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Disclosure

• Statements, concepts, and recommendations 
in this presentation are not meant to be 
construed as FDA policy.  

• Several concepts and recommendations 
discussed are under consideration in 
discussions of draft guidance documents at 
CDRH and FDA. 
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Outline
• Nanotechnology at FDA
• Engineered nanomaterials (ENMs) in 

nanomedicine and consumer products 
• Issues for safety evaluation of ENMs

1) Effect of biological media on ENM properties
2) In vivo studies – ADME - ENMs in pregnant mice
3) In vitro studies – appropriateness of current FDA-

CDRH testing standards for ENM safety studies?
4) Interference of ENMs with biological assays
5) Confirm intracellular uptake of ENMs or aggregates
6) Adherence of ENMs to medical and laboratory 

plastics
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Definitions of nanotechnology

• Multiple definitions for nanotechnology exist.

• Most definitions focus on size between 1- 100 nm, but 
some go as high as hundreds of nanometers.

• “Nanotechnology is the understanding and control of 
matter at dimensions roughly 1 to 100 nanometers (in 
one dimension), where unique phenomena enable novel 
applications.”

» National Nanotechnology Initiative, 2002

• Currently, there is NO “official” FDA definition for 
nanotechnology, but nanotechnology in regulated 
products is impacting FDA.
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FDA-CDRH working definition of 
“nanoscale material”

• A particle/structure with a submicron (<1000 nm) 
size in any one dimension that demonstrates 
different physico-chemical and/or biological 
properties as compared to their larger 
counterpart.

• Why?
– Eliminates the bright line of 1-100 nm.
– Particles/structures > 100 nm might behave differently 

than same material in bulk form.
– Enables applicability of guidance/testing requirements 

to materials > 100 nm.
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Nanomaterial-based medical/health 
care applications

• bone and dental fillers
• imaging contrast agents –

e.g., MRI and ultrasound
• biosensors
• implantable assay for 

blood glucose
• rapid microbial 

identification
• nano-surfaces – e.g., tissue 

engineering, scaffolds

• sunscreens
• anti-microbial coatings, 

catheters, wound 
dressings

• IVDx - detection of cancer 
metastases

• targeted drug delivery, 
e.g., antineoplastics, 
immunosuppressants

• thermal-based cancer 
cell therapies
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Types of nanoparticles used 
in medicine

TiO2 

Gold nanoshells

Fullerenes

NanoemulsionsColloidal gold

Polymers

Courtesy of Drug Discovery Today
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Public Health Impact 

• Technology explosion for nanomaterials 
resulting in increasing numbers of patients and 
consumers exposed to 
– nanomedicines with potential to revolutionize 

therapies and diagnoses of diseases
– consumer products with health claims, e.g., 

sunscreens.

• Most efforts to date are R&D innovations and 
applications.  More efforts needed to understand 
risks to human and environmental health.
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Impact of nanotechnology on FDA 
review process

• Product review is driven by the intended use of 
the device 
– The claims made for intended use will determine the 

type of review and the types of studies that are 
necessary.

– This process is often independent of the technology 
or assay format.

• Does this policy hold true for nanotechnology?
– “New Technology” involving “New Types of Safety 

Concerns”?
– Behavior of materials at nanoscale could affect 

performance, quality, safety and/or effectiveness.
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Safety concerns for medical products 
containing ENMs

• Routes of exposure – different cellular/tissue 
targets

• Different kinetics due to size, surface charge
• Higher exposure per unit mass – biological 

effects correlate with ENM surface area
• Distribution in tissues – surface 

chemistry/coatings

• Metabolism and clearance
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• Characterization/metrology (e.g., size, surface chg and 
chemistry, agglomeration/aggregation)
– What happens in biological fluids/tissue

• Toxicokinetics – absorption, tissue distribution, excretion
– Detection methods

• Effect of size, surface charge on toxicity
• Dose metrics – concentration (mass), number, surface 

area?
• Membrane translocation, cellular uptake
• Adequacy of existing toxicity tests (in vitro & in vivo)
• Interference with laboratory assay kits

