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Abstract: Nanotechnology has become
a fundamental pillar in modern biomedical

engineering due to its ability to manipulate
materials at the nanoscale (1-100 nm) resulting in
unique physical chemical and biological properties.
These characteristics have enabled significant

College of Medical Technology,

Benghazi- Libya

advancements in medical diagnostics, imaging,
targeted drug delivery, regenerative medicine, and
smart medical devices. This narrative review aims
to highlight the principles of nanotechnology,
fabrication and characterization techniques, major
biomedical applications, safety considerations, and
future perspectives. Relevant peer-reviewed studies
published between 2000 and 2024 were analyzed
from major scientific databases. The findings
demonstrate  that  nanotechnology  enhances
diagnostic sensitivity, therapeutic precision, and
tissue regeneration outcomes compared with
conventional medical approaches. Despite these
advantages, challenges related to toxicity,
large-scale  manufacturing, and  regulatory
frameworks remain. The integration of artificial
intelligence with nanotechnology is expected to
play a key role in overcoming these challenges and
advancing personalized medicine.

Keywords: Component; Biomedical engineering,
nanotechnology, nanoparticles, medical
diagnostics, nano-therapy, tissue engineering, smart
medical devices, nano safety.

I. INTRODUCTION

Biomedical engineering is the field that
merges engineering, medicine, and biology to
create tools that diagnose, monitor, and treat
diseases. In recent decades, the need for more
precise, faster, smarter, and less invasive
technologies has driven the rapid rise of
nanotechnology. As stated by Zhang, Hu, and
Wang (2020), “nanomedicine offers significant
advanes in diagnostics, targeted drug delivery,
therapeutic interventions, and tissue
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engineering” Nanotechnology involves studying 5. 2020s — Al x Nanotechnology:
and manipulating materials at the nanoscale— e mRNA vaccines using lipid nanoparticles
roughly the size of atoms and molecules. For (Van der Meel et al., 2022).
perspective: e Smart nano sensors with wireless
A human hair is 80,000-100,000 nm thick. connectivity.
* DNA is 2 nm wide. e Al-based nano diagnostics.
* A virus ranges between 20-250 nm. _ What is the Nanoscale? (Beginner-Friendly
At this tiny scale, materials gain new properties: Explanation)?
* Gold nanoparticles turn red or purple instead of - ]
gold. A. Size Comparison:
« Iron nanoparticles become super magnetic. * Nanometer = 1/1,000,000,000 of a
- Materials become stronger, lighter, and more meter.
reactive « Fingernail grows 1 nm every second.

* RBC diameter = 7,000 nm.

Their surface area becomes huge,
g « A water molecule = 0.3 nm.

improving drug interaction. These unique

features form the foundation of modern B. Why Do Properties Change at the
nanomedicine, enabling breakthroughs in cancer Nanoscale?

treatment, imaging precision, biosensors, and 1. Quantum Effects.

tissue engineering. Conventional medical tools Particles behave differently—changing color,
often fail to detect diseases early or deliver drugs magnetism, conductivity.

precisely creating the need for nanoscale 2. Huge Surface Area.

solutions. The aim of this review is to highlight 3. More interaction with biological tissues.

the role of nanotechnology as a core pillar in 4. Ability to Enter Cells Easily.

biomedical engineering focusing on its principle's Nanoparticles can cross:

clinical applications, challenges and future » Cell membranes.

perspectives. * Blood-brain barrier.

» Tumor microenvironment.

. HISTORY AND EVOLUTION OF This is why nanotechnology is perfect for

NANOTECHNOLOGY medicine (Albanese, Tang, & Chan, 2012).

Understanding the history helps novices grasp the
field better. 1. METHODOLOGY
1.1959 - Richard Feynman’s Vision In his This narrative review was conducted by
famous lecture “There’s Plenty of Room at the surveying peer-reviewed scientific articles
Bottom”, he imagined controlling atoms published between 2000 and 2024. Databases
individually. including PubMed, ScienceDirect, IEEE
2. 1981 — Birth of Modern Nanotechnology: Xplore, and Nature Journals were used.
The invention of the Scanning Tunneling Keywords such as nanotechnology, biomedical
Microscope (STM) allowed scientists to “see” engineering, nanomedicine, and nanoparticles
individual atoms. were applied. Only English-language articles
3. 1990s — Rise of Nanomaterials: with clear relevance to biomedical applications

e Carbon nanotubes discovered. were included.

o Ful!erenes (C60 _buckyballs)_. _ 2 EABRICATION AND

e Major ad_vance_s in nanofabrication. CHARACTERIZATION TECHNIQUES
4. 2000s — Biomedical Nanotechnology:

e First nano-drug approved (Doxil). A complete study must explain how

e Nanoparticles in MRI and CT. nanoparticles are made. This section

e Nano-based biosensors. strengthens the research scientifically.
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A. Top-Down Techniques:

Breaking down bulk materials into nano sizes:
» Mechanical milling.
« Lithography.
* Laser ablation.

