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Abstract

Polymers play a crucial role in the medical field, particularly in the development of injection syringes.
The use of polymers in syringe manufacturing provides several advantages, including biocompatibility,
durability, cost-effectiveness, and ease of mass production. Compared to traditional glass syringes,
polymer-based syringes offer enhanced safety by reducing breakability, improving lightweight
handling, and enabling precise engineering of syringe components. Various types of polymers are
utilized in syringe production, each chosen based on specific chemical and mechanical properties.
Polypropylene (PP) is widely used due to its chemical resistance, transparency, and affordability,
making it a common material for disposable syringes. Polycarbonate (PC) offers high impact resistance
and optical clarity, making it suitable for specialized medical applications. Polystyrene (PS) and
polyethylene (PE) are also employed in syringe components, providing flexibility, strength, and
compatibility with various sterilization techniques. Recent advancements in polymer chemistry have led
to the development of high-performance materials with enhanced properties such as improved barrier
resistance, reduced leachability, and compatibility with a wider range of drugs and biologics.
Additionally, innovations in biodegradable and bioresorbable polymers present opportunities for eco-
friendly and sustainable syringe solutions, reducing medical waste while maintaining high safety
standards. This paper explores the diverse polymer materials used in injection syringes, their chemical
characteristics, regulatory considerations, and the latest technological advancements in polymer
engineering that enhance syringe safety, functionality, and performance in modern healthcare settings.
By understanding the role of polymers in medical devices, future developments can further optimize
syringe design for improved patient care and sustainability.
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INTRODUCTION
Polymers play a fundamental role in modern medical devices, offering versatility, biocompatibility,

and cost-effectiveness [1]. Among these devices, injection syringes are one of the most widely used
medical tools, essential for drug delivery, vaccinations, and various therapeutic procedures. The use of
polymers in syringe manufacturing has revolutionized the medical field by providing lightweight,
durable, and sterile solutions that meet stringent
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engineering of syringe components.
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due to their superior biocompatibility, ease of processing, and ability to withstand sterilization processes
such as gamma radiation and ethylene oxide treatment. The inert nature of these polymers prevents
chemical interactions with drugs, ensuring the stability and efficacy of the medication [2]. Additionally,
thermoplastic elastomers (TPEs) are being incorporated into syringe plungers and seals, providing
superior elasticity and preventing leaks.

Beyond traditional materials, advancements in polymer technology have driven innovation in syringe
design. Prefilled syringes, for example, enhance convenience, reduce medication errors, and lower the
risk of contamination [3]. Additionally, self-injectors and autoinjectors—commonly used for insulin,
biologics, and emergency medications such as epinephrine—incorporate specialized polymers to
provide a user-friendly and precise dosing mechanism. Another significant development is the
exploration of biodegradable and bioresorbable polymers, which can potentially reduce medical waste
and environmental impact.

The increasing focus on sustainability and regulatory compliance has also led to research into
recyclable and eco-friendly polymer formulations [4]. Innovations in polymer coatings, such as
silicone-free syringes, aim to address issues related to protein aggregation in biologic drugs, enhancing
drug stability and patient safety.

This article explores the role of polymer chemistry in the design and manufacturing of injection
syringes, highlighting material selection, key properties, and recent advancements [5]. By
understanding the impact of polymer science on syringe performance, we can appreciate its critical
contribution to modern healthcare and anticipate future developments in the field.

COMMON POLYMERS USED IN SYRINGES
Polypropylene (PP)

Polypropylene is widely used for syringe barrels due to its excellent chemical resistance, low cost,
and transparency [6]. It offers high strength and thermal stability, making it suitable for autoclaving and
sterilization. Additionally, its low surface energy helps reduce drug adsorption, ensuring accurate
dosing and drug efficacy.

Polycarbonate (PC)

Polycarbonate provides high mechanical strength and clarity, which is essential for precise dosage
measurement [7]. It is also impact-resistant, reducing the risk of breakage during handling and
transportation. Due to its durability, polycarbonate is commonly used in syringes designed for high-
pressure injections or specialty drug delivery systems.

Polyethylene (PE) and High-Density Polyethylene (HDPE)

Polyethylene is used in syringe components like plunger seals due to its flexibility, low moisture
absorption, and chemical inertness [8]. High-Density Polyethylene (HDPE) offers enhanced durability
and chemical resistance, making it a preferred choice for medical-grade applications. These materials
contribute to the smooth operation of syringes by ensuring a reliable seal and preventing leakage.

