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MECS # 21-106094-31
Le 25 mars 2021
Destinataires : Ministéres provinciaux et territoriaux de la Santé
Objet : Achat et utilisation de masques faciaux contenant du graphéne nanoformé

La présente vise a vous informer d’un risque émergent potentiel concernant des masques
faciaux qui sont recouverts de matériaux de graphéne nanoformé, et a vous mettre en
garde contre 1’utilisation de ces instruments dans les réseaux de soins de santé, les écoles
et les garderies de votre province ou territoire.

Les masques faciaux qui comportent des allégations de propriétés antivirales ou qui font
usage de matériaux antiviraux, notamment ceux qui sont recouverts de graphene
nanoformé, sont considérés comme des instruments médicaux de classe I aux termes du
Reéglement sur les instruments médicaux (RIM), et en vertu de la Loi sur les aliments et
drogues (Loi).

Santé Canada a procédé¢ a une évaluation préliminaire des risques qui a révélé un
potentiel de toxicité pulmonaire précoce liée a I’inhalation de graphéne nanoformé. A ce
jour, Santé Canada n’a pas regu de données permettant d’appuyer I’innocuité et
I’efficacité des masques faciaux contenant du graphéne nanoformé.

Par conséquent, compte tenu de 1’absence de données probantes fournies par les
fabricants pour appuyer [’utilisation sécuritaire et efficace des masques recouverts de
graphene nanoformé, Santé Canada juge inacceptables les risques liés a ces instruments
médicaux.

Pour atténuer ce risque, Santé Canada :

1) a communiqué avec les distributeurs, les importateurs et les fabricants connus
de ces instruments médicaux pour les informer que ces instruments
contreviennent a la Loi;

2) ademandé aux entreprises qui ont vendu ces instruments d’en cesser
immédiatement la vente et de lancer un rappel pour demander que les
instruments concernés soient retourngs;

3) apréparé une mise en garde afin d’informer la population canadienne des
risques potentiels liés a I’utilisation de masques faciaux contenant des
matériaux de graphéne nanoformé;

4) a entrepris un examen de I’innocuité concernant 1’utilisation de matériaux de
graphene nanoformé dans les masques faciaux et demandé que les fabricants
fournissent des renseignements supplémentaires a 1’appui de cette évaluation.

Nous sommes conscients que ces instruments sont peut-étre distribués et utilisés dans



L |

votre province ou votre territoire. Pour le moment, Santé Canada vous recommande de
cesser I’achat et I'utilisation de masques faciaux contenant du graphéne nanoformé. C’est
pourquoi nous demandons votre collaboration afin de nous assurer que les réseaux de
soins de santé, les écoles et les garderies de votre territoire de compétence sont au courant
des préoccupations de Santé Canada quant aux risques potentiels pour la santé des
Canadiens.

N’hésitez pas a communiquer avec moi si vous avez des questions.

Nous vous remercions de I’attention que vous porterez a cette question.

Sincéres salutations,

Chad Sheehy

Directeur p.1., Programme de conformité des instruments médicaux
Direction générale des opérations réglementaires et de 1’application de la loi
Santé Canada

Chad.sheehy@canada.ca

c.c. David Boudreau
Directeur générale
Direction des instruments médicaux
Direction générale des produits de santé et des aliments
Santé¢ Canada



Nicolas Ribes Turgeon

De: Olivier Richer

Envoyé: 26 mars 2021 12:31

A: Maude Lafantaisie; Mariéve Pelletier; Claire Labrie (CIUSSSCN); Chantal Sauvageau; Stéphane Perron
Cc: Stéphane Caron; Marie-Pascale Sassine

Objet: RE: Avis de Santé Canada masque

Bonjour,

Il N’y a pas d’articles sur ce sujet dans nos différents tableaux Google Sheet.
Meilleures salutations,

Olivier Richer, M.P.A., Audiologiste (#OOAQ 2982)
Institut national de santé publique du Québec

Direction des risques biologiques et de la santé au travail
Services cliniques de dépistage

945, rue Wolfe, bureau B5-42

Québec (Québec) G1V 5B3

Téléphone : (418) 650-5115 poste 5545

Courriel : olivier.richer@inspg.gc.ca

De : Maude Lafantaisie

Envoyé : 26 mars 2021 12:24

A : Mariéve Pelletier <marieve.pelletier@inspg.qc.ca>; Claire Labrie (CIUSSSCN)
<claire.labrie.ciussscn@ssss.gouv.qc.ca>; Chantal Sauvageau <chantal.sauvageau@inspg.gc.ca>; Stéphane Perron
<stephane.perron@inspq.qc.ca>; Olivier Richer <olivier.richer@inspg.qgc.ca>

Cc : Stéphane Caron <stephane.caron@inspg.qc.ca>; Marie-Pascale Sassine <marie-pascale.sassine@inspq.qc.ca>
Objet : Re: Avis de Santé Canada masque

Bonjour,

Voici les articles que j'ai trouvé a partir d'Inoreader sur le graphene et les masques:
https://pubmed.ncbi.nim.nih.gov/33259195/
https://pubmed.ncbi.nlm.nih.gov/33250970/
https://www.medrxiv.org/content/10.1101/2020.09.16.20194316v2
https://pubs.acs.org/doi/10.1021/acsnano.0c02250
https://pubmed.ncbi.nlm.nih.gov/33619412/
https://www.sciencedirect.com/science/article/pii/S2667056920300110?via%3Dihub

Cependant, nous n'avons retenu aucun de ces articles dans notre veille.
Maude

De : Marieve Pelletier <marieve.pelletier@inspg.qc.ca>

Envoyé : 26 mars 2021 12:03

A : Claire Labrie (CIUSSSCN) <claire.labrie.ciussscn@ssss.gouv.gc.ca>; Chantal Sauvageau
<chantal.sauvageau@inspg.qc.ca>; Stéphane Perron <stephane.perron@inspg.gc.ca>; Olivier Richer
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<olivier.richer@inspg.gc.ca>; Maude Lafantaisie <maude.lafantaisie@inspg.qc.ca>
Cc : Stéphane Caron <stephane.caron@inspg.gc.ca>; Marie-Pascale Sassine <marie-pascale.sassine@inspg.qc.ca>
Objet : TR: Avis de Santé Canada masque

Bonjour vous tous,

Nous avons regu la demande suivante de Richard Masseé.