B. Bottom-Up Techniques:

Building nanoparticles atom-by-atom:
* Sol-gel process.
 Chemical vapor deposition (CVD)
+ Self-assembly.
« Biological synthesis using bacteria or
plants (Singh et al., 2020).

C. Nanoparticle Characterization
Techniques:
These tools ensure particles are the correct
size, shape, and chemistry.

« SEM (Scanning Electron
Microscopy)—surface imaging.
* TEM (Transmission Electron

Microscopy)—internal
imaging

« DLS (Dynamic Light Scattering)—
size distribution.
« UV-Vis
properties.

» FTIR—chemical composition.
« XRD—crystal structure.

nanoparticle

Spectroscopy—optical

Nanotechinology Technigques Distribution

Fig.1: Nano-Techniques.

V. TYPES OF NANOMATERIALS USED
IN MEDICINE

A full detailed list for maximum clarity:
Alexis et al. (2010) verified that polymeric
nanoparticles "are biodegradable,
customizable, and capable of controlled drug
release for sustained therapeutic action.".

A. Metal Nanoparticles:

e Gold (AuNPs): imaging, drug delivery,
cancer therapy (Albanese, Tang, & Chan,
2012).

e Silver
applications.

e lron oxide: MRI contrast (Na, Song, &
Hyeon, 2009).

(AgNPs): antimicrobial

B. Carbon-Based Nanomaterials:
+ Carbon nanotubes.
» Graphene.
* Fullerenes.
C. Polymeric Nanoparticles:
» PLGA nanoparticles.
» PEGylated particles.
D. Lipid Nanoparticles:
e Used in mRNA vaccines (van der
Meel et al., 2022)..
e Highly biocompatible.
E. Quantum Dots: Ultra-bright imaging for
fluorescent diagnostics (Ge, Yin, & Yin,
2021).

VI. NANOTECHNOLOGY IN
DIAGNOSTICS

A. Nano sensors: They detect cancer
biomarkers (CEA, PSA), glucose, lactate, viral
particles, and inflammation markers (Nour et al.,
2021).

B. Nano-based Lab-on-a-Chip: Allows testing
with a droplet of blood.

C. Wearable Nanotechnology:

e Smart watches with nano sensors.
e Nano-memory patches.
e Sweat-analyzing sensors.

VII. NANOTECHNOLOGY IN MEDICAL
IMAGING
A.MRI:
e lron oxide nanoparticles enhance contras
(Na, Song, & Hyeon, 2009).
e Allow clearer imaging of tumors and

inflammation.

B.CT:

e Gold nanoparticles = high X-ray
absorption.
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C. Fluorescent Imagin:
e Quantum dots enable multicolor deep
imaging” (Ge, Yin, & Yin, 2021).

VIII. NANOTECHNOLOGY IN DRUG
DELIVERY

Nanoparticles allow drugs to be delivered
exactly where they are needed. Shi et al.
(2017) stated that nanocarriers “increase
bioavailability, improve tumour accumulation,
and reduce systemic toxicity."
Advantages:

* Targeted delivery.

* Reduced side effects.

« Controlled release.

+ Ability to cross biological barriers.
Examples:

« Doxil (liposomal doxorubicin).

* Abraxane (albumin-bound paclitaxel).

* Onivyde (irinotecan nano-

formulation).

IX. NANOTECHNOLOGY IN

REGENERATIVE MEDICINE.
Applications:

 Bone regeneration with hydroxyapatite
nanoparticles (Sengupta & Kulkarni,
2016).
* Neural
nanofibers.
« Cardiac tissue scaffold engineering.
« Skin regeneration using nanosilver.

repair using conductive

X. Al INTEGRATION WITH
NANOTECHNOLOGY
Al enhances:
» Nanosensor data interpretation.
« Predictive health monitoring.
* Image reconstruction.
* Drug-delivery optimization.
 Nano-synthesis prediction models.