Nanotoxicology:  What we don’t know 
outweighs what we do know

http://images.google.com/imgres?imgurl=http://www.judicare.org/Scales_of_justice.jpg&imgrefurl=http://www.judicare.org/amicus.html&h=398&w=345&sz=28&tbnid=sXNkljMwM03WmM:&tbnh=143&tbnw=124&prev=/images%3Fq%3Dscales%2Bof%2Bjustice%26um%3D1&start=2&sa=X&oi=images&ct=image&cd=2�
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Outline
• Nanotechnology at FDA
• Engineered nanomaterials (ENMs) in 

nanomedicine and consumer products
• Issues for safety evaluation of ENMs

1) Effect of biological media on ENM properties
2) In vivo studies – ADME - ENMs in pregnant mice
3) In vitro studies – appropriateness of current FDA-

CDRH testing standards for ENM safety studies?
4) Interference of ENMs with biological assays
5) Confirm intracellular uptake of ENMs or aggregates
6) Adherence of ENMs to medical and laboratory plastics
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Issue 1
Dispersion of ENMs in biological 

test system

• Hazard assessment depends on an 
understanding of the properties (e.g., size, 
surface charge) of ENMs that drive biological 
responses.

• Properties of ENMs can change dramatically 
with dispersion media, e.g., water vs serum.

• What is seen by the cellular target?
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Nanoparticle Aggregation Potential

Some factors that influence NP aggregation
• Surface chemistries (surface charge and 

functionalization, capping agents)
• Particle-particle & particle-matrix (dispersants, 

vehicles, biological media) interactions

aggregation 
- highest degree 

of reversibility

coagulation
- little or no 

reversibility

C Sayes - 2008

agglomeration
- some degree 

of reversibility
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Effects of injection vehicles on size 
prior to biology experiments?

Medium Dilution TiO2 - avg 
diam (nm)

distilled 
H2O

100x 119
1,000x 121

10,000x 117

10mM NaCl
100x 118

1,000x 117
10,000x 121

phosphate 
buffered 

saline

100x 2673
1,000x 2834

10,000x 1126
Dynamic light scattering 
spectroscopy

Courtesy of the Malvern Co.
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Effects of cell culture medium on 
size of NIST SRM 60nm AuNP

Diameter after dispersion (nm) at 37oC

Solutions Immediately 1 hr 3 hr 24 hr

DI water 67 2 67 2 65 5 62 2

0.9% NaCl 146 12 386 109 354 119 335 107

RPMI-1640 207 48 461 45 407 82 419 79

RPMI-1640 + 
10% serum 95 2 97 2 97 2 97 2

Method – Dynamic Light Scattering
AuNP concentration = 10 ug/ml
Values are mean ± SD (4 replicate experiments)
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Issue 1  Conclusions
Effects of dispersion media on ENMs

• Analyses of what affects size and other 
ENM properties is essential in order to 
make conclusions about which properties 
drive biological responses.

• “What” can be, e.g., characterization 
dispersants, injection vehicles and/or cell 
culture media.
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Issue 2
Nanotoxicology in vivo studies

• There are fewer in vivo than in vitro studies 
which address nanomaterial toxicity.

• Of the in vivo studies, few address 
toxicokinetics - absorption, tissue disposition, 
metabolism, and excretion (ADME).

• Even fewer ADME and toxicity data are 
available for ENM exposures (e.g., sc and iv) 
relevant to medical devices and therapeutics.
– Most studies have used other routes of exposure:

• Inhalation (Oberdörster et al., DuPont)
• Skin penetration (NCTR, NC State & Rice Univ.) 
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• Very few studies have evaluated nanoparticle 
exposure in pregnant animals.

• Public health impact for women receiving 
nanomedicine-based therapies during 
pregnancy

• Pregnant mouse – nano-silver
• Where do they go in the body?
• Is there placental transfer to reach embryos?
• Are there adverse effects to the embryos?