Je pense qu’il est important que vous soyez informés et pour certains sollicités a savoir si vous avez vu de la littérature a
ce sujet.

Ma d3emande s’adresse surtout au groupe hygiéne et a Maude et Olivier.

Merci de nous revenir avec des éléments de réponses si vous en avez.
Marieve

De : Patricia Hudson

Envoyé : 26 mars 2021 11:39

A : Marie-Pascale Sassine <marie-pascale.sassine@inspg.qgc.ca>; Stéphane Caron <stephane.caron@inspg.qc.ca>;
Mariéve Pelletier <marieve.pelletier@inspg.qc.ca>

Objet : TR: Avis de Santé Canada

Merci de donner suite en répondant directement a Richard et me mettant en copie. SVP me revenir avec un échéancier
de réponse.

Patricia Hudson, M.D., FRCPC
Directrice scientifique
Institut national de santé publique du Québec

Direction des risques biologiques et de la santé au travail
courriel : patricia.hudson@ins

Adresse physique : 190, boulevard Crémazie, 2.36, Montréal (Québec) H2P 1E2
Téléphone : 514 864-1600, poste 3201

Adresse postale : 945, rue Wolfe, C5-21, Québec (Québec) G1V 5B3
Adjointe de direction : 418 650-5115, poste 5200

INSPQ Centre d'expertise et de référence en santé publique INSPQ
www.inspg.qc.ca

De : Richard Massé <richard.masse @msss.gouv.gc.ca>

Envoyé : 26 mars 2021 11:34

A : Jocelyne Sauvé <jocelyne.sauve @inspg.qc.ca>; Patricia Hudson <patricia.hudson @inspg.gc.ca>

Cc : Horacio Arruda <horacio.arruda@msss.gouv.gc.ca>; Yves Jalbert <Yves.Jalbert@msss.gouv.gc.ca>; Cynthia
Beaudoin MSSS <cynthia.beaudoin@msss.gouv.gc.ca>; DGSP-Média <dgsp-media@msss.gouv.qgc.ca>

Objet : TR: Avis de Santé Canada

L'origine de cette communication est de source externe. Veuillez vous assurer que I'expéditeur et le
contenu, incluant les piéces jointes, sont [égitimes avant méme de les ouvrir ou de les télécharger.

ATTENTION:

Bonjour,

Nous avons autorisé le retrait ce jour de ces masques par le réseau de I'éducation. Ne savons pas si a été beaucoup
utilise.

Est-ce possible d’avoir un avis rapide si nous devons faire qq chose pour les personnes ayant pu les utiliser. Quel type
d’information, s’il y a lieu. Ou rien du tout??

Merci beaucoup,

Richard



Richard Massé MD, MSc, FRCPC

Conseiller médical stratégique

Cabinet du directeur national de santé publique
et sous-ministre

Ministére de la Santé et des Services sociaux
Edifice Catherine-De Longpré

1075, Chemin Ste-Foy, 12¢™ étage

Québec (Québec) G1S2M1

De : Guillaume Lavoie (MSSS) <guillaume.lavoie@msss.gouv.qc.ca>

Envoyé : 26 mars 2021 11:04

A : Richard Massé <richard.masse @msss.gouv.gc.ca>

Cc : Anne-Marie Langlois <anne.marie.langlois@msss.gouv.qc.ca>; Anne-Sophie Desmeules <anne-
sophie.desmeules@msss.gouv.gc.ca>; Julie Rousseau (MSSS) <julie.rousseau@msss.gouv.qc.ca>; Marie Pinard
<marie.pinard@msss.gouv.gc.ca>; Renée Levaque <renee.levague@msss.gouv.qc.ca>; Horacio Arruda
<horacio.arruda@msss.gouv.qc.ca>; Marie-Eve Bédard <marie-eve.bedard @ msss.gouv.gc.ca>; Karen Bouffard
<karen.bouffard@msss.gouv.gc.ca>; Yves Jalbert <Yves.Jalbert@msss.gouv.qc.ca>

Objet : TR: Avis de Santé Canada

Bonjour Dr Massé,

La directrice des communications, Mme Johanne Pelletier, vient de me téléphoner pour me faire part de cet avis de
Santé Canada concernant les masques faciaux contenant du graphene nanoformé.

Des vérifications seront faites aupres de M. Luc Desbiens, a savoir si ce type de masques auraient pu circuler dans notre
réseau, mais il est confirmé que ce type de masque a circulé et a été utilisé dans le réseau de 'Education.

Mme Pelletier souhaite que vous demeuriez disponible pour éventuellement sortir dans les médias avec Mme Anne-
Marie Lepage, du MEQ.

L'intérét est d’avoir un avis médical sur 'impact de ces masques :

e Est-ce que le fait qu’un enfant ait porté ce masque peut avoir causé des dommages sur sa santé?
o Est-ce que c’est le cas par exemple sur une longue période, mais pas sur une plus courte?

Bref, vous voyez le topo.
J'attends donc votre retour, et je vais vous tenir au courant de la suite des choses en ce qui a trait aux communications.

Merci et bonne journée,

Guillaume Lavoie

Adjoint au sous-ministre adjoint

Direction générale de la santé publique
Ministere de la Santé et des Services sociaux
Edifice Catherine-De Longpré

1075, chemin Sainte-Foy, 12e étage

Québec (Québec) G1S 2M1



De : Johanne Pelletier (MCE) <johanne.pelletier.mce@msss.gouv.gc.ca>
Envoyé : 26 mars 2021 10:49

A : Guillaume Lavoie (MSSS) <guillaume.lavoie @msss.gouv.gc.ca>
Objet : TR: Avis de Santé Canada

pour info

Johanne Pelletier | Directrice

Direction des communications
Ministére de la Santé et des Services sociaux

Edifice Catherine-De Longpré
1075, chemin Sainte-Foy, 4¢ étage
Québec (Québec) G1S 2M1

418 266-8906
WWWw.msss.gouv.gc.ca

De : Audin, Thierry <Thierry.Audin@mce.gouv.gc.ca>

Envoyé : 26 mars 2021 09:55

A : Johanne Pelletier (MCE) <johanne.pelletier.mce @msss.gouv.qc.ca>; Karine White <Karine.White@msss.gouv.qc.ca>;
Nathalie Lévesque (MCE) <nathalie.levesque.mce@msss.gouv.gc.ca>; Nathalie Foster
<Nathalie.Foster@education.gouv.gc.ca>; Terry McKinnon <Terry.Mckinnon@economie.gouv.gc.ca>

Cc : Lavoie, Antoine <Antoine.Lavoie@mce.gouv.gc.ca>

Objet : Avis de Santé Canada

Avertissement automatisé : Ce courriel provient de I'extérieur de votre organisation. Ne cliquez pas sur les liens et
les piéces jointes si vous ne reconnaissez pas |'expéditeur.