Polystyrene (PS)

Polystyrene is used in syringe packaging and disposable syringe parts due to its cost-effectiveness
and ease of molding into complex shapes [9]. Though not typically used for syringe barrels, its rigid
structure makes it ideal for secondary components such as needle hubs and protective caps.

Silicone Elastomers

Silicone-based materials are often applied as coatings to reduce friction between syringe components,
improving plunger movement and reducing injection force [10]. These coatings enhance user comfort
and ensure consistent drug administration. Silicone elastomers also contribute to prefilled syringe
technology by providing a barrier against drug interaction with syringe materials.
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ADVANCED POLYMER TECHNOLOGIES IN SYRINGES
Biodegradable Polymers

Recent advancements in polymer science have led to the development of biodegradable syringes
composed of eco-friendly materials such as polylactic acid (PLA) and polyhydroxyalkanoates (PHA).
These biodegradable polymers are derived from renewable resources, making them a sustainable
alternative to traditional petroleum-based plastics [11]. PLA, which is synthesized from fermented plant
starches like corn and sugarcane, exhibits excellent biocompatibility and mechanical properties suitable
for medical applications. Similarly, PHA, produced by bacterial fermentation of organic materials,
offers significant advantages due to its natural decomposition under microbial activity.

The use of biodegradable polymers in syringe manufacturing aims to reduce the environmental
burden of medical waste disposal [12]. Traditional syringes, predominantly made from polypropylene
and polyethylene, contribute to plastic pollution due to their non-degradable nature. In contrast, PLA
and PHA syringes decompose into non-toxic byproducts, reducing landfill accumulation and
minimizing long-term environmental impact. Furthermore, these biodegradable materials meet
regulatory requirements for biocompatibility and sterility, ensuring their safety in clinical applications.
Ongoing research focuses on enhancing the mechanical strength and barrier properties of biodegradable
polymers to extend their usability and storage stability in medical settings.

Smart Polymers

Smart polymers are an emerging class of materials designed to respond to external stimuli such as
temperature, pH, and light, making them highly applicable for advanced syringe technologies. These
polymers exhibit shape memory and drug-release functionalities that can significantly enhance syringe
performance and enable precise, controlled drug delivery.

Shape-memory polymers (SMPs) allow syringes to regain their original shape after deformation,
which can improve the user experience and ensure consistent functionality [13]. This property is
particularly useful in self-administrable drug delivery systems, where ease of handling is crucial for
patient compliance.

Additionally, stimuli-responsive polymers are being integrated into syringe components to enable
controlled and sustained drug release. These polymers can be programmed to release medication at
specific rates depending on physiological conditions, reducing the need for multiple injections and
enhancing treatment efficiency [14]. For example, thermos responsive hydrogels incorporated into
syringes can control the release of drugs at body temperature, optimizing therapeutic outcomes.
Research continues to refine the properties of smart polymers to improve their stability, responsiveness,
and adaptability to various medical applications.

Antimicrobial Polymers

The incorporation of antimicrobial agents into syringe polymers is a significant advancement in
reducing bacterial contamination and preventing infections associated with needle-stick injuries [15].
Antimicrobial polymers are engineered to inhibit microbial growth on syringe surfaces, lowering the
risk of disease transmission in healthcare settings.

These polymers can be infused with antimicrobial agents such as silver nanoparticles, quaternary
ammonium compounds, or chitosan, which provide broad-spectrum antimicrobial activity. Silver
nanoparticles, for instance, disrupt bacterial cell membranes and inhibit microbial proliferation, making
them effective in reducing syringe-related infections.

Challenges in Mainstream Integration

While emerging polymer technologies hold significant promise for syringe manufacturing—
especially in terms of enhanced mechanical strength, reduced leachables, and environmental benefits—
their integration into mainstream production faces several critical challenges.
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Cost

Advanced polymers such as cyclic olefin polymers (COPs) and cyclic olefin copolymers (COCs)
typically entail higher raw material and processing costs compared to conventional polypropylene. The
adoption of these materials may require upgrades to existing manufacturing infrastructure and
equipment, adding to the financial burden.

Scalability

Transitioning from lab-scale fabrication to high-throughput commercial production presents practical
obstacles. These include maintaining batch-to-batch consistency, optimizing mold designs for new
materials, and establishing robust supply chains for specialized resins.

