gram-positives and negatives are capable of surviving and
remain viable in dry environments for months, in the case of Staphylococcus aureus, P. aeruginosa and
Serratia marcescens [9].

Examining the trend for pharmaceutical withdrawal between 2020 and 2021, microbial
contamination-related recalls remained steady. This was likely due to COVID-19 disruptions
affecting manufacturing and regulatory inspections while in 2022, there was a noticeable increase in
recalls, with the pharmaceutical sector experiencing a 7.7% rise compared to the previous year, and
compared to the data collected, few were due to microbial contaminations, shown in Figure 2 [59].
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Figure 2. Reason for pharmaceutical withdrawal, provided by the ECA reports due to microbial contaminants
in Europe between January 2020 and December 2024 (N=62). Standard deviation calculated by the average of

each year.

This upward trend continued into 2023, marking the fifth consecutive year of rising
pharmaceutical recalls in Europe, with microbial contamination being a significant contributor. In the
first quarter of 2024, European product recalls reached their highest quarterly total in over a decade,
with the pharmaceutical sector seeing a 9.5% increase compared to the previous quarter, shown in
Figure 2 with a significant increase in sterility failures [60].

Additionally, the total number of withdrawals were most attributed to potential risks of
contamination, (e.g., water supply contamination, container sterility failure, raw material
contaminants), followed closely behind by non-compliance with sterility standards in sterile
medication and microbial limits in non-sterile medication, with few report cases of endotoxin
presence.

Many recalls stemmed from GMP deficiencies, highlighting the need for stricter microbiological
controls in pharmaceutical manufacturing. However, these recalls also highlight shortcomings
among the ECA in fully adhering to pharmaceutical standards, as a key issue is the lack of
transparency in not providing to the general public complete reports detailing not only the specific
microorganisms present in the contaminations but also the reason for the recall, as a “potential risk
of contamination” can apply to both sterile and non-sterile pharmaceuticals, explaining why the total
number of reported cases appears similar across both categories, with sterile pharmaceutics like
solutions for infusion and eye drops being the most impacted as shown in Figure 3.
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Figure 3. Number of pharmaceutical products withdrawn in Europe due to microbial contamination between,
provided by the ECA reports between January 2020 and December 2024 (N = 62). Standard deviation calculated
by the total average of each year.

This challenge not only exist in Europe but also in the USA due to the high frequency of recalls
by the FDA indicating inadequate awareness of microbial contamination risk and poor
implementation of relevant control programs with substantial evidence such as warning letters, alert
notifications, and failures suggesting a direct relationship between the level of environmental control
and the product’s final quality either it being sterile or non-sterile [61,62].

Of note is a study conducted between 2012 and 2014 by analyzing FDA drug recalls showed
close to three thousand drug recalls, with the most common reason being contamination making up
to 50% of recalls, followed by mislabeling, adverse reaction, defective product, and incorrect potency
[63].

5. Future Directions

As traditional microbial methods present challenges such as sample handling difficulties,
culture-dependent limitations, and misidentification risks, future innovations must focus on
overcoming these obstacles [64,65]. Artificial intelligence (Al), particularly machine learning,
emerges as a pivotal tool in addressing complex microbiological challenges, particularly in
optimizing data for techniques like MALDI-TOF MS for microbial identification and AMR providing
rapid, reliable, and cost-effective solutions for pharmaceutical microbiology [66].

Beyond identification methods, innovative antimicrobial prophylactic strategies are also needed
as alternatives or complements to chemical preservatives in pharmaceuticals and one potential
solution is bacteriocins which are natural antimicrobial peptides produced by lactic acid bacteria that
although still underexplored, evidences suggest bacteriocins offer high specificity against common
contaminants, exhibit non-cytotoxicity in mammalian cells, and may help avoid antibiotic resistance
[67,68].

Another approach would be the implementation of Quality by Design (QbD) approach in
microbial risk assessment for pharmaceuticals, that would integrate risk management principles into
manufacturing to ensure product safety and quality, by proactively identifying, evaluating, and
controlling microbiological risks through critical quality attributes (CQAs) and critical process
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parameters (CPPs), minimizing contamination risks and enhancing regulatory compliance with
techniques such as Hazard Analysis and Critical Control Points (HACCP) and Failure Modes and
Effects Analysis (FMEA) to help detect contamination sources and establish preventive measures
[69,70]. Regulatory agencies like the FDA and the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH) (Q8, Q9, and Q10) support QbD
through a science-based, risk-oriented approach, incorporating the design of experiments and real-
time monitoring in order to enhance process understanding, reduces variability, and optimizes
efficiency, ultimately improving product safety and efficacy [70,71].

A significant remaining challenge is the detection of low-bioburden or viable but non-culturable
cells (VBNC), which conventional microbial methods struggle to identify [72]. Metagenomic
sequencing emerges as a powerful tool to address this issue, offering comprehensive microbial
profiling. However, global harmonization of such advanced molecular methods is crucial for
ensuring their widespread adoption in pharmaceutical microbiology [72].

By combining Al-driven innovations, alternative antimicrobial strategies, risk-based
manufacturing frameworks, and next-generation molecular methods, the future of pharmaceutical
microbiology will move towards more accurate, efficient, and regulatory-compliant solutions.

4. Conclusions

The persistence of microbial contamination in pharmaceutical products underscores the
complexity of maintaining microbiological quality and stability within the European regulatory
framework. Despite stringent guidelines and ongoing advancements in testing methodologies,
contamination-related recalls have increased. Furthermore, gaps in regulatory reports from the ECA
across the EU reveal inconsistencies, including the lack of specific microbial identification and
disparities in pharmacopeial harmonization, particularly in sterility testing. These challenges
complicate contamination mitigation efforts, hinder effective risk assessment, and delay corrective
actions.

This combined with the growing concern over AMR, linked to pharmaceutical waste disposal
and the role of preservatives in gene transfer, adds another layer of concern, demanding more
comprehensive regulatory approaches.

Addressing these challenges requires stronger international collaboration, increased investment
in rapid microbial detection technologies, and regulatory frameworks that prioritize transparency
and adaptability. The consequences of inadequate microbial control are severe, as pharmaceutical
facilities may face prolonged shutdowns to investigate contamination sources and implement
corrective measures, incurring substantial economic and reputational costs.

Innovative solutions such as Al, next-generation sequencing, and QbD principles offer promising
avenues for improving microbiological control. Shifting from a reactive to a proactive approach will
be essential in safeguarding pharmaceutical integrity, regulatory compliance, and most critically,
patient safety in an increasingly complex and evolving pharmaceutical landscape.
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Abbreviations

The following abbreviations are used in this manuscript:

Al Artificial intelligence

AMR Antimicrobial resistance
ATCC American Type Culture Collection
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BET Bacterial endotoxins test

CFU Colony-forming units

CPPs Critical process parameters

CQAs Critical quality attributes

EC European Commission

EDQM European Directorate for the Quality of Medicines & HealthCare

EMA European medicine agency

EU European Union

FDA Food and Drug Administration

FTIR Fourier Transform Infrared

GMP Good Manufacturing Practices

ICH International Council for Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use

LAL Limulus Amoebocyte Lysate

MHRA United Kingdom's Medicines and Healthcare products Regulatory Agency

NGS Next-Generation Sequencing
Ph. Eur. European Pharmacopoeia
QbD Quality by Design

rBET recombinant BET

rFC Recombinant Factor C

TAMC Total aerobic microbial count
TYMC Total yeast and mold count
usp United States Pharmacopeia
VBNC Viable but non-culturable cells
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