Bonjour,

Serait-il possible que nous nous parlions le plus rapidement possible de cet avis de Santé Canada diffusé en soirée hier
?

Mereci.

Bonne journée.

Thierry Audin

Ce courriel est a usage restreint. S'il ne vous est pas destiné, veuillez svp le détruire et en informer I'expéditeur.



De: Marieve Pelletier

A: Ciprian Mihai Cirtiu
Objet : Urgent_Besoin avis NANO_Avis de Santé Canada
Date : 26 mars 2021 14:49:00
Piéces jointes : ~WRD0001.jpg

GrapheneMaskPTnotice Final - FR.pdf
Importance : Haute

Bonjour Ciprian, P-Y Tremblay m’a donné ton nom pour nous aider peut-étre dans une réponse
rapide a

Nous avons recu une demande de réponse rapide suite a I'avis de Santé Canada concernant les
risques a la santé des masques contenant du graphéne nanoformé.

La demande vient de Richard Massé a la DGSP.

Le hic c’est que ce type de masques aurait été distribué dans les écoles et portés par des enfants.
Voir message ci-dessous.

Dr Massé a besoin de savoir s'il y a des risques a la santé pour des enfants qui ont portés ce masque
et ce méme sur une courte période (exemple, en continu durant 7 ou 14 jours) et méme beaucoup
plus dans certains cas.

Tu peux me joindre si tu as besoin de plus d’info. Nous avons commencé a sortir des articles sur le
sujet.

Marieve Pelletier, Ph.D

Coordonnatrice scientifique du GT-SAT COVID
Conseillere scientifique spécialisée

Unité de santé au travail

Institut national de santé publique du Québec
(418) 650-5115, poste 5223



De: Marieve Pelletier

A: Axelle Marchand; Jean-Bernard Gamache

Cc: Pierre-Yves Tremblay; Stéphane Perron; Marie-Pascale Sassine; Stéphane Caron
Objet : RE: Avis de Santé Canada

Date : 26 mars 2021 15:37:00

Piéces jointes : image001.jpg

Bonjour Axelle,

Merci de ton retour. Je viens de discuter avec P-Y et avec Ciprian.

Jai recu plusieurs réponses a court terme qui nous permettra je crois de faire un premier jet de
répondre et surtout d’identifier les éléments supplémentaires que nous devons aller chercher
comme information. Possible que I'on sollicite ton expertise dans un deuxieme temps lorsqu’on aura
un peu plus d’information sur les masques en question. Merci de ton soutien.

Marieve Pelletier, Ph.D

Coordonnatrice scientifique du GT-SAT COVID
Conseillére scientifique spécialisée

Unité de santé au travail

Institut national de santé publique du Québec
(418) 650-5115, poste 5223

De : Axelle Marchand

Envoyé : 26 mars 2021 15:14

A : Mariéve Pelletier <marieve.pelletier@inspg.qc.ca>; Jean-Bernard Gamache <Jean-
Bernard.Gamache@inspq.qc.ca>

Cc : Pierre-Yves Tremblay <pierre-yves.tremblay@inspg.qc.ca>; Stéphane Perron
<stephane.perron@inspg.qc.ca>; Marie-Pascale Sassine <marie-pascale.sassine@inspg.qc.ca>;
Stéphane Caron <stephane.caron@inspg.gc.ca>

Objet : RE: Avis de Santé Canada

Bonjour,

Est-ce que la réponse vise a commenter la toxicité des nanoparticules de graphene ?
Personnellement, je crois que I'essentiel de la question est de savoir si des nanoparticules de
graphéne pourraient avoir été inhalées (ces nanoparticules ne sont pas nécessairement émises lors
du port du masque). Je ne suis pas particulierement qualifiée pour répondre a cette question, mais
je suis disponible pour vous assister au besoin.

Axelle Marchand, M. Sc.

Conseillére scientifique

Unité Evaluation et soutien a la gestion des risques
Direction de la santé environnementale et de la toxicologie
Institut national de santé publique du Québec

190, boulevard Crémazie Est, Montréal (Québec) H2P 1E2
514 266-4090



Eric Bédard

De: Ciprian Mihai Cirtiu
Envoyé: 25 juin 2021 11:10

A: Jean-Bernard Gamache
Objet: TR: avis SC (Sophie)

De : Stéphane Caron

Envoyé : 29 mars 2021 10:29

A : Pierre-Yves Tremblay <pierre-yves.tremblay@inspq.qc.ca>; Ciprian Mihai Cirtiu <ciprian-mihai.cirtiu@inspq.qc.ca>
Objet : TR: avis SC (Sophie)

PVI

Stéphane Caron
Médecin-conseil

Santé au travail, DRBST

418 650-5115 poste 5231
stephane.caron@inspg.qgc.ca
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De : Claire Labrie (CIUSSSCN) <claire.labrie.ciussscn@ssss.gouv.qc.ca>

Envoyé : 29 mars 2021 07:46

A : Mariéve Pelletier <marieve.pelletier@inspg.gc.ca>

Cc : Marie-Pascale Sassine <marie-pascale.sassine@inspg.qc.ca>; Stéphane Caron <stephane.caron@inspg.qgc.ca>;

Stéphane Perron <stephane.perron@inspg.qc.ca>; Maude Lafantaisie <maude.lafantaisie@inspg.qc.ca>
Objet : TR : avis SC (Sophie)

ATTENTION: L'origine de cette communication est de source externe. Veuillez vous assurer que I'expéditeur et le

contenu, incluant les piéces jointes, sont |égitimes avant méme de les ouvrir ou de les télécharger.

Bonjour,

Voici la réponse du REPTOX...

Clavive Labrie

Hygiéniste du travail

Direction de santé publique de la Capitale-Nationale-Santé au travail
CIUSSS de la Capitale-Nationale

Téléphone : 418 666-7000, poste 10233



claire.labrie.ciussscn@ssss.gouv.gc.ca

De : Répertoire Toxicologique <reptox@cnesst.gouv.gc.ca>

Envoyé : 26 mars 2021 17:55

A : Claire Labrie (CIUSSSCN) <claire.labrie.ciussscn @ssss.gouv.gc.ca>
Objet : RE: avis SC (Sophie)

Avertissement automatisé : Ce courriel provient de I'extérieur de votre organisation. Ne cliquez pas sur les liens et
les piéces jointes si vous ne reconnaissez pas l'expéditeur.

Bonjour,

Comme convenu au téléphone, voici les liens vers des documents contenant des informations, pour des travailleurs
adultes, en cas de libération du produit :
e NIOSH, Occupational Exposure to Carbon Nanotubes and Nanofibers : https://www.cdc.gov/niosh/docs/2013-
145/pdfs/2013-145.pdf
¢ |RSST, Rapport R-840 - Nanomatériaux Guide de bonnes pratiques favorisant la gestion des risques en milieu
de travail : R-840.pdf (irsst.qc.ca)
e CNESST, Répertoire toxicologique — Fiche compléte pour le noir de charbon : Fiche compléte pour Noir de

carbone - CNESST (gouv.gc.ca)

Si nous trouvons d'autres documents, nous vous les ferons parvenir.

Bonne fin de journée

CNESST  sophie CHARRON M.Sc.
~ Conseillére experte en prévention-inspection

Direction générale de la gouvernance et du conseil stratégique en prévention
Commission des normes, de I'équité, de la santé et de la sécurité du travail
1199, rue De Bleury, 3e étage
Montréal (Québec) H3B 3J1
514 906-3080, 2556
1888 330 6374, 2556

Votre porte d'entrée unique pour les services en matiére de travail
cnesst.gouv.qgc.ca

De : Claire Labrie (CIUSSSCN) <claire.labrie.ciussscn@ssss.gouv.qc.ca>
Envoyé : 26 mars 2021 15:03




A : Répertoire Toxicologique <reptox@cnesst.gouv.qc.ca>
Objet : avis SC (Sophie)

Clavive Labrie

Hygiéniste du travail

Direction de santé publique de la Capitale-Nationale-Santé au travail
CIUSSS de la Capitale-Nationale

Téléphone :418 666-7000, poste 10233

claire.labrie.ciussscn@ssss.gouv.gc.ca

Ce message est confidentiel et est a l'usage exclusif du destinataire identifié ci-dessus. Toute autre personne est, par les présentes, avisée qu'il lui
est strictement interdit de le diffuser, de le distribuer, d'en dévoiler le contenu ou de le reproduire. Si vous avez regu cette communication par
erreur, veuillez en informer I'expéditeur par courrier électronique immédiatement et détruire I'original de ce message ainsi que toute copie.
Devez-vous vraiment imprimer ce courriel? Pensons a I'environnement.



Eric Bédard

De: Claire Labrie (CIUSSSCN)

Envoyé: 29 mars 2021 11:22

A: Marieve Pelletier

Cc: Stéphane Caron; Stéphane Perron; Marie-Pascale Sassine; Maude Lafantaisie

Objet: TR : Toxicité du graphéne nanoformé

Pieces jointes: Toxicology of Graphene-Based Nanomaterials.pdf; Toxicity Studies on Graphene-Based

Nanomaterials.pdf; Occupational exposure to graphene based.pdf

ATTENTION: L'origine de cette communication est de source externe. Veuillez vous assurer que I'expéditeur et le
& contenu, incluant les piéces jointes, sont Iégitimes avant méme de les ouvrir ou de les télécharger.

Voici d'autres documents envoyés par le REPTOX.

Claive Labrie

Hygiéniste du travail

Direction de santé publique de la Capitale-Nationale-Santé au travail
CIUSSS de la Capitale-Nationale

Téléphone : 418 666-7000, poste 10233
claire.labrie.ciussscn@ssss.gouv.gc.ca

De : Linda Berchiche <linda.berchiche@cnesst.gouv.qc.ca>

Envoyé : 29 mars 2021 11:11

A : Claire Labrie (CIUSSSCN) <claire.labrie.ciussscn@ssss.gouv.qc.ca>
Cc : Sophie Charron <sophie.charron@cnesst.gouv.qc.ca>

Objet : Toxicité du graphéne nanoformé

Avertissement automatisé : Ce courriel provient de I'extérieur de votre organisation. Ne cliquez pas sur les liens et
les pieces jointes si vous ne reconnaissez pas |'expéditeur.

Bonjour Madame Labrie,

Ma collégue Sophie Charron m’a demandé de vous envoyer, si j’en dispose, des documents sur la toxicité du graphéne
nanoforme.

Je vous envoie les documents les plus récents que j'ai en ma possession en espérant qu’ils vont vous aider dans vos
réflexions.

Bonne Journée!



(CNESST  Linda BERCHICHE , M.Sc., M.Env.
~—  Conseillere en prévention-inspection
DGPIP - Direction de I'hygiene du travail
Commission des normes, de I'équité, de la santé et de la sécurité du travail
1199, rue De Bleury, 3e étage
Montréal (Québec) H3B 3J1
514 906-3080, 2296

Votre porte d'entrée unique pour les services en matiére de travail
cnesst.gouv.gc.ca

Ce message est confidentiel et est a I'usage exclusif du destinataire identifié ci-dessus. Toute autre personne est, par les présentes, avisée qu'il lui
est strictement interdit de le diffuser, de le distribuer, d'en dévoiler le contenu ou de le reproduire. Si vous avez recu cette communication par
erreur, veuillez en informer |'expéditeur par courrier électronique immédiatement et détruire I'original de ce message ainsi que toute copie.
Devez-vous vraiment imprimer ce courriel? Pensons a I'environnement.
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Occupational exposure to graphene based
nanomaterials: risk assessment

Marco Pelin, 22 Silvio Sosa, (22 Maurizio Prato (2 **<9 and Aurelia Tubaro (2 *?

Graphene-based materials (GBMs) are a family of novel materials including graphene, few layer graphene
(FLG), graphene oxide (GO), reduced graphene oxide (rGO) and graphene nanoplatelets (GNP). Currently,
the risk posed by them to human health is associated mainly with the occupational exposure during their
industrial and small-scale production or waste discharge. The most significant occupational exposure
routes are inhalation, oral, cutaneous and ocular, inhalation being the majorly involved and most studied
one. This manuscript presents a critical up-to-date review of the available in vivo toxicity data of the most
significant GBMs, after using these exposure routes. The few in vivo inhalation toxicity studies (limited to
5-days of repeated exposure and only one to 5 days per week for 4 weeks) indicate inflammatory/fibrotic
effects at the pulmonary level, not always reversible after 14/90 days. More limited in vivo data are avail-
able for the oral and ocular exposure routes, whereas the studies on cutaneous toxicity are at the initial
stage. A long persistence of GBMs in rodents is recorded, while contradictory genotoxic data are reported.
Data gap identification is also provided. Based on the available data, the occupational exposure limit
cannot be determined. More experimental toxicity studies according to specific guidelines (tentatively
validated for nanomaterials) and more information on the actual occupational exposure level to GBMs are
needed. Furthermore, ADME (Absorption, Distribution, Metabolism, Excretion), genotoxicity, develop-
mental and reproductive toxicity data related to the occupational exposure to GBMs have to be
implemented. In addition, sub-chronic and/or chronic studies are still needed to completely exclude
other toxic effects and/or carcinogenicity.

by oxidation and/or functionalization of graphene, and
characterized by a variable lateral size, thickness, surface

In recent years, the development of carbon-based nano-
materials (CBNs) and nanotechnology has constantly
increased, offering a wide range of novel opportunities and
solutions in different areas of research and application,
which involve the environment, manufacturing technology
and health care. As a consequence, an emerging area of
concern in toxicology is represented by the manufactured
nanomaterials.”

One of the last discovered CBNs is graphene, consisting of
two-dimensional, single atom thick sheets of planar sp> bound
carbons arranged in a honeycomb-like structure, with a high
surface area on both sides of the planar axis.”> Furthermore,
different graphene-based materials (GBMs) have been obtained
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area, shape, carbon-to-oxygen ratio and possible surface
functionalization.>® GBMs are promising tools for a broad
range of possible applications in electronics, energy techno-
logy, sensors and biomedicine.*” However, GBMs are sur-
rounded by a plethora of unanswered questions regarding
their safety. Although their potential toxicity has already been
highlighted, limited toxicity studies on GBMs are available and
the risk posed by them to human health remains largely
unexplored. In fact, despite more than 19000 scientific
publications on GBMs are available since their discovery by
Novoselov et al.,® only about 250 of them reported toxicity data
and about 70 (0.4% of total publications) included in vivo
toxicity findings on laboratory animals (Fig. 1), the key com-
ponent of the hazard identification process.

The main risk to human health posed by GBMs appears to
be associated with the occupational exposure to these
materials, their applications being still at the experimental
stage.” During their industrial or small-scale production and
waste discharge, humans can be exposed to GBMs mainly by
inhalation, cutaneous and ocular routes, the respiratory tract,
the skin and the eyes being in direct contact with the work
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Fig. 1 Number of publications reporting toxicity studies of GBMs com
pared with the total number of publications on graphene, for each year
(source: http://www.pubmed.com; keywords: graphene, in vivo toxicity
or in vitro toxicity).

environment. Ingestion can also occur by accidental oral
intake and/or by secondary swallowing of inhaled GBMs.

In the occupational hazard assessment, various types of
data are used, including human data, data from laboratory
animal studies, data from in vitro studies and non-testing data
that can be derived from the physicochemical properties of a
substance. For GBMs, human data, case reports and medical
surveys of workers are not available so far. Thus, on the basis
of the occupational exposure routes, we carried out a critical
review of the literature on GBM toxicity provided by laboratory
animal studies, together with monitoring data in the work
environment. In vivo toxicity studies were focused on few layer
graphene (FLG), graphene oxide (GO), reduced graphene oxide
(rGO) and graphene nanoplatelets (GNP), which are considered
as starting materials for further functionalization and of inter-
est for industrial production.

Ocular

/
[ oral

Intestine

GBNs

Wt

...

View Article Online

Review

2. Methods of literature review

A systematic review of the literature on GBM toxicity in labora-
tory mammals and monitoring data in occupational settings
was performed with no time restriction, according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.” The electronic databases
(PubMed, Scopus and ToxLine) were used as data sources,
using the term “graphene”.

Inclusion criteria were: (1) in vivo studies on FLG, GO, rGO
and GNP in laboratory mammals after exposure routes
mimicking possible occupational exposure in humans; (2)
monitoring data in the work environment; (3) full text articles;
(4) English language. Exclusion criteria included editorials,
not related abstracts and studies carried out on functionalized
and/or composite forms of graphene (i.e. polymer- or polysac-
charide-conjugated graphene). For each study, information
including the physicochemical properties of the administered
GBMs, dosage and routes of exposure as well as outcomes was
extracted independently.

3 In vivo toxicity studies related to
occupational exposure

As shown in Fig. 2, very few and incomplete data related to
GBM toxic effects after the main occupational exposure routes
are available, so far.

Respiratory exposure

The majority of in vivo toxicity studies were carried out to
assess the effects at the respiratory level after exposure to
GBMs by inhalation, intratracheal instillation or pharyngeal
aspiration. Studies in rodents after acute exposure to GBMs by
intratracheal instillation or pharyngeal aspiration revealed rela-
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Fig. 2 Summary of the existing knowledge on GBM toxicity in animal models. As signs of toxicity, data of inflammation, granuloma formation,
fibrosis and necrosis reported in the revised literature were considered. Data are divided between the main occupational exposure routes. Pictures
report the organs in which the main toxic effects (on the right) and biodistribution (on left) of the main GBMs (FLG, GO, rGO, GNP) were found.
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Table 1 Physicochemical properties of GBMs evaluated in the in vivo studies after other respiratory exposure (intratracheal exposure and

pharyngeal aspiration)