Distribution of silver nanoparticles  
in pregnant animals 
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• Silver (Ag) nanoparticles (50 nm diam. - TEM, UV 
absorption, and centrifugal sedimentation)

• Were injected i.v. into pregnant CD-1 mice on gestation 
days (GDs) 7, 8, and 9 (critical time of organogenesis)

• Mice euthanized and tissues harvested on GD10
• Tissue Ag levels quantitated using ICP-MS
• Total amount of silver injected: ~9 µg Ag/mouse
• Tissues harvested:

• Brain

• Heart

• Kidneys

• Liver

• Lungs

• Lymph nodes

• Ovaries

• Spleen

• Thymus

• Blood / urine

• Myometrium of the uterus

• Endometrium of the uterus

• Chorio-allantoic placentas 

• Visceral yolk sacs

• Embryos

Methods
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myometrium

endometrium

Uterine implantation site

visceral yolk sac

placenta

embryo

Embryo inside visceral yolk 
sac with placenta

endometrium
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Ag tissue concentrations after 3 daily 
AgNP injections - ICP-MS analysis



23

Percent of injected Ag dose
(AgNP treatment)

Total recovery = 98% injected dose
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Ag tissue concentrations:  Nano-Ag 
particles vs soluble AgNO3

Equivalent doses of Ag
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• Where do they go in the body?  What is 
the residence time in tissues?

• Methods
• TiO2 nanoparticles (120 nm diam. – DLS, TEM)
• Injected s.c. and i.v. into adult male CD-1
• Tissues harvested on 1, 2 and 7 d., 1, 2 and 6 mos.
• Tissue Ti levels quantitated using ICP-MS
• TEM and SEM + EDX spectroscopy to identify 

tissue Ti nanoparticles/aggregates

Distribution of TiO2 nanoparticles  
in adult mice 
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Identification of TiO2 NPs in mouse liver 
– 6 months after s.c. injection 

TEM image of liver Kupffer cell SEM + EDX mapping of titanium

SEM + EDX mapping of oxygen

EDX = electron dispersive 
X-ray spectroscopy 
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Issue 2 Conclusions
In vivo studies

• AgNP treatment:  Ag distributed to all tissues 
evaluated

• Lowest Ag levels – embryos
• Highest Ag levels

– Liver and spleen – filtering capacity, RES – lymph
– Visceral yolk sac – endocytosis, sequestered in 

storage vacuoles or lysosomes, Ag-binding proteins

• No morphologic changes in maternal tissues or 
embryos
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Issue 2 Conclusions (cont.)
In vivo studies

• Silver recovery in tissues
– AgNP - 98% Ag recovered suggests low excretion of 

Ag when injected as Ag-NP
– AgNO3 - 5% Ag recovered suggests soluble Ag is 

readily excreted compared to AgNPs
– Results suggest different toxicokinetic properties of 

AgNP and soluble Ag salts

• TiO2 nanoparticles
– Accumulation in multiple tissues and long residence 

time (6 months or longer)
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Issue 2 Conclusions (cont.)
In vivo studies

• Recommendations: ADME studies for 
ENMs
– CDRH (Devices) – case by case basis

– CDER (Drugs) – almost always required for 
each product 

– Consider comparison of ENMs and their 
soluble salts, e.g., metals

– For mass balance analyses, consider 
carcass and injection site as a depot
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Issue 3
In vitro studies of ENMs

• Are current biocompatibility standards adequate 
for evaluating ENMs?
– ASTM standard F-1903 “Standard practice for 

testing biological responses to particles in 
vitro”

– ISO 10993 – “Biological evaluation of medical 
devices”

• Compare the biological responses of 
nanoparticles and micron-sized particles of the 
same material in cultured macrophage cells.
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Characterization of 3nm and 
micron-sized silicon nanoparticles

Transmission electron 
microscopy
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Uptake of 3nm silicon 
nanoparticles by macrophages 

Fluorescence (red)Phase Overlay
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Cytotoxicity of nano-Si vs micron-Si 
particles in macrophages 

Trypan Blue Assay

MTT Assay
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Inflammatory responses in macrophages:
Nano-Si vs micron-Si particles

TNF-alpha

Interleukin-6 

w/o LPS
w/ LPS
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Issue 3 Conclusions
In vitro studies

• Differences in cytotoxicity potency observed for 
two cytotoxicity tests in response to 3nm silicon 
nanoparticles.
– Recommendation: Use more than one 

method to assess same endpoint, e.g., 
cytotoxicity, inflammatory mediators.