XI. SAFETY, RISKS, AND
NANOTOXICOLOGY.

Potential Risks:
* ROS generation (Nel et al., 2006).
» DNA damage.

* Inflammation.

» Organ accumulation (Kreyling et al.,

2015).
Safety Testing Methods:

+ Cytotoxicity assays.

» Hemocompatibility.

 Long-term animal studies.

+ Biodistribution mapping.
Regulatory Bodies:

» FDA.

« EMA.

« OECD.

« 1SO nanotechnology standards.

XIl. MARKET SIZE AND ECONOMICS
« Market size (2023): $190.6 billion.
« Expected by 2030: $400+ billion.
* Oncology  dominates  45%  of
nanomedicine revenue.

Fig.2: Nano-medicine Growth.

XI11. FUTURE OF NANOTECHNOLOGY
(2030-2050)

e Smart nanosensors communicating with

smartphones.

Injectable nanorobots.

Nano-enabled brain—computer interfaces.

Fully personalized nano-drug design.

Nanoprobes for early Alzheimer detection.

XIV. RESULTS AND
RECOMMENDATIONS

Results show:

e Nanotechnology fundamentally enhances
biomedical engineering.

e Diagnostics become earlier, faster, more
accurate.

© 1QU Press

69 QSJ. App. Sci. 2026, Feb.5 (2):67-73

Qurina Scientific Journal


https://qsj.qiu.edu.ly/index.php
https://qsj.qiu.edu.ly/index.php
https://qsj.qiu.edu.ly/index.php
https://qsj.qiu.edu.ly/index.php

dalal) Uy 58 dlana
Qurina Scientific Journal
ISSN: 2959 - 746

2026 - daad) - Alaal) ,
Volume 5 (Issue 2) 2026 =, o
OURINA

e Drug delivery becomes safer and more
targeted.

e Tissue engineering benefits from
biomimetic nanostructures.

Recommendations:
e Encourage interdisciplinary
collaborations and expand clinical trials.
e Adopt strong safety protocols.
e Integrate nanotechnology into medical
curricula.
XV. COMPARATIVE TABLES

Table 1 : Comparison Between Conventional and
Nano-Enhanced Diagnostics:

Feature Conventional Nano-Enhanced
Diagnostics Diagnostics
Sensitivity Moderate Very  High  (detects
picomolar levels)
Sample Volume Requires large | Microliters or drops
samples
Speed Minutes to hours Seconds to minutes
Ability to Detect @ Limited Excellent (detects silent
Early Disease biomarkers)
Portability Mostly lab-based Wearable or handheld
Cost High  (equipment- | Lower after integration
intensive)
Real-time Rare Very common
Monitoring (nanosensors)
Table 2 : Comparison of Nanoparticle Types Used in
Medicine:
Nanoparticle Main Advantages Limitations
Type Applications
Gold Imaging, Biocompatible, High cost
Nanoparticles cancer therapy | tunable size,
(AuNPs) optical properties
Iron Oxide = MRI contrast | Supermagnetic, Possible liver
Nanoparticles safe accumulation
Polymeric Drug delivery | Biodegradable, Complex
Nanoparticles customizable fabrication
(PLGA, PEG)
Lipid mRNA Highly Sensitive  to
Nanoparticles vaccines, gene | biocompatible temperature
delivery
Quantum Dots High- Strong Metal toxicity
resolution fluorescence concerns
imaging

Table 3: Regenerative Medicine Approaches
(Traditional vs Nano):

XVI. CLINICAL EXAMPLES
(REALISTIC MEDICAL SCENARIOS):

1. Nano-enabled Early Cancer Detection:

A patient shows no symptoms, but a drop of

blood on a nano-biosensor identifies

circulating tumor DNA (ctDNA) at extremely
low levels.

— Traditional tests would miss this early

stage.

— Nano detection = early treatment, higher

survival.

2. Nano-Enhanced MRI for Brain
Tumor: A 45-year-old patient undergoes
MRI using iron oxide nanoparticles as
contrast. Tumor boundaries become
clearer, allowing surgeons to plan a safer,
more precise operation with less removal
of healthy tissue.

3. Targeted Drug Delivery in Breast
Cancer: Instead of whole-body
chemotherapy, lipid nanoparticles deliver
the drug directly to tumor cells using
targeted receptors. This minimizes hair
loss, nausea, and toxicity, achieving up to
70% increased drug accumulation in the
tumor (Shi et al., 2017).