Thickness In vivo
Lateral Chemical exposure
size (nm) nm Layers  Surface area composition  Impurity Density ~ Aggregation  route Ref.
FLG 60 590 0.97 3.94 46 n/a C 89% n/a n/a Aggregated it 14
0 6%
N 3.6%
H1.4%
n/a 1.2 5.0 n/a 40000 nm” n/a n/a n/a Aggregated it 11
5000 30000 n/a 10 100 m* g " n/a n/a 2gem™  Aggregated  pa 12
GO 2000 3000 2 23 338 441m’g™"  n/a n/a n/a n/a it 19
n/a 0.5 2.0 n/a 200 000 nm* n/a n/a n/a n/a it 11
100 150 n/a n/a n/a n/a n/a n/a Aggregated  pa 18
2000 3000 n/a 23 n/a n/a Inorganic n/a n/a it 16
impurities (<1.5%)
rGO 100 150 n/a n/a n/a n/a n/a n/a Aggregated  pa 18
1000 2000  n/a 23 411 m>g™" n/a Inorganic n/a n/a it 16
impurities (<1.5%)
GNP 2000 34 n/a 735m* g’ n/a n/a n/a n/a it 13
2000 20000 8 25 28 84 106 747m*g™' nja n/a n/a Aggregated  pa 15
<2000 <5 nm <4 >700 m> g n/a n/a n/a n/a it 17

it intratracheal exposure; pa pharyngeal aspiration. n/a data not available.

tively severe lung inflammation, as reported in a recent
review.'® Among the investigated GBMs, on evaluating inflam-
matory cells and/or inflammatory markers in the broncho-
alveolar lavage fluid as indices of lung inflammation, GO
appeared to be the most toxic one compared to rGO, GNP or
FLG, which appeared to be the least toxic GBM at the pulmon-
ary level.'®" In contrast, in a very recent comparative study in
male C57BL/6 mice (8 weeks-old), pharyngeal aspiration of GO
induced lower toxic effects than rGO.'® However, it should be
noted that the physicochemical properties of the tested
materials are not always completely reported in these studies
(Table 1), making a direct comparison of the effects of GBMs
difficult. For instance, chemical composition is not always
reported for GO and/or rGO, giving no information on the oxi-
dation state of these materials. Similarly, thickness, surface
area and chemical composition data are missing in the
majority of the studies.

The studies after intratracheal instillation also suggest that
the level of graphene dispersion seems to affect its lung tox-
icity: highly dispersed graphene induced modest acute lung
inflammation without fibrosis in male C57BL/6 mice (8-12
week-old) and its toxicity appeared to be lower than that of
aggregated graphene, which lodged in the airways and
induced local fibrosis."" Furthermore, graphene appears to be
accumulated mainly in the lungs, as recorded for '*C-FLG
(5 pg per mouse) in male ICR mice (4 weeks-old): 47% of the
dose was still detected in the lungs after 4 weeks and the
remaining was distributed in the liver and spleen.'* Similarly,
after intratracheal instillation, GNP (2.5-5.0 mg kg™') was
retained in the lungs of male ICR mice (6 weeks-old) for up to
28 days.'® Very recently, a reproductive toxicity study was
carried out in male NMRI mice (age/weight not specified) after

15896 | Nanoscale, 2018, 10, 15894 15903

the intratracheal instillation of commercial GO once a week for
7 consecutive weeks (18 pg per mouse per instillation; cumu-
lative dose: 126 pg per mouse). The increased neutrophil
number in the broncho-alveolar lavage fluid suggested pul-
monary inflammation."®

In conclusion, these few studies after intratracheal instilla-
tion suggest the lung as the target organ and the storage depot
of GBMs, with the following toxicity rank: FLG < GNP < rGO <
GO. Different pieces of evidence of lung inflammation and
fibrosis were observed both after acute exposure and after one
exposure per week for 7 consecutive weeks. Moreover, a long
persistence of "*C-FLG and GNP in the lungs was observed.

However, intratracheal instillation or pharyngeal aspiration
involves a non-physiological delivery of GBMs, which may lead
to a less homogeneous distribution of materials as well as
higher local concentrations and toxic effects than those
occurring by occupational inhalation exposure.'® For these
reasons, inhalation exposure by head-nose or only-nose
delivery systems, mimicking the usual human exposure
scenario, is more suitable for the hazard identification and
characterization.

Currently, only five in vivo studies after inhalation exposure
to FLG, GO or GNP are reported. Each study was carried out in
rats exposed to an atmosphere containing particles with an
aerodynamic diameter small enough to reach the broncho-
alveolar region (Table 2). The first study was carried out in
male Wistar rats (7 weeks-old) head-nose exposed for 5 days
(6 h per day) to FLG containing 3D-graphite impurities. The
atmosphere contained a mean concentration ranging from
0.54 to 10.1 mg m~> with calculated particle depositions using
apparent and agglomerate densities of 0.26 and 0.29 mg per
lung. Three and 24 days after the last treatment, the broncho-

This journal is © The Royal Society of Chemistry 2018
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Table 2 Physicochemical properties of GBMs evaluated in the in vivo studies after inhalation exposure (head nose or only nose exposure)
Thickness
Lateral Chemical Test atmosphere
size (hnm) nm Layers Surface area composition Impurity Density Aggregation (pm) Ref.
FLG <10000 9 nfa  131m’g"' C84.1% 3D graphite;  0.02 g mL™" ~40 pum, crumpled MMAD<O0.4; particle 20
0 8.8% sulfur impurity napkin size 0.473 0977
S 5.4%
Na 0.6%
Si 0.4%
550 8 n/a  100m>g~' C76.8% n/a n/a n/a MMAD  0.567; 21
010.4% particle size
Na 10.5% 0.010 0.130
P 2.4%
GO 10 120 n/a n/a n/a C 56.8% n/a 0.46 3.76 mg m™> n/a Equivalent 23
020.2% hydrodynamic
K 11.3% diameter
Na 8.3% 0.15 0.25
Cl 3.4%
500 5000 1 12 846m>g' C4245% n/a 1.7gmL™" Stacked platelet ~ MMAD 0.203; 24
0 35 40% structure particle size
0.265 34
GNP <2000  0.35 0.38 20 30 750m>g™' C96% n/a 0.2gmL™" n/a MMAD  0.123; 22
0 4% particle size
0.265 34

n/a data not available.

alveolar lavage fluid of rats exposed to 3.05 or 10.1 mg FLG per
em” showed cytological, cytokine and enzyme activity changes
related to acute/sub-acute inflammation. In parallel, a dose-
dependent accumulation of single macrophages or small
aggregates of alveolar macrophages loaded with black particles
(recognized as graphene) were found in the lungs of all FLG-
treated rats (mainly in the lumen of alveoli; only a few in the
alveolar wall, alveolar ducts and terminal bronchioles). In
addition, lung microgranulomas were also observed after the
recovery period of 24 days, without any alteration of the lung
parenchyma. For this study, the authors declared to have fol-
lowed the Organization for Economic Co-operation and
Development (OECD) test guideline (TG) 412, which indicates
a 4-week exposure period (5 days per week; 6 h day™).
However, the rats were exposed to FLG only for 1 week (5 days;
6 h day ").>°

In another study, male Sprague-Dawley rats (6 weeks-old)
were nose-only exposed for 5 days (6 h day ') to commercial
FLG. The mean atmosphere FLG concentrations were 0.68 or
3.86 mg m~, corresponding to deposited doses of 3.6 or
20.3 pg per rat per day, respectively. The exposure to FLG did
not change the body weight or organ weight of the rats, also
during the recovery period of 28 days. No significant difference
was observed in the blood levels of lactate dehydrogenase,
protein and albumin between the FLG-treated rats and con-
trols. Histopathological analysis showed FLG ingestion by
alveolar macrophages.”"

In a study on GNP, male Sprague-Dawley rats (6 weeks-old)
were nose-only exposed for 4 weeks (6 h day ', 5 days per
week) to commercial GNP and monitored up to 90 days after
exposure, according to the OECD TG 412. In the test atmo-

This journal is © The Royal Society of Chemistry 2018

sphere, the mass concentration of GNP particles ranged from
0.12 to 1.88 mg m™>, corresponding to daily deposited doses
of 0.6-9.9 pg per rat. Particles of the inhaled GNP were
observed in alveolar macrophages up to 90 days post-exposure,
with translocation also to lung lymph nodes. However, they
did not induce any lung pathology, inflammation, change
in blood biochemical parameters or genotoxic effects at the
pulmonary level, evaluated using the comet assay. The
authors reported a No-Observed-Adverse-Effect-Level (NOAEL)
>1.88 mg m—>.*?

Minor signs of toxicity were recorded for GO: male Sprague-
Dawley rats (6 weeks-old) nose-only exposed for 6 h to GO
showed alveolar macrophages with ingested GO, also during
the recovery period of 14 days.>® These results are in line with
a very recent inhalation study in which male Sprague-Dawley
rats (6 weeks-old) were nose-only exposed for 5 days (6 h day ™)
to a GO having different physicochemical properties (Table 2)
and monitored up to 21 days after exposure. The delivered
mass concentrations of GO ranged from 0.76 to 9.78 mg m™>,
corresponding to 3.25 x 10°-9.97 x 10> particles per cm®. No
significant effects were observed in the hematological analysis
or in the broncho-alveolar lavage fluid inflammatory markers
and cell number, both at the end of the exposure and during
the recovery period. However, alveolar macrophages with
ingested GO were observed, although a gradual clearance was
noted during the 21-day recovery period.>*

Overall, the authors of three of five studies reported various
levels of lung inflammation in Wistar or Sprague-Dawley rats
after inhalation exposure to FLG, GNP or GO, not always revers-
ible at the last observation time (ranging from 14 to 90 days).
Although a NOAEL >1.88 mg m™> of GNP was defined, based

Nanoscale, 2018, 10, 15894 15903 | 15897
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Table 3 Physicochemical properties of GBMs evaluated in the in vivo studies after oral exposure
Thickness
Lateral size (nm) nm Layers Surface area Chemical composition Impurity Density Aggregation Ref.
GO 40 n/a n/a n/a n/a n/a n/a Agglomerated 25
200 1.8 2 n/a C/Oratio 2.11 n/a n/a n/a 27
rGO 88 n/a n/a n/a n/a n/a n/a n/a 26
472 n/a n/a n/a n/a n/a n/a n/a
n/a data not available.

on the lack of inflammation and other lung pathologies, blood
biochemical parameter changes and genotoxic effects, the
presence of GNP in macrophages and in lung lymph nodes
was recorded up to 90 days after inhalation exposure.*”
Furthermore, it has to be underlined that inhalation exposure
to GBMs was limited to 6 h or 1 week (5 days per week; 6 h
day ") and only in one study it was extended to 4 weeks (5 days
per week; 6 h day '), although the validated guidelines indi-
cate 4 weeks or 13 weeks of exposure (5 days per week; 6 h
day ). No sub-chronic and chronic toxicity tests are available
to evaluate other toxic effects and/or carcinogenicity, so far.

Oral exposure

Considering the exposure by ingestion, in vivo studies after
oral administration are limited to GO and rGO, whose physico-
chemical properties are reported in Table 3. Male Sprague-
Dawley rats (8-10 weeks-old) daily exposed by gavage to GO
(10-40 mg per kg per day) for 5 days showed dose-dependent
tissues signs of nephrotoxicity, tentatively mediated by oxi-
dative stress.”® In contrast, no alteration of kidney and liver
functions or hematochemical parameters was recorded in
male C57BL/6 mice (6-8 weeks-old) after daily oral exposure by
gavage, for 5 days, to 60 mg kg™' of small or large sized rGO.
On evaluating the mouse behavior, only a short-term decrease
in locomotor activity and impaired neuromuscular coordi-
nation were initially observed, without effects on anxiety-like,
exploratory, spatial learning and memory behaviors or tissue
changes in the hippocampus and neuroglia cells in the brain.
Moreover, after daily oral exposure by gavage, for 5 days, to
60 mg kg™ of "*’I-rGO, radioactivity was detected throughout
the whole body after one day from the last exposure: in des-
cending order in the kidney, stomach, liver, lung, and blood,
indicating a considerable absorption of rGO. The majority of
radioactivity decreased 15 or 60 days after the treatment.>®

A perinatal study on GO (0.05 and 0.5 mg ml™" in drinking
water, from day 1 to 21 after parturition) was carried out in
female ICR mice (age/weight not specified) during the lacta-
tion period to verify the developmental effects on offspring.
Significant perinatal toxic effects were observed and ascribed
to the decreased maternal water consumption containing GO
during lactation and the reduced milk production.*”

In conclusion, after 5-day repeated oral exposure to
rGO, the persistence of radioactivity significantly decreased

125)
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after 15 or 60 days. A significant absorption was recorded in
mice after 1 day from the last exposure, the kidney being the
most involved organ.>® These data seem to be in agreement
with the nephrotoxicity recorded in rats orally exposed to GO
for 5 days.”® A reduced milk production, tentatively consequent
to a decreased maternal mouse consumption of GO-containing
water, induced significant perinatal effects. However, these
studies, limited to GO and rGO, provide insufficient data for
the GBMs’ hazard identification and characterization associ-
ated with oral exposure.