• Differences in biological responses between 
nano and bulk forms of same material.
– Recommendation: Evaluate nano and micron 

size ENMs of the same material.
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Issue 3 Conclusions – cont.
In vitro studies

• Bonus recommendation: Prior to a study, 
check ENMs for presence of endotoxin, 
especially when evaluating inflammatory 
potential.
– Which sterilization and depyrogenation 

(removal of endotoxin) procedures are 
appropriate and will not change ENM 
physicochemical properties?
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Issue 4
Interference of ENMs with biological 

assays

Magnification 100X

Control AuNP treatment

Uptake of AuNPs by macrophages - Cytoviva high 
illumination light microscopy
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Effect of NIST SRM 60nm AuNPs on 
non-specific absorbance of four in vitro 

assays (no-cell controls)

0          0.1         1.0         10          25          50        100  

LDH  (490nm)      100      122.3       100.4    112.7     109.9    100.7    103.4

MTT (570nm)      100      105.8       91.9      103.5    122.1     145.3    203.5

NO (360nm)      100      101.4       94.9       93.6      93.1       91.7      95.3 

Cytokine (450nm)     100      127.0      122.2     103.7    103.7     107.4    118.5

Assay 
wavelength

(nm)

Au nanoparticles concentration (µg/ml)
Assay

Mean percentage of nonspecific absorbance of 60-nm Au NPs (no cells)
in four in vitro assays (average of 3 replicate experiments)
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Issue 4 Conclusions –
assay interferences

• Gold nanoparticle peak absorbance is 
close to MTT cytotoxicity assay 
absorbance resulting in possible false 
positive results and/or decrease in 
signal/noise ratio.

• Recommendation: For endpoint assays, 
include a no-cell, ENM-alone control group 
run in parallel to the ENM treatments of 
cells.
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Confirmed AuNPs/aggregates in 
macrophages

1

23
4

5
6

[A] [B] 1
2 3

4 5 6

[C]

Areas #1-3: Au Areas #4-6: Os

SEM coupled with EDXS analysis
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Issue 6
Do ENMs adhere/bind to medical 

and laboratory plastics? 

• Does adherence of ENMs to injection syringes 
impact the delivered dose in vivo?

• Does adherence to cell culture plates impact 
concentration available to cells?

• If so, potential errors in reporting dose response 
relationships in in vivo and in vitro studies. 
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AgNP handling method 
prior to ICP-MS

ug Ag/ml
(ICP-MS; avg  ≥3 

replicates)
Pipetted from glass vial of 
stock dosing solution 80.9

Drawn from glass vial of 
dosing solution into a plastic 
syringe and needle, then 
evacuated

35.2

Conclusion: AgNP appear to adhere to interior of 
injection syringes, affecting dose delivered.

What is the AgNP dose delivered 
from the plastic syringe?  
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Nanotoxicology:  What we don’t know 
still outweighs what we do know

• Characterization/metrology (e.g., size, surface charge 
and chemistry, agglomeration/aggregation)
– What happens in biological fluids/tissue

• Effect of size, surface charge on toxicity
• Adherence of ENMs to medical and lab plastics
• Toxicokinetics – tissue distribution, excretion

– Detection methods
• Membrane translocation, cellular uptake
• Dose metrics – concentration, mass, surface area?
• Adequacy of existing toxicity tests (in vitro & in vivo)
• Interference with laboratory assay kits
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Intramural Collaborators
• FDA, CDRH, OSEL, Division of Biology

• Thomas Umbreit, PhD
• toxicology studies

• Victoria Hitchins, PhD
• microbiology, cell culture

• Qin Zhang, PhD
• cell biology, cell culture

• OSEL, Div of Chemistry and Materials Science
• Benita Dair, PhD

• chemistry, nano-silver synthesis and 
characterization
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Extramural Collaborators

• Ken Brown, PhD;  George Washington Univ
• Developmental biology

• Carlye Austin, MS;  PhD candidate, GW Univ
• Developmental biology

• David Barber, PhD;  Univ of Florida
• Toxicology, ICP-Mass spec, electron microscopy

• Anil Patri, PhD;  NCI-Natl Characterization Lab
• Toxicology, nanomaterials characterization
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Extramural Collaborators

• Jong Choi, PhD (2008); NIST and Univ MD
• Nanomaterials synthesis (silicon) and 

characterization

• Vytas Reipa, PhD; NIST
• Nanomaterials synthesis and characterization

• Saber Hussain, PhD; Wright Patterson AFB
• Toxicology of nanomaterials

• Amanda Schrand, PhD; WPAFB
• TEM, STEM + EDXS (nanogold)
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Thanks!
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