4. Smart Wearable Nanosensor for
Diabetes: A nanosensor patch analyzes
sweat glucose in real-time. If glucose rises,
the patch sends an alert to the phone,
avoiding repeated finger-pricking.

5. Nano-antimicrobial Wound Healing: A
burn patient receives dressing with silver
nanoparticles, which prevents bacterial
infection, speeds healing, and reduces
scarring.

XVIl. CASE STUDIES (DETAILED
SCIENTIFIC CASES)

Case Study 1: Doxil for Ovarian Cancer
e Background: Ovarian  cancer is

Tissue Traditional Nano-Enhanced Approach usually treated with doxorubicin, but
;ype Eeatf“e”t — : — the drug is highly toxic to the heart.
" iplants bone regronth * Nano-solution: Doxil® = doxorubicin
Nerve Surgical grafting | Conductive nanoscaffolds + stem-cell encapsulated In |Ip|d nanopartlcles.
: : defivery e Outcomes: 50% less cardiotoxicity,
Skin Dressings Nanosilver + nanoporous scaffolds | . lati ti
Heart Surgery Nanoparticle-guided cardiac repair Onger circulation Ime, more
© IQU Press QSJ. App. Sci. 2026, Feb.5 (2):67-73
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Case Study 2: Nanoscaffolds for Bone
Regeneration
e Scenario: A 30-year-old patient with a
critical bone defect after an accident.
e Nano approach: Nanohydroxyapatite

+ collagen nanofibers  scaffold
implanted.
e Results: Faster bone regeneration,

stronger bone integration, enhanced
osteoblast activity, lower infection risk
(Sengupta & Kulkarni, 2016).
Case Study 3: Quantum Dots in Lymph
Node Mapping

e Problem: Surgeons must identify
cancer-spread lymph nodes, which is
difficult with traditional dyes.

e Nano solution: Injecting quantum
dots produces a fluorescent signal that
highlights cancerous nodes.

e Outcome: 98% accurate
identification, reduced surgical errors,
better cancer management.

Case Study 4: Nanorobotics for Arterial
Plaque Targeting (experimental)

e Method: Magnetically guided
nanoparticles attach to plaque in
arteries and deliver anti-inflammatory
drugs.

e Results (in trials): Reduced plague
volume, improved blood flow, lower
risk of heart attack.

XVIIL. CHALLENGES OF
NANOTECHNOLOGY AND FUTURE
SOLUTIONS
A. Challenges:
1. Toxicity and Biocompatibility: Some
nanoparticles cause oxidative stress
(Nel et al., 2006), DNA damage, and
accumulation in the liver, spleen, or
brain (Kreyling et al., 2015).
2. Difficulty  Predicting  Behavior
Inside the Body: Nano-interactions
depend on pH, ionic strength, and
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accumulation in tumors, improved protein corona formation, making
patient tolerance. prediction difficult.
e Conclusion: Nanocarriers reduce 3. Large-Scale
toxicity and improve targeted delivery. Manufacturing: Producing stable,

uniform nanoparticles is expensive and
hard to reproduce industrially.

4. Regulatory Uncertainty: The FDA is
still developing long-term nano safety
guidelines, and many nano-products
lack full toxicity profiles.

5. Ethical and Social Concerns: Privacy

risks in  nano-wearables  and
environmental leakage of
nanoparticles.
B. Future Solutions and Emerging
Directions:

1. Biodegradable
Nanoparticles: Designing
nanoparticles that dissolve safely after
completing their role.

2. Al-Guided Nanomedicine: Al
predicts toxicity, pharmacokinetics,
and best nanoparticle size/shape,
reducing risk and improving design.

3. Green Nanotechnology: Using plant
extracts or bacteria to synthesize
nanoparticles sustainably (Singh et al.,
2020).

4. Personalized
Nanomedicine: Nanoparticles tailored
to a patient's genetics, immune profile,
and tumor type (Kostarelos, 2008).

5. Hybrid Nanorobots: Nanomachines
guided by magnetic fields, ultrasound,
or light for clearing blood clots and

targeting cancer with nanoscale
precision.
CONCLUSION

Nanotechnology dramatically enhances
biomedical engineering through precision
diagnostics, targeted therapies, advanced
imaging, and tissue regeneration. Clinical
examples, case studies, and comparative

analyses demonstrate that nano-enabled systems
outperform traditional technologies in nearly
every medical field.
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The future will combine Al + nanotechnology to
create intelligent, personalized, safe, real-time
healthcare systems.
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