Cutaneous exposure

Regarding cutaneous toxicity, except for few in vitro studies
showing the ability of FLG and GO to penetrate human
primary keratinocytes and to exert low cytotoxic effects toward
human HaCaT keratinocytes and CRL-2522 fibroblasts,*®* ! no
data are currently available on GBM effects at the skin level,
one of the main barriers between the human body and the
environment.

The lack of these data hinders the characterization of
GBMs’ effects at the skin level.

Ocular exposure

Concerning ocular toxicity, only two studies, limited to GO,
were carried out. An acute eye irritation test in New Zealand
white female rabbits (6 months-old), carried out according to
the OECD TG 405, showed that dripping of GO on the conjunc-
tival sac (10 pg per eye) did not cause local reactions. In con-
trast, after daily exposure of female Sprague-Dawley rats (3
weeks-old) to the same GO (25-200 ng per eye per day, for 5
days), reversible mild corneal opacity, conjunctival redness
and corneal epithelium damage were noted at 100 and 200 ng
per eye, which were mitigated by a topical treatment with
reduced glutathione as an antioxidant agent.** Another study
in Japanese white rabbits (2-3 kg body weight, gender not
specified) showed that single intravitreal injection of GO
(100-300 ng per eye), which mimics a physical injury rather
than exposure by eye contact, induced negligible effects on
eyeball appearance, intraocular pressure, eyesight and electro-
retinogram up to 49 days, when histological analysis revealed
no retinal alteration and a very small amount of residual GO.*?
However, the physicochemical characterization of the tested
materials is incomplete (Table 4).

This journal is © The Royal Society of Chemistry 2018
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Table 4 Physicochemical properties of GBMs evaluated in the in vivo studies after ocular exposure
Thickness
Lateral size (nm) nm Layers Surface area Chemical composition Impurity Density Aggregation Ref.
GO 120 <1.2 1 n/a n/a n/a n/a n/a 32
n/a 1 1 n/a n/a n/a n/a n/a 33

n/a data not available.

Although these findings indicate only minor ocular effects,
they are not sufficient to draw any conclusion on GBMs’ effects
at the ocular level.

Overall, some of these toxicity data suggest potential
adverse effects for some materials, but general conclusions on
GBMs’ effects cannot be drawn due to the limited solid avail-
able toxicity studies on laboratory animals. Consequently,
these toxicological data are not sufficient as a starting point
also to derive an occupational exposure limit (OEL) for GBMs
in working places. Further toxicological studies, tentatively
according to validated guidelines, have to be carried out to
identify and characterize the hazard posed by GBMs. These
studies should consider also other toxic effects, including gen-
otoxicity and carcinogenicity as well as developmental and
reproductive toxicity. In fact, although Kim et al did not
record genotoxic effects in the lung tissues of rats repeatedly
exposed by inhalation to GNP (5 days, 6 h day ),>* other in
vivo studies after different exposure routes showed the geno-
toxic potential for some GBMs. In fact, El-Yamany et al’!
observed genotoxicity (DNA damage in the lung cells and chro-
mosomal aberrations in the bone marrow) in male albino
mice (strain not specified; 25 g) after the repeated intraperito-
neal injection of GO (10-500 ug kg™, once a week, the number
of weeks not specified). A genotoxic effect (micronucleated
polychromic erythrocytes) was also recorded after 5 days of
repeated intravenous injections of GO to Kunming mice
(25-30 g; gender not specified).>® Thus, the occurrence of gen-
otoxic effects after long-term occupational exposure to GO or
other GBMs cannot be excluded.

Concerning the developmental and reproductive toxicity,
only two studies after oral and intratracheal exposure, respect-
ively, are available. Perinatal toxicity in offspring after oral
daily exposure (day 1-21 post parturition) of lactating mice to
GO by drinking water (0.05 and 0.5 mg ml™") was investigated,
recording a significant retardation of the body weight, body
length and tail length gain in the filial mice after exposure to
0.5 mg GO ml™" (~0.8 mg per mouse per day). Moreover, a
delayed development of offspring and a decreased length of
the intestinal villi were recorded during the lactation period.
These effects could be ascribed to the reduced milk production
due to the decreased GO-containing water consumption by
maternal mice.>” In contrast, no reproductive toxicity in male
mice was recorded after intratracheal instillation of GO, once a
week for 7 consecutive weeks (18 pg per mouse per instillation;
cumulative dose: 126 pg per mouse). No significant changes in
epididymal sperm parameters, daily sperm production or tes-

This journal is © The Royal Society of Chemistry 2018

tosterone levels were found after GO exposure, suggesting no
reproductive toxicity in male mice."®

4. Occupational human exposure

Besides the potential hazard of GBMs, a crucial point of estab-
lishing OELs is the accurate and uniform evaluation of the
human exposure in working places. Very limited data are cur-
rently available on airborne GBM concentrations in occu-
pational settings, whose level depends on the production
method and the measures aimed to reduce the exposure. For
GNP, the airborne concentration during the collection of pro-
ducts from the discharge vessel was measured at 2.27 and
0.017 mg m>.*® This concentration range is comparable to
that not inducing signs of toxicity after 5 days of repeated
nose-only exposure of rats to GNP (0.12-1.88 mg m>)**> and
even lower than that of GO (0.76-9.78 mg m™).>* Very recently,
experimental data, mimicking graphene production using
chemical vapor deposition (CVD) in a working place, demon-
strate no measurable risk of exposure to airborne graphene in
the studied site and only a transient increase in graphene pres-
ence during the cleaning of the reactors.'® In another study,
the exposure to graphene was monitored in two working places,
one using graphite exfoliation and CVD, and the other growing
graphene on a copper plate using CVD, which is then trans-
ferred to a polyethylene terephthalate sheet. The peak particle
number concentration was lower than 40000 cm™, with
elemental carbon concentrations mostly below the detection
limit, tentatively indicating a very low presence of graphene or
of any other particles and very limited exposure.’” In another
study, occupational exposure to GBMs by workers during the
large-scale production of graphene was assessed. After 8 h
average exposure, the particle concentration in air ranged from
909 to 6438 particles per cm?, equivalent to 0.38-3.86 pg cm>.*®
Comparable results were recently recorded for graphene within
a study proposing a multi-metric approach based on the harmo-
nized and tiered OECD methodology, in a research and develop-
ment laboratory.>® All these concentrations are far lower than
the inhalation exