
Lessons Learned from Nanomaterial 
Characterization: Critical Quality Attributes that 
Influence Biological Properties

Anil K. Patri, PhD
US FDA
Anil.Patri@fda.hhs.gov

Disclaimer: The views expressed are of the presenter and should not be considered as the 
official position or policy of US FDA. 

mailto:Anil.Patri@fda.hhs.gov


Conflict of Interest Statement

 No conflicts to declare



Objectives

 To showcase the importance of monitoring various physico-chemical 
attributes of nanomaterial to understand their interactions and impact 
on biological systems



Food and Drug Administration Mission
The FDA is responsible for

• Protecting the public health 
‒ by assuring the safety, efficacy, and security of human and 

veterinary drugs, biological products, medical devices, our 
nation’s food supply, cosmetics, and products that emit 
radiation. 

• Advancing the public health by helping to speed innovations 
‒ that make medicines and foods more effective, safer, and 

more affordable; and helping the public get the accurate, 
science-based information they need to use medicines and 
foods to improve their health.

25% of US domestic spending is on products regulated by FDA



FDA Guidance on Whether an FDA-Regulated 
Product Involves the Application of Nanotechnology
• No regulatory definition of nanotechnology or related terms
• FDA regulatory framework and review processes adequately identify and 

manage potential risks associated with the use of nanomaterials in 
products

• Points to Consider
‒ Whether a material or end product is engineered to have at least one 

external dimension, or an internal or surface structure, in the 
nanoscale range (approximately 1 nm to 100 nm) 

‒ Whether a material or end product is engineered to exhibit properties 
or phenomena, including physical or chemical properties or biological 
effects, that are attributable to its dimension(s), even if these 
dimensions fall outside the nanoscale range, up to one micrometer 
(1,000 nm)



Human Drug Product Submissions to FDA 
Containing Nanomaterials

• Evolution from simpler drug delivery systems to highly complex, 
multicomponent, multifunctional structures and devices

• FDA is flexible to support innovation by promoting beneficial 
nanotechnology product development

https://www.fda.gov/science-research/nanotechnology-programs-fda/nanotechnology-task-force
D’Mello, S. R. et. al. Nature Nanotechnology, 2017  DOI: 10.1038/NNANO.2017.67

https://www.fda.gov/science-research/nanotechnology-programs-fda/nanotechnology-task-force


FDA Issued Final Guidances and Draft Guidance 
Related to Nanotechnology
 Final Guidance for Industry: Considering Whether an FDA-Regulated Product 

Involves the Application of Nanotechnology
 Final Guidance for Industry: Safety of Nanomaterials in Cosmetics
 Final Guidance for Industry: Assessing the Effects of Significant Manufacturing 

Process Changes, Including Emerging Technologies, on the Safety and 
Regulatory Status of Food Ingredients and Food Contact Substances, Including 
Food Ingredients that are Color Additives

 Final Guidance for Industry: Use of Nanomaterials in Food for Animals
 Final Guidance for Industry - Liposome Drug Products: Chemistry, Manufacturing, 

and Controls; Human Pharmacokinetics and Bioavailability; and Labeling 
Documentation

 Draft Guidance for Industry: Drug Products Including Biological Products that 
Containing Nanomaterials

 Other relevant product specific guidances
https://www.fda.gov/science-research/nanotechnology-programs-fda/nanotechnology-guidance-documents

https://www.fda.gov/science-research/nanotechnology-programs-fda/nanotechnology-guidance-documents


Research Infrastructure:  Opportunity for Agency-
Wide and Inter-Agency Collaboration



Monitoring Critical Quality Attributes
Drug products Containing Nanomaterial



Nanoparticle Sample Preparation for In Vitro Studies
 Most metal and metal oxide nanoparticles can stay in aqueous suspension as colloids
 Some are insoluble and others will aggregate, agglomerate, or crash out of solution at 

higher ionic strength buffers, including cell culture media
 Protein or organic coatings may temporarily provide stability, suspendability, but these 

“coated particles” interact differently compared to “uncoated particles” in vitro and in 
vivo

 Organic non-covalent coatings may be easily removed become unstable in cell culture 
media, causing particles to aggregate/agglomerate

 Adequate characterization of particles in suspension is necessary under appropriate 
buffer conditions and monitors for change in size, agglomeration state, as a function of 
ionic strength, pH, and other factors

 The interactions of smaller particles with cells, their internalization, may be different 
from larger agglomerates



Liposome Characterization Case Study

API/Drug

PEG 
coating

Lipid 
composition

Synthesis
Various Methodologies
Key: Consistency

Size Distribution

Additional methods:
Nanoparticle Tracking
Laser diffraction
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Measurement in Pristine Aqueous Suspensions



Fractionation of Mixtures: Asymmetric and Centrifugal Field 
Flow Fractionation (AFFF & CFFF)

• Separation of particles based on hydrodynamic size and detection of size, composition 
through multiple online detectors

• Both hydrodynamic size and RMS radius can be measured simultaneously using on-line 
mode.

• Better resolution of particles within a narrow size range window.
• No stationary phase (column)
• Samples gets diluted and possibility of particles to stick to the membrane
• Upper size limit is ~ 1 µm



Size Effects on Drug Pharmacokinetics and Biodistribution
Example: 100, 150, and 200 nm Nominal Size Liposomal Doxorubicin

Size measurement - DLS

Size measurement - CryoTEM

While drug PK data may be identical for different sizes, tissue biodistribution can be 
significantly altered



TiO2 Nanoparticle Measurements

NIST P25 TiO2 Standard
Dynamic Light Scattering
Monodisperse upon 
sonication

Food Grade TiO2 Pogribna, M. et. al. Nanotoxicology, 2020, 14:4, 534-553, DOI:10.1080/17435390.2020.1723730

Transmission Electron Micrographs

Laser diffraction



Challenges in Sample Preparation for In Vitro
Studies–Graphene Case Study

Sonicated Microfluidized

iii iii

• Carbonaceous material such as carbon nanotubes, fullerenes and graphene are 
insoluble in water

• How do you suspend them in cell culture media for in vitro studies?
• Do different dispersions have different biological effects based on size and 

agglomeration?



Surface Coatings Influence Biological Interaction 

• Molecular weight of coating moiety is important.
− Protein binding
− Stability
− Toxicity
− Efficacy

• Density of coating moiety and stability is critical.
− Differential protein binding
− Opsonization/immune system recognition
− Biodistribution
− Toxicity
− Efficacy

• Many common coating polymers are not UV-Vis sensitive.

Is the coating Covalent or Non-covalent?
What is the stability of the coating (e.g., organic polymer)?                  



Presence or Absence of Surface Coatings Can Alter 
Biodistribution

Difference in surface characteristics can cause dramatically different in vivo 
outcomes.

Uncoated 
nanoparticles

PEG-coated 
nanoparticles

Protein analysis
by 2D PAGE

TEM analysis of particles uptake by
macrophages

2µm 2µm

Uncoated 
nanoparticles

PEG-coated 
nanoparticles
PEG-coated 
nanoparticles

Protein analysis
by 2D PAGE

Protein analysis
by 2D PAGE

TEM analysis of particles uptake by
macrophages

TEM analysis of particles uptake by
macrophages

2µm 2µm2µm 2µm2µm2µm 2µm2µm

in vivo

Paciotti J. et al.,(2004), Drug Delivery,11:169-183.

in vitro

Dobrovolskaia et al., (2008), Mol.Pharm., 5:487-495.



Surface Characteristics and Biocompatibility
LDH Leakage Assay
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Surface characteristics are important for biocompatibility and can be modulated
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Chart1

		0.000038		0.000038		0.000038		0.0000022		0.0000022		2.7754705882		2.7754705882		0.5912941176		0.5912941176		0.7183529412		0.7183529412		5.2922941176		5.2922941176

		0.000152		0.000152		0.000152		0.0000088		0.0000088		3.6138235294		3.6138235294		0.1274764706		0.1274764706		0.3299529412		0.3299529412		2.0788235294		2.0788235294

		0.000608		0.000608		0.000608		0.0000352		0.0000352		5.1431176471		5.1431176471		0.7184117647		0.7184117647		0.4804117647		0.4804117647		1.1510588235		1.1510588235

		0.002432		0.002432		0.002432		0.0001408		0.0001408		3.2357058824		3.2357058824		0.4277058824		0.4277058824		0.4960352941		0.4960352941		0.9408235294		0.9408235294

		0.009728		0.009728		0.009728		0.0005632		0.0005632		3.0124705882		3.0124705882		0.9044705882		0.9044705882		0.9072352941		0.9072352941		3.0161176471		3.0161176471

		0.038912		0.038912		0.038912		0.0022528		0.0022528		3.4125294118		3.4125294118		0.7374117647		0.7374117647		0.9034117647		0.9034117647		1.1656470588		1.1656470588

		0.155648		0.155648		0.155648		0.0090112		0.0090112		2.2964117647		2.2964117647		0.7448823529		0.7448823529		0.8979411765		0.8979411765		1.4985882353		1.4985882353

		0.622592		0.622592		0.622592		0.0360448		0.0360448		2.4852352941		2.4852352941		0.5656764706		0.5656764706		2.236		2.236		1.0579411765		1.0579411765

		2.490368		2.490368		2.490368		0.1441792		0.1441792		3.0333529412		3.0333529412		0.4623705882		0.4623705882		1.8985882353		1.8985882353		0.9912352941		0.9912352941



G4 PEG

G6 PEG

G6 OH

G6 NH2

G6-COOH

mg/mL

% Total LDH Leakage 
Mean + SE

LDH Leakage Assay
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Summary

								% LDH Leakage						4/25/05

												mg/mL										125 mM

				0.0000022		0.0000088		0.0000352		0.0001408		0.0005632		0.0022528		0.0090112		0.0360448		0.1441792		Cisplatin

		G6-NH2 6Hr

		Mean		-5.5329		-4.5377		-2.2431		1.3458		-4.8316		3.2692		21.028		47.636		55.314		8.7351

		SD		7.3862		2.3549		7.1017		11.956		9.6326		9.659		15.822		18.476		9.9003		5.1887

		SE		4.3448235294		1.3852352941		4.1774705882		7.0329411765		5.6662352941		5.6817647059		9.3070588235		10.8682352941		5.8237058824		3.0521764706

		G6-NH2 24Hr

		Mean		-1.2747		-2.7332		-1.7823		-4.0788		-1.8629		-1.2715		4.4059		38.337		52.744		21.59

		SD		1.2212		0.56092		0.8167		0.84326		1.5423		1.5358		1.5265		3.8012		3.2276		3.2206

		SE		0.7183529412		0.3299529412		0.4804117647		0.4960352941		0.9072352941		0.9034117647		0.8979411765		2.236		1.8985882353		1.8944705882

		G6-NH2 72Hr

		Mean		-2.0435		-2.7329		-3.0898		-3.1342		-4.9782		-4.3085		15.991		139.11		65.852		18.14

		SD		2.7796		1.307		0.90657		2.0435		3.094		2.1399		7.4166		11.839		6.9662		1.1211

		SE		1.6350588235		0.7688235294		0.5332764706		1.2020588235		1.82		1.2587647059		4.3627058824		6.9641176471		4.0977647059		0.6594705882

		G6-COOH 6Hr

		Mean		-5.0993		-4.7919		-6.8615		-10.015		-12.018		-8.6974		-9.3564		-12.601		-13.529		2.6107

		SD		11.856		11.382		11.669		11.388		11.166		14.463		9.9348		9.0804		11.875		19.103

		SE		6.9741176471		6.6952941176		6.8641176471		6.6988235294		6.5682352941		8.5076470588		5.844		5.3414117647		6.9852941176		11.2370588235

		G6-COOH 24Hr

		Mean		-4.4843		-0.96071		-1.1493		-3.2905		0.48704		-0.50188		-2.1323		-0.001484		-1.4136		17.327

		SD		8.9969		3.534		1.9568		1.5994		5.1274		1.9816		2.5476		1.7985		1.6851		2.134

		SE		5.2922941176		2.0788235294		1.1510588235		0.9408235294		3.0161176471		1.1656470588		1.4985882353		1.0579411765		0.9912352941		1.2552941176

		G6-COOH 72Hr

		Mean		1.7045		-0.54849		2.0021		1.7758		1.8619		3.2122		3.2885		0.5362		6.4811		15.345

		SD		4.4124		3.4684		5.288		6.6223		3.234		7.4279		7.3162		1.6713		7.4223		3.3796

		SE		2.5955294118		2.0402352941		3.1105882353		3.8954705882		1.9023529412		4.3693529412		4.3036470588		0.9831176471		4.3660588235		1.988

																						125 mM

				0.000038		0.000152		0.000608		0.002432		0.009728		0.038912		0.155648		0.622592		2.490368		Cisplatin

		G4-PEG 6Hr

		Mean		-1.3575		1.2229		1.8816		0.33222		-0.41813		1.4577		0.47255		1.7556		4.2129		8.2796

		SD		1.956		1.2146		1.8755		3.7628		3.0742		4.1665		2.436		1.8456		1.8136		0.44862

		SE		1.1505882353		0.7144705882		1.1032352941		2.2134117647		1.8083529412		2.4508823529		1.4329411765		1.0856470588		1.0668235294		0.2638941176

		G4-PEG 24Hr

		Mean		-1.2358		3.4489		3.2458		-1.4373		-1.6166		-0.80114		-0.42992		-0.46799		-2.7715		21.261

		SD		4.7183		6.1435		8.7433		5.5007		5.1212		5.8013		3.9039		4.2249		5.1567		11.554

		SE		2.7754705882		3.6138235294		5.1431176471		3.2357058824		3.0124705882		3.4125294118		2.2964117647		2.4852352941		3.0333529412		6.7964705882

		G4-PEG 72Hr

		Mean		0.031927		0.46293		-0.20752		0.04257		-0.94184		-4.3633		1.5751		4.2197		5.5074		26.015

		SD		4.6739		3.777		4.6775		6.5844		5.0051		4.947		4.0925		4.2665		4.1938		1.8013

		SE		2.7493529412		2.2217647059		2.7514705882		3.8731764706		2.9441764706		2.91		2.4073529412		2.5097058824		2.4669411765		1.0595882353

		G5-PEG 6Hr

		Mean		4.6917		4.4721		4.4178		5.9918		6.4092		5.3744		4.4417		7.9463		5.2983		11.766

		SD		4.335		3.0266		1.318		2.049		3.0335		2.2968		1.9325		3.2692		2.4457		4.5726

		SE		2.55		1.7803529412		0.7752941176		1.2052941176		1.7844117647		1.3510588235		1.1367647059		1.9230588235		1.4386470588		2.6897647059

		G5-PEG 24Hr

		Mean		-1.3547		0.38491		0.58781		-0.5162		-0.57737		-0.69076		-0.30733		0.57588		-0.72954		14.485

		SD		1.0052		0.21671		1.2213		0.7271		1.5376		1.2536		1.2663		0.96165		0.78603		1.5822

		SE		0.5912941176		0.1274764706		0.7184117647		0.4277058824		0.9044705882		0.7374117647		0.7448823529		0.5656764706		0.4623705882		0.9307058824

		G5-PEG 72Hr

		Mean		-10.515		9.744		-0.58173		4.9738		-0.85806		-2.865		-8.4497		-9.2496		-31.443		67.321

		SD		7.9049		12.894		7.1007		11.119		12.534		10.189		13.217		8.7961		8.9954		14.158

		SE		4.6499411765		7.5847058824		4.1768823529		6.5405882353		7.3729411765		5.9935294118		7.7747058824		5.1741764706		5.2914117647		8.3282352941

		G6-PEG 6Hr

		Mean		-1.3575		1.2229		1.8816		0.33222		-0.41813		1.4577		0.47255		1.7556		4.2129		8.2796

		SD		0.63463		4.1713		2.2647		3.386		2.2506		2.1159		1.8607		2.4742		2.1242		1.1459

		SE		0.3733117647		2.4537058824		1.3321764706		1.9917647059		1.3238823529		1.2446470588		1.0945294118		1.4554117647		1.2495294118		0.6740588235

		G6-PEG 24Hr

		Mean		-1.2358		3.4489		3.2458		-1.4373		-1.6166		-0.80114		-0.42992		-0.46799		-2.7715		21.261

		SD		4.7183		6.1435		8.7433		5.5007		5.1212		5.8013		3.9039		4.2249		5.1567		11.554

		SE		2.7754705882		3.6138235294		5.1431176471		3.2357058824		3.0124705882		3.4125294118		2.2964117647		2.4852352941		3.0333529412		6.7964705882

		G6-PEG 72Hr

		Mean		0.031927		0.46293		-0.20752		0.04257		-0.94184		-4.3633		1.5751		4.2197		5.5074		26.015

		SD		4.6739		3.777		4.6775		6.5844		5.0051		4.947		4.0925		4.2665		4.1938		1.8013

		SE		2.7493529412		2.2217647059		2.7514705882		3.8731764706		2.9441764706		2.91		2.4073529412		2.5097058824		2.4669411765		1.0595882353

		G6-OH 6Hr

		Mean		2.2291		-0.0021769		-1.1015		0.063006		-0.043456		1.1667		0.097767		-0.81474		2.0749		2.844

		SD		4.335		3.0266		1.318		2.049		3.0335		2.2968		1.9325		3.2692		2.4457		4.5726

		SE		2.55		1.7803529412		0.7752941176		1.2052941176		1.7844117647		1.3510588235		1.1367647059		1.9230588235		1.4386470588		2.6897647059

		G6-OH 24Hr

		Mean		-1.3547		0.38491		0.58781		-0.5162		-0.57737		-0.69076		-0.30733		0.57588		-0.72954		14.485

		SD		1.0052		0.21671		1.2213		0.7271		1.5376		1.2536		1.2663		0.96165		0.78603		1.5822

		SE		0.5912941176		0.1274764706		0.7184117647		0.4277058824		0.9044705882		0.7374117647		0.7448823529		0.5656764706		0.4623705882		0.9307058824

		G6-OH 72Hr

		Mean		-10.515		9.744		-0.58173		4.9738		-0.85806		-2.865		-8.4497		-9.2496		-31.443		67.321

		SD		7.9049		12.894		7.1007		11.119		12.534		10.189		13.217		8.7961		8.9954		14.158

		SE		4.6499411765		7.5847058824		4.1768823529		6.5405882353		7.3729411765		5.9935294118		7.7747058824		5.1741764706		5.2914117647		8.3282352941

										24 HR

				0.000038		0.000152		0.000608		0.002432		0.009728		0.038912		0.155648		0.622592		2.490368

		G4-PEG		-1.2358		3.4489		3.2458		-1.4373		-1.6166		-0.80114		-0.42992		-0.46799		-2.7715

		SD		4.7183		6.1435		8.7433		5.5007		5.1212		5.8013		3.9039		4.2249		5.1567

		SE		2.7754705882		3.6138235294		5.1431176471		3.2357058824		3.0124705882		3.4125294118		2.2964117647		2.4852352941		3.0333529412

		G5-PEG		-1.3547		0.38491		0.58781		-0.5162		-0.57737		-0.69076		-0.30733		0.57588		-0.72954

		SD		1.0052		0.21671		1.2213		0.7271		1.5376		1.2536		1.2663		0.96165		0.78603

		SE		0.5912941176		0.1274764706		0.7184117647		0.4277058824		0.9044705882		0.7374117647		0.7448823529		0.5656764706		0.4623705882

		G6-PEG		-1.2358		3.4489		3.2458		-1.4373		-1.6166		-0.80114		-0.42992		-0.46799		-2.7715

		SD		4.7183		6.1435		8.7433		5.5007		5.1212		5.8013		3.9039		4.2249		5.1567

		SE		2.7754705882		3.6138235294		5.1431176471		3.2357058824		3.0124705882		3.4125294118		2.2964117647		2.4852352941		3.0333529412

		G6-OH		-1.3547		0.38491		0.58781		-0.5162		-0.57737		-0.69076		-0.30733		0.57588		-0.72954

		SD		1.0052		0.21671		1.2213		0.7271		1.5376		1.2536		1.2663		0.96165		0.78603

		SE		0.5912941176		0.1274764706		0.7184117647		0.4277058824		0.9044705882		0.7374117647		0.7448823529		0.5656764706		0.4623705882

				0.0000022		0.0000088		0.0000352		0.0001408		0.0005632		0.0022528		0.0090112		0.0360448		0.1441792

		G6-NH2		-1.2747		-2.7332		-1.7823		-4.0788		-1.8629		-1.2715		4.4059		38.337		52.744

		SD		1.2212		0.56092		0.8167		0.84326		1.5423		1.5358		1.5265		3.8012		3.2276

		SE		0.7183529412		0.3299529412		0.4804117647		0.4960352941		0.9072352941		0.9034117647		0.8979411765		2.236		1.8985882353

		G6-COOH		-4.4843		-0.96071		-1.1493		-3.2905		0.48704		-0.50188		-2.1323		-0.001484		-1.4136

		SD		8.9969		3.534		1.9568		1.5994		5.1274		1.9816		2.5476		1.7985		1.6851

		SE		5.2922941176		2.0788235294		1.1510588235		0.9408235294		3.0161176471		1.1656470588		1.4985882353		1.0579411765		0.9912352941





Summary

								4.3448235294		4.3448235294		0.7183529412		0.7183529412		1.6350588235		1.6350588235

								1.3852352941		1.3852352941		0.3299529412		0.3299529412		0.7688235294		0.7688235294

								4.1774705882		4.1774705882		0.4804117647		0.4804117647		0.5332764706		0.5332764706

								7.0329411765		7.0329411765		0.4960352941		0.4960352941		1.2020588235		1.2020588235

								5.6662352941		5.6662352941		0.9072352941		0.9072352941		1.82		1.82

								5.6817647059		5.6817647059		0.9034117647		0.9034117647		1.2587647059		1.2587647059

								9.3070588235		9.3070588235		0.8979411765		0.8979411765		4.3627058824		4.3627058824

								10.8682352941		10.8682352941		2.236		2.236		6.9641176471		6.9641176471

								5.8237058824		5.8237058824		1.8985882353		1.8985882353		4.0977647059		4.0977647059



6 Hr

24Hr

72Hr

G6-NH2 Dendrimer



G4-G5-PEG-72HR

								6.9741176471		6.9741176471		5.2922941176		5.2922941176		2.5955294118		2.5955294118

								6.6952941176		6.6952941176		2.0788235294		2.0788235294		2.0402352941		2.0402352941

								6.8641176471		6.8641176471		1.1510588235		1.1510588235		3.1105882353		3.1105882353

								6.6988235294		6.6988235294		0.9408235294		0.9408235294		3.8954705882		3.8954705882

								6.5682352941		6.5682352941		3.0161176471		3.0161176471		1.9023529412		1.9023529412

								8.5076470588		8.5076470588		1.1656470588		1.1656470588		4.3693529412		4.3693529412

								5.844		5.844		1.4985882353		1.4985882353		4.3036470588		4.3036470588

								5.3414117647		5.3414117647		1.0579411765		1.0579411765		0.9831176471		0.9831176471

								6.9852941176		6.9852941176		0.9912352941		0.9912352941		4.3660588235		4.3660588235



6 Hr

24Hr

72Hr

G6-COOH Dendrimer



G6-PEG-G6-OH-24HR

								1.1505882353		1.1505882353		2.7754705882		2.7754705882		2.7493529412		2.7493529412

								0.7144705882		0.7144705882		3.6138235294		3.6138235294		2.2217647059		2.2217647059

								1.1032352941		1.1032352941		5.1431176471		5.1431176471		2.7514705882		2.7514705882

								2.2134117647		2.2134117647		3.2357058824		3.2357058824		3.8731764706		3.8731764706

								1.8083529412		1.8083529412		3.0124705882		3.0124705882		2.9441764706		2.9441764706

								2.4508823529		2.4508823529		3.4125294118		3.4125294118		2.91		2.91

								1.4329411765		1.4329411765		2.2964117647		2.2964117647		2.4073529412		2.4073529412

								1.0856470588		1.0856470588		2.4852352941		2.4852352941		2.5097058824		2.5097058824

								1.0668235294		1.0668235294		3.0333529412		3.0333529412		2.4669411765		2.4669411765



6 Hr

24Hr

72Hr

G4-PEG Dendrimer



NH2-COOH-6HR

								2.55		2.55		0.5912941176		0.5912941176		4.6499411765		4.6499411765

								1.7803529412		1.7803529412		0.1274764706		0.1274764706		7.5847058824		7.5847058824

								0.7752941176		0.7752941176		0.7184117647		0.7184117647		4.1768823529		4.1768823529

								1.2052941176		1.2052941176		0.4277058824		0.4277058824		6.5405882353		6.5405882353

								1.7844117647		1.7844117647		0.9044705882		0.9044705882		7.3729411765		7.3729411765

								1.3510588235		1.3510588235		0.7374117647		0.7374117647		5.9935294118		5.9935294118

								1.1367647059		1.1367647059		0.7448823529		0.7448823529		7.7747058824		7.7747058824

								1.9230588235		1.9230588235		0.5656764706		0.5656764706		5.1741764706		5.1741764706

								1.4386470588		1.4386470588		0.4623705882		0.4623705882		5.2914117647		5.2914117647



6 Hr

24Hr

72Hr

G5-PEG Dendrimer



NH2-COOH-24HR

								0.3733117647		0.3733117647		2.7493529412		2.7493529412		2.7493529412		2.7493529412

								2.4537058824		2.4537058824		2.2217647059		2.2217647059		2.2217647059		2.2217647059

								1.3321764706		1.3321764706		2.7514705882		2.7514705882		2.7514705882		2.7514705882

								1.9917647059		1.9917647059		3.8731764706		3.8731764706		3.8731764706		3.8731764706

								1.3238823529		1.3238823529		2.9441764706		2.9441764706		2.9441764706		2.9441764706

								1.2446470588		1.2446470588		2.91		2.91		2.91		2.91

								1.0945294118		1.0945294118		2.4073529412		2.4073529412		2.4073529412		2.4073529412

								1.4554117647		1.4554117647		2.5097058824		2.5097058824		2.5097058824		2.5097058824

								1.2495294118		1.2495294118		2.4669411765		2.4669411765		2.4669411765		2.4669411765



6 Hr

24Hr

72Hr

G6-PEG Dendrimer



NH2-COOH-72HR

								0.3733117647		0.3733117647		2.7493529412		2.7493529412		2.7493529412		2.7493529412

								2.4537058824		2.4537058824		2.2217647059		2.2217647059		2.2217647059		2.2217647059

								1.3321764706		1.3321764706		2.7514705882		2.7514705882		2.7514705882		2.7514705882

								1.9917647059		1.9917647059		3.8731764706		3.8731764706		3.8731764706		3.8731764706

								1.3238823529		1.3238823529		2.9441764706		2.9441764706		2.9441764706		2.9441764706

								1.2446470588		1.2446470588		2.91		2.91		2.91		2.91

								1.0945294118		1.0945294118		2.4073529412		2.4073529412		2.4073529412		2.4073529412

								1.4554117647		1.4554117647		2.5097058824		2.5097058824		2.5097058824		2.5097058824

								1.2495294118		1.2495294118		2.4669411765		2.4669411765		2.4669411765		2.4669411765



8 Hr

24Hr

72Hr

G6-OH Dendrimer



G4-G5-PEG-6HR

												2.7754705882		2.7754705882		0.5912941176		0.5912941176		0.7183529412		0.7183529412		5.2922941176		5.2922941176

												3.6138235294		3.6138235294		0.1274764706		0.1274764706		0.3299529412		0.3299529412		2.0788235294		2.0788235294

												5.1431176471		5.1431176471		0.7184117647		0.7184117647		0.4804117647		0.4804117647		1.1510588235		1.1510588235

												3.2357058824		3.2357058824		0.4277058824		0.4277058824		0.4960352941		0.4960352941		0.9408235294		0.9408235294

												3.0124705882		3.0124705882		0.9044705882		0.9044705882		0.9072352941		0.9072352941		3.0161176471		3.0161176471

												3.4125294118		3.4125294118		0.7374117647		0.7374117647		0.9034117647		0.9034117647		1.1656470588		1.1656470588

												2.2964117647		2.2964117647		0.7448823529		0.7448823529		0.8979411765		0.8979411765		1.4985882353		1.4985882353

												2.4852352941		2.4852352941		0.5656764706		0.5656764706		2.236		2.236		1.0579411765		1.0579411765

												3.0333529412		3.0333529412		0.4623705882		0.4623705882		1.8985882353		1.8985882353		0.9912352941		0.9912352941



G4 PEG

G6 PEG

G6 OH

G6 NH2

G6-COOH

mg/mL

% Total LDH Leakage 
Mean + SE

24 Hr LDH Leakage



G4-G5-PEG-24HR

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		0.031927		0.46293		-0.20752		0.04257		-0.94184		-4.3633		1.5751		4.2197		5.5074		26.015		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		-10.515		9.744		-0.58173		4.9738		-0.85806		-2.865		-8.4497		-9.2496		-31.443		67.321		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		4.6739		3.777		4.6775		6.5844		5.0051		4.947		4.0925		4.2665		4.1938		1.8013		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		7.9049		12.894		7.1007		11.119		12.534		10.189		13.217		8.7961		8.9954		14.158		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused





G6-PEG-G6-OH-6HR

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		-1.2358		3.4489		3.2458		-1.4373		-1.6166		-0.80114		-0.42992		-0.46799		-2.7715		21.261		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		-1.3547		0.38491		0.58781		-0.5162		-0.57737		-0.69076		-0.30733		0.57588		-0.72954		14.485		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		4.7183		6.1435		8.7433		5.5007		5.1212		5.8013		3.9039		4.2249		5.1567		11.554		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		1.0052		0.21671		1.2213		0.7271		1.5376		1.2536		1.2663		0.96165		0.78603		1.5822		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused





G6-PEG-G6-OH-72HR

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		-5.5329		-4.5377		-2.2431		1.3458		-4.8316		3.2692		21.028		47.636		55.314		8.7351		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		-5.0993		-4.7919		-6.8615		-10.015		-12.018		-8.6974		-9.3564		-12.601		-13.529		2.6107		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		7.3862		2.3549		7.1017		11.956		9.6326		9.659		15.822		18.476		9.9003		5.1887		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		11.856		11.382		11.669		11.388		11.166		14.463		9.9348		9.0804		11.875		19.103		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused





		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		-1.2747		-2.7332		-1.7823		-4.0788		-1.8629		-1.2715		4.4059		38.337		52.744		21.59		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		-4.4843		-0.96071		-1.1493		-3.2905		0.48704		-0.50188		-2.1323		-0.001484		-1.4136		17.327		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		1.2212		0.56092		0.8167		0.84326		1.5423		1.5358		1.5265		3.8012		3.2276		3.2206		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		8.9969		3.534		1.9568		1.5994		5.1274		1.9816		2.5476		1.7985		1.6851		2.134		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused





		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		-2.0435		-2.7329		-3.0898		-3.1342		-4.9782		-4.3085		15.991		139.11		65.852		18.14		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		1.7045		-0.54849		2.0021		1.7758		1.8619		3.2122		3.2885		0.5362		6.4811		15.345		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		2.7796		1.307		0.90657		2.0435		3.094		2.1399		7.4166		11.839		6.9662		1.1211		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		4.4124		3.4684		5.288		6.6223		3.234		7.4279		7.3162		1.6713		7.4223		3.3796		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused





		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		-1.3575		1.2229		1.8816		0.33222		-0.41813		1.4577		0.47255		1.7556		4.2129		8.2796		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		4.6917		4.4721		4.4178		5.9918		6.4092		5.3744		4.4417		7.9463		5.2983		11.766		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		1.956		1.2146		1.8755		3.7628		3.0742		4.1665		2.436		1.8456		1.8136		0.44862		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		4.335		3.0266		1.318		2.049		3.0335		2.2968		1.9325		3.2692		2.4457		4.5726		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused





		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		-1.2358		3.4489		3.2458		-1.4373		-1.6166		-0.80114		-0.42992		-0.46799		-2.7715		21.261		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		-1.3547		0.38491		0.58781		-0.5162		-0.57737		-0.69076		-0.30733		0.57588		-0.72954		14.485		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		4.7183		6.1435		8.7433		5.5007		5.1212		5.8013		3.9039		4.2249		5.1567		11.554		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		1.0052		0.21671		1.2213		0.7271		1.5376		1.2536		1.2663		0.96165		0.78603		1.5822		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused





		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		1.6084		1.6408		1.5867		1.0948		2.6193		2.9572		-0.98665		2.249		3.0627		9.5853		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		2.2291		-0.0021769		-1.1015		0.063006		-0.043456		1.1667		0.097767		-0.81474		2.0749		2.844		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		0.63463		4.1713		2.2647		3.386		2.2506		2.1159		1.8607		2.4742		2.1242		1.1459		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		2.6149		6.3143		4.201		2.2501		2.2858		4.674		0.91906		1.4732		5.365		2.7829		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused





		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		-7.1618		-5.717		-6.867		-9.18		-8.5673		-11.758		-13.927		-13.741		-19.566		11.991		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		12.5		23.336		10.88		11.97		12.942		12.058		9.9234		15.975		10.557		80.771		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		<>		1		2		3		4		5		6		7		8		9		10		11		12

		A		Unused		3.0197		1.8363		3.2594		0.59626		0.35551		1.3103		1.1962		1.8655		1.7152		0.88181		Unused

		B		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		C		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		D		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		E		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		F		Unused		7.4627		1.7947		4.8761		3.2978		8.7823		5.3065		2.8131		4.7392		9.0549		10.555		Unused

		G		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused

		H		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused		Unused
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		Platelet Aggregation Assay

		10-19-/2006		Particle concentration 10ug/mL

		Run ID:AP25A-F- ITA-2

		Sample		Count		Platelets x10 9/L		Mean Platelets x 10 9/L		SD		%CV		% aggregation

		Negative Control		8134		407		403		6		1.43

		Negative Control		7971		399

		Negative Control		7623		381		380		1		0.36

		Negative Control		7584		379

		Negative Control		7882		394		380		20		5.38

		Negative Control		7304		365

								387

		Positive Control		1199		60		67		10		14.31		82.79

		Positive Control		1469		73

		Positive Control		1654		83		80		3		4.27		79.28

		Positive Control		1557		78

		Positive Control		1633		82		81		1		0.74		79.04

		Positive Control		1616		81

		AP25A		7573		379		379		1		0.25		2.11

		AP25A		7600		380

		AP25A		7875		394		386		11		2.94		0.45

		AP25A		7554		378

		AP25A		7204		360		367		10		2.75		5.20

		AP25A		7490		375

		AP25B		7710		386		390		6		1.63		-0.65

		AP25B		7890		395

		AP25B		7848		392		386		9		2.27		0.33

		AP25B		7600		380

		AP25B		7626		381		381		1		0.19		1.73

		AP25B		7605		380

		AP25C		7083		354		358		5		1.47		7.64

		AP25C		7232		362

		AP25C		7307		365		365		0		0.02		5.72

		AP25C		7305		365

		AP25C		6856		343		351		12		3.35		9.38

		AP25C		7189		359

		AP25D		6808		340		352		16		4.64		9.17

		AP25D		7270		364

		AP25D		7245		362		349		19		5.52		10.02

		AP25D		6701		335

		AP25D		7155		358		351		10		2.81		9.47

		AP25D		6876		344

		AP25E		7073		354		359		7		2.05		7.39

		AP25E		7281		364

		AP25E		7489		374		367		11		2.88		5.29

		AP25E		7190		360

		AP25E		7465		373		361		17		4.73		6.79

		AP25E		6982		349

		AP25F		7455		373		373		1		0.17		3.69

		AP25F		7473		374

		AP25F		7567		378		364		20		5.54		6.04

		AP25F		6996		350

		AP25F		7069		353		353		1		0.17		8.89

		AP25F		7052		353

		Plus Collagen Samples

		Negative Control		6250		313		318		8		2.46

		Negative Control		6471		324

		Negative Control		6541		327		326		2		0.59

		Negative Control		6487		324

		Negative Control		6259		313		312		1		0.48

		Negative Control		6217		311

								319

		Positive Control		1549		77		80		4		4.76		74.84

		Positive Control		1657		83

		Positive Control		1671		84		83		1		0.89		73.94

		Positive Control		1650		83

		Positive Control		1857		93		91		3		3.03		71.46

		Positive Control		1779		89

		AP25A		1333		67		72		8		10.55		77.39

		AP25A		1548		77

		AP25A		1289		64		71		9		12.87		77.74

		AP25A		1547		77

		AP25A		1335		67		69		3		3.71		78.48

		AP25A		1407		70

		AP25B		1657		83		82		2		2.03		74.36

		AP25B		1610		81

		AP25B		1559		78		76		2		3.06		76.05

		AP25B		1493		75

						0

		AP25B		1525		76		79		3		4.40		75.29

		AP25B		1623		81

		AP25C		1492		75		75		1		1.59		76.31

		AP25C		1526		76

		AP25C		1762		88		84		5		6.46		73.55

		AP25C		1608		80

		AP25C		1632		82		82		1		0.90		74.22

		AP25C		1653		83

		AP25D		1655		83		90		10		11.39		71.75

		AP25D		1945		97

		AP25D		2046		102		101		2		2.35		68.41

		AP25D		1979		99

		AP25D		1797		90		85		7		7.72		73.25

		AP25D		1611		81

		AP25E		1749		87		86		1		1.64		72.86

		AP25E		1709		85

		AP25E		1725		86		86		0		0.16		72.95

		AP25E		1721		86

		AP25E		1822		91		91		1		0.66		71.53

		AP25E		1805		90

		AP25F		1568		78		82		5		5.92		74.31

		AP25F		1705		85

		AP25F		1503		75		76		1		1.90		76.09

		AP25F		1544		77

		AP25F		1710		86		81		7		8.55		74.69

		AP25F		1515		76





Sheet2

		Platelet Aggregation Assay

		10/18/06		Particle concentration 100ug/mL

		Run ID:AP25A-F- ITA-2

		Sample		Count		Platelets x10 9/L		Mean Platelets x 10 9/L		SD		%CV		% aggregation

		Negative Control		4961		248		252		5		1.98

		Negative Control		5102		255

		Negative Control		4912		246		246		1		0.42

		Negative Control		4941		247

		Negative Control		5012		251		247		6		2.25

		Negative Control		4855		243

								248

		Positive Control		1593		80		80		0		0.22		67.96

		Positive Control		1588		79

		Positive Control		1574		79		82		5		5.94		66.90

		Positive Control		1712		86

		Positive Control		1590		80		79		1		1.76		68.36

		Positive Control		1551		78

		AP25A		954		48		48		1		1.97		80.51

		AP25A		981		49

		AP25A		1039		52		51		1		2.56		79.44

		AP25A		1002		50

		AP25A		915		46		46		1		1.53		81.37

		AP25A		935		47

		AP25B		2236		112		108		5		4.33		56.29

		AP25B		2103		105

		AP25B		1757		88		87		2		2.12		65.13

		AP25B		1705		85

		AP25B		1844		92		93		0		0.53		62.71

		AP25B		1858		93

		AP25C		3715		186		190		7		3.51		23.25

		AP25C		3904		195

		AP25C		3434		172		174		3		1.57		30.04

		AP25C		3511		176

		AP25C		3544		177		174		4		2.27		29.73

		AP25C		3432		172

		AP25D		3892		195		204		14		6.62		17.75

		AP25D		4274		214

		AP25D		3933		197		203		9		4.34		18.26

		AP25D		4182		209

		AP25D		4071		204		208		6		2.83		16.31

		AP25D		4237		212

		AP25E		4043		202		212		14		6.65		14.53

		AP25E		4442		222

		AP25E		4116		206		220		20		9.01		11.44

		AP25E		4676		234

		AP25E		4220		211		217		9		4.18		12.40

		AP25E		4477		224

		AP25F		4642		232		234		3		1.34		5.59

		AP25F		4731		237

		AP25F		4390		220		222		3		1.39		10.68

		AP25F		4477		224

		AP25F		4414		221		225		7		2.93		9.19

		AP25F		4601		230

		Plus Collagen Samples

		Negative Control		4093		205		203		2		0.90

		Negative Control		4041		202

		Negative Control		3915		196		195		1		0.27

		Negative Control		3900		195

		Negative Control		3829		191		186		8		4.38

		Negative Control		3599		180

								195

		Positive Control		1186		59		59		0		0.42		69.47

		Positive Control		1193		60

		Positive Control		1231		62		61		1		1.80		68.80

		Positive Control		1200		60

		Positive Control		1097		55		55		1		1.47		71.55

		Positive Control		1120		56

		AP25A		408		20		20		0		0.52		89.57

		AP25A		405		20

		AP25A		384		19		21		3		12.73		89.17

		AP25A		460		23

		AP25A		432		22		22		0		0.49		88.95

		AP25A		429		21

		AP25B		461		23		25		2		9.31		87.33

		AP25B		526		26

		AP25B		442		22		25		5		18.37		86.96

		AP25B		574		29

						0

		AP25B		450		23		24		2		7.72		87.78

		AP25B		502		25

		AP25C		750		38		41		5		12.39		78.90

		AP25C		894		45

		AP25C		761		38		39		1		3.71		79.94

		AP25C		802		40

		AP25C		834		42		39		3		7.97		79.74

		AP25C		745		37

		AP25D		971		49		49		1		1.16		74.87

		AP25D		987		49

		AP25D		852		43		44		2		4.34		77.44

		AP25D		906		45

		AP25D		1024		51		50		2		3.83		74.41

		AP25D		970		49

		AP25E		1071		54		54		1		2.27		72.06

		AP25E		1106		55

		AP25E		1268		63		64		0		0.28		67.39

		AP25E		1273		64

		AP25E		1368		68		62		8		13.54		67.96

		AP25E		1129		56

		AP25F		1204		60		64		5		8.29		67.17

		AP25F		1354		68

		AP25F		1111		56		63		10		16.58		67.70

		AP25F		1406		70

		AP25F		1251		63		63		0		0.28		67.83

		AP25F		1256		63
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				NC		PC		AP25A		AP25B		AP25C		AP25D		AP25E		AP25F		10ug/mL

		%aggregation		0.00		82.79		2.11		0.65		7.64		9.17		7.39		3.69

				0.00		79.28		0.45		0.33		5.72		10.02		5.29		6.04

				0.00		79.04		5.20		1.73		9.38		9.47		6.79		8.89

				NC		PC		AP25A		AP25B		AP25C		AP25D		AP25E		AP25F		10ug/mL+Collagen

		%aggregation		0.00		74.84		77.39		74.36		76.31		71.75		72.86		74.31

				0.00		73.94		77.74		76.05		73.55		68.41		72.95		76.09

				0.00		71.46		78.48		75.29		74.22		73.25		71.53		74.69

				NC		PC		AP25A		AP25B		AP25C		AP25D		AP25E		AP25F		100ug/mL

		%aggregation		0.00		67.96		80.51		56.29		23.25		17.75		14.53		5.59

				0.00		66.90		79.44		65.13		30.04		18.26		11.44		10.68

				0.00		68.36		81.37		62.71		29.73		16.31		12.40		9.19

				NC		PC		AP25A		AP25B		AP25C		AP25D		AP25E		AP25F		100ug/mL+Collagen

		%aggregation		0.00		69.47		89.57		87.33		78.90		74.87		72.06		67.17

				0.00		68.80		89.17		86.96		79.94		77.44		67.39		67.70

				0.00		71.55		88.95		87.78		79.74		74.41		67.96		67.83
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Impurities Assessment in the Test Article

Appropriate methods for detection/quantitation
of impurities must be employed 

Gold Nanorods case study
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Impurities/Surfactants Cause Cytotoxicity

MTT cell viability assay

LLC-PK1 cells
HepG2 cells
KB cells

Gold Nanorods test article

Cytotoxicity of PEG coated gold nanorods
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LLC-PK1 MTT Cytotoxicity Assay 

Cytotoxic

Gold nanorod sample
Ultrafiltration

Cytotoxicity is attributed to the filtrate, 
which contained residual CTAB surfactant as impurity

• Cytotoxicity was associated with the buffer, not particles
• Impurities/residual chemicals from synthesis need to be monitored and quantified with

appropriate assays Alexei P. Leonov et. Al.; ACS Nano 2008, 2, 2481-2488.



Summary

• Significant increase in product submissions containing nanomaterial 
regulated by the FDA–from simple to complex systems

• Knowledge about nanomaterial evolved in the past two decades with 
science advances

• Many nanomaterial-specific properties influence biological interaction 
and alter safety

• Advanced understanding of these properties and nuanced differences 
would enable better products to market



Acknowledgments
• NCTR-ORA Nanotechnology Core Facility Staff
• Nanotechnology Task Force, Office of the Commissioner
• National Toxicology Program, NIEHS/NIH

Past members:
Paul Howard, PhD
Udaya Nasini, PhD
Sunil Ramasahayam, PhD
Suresh Dadiboyena, PhD
Trever Todd, PhD
Ioana-Mihaele Popescu, DVM, PhD
Xian Wu, PhD
Taylor Ingle, PhD
Alokita Karmakar, PhD
Yongbin Zhang, DVM, PhD
Jia Yao, PhD
Melissa Collins, PhD
Suman Ghorai, PhD
Aahana Ganguly, PhD
Ammu Mathews, PhD
William Monroe
Yvonne Jones

Current members:
Julian Leakey, PhD
Angel Paredes, PhD
Tariq Fahmi, MD, PhD
Nathan Koonce, PhD
Goutam Palui, PhD
Sanghamitra Majumdar, PhD
Arjun Sharmah, PhD
Achyut Raghavendra, PhD
Kevin Trout, PhD
Sungyoon Jung, PhD
Brandon Canup, PhD
Anne D’Achille, PhD
Kal’e Carlisle
Jessie Collins


	Lessons Learned from Nanomaterial Characterization: Critical Quality Attributes that Influence Biological Properties�
	Conflict of Interest Statement
	Objectives
	Food and Drug Administration Mission
	FDA Guidance on Whether an FDA-Regulated Product Involves the Application of Nanotechnology
	Human Drug Product Submissions to FDA Containing Nanomaterials
	FDA Issued Final Guidances and Draft Guidance Related to Nanotechnology
	Research Infrastructure:  Opportunity for Agency-Wide and Inter-Agency Collaboration
	Monitoring Critical Quality Attributes�Drug products Containing Nanomaterial
	Nanoparticle Sample Preparation for In Vitro Studies
	Slide Number 11
	Measurement in Pristine Aqueous Suspensions�
	Fractionation of Mixtures: Asymmetric and Centrifugal Field Flow Fractionation (AFFF & CFFF)
	Size Effects on Drug Pharmacokinetics and Biodistribution�Example: 100, 150, and 200 nm Nominal Size Liposomal Doxorubicin
	TiO2 Nanoparticle Measurements
	Challenges in Sample Preparation for In Vitro Studies–Graphene Case Study
	Surface Coatings Influence Biological Interaction 
	Presence or Absence of Surface Coatings Can Alter �Biodistribution
	Slide Number 19
	Slide Number 20
	Impurities/Surfactants Cause Cytotoxicity
	Summary�
	Acknowledgments