Regulatory Hurdles

Regulatory agencies such as the FDA and EMA impose strict requirements for medical devices. New
polymer materials must undergo extensive biocompatibility testing, sterilization validation, and risk
assessment under ISO 10993 and related standards. Moreover, the lack of long-term clinical data on
some newer polymers could delay regulatory approval.

Addressing these barriers will be crucial for the broader adoption of novel polymers in syringe
applications. Close collaboration between material scientists, device manufacturers, and regulatory
experts will be essential to navigate this complex landscape.

Industry Case Study: Implementation of COP in Prefilled Syringes by SCHOTT
Case Study: SCHOTT’s Adoption of Cyclic Olefin Polymer for Prefilled Syringes

SCHOTT, a global leader in pharmaceutical packaging, has developed a series of prefilled syringes
under the brand “SCHOTT TopPac®” using cyclic olefin polymer (COP) as the primary material. This
transition was driven by the need to reduce interaction between biologic drugs and syringe container
walls—an issue that can compromise drug stability in traditional glass or polypropylene formats.

The TopPac® syringes offer several advantages, including high break resistance, low extractables,
and superior barrier properties. They are also lighter in weight, which aids in shipping and logistics.
Notably, SCHOTT worked closely with regulatory bodies to demonstrate compliance with ISO 11040
and ISO 10993 standards for container safety and biocompatibility.

One of the critical steps in scaling production was the establishment of cleanroom-compatible
molding and filling lines specifically optimized for COP. By addressing both technical and regulatory
challenges upfront, SCHOTT successfully launched the product in global markets, with adoption
primarily in the biologics and biosimilars segments.

This case highlights both the potential and the complexity of integrating novel polymers into syringe
manufacturing. While the benefits are substantial—particularly for sensitive formulations—the need
for infrastructure adaptation and regulatory alignment remains significant.

Safety Innovations in Polymer-Based Syringes
Self-Recapping Syringes

Polymers have played a crucial role in the advancement of self-recapping syringes, significantly
enhancing the safety and efficiency of medical injections [ 16]. These syringes feature retractable needle
technology and self-recapping mechanisms, reducing the risk of accidental needle-stick injuries for
healthcare professionals and patients. Traditional syringes often require manual recapping, which poses
a considerable safety hazard, particularly in high-pressure medical environments. Self-recapping
syringes, on the other hand, incorporate spring-loaded or vacuum-based polymer components that
automatically retract or cover the needle after use.
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The use of advanced polymers such as polyethylene (PE), polypropylene (PP), and polycarbonate
(PC) ensures that these syringes are lightweight, durable, and resistant to contamination. These
materials provide the necessary mechanical strength and flexibility for reliable performance. Some
designs use bioabsorbable polymers, which allow for eco-friendly disposal and reduce medical waste.

Self-recapping syringes are especially beneficial in environments with high risks of bloodborne
infections, such as hospitals, clinics, and vaccination centers [17]. They help prevent the transmission
of diseases such as HIV, hepatitis B, and hepatitis C, which can spread through accidental needle sticks.
Furthermore, these syringes improve patient safety by reducing the chances of needle reuse, a major
concern in some under-resourced healthcare settings. As polymer technology continues to evolve, self-
recapping syringes are expected to become more cost-effective and widely adopted across various
medical applications.

Needle-Free Injection Systems

The development of needle-free injection systems represents a significant advancement in drug
delivery, providing a painless and efficient alternative to traditional syringes [18]. These systems utilize
high-pressure polymer-based actuators to propel medication through the skin without the need for a
needle. By eliminating needle usage, these devices reduce the risk of needle-stick injuries, cross-
contamination, and patient discomfort.

Polymers play a critical role in the construction of needle-free injection systems. Thermoplastics such
as polyether ether ketone (PEEK), polyoxymethylene (POM), and thermoplastic elastomers (TPE) are
commonly used due to their durability, biocompatibility, and ability to withstand high pressures [19].
These materials ensure the structural integrity of the injector while maintaining precision in medication
delivery.

Needle-free systems work by using a spring, compressed gas, or electromagnetic force to create a
high-velocity jet of liquid medication, which penetrates the skin and reaches the underlying tissues.
This method allows for controlled dosage and deep tissue absorption, making it ideal for insulin
delivery, vaccines, and biologic drugs.[20]

Beyond reducing pain and improving patient compliance, needle-free injection systems offer
logistical benefits [21]. They simplify disposal procedures by eliminating sharp waste and reduce costs
associated with needle sterilization. With continuous advancements in polymer science, these systems
are expected to become more compact, cost-effective, and widely accessible in both clinical and home
healthcare settings.[22]

Limitations of Biodegradable Syringe Technologies

While biodegradable polymers such as polylactic acid (PLA) and polyhydroxyalkanoates (PHAs) are
gaining attention for their environmental benefits, their application in syringe manufacturing faces
several significant challenges.

Degradation Control

One of the primary limitations lies in regulating the degradation rate of biodegradable materials.[23]
Factors such as temperature, humidity, and storage duration can affect the physical integrity of syringes
made from these polymers. This makes it difficult to guarantee consistent performance, especially in
regions with variable climatic conditions.

Sterility Maintenance

Maintaining sterility over extended storage periods is another concern. Biodegradable polymers may
be more susceptible to moisture permeability, microbial intrusion, or changes in barrier properties over
time, especially if stored improperly.[24] These factors can compromise sterility assurance levels
(SAL), which are critical for all injectable medical devices.
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Mechanical Strength and Shelf Life

Compared to conventional polypropylene or COP syringes, biodegradable options often exhibit
reduced mechanical strength and shorter shelf lives.[25] This limits their suitability for certain drug
formulations or use cases that demand high-pressure injection or long-term storage.

These limitations underscore the need for further research and development, including surface
modifications, barrier coatings, and composite formulations to enhance performance while maintaining
biodegradability.

CONCLUSION

Polymer chemistry has significantly transformed the medical field, particularly in the design and
functionality of syringes. The introduction of high-performance polymers has led to syringes that are
safer, more durable, and environmentally friendly. Traditional syringes, typically made from glass or
basic plastics, have evolved into sophisticated medical devices incorporating advanced polymer
technology. Materials such as polypropylene (PP), polyethylene (PE), and polycarbonate (PC) offer
superior mechanical strength, chemical resistance, and biocompatibility, ensuring reliable performance
in various medical applications. One of the most significant contributions of polymer chemistry is the
development of safety syringes, including self-recapping and retractable needle designs. These
innovations help prevent accidental needle-stick injuries, reducing the risk of infections like HIV and
hepatitis. Additionally, polymer-based needle-free injection systems provide a painless alternative to
conventional needles, enhancing patient comfort while improving drug delivery efficiency.
Environmental sustainability is another area where polymer advancements are making an impact.
Researchers are exploring biodegradable and recyclable polymers to reduce medical waste associated
with disposable syringes. Innovations in bio-based polymers and recycling technologies aim to create
eco-friendly alternatives that maintain high safety and performance standards. Future research in
polymer science is expected to drive even greater advancements in syringe technology. Smart polymers
with responsive properties, antimicrobial coatings, and self-healing materials could further enhance
safety, efficiency, and patient outcomes. As polymer chemistry continues to evolve, its role in medical
device innovation will remain critical in improving global healthcare standards.

REFERENCE

1. Kothawade SN, Pande VV, editors. Polymers in Modern Medicine (Part 1). Bentham Science
Publishers; 2024 Dec 11.

2. Srivastava A, Yadav T, Sharma S, Nayak A, Kumari AA, Mishra N. Polymers in drug delivery.
Journal of Biosciences and Medicines. 2015 Dec 25;4(1):69-84.

3. Papania MJ, Zehrung D, Jarrahian C. Technologies to improve immunization. Plotkin's vaccines.
2017 Jul 17:1320.

4. Ashiwaju BI, Orikpete OF, Fawole AA, Alade EY, Odogwu C. A step toward sustainability: A
review of biodegradable packaging in the pharmaceutical industry. Matrix Science Pharma. 2024
Jul 1;7(3):73-84.

5. Singh AB, Khandelwal C, Dangayach GS. Revolutionizing healthcare materials: Innovations in
processing, advancements, and challenges for enhanced medical device integration and
performance. Journal of Micromanufacturing. 2024:25165984241256234.

6. Selcan Turker N, Yekta Ozer A, Kutlu B, Nohutcu R, Colak S, Ekizoglu M, Ozalp M. The effect
of different sterilization methods on polypropylene syringes. Journal of Medical Devices. 2018 Jun
1;12(2):021005.

7. Vanek J, Ovsik M, Hanzlik J, Stanek M. Simulation and Experimental Study on Enhancing
Dimensional Accuracy of Polycarbonate Light Guides. Polymers. 2024 Nov 19;16(22):3203.

8. Jahan T, Hossain M, Kamruzzaman HM, Millat MA, Ramjan AH, Alam MJ, Maruf A, Muktadir
M, Islam S, Hossain MY, Mehdi M. Advancements in sterilization packaging systems: Ensuring
patient safety.

© STM Journals 2025. All Rights Reserved S441



Journal of Polymer & Composites
Volume 13, Special Issue 5
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

9.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.

24,

25.

Waxman L, DeGrazio FL, Vilivalam VD. Plastic packaging for parenteral drug delivery. Parenteral
Medications, Fourth Edition. 2019 Jul 19:479-510.

Moll FA. Challenges in the development of drug device combination products for
biopharmaceuticals (Doctoral dissertation, Imu).

Samuel HS, Ekpan FD, Ori MO. Biodegradable, Recyclable, and Renewable Polymers as
Alternatives to Traditional Petroleum-based Plastics. Asian Journal of Environmental Research.
2024 Oct 16;1(3):152-65.

Moshkbid E, Cree DE, Bradford L, Zhang W. Biodegradable alternatives to plastic in medical
equipment: current state, challenges, and the future. Journal of Composites Science. 2024 Sep
1;8(9):342.

Xia Y, He Y, Zhang F, Liu Y, Leng J. A review of shape memory polymers and composites:
mechanisms, materials, and applications. Advanced materials. 2021 Feb;33(6):2000713.

Kamaly N, Yameen B, Wu J, Farokhzad OC. Degradable controlled-release polymers and
polymeric nanoparticles: mechanisms of controlling drug release. Chemical reviews. 2016 Feb
24;116(4):2602-63.

Melo GB, da Cruz NF, Emerson GG, Rezende FA, Meyer CH, Uchiyama S, Carpenter J, Shiroma
HF, Farah ME, Maia M, Rodrigues EB. Critical analysis of techniques and materials used in
devices, syringes, and needles used for intravitreal injections. Progress in Retinal and Eye Research.
2021 Jan 1;80:100862.

Kuespert DR. Research Laboratory Safety. Walter de Gruyter GmbH & Co KG; 2016 Oct 24.
Sawyer M, Putnins E, Waterfield JD. Preventing Needle-Stick Injuries and the Use of Dental Safety
Syringes. WorkSafeBC; 2010 Oct.

Ravi AD, Sadhna D, Nagpaal D, Chawla L. Needle free injection technology: A complete insight.
International journal of pharmaceutical investigation. 2015 Oct;5(4):192.

Pallavi Suryarao, Shashikiran N.D, Sachin Gugawad, Namrata Gaonkar, Swapnil Taur, Savita
Hadakar. Comparative Assessment of Conversion Degree, Resin Tag Depth, and Mineral
Deposition in Adhesive Resin Enhanced with Inorganic Nanofillers such as Cerium Dioxide and
Tantalum Oxide Nanoparticles. Journal of Polymer and Composites. 2024; 12(04):110-118.
Pouzada AS. Selection of thermoplastics. William Andrew Publishing; 2021 Aug 14.

Dr. Pradnya Chaudhari, Dr. Shashikiran N.D, Dr. Sachin gugawad, Dr. Namrata Gaonkar, Dr.
Swapnil Taur, Dr. Savita Hadakar. Comparative Assessment of Antibacterial Effectiveness,
Bioactivity, Fluoride Release, and Microleakage of Various Bioactive Smart Composites: An In
Vitro Investigation.. Journal of Polymer and Composites. 2024; 12(03):76-86.

Rohrer TR, Horikawa R, Kappelgaard AM. Growth hormone delivery devices: current features and
potential for enhanced treatment adherence. Expert opinion on drug delivery. 2017 Nov
2;14(11):1253-64.

Godavitarne C, Robertson A, Peters J, Rogers B. Biodegradable materials. Orthopaedics and
trauma. 2017 Oct 1;31(5):316-20.

Wu F, Misra M, Mohanty AK. Challenges and new opportunities on barrier performance of
biodegradable polymers for sustainable packaging. Progress in Polymer Science. 2021 Jun
1;117:101395.

Vilivalam VD, DeGrazio FL. 12 Plastic packaging for parenteral drug delivery. Pharmaceutical
Dosage Forms-Parenteral Medications: Volume 1: Formulation and Packaging. 2016 Apr 19;1:305.

© STM Journals 2025. All Rights Reserved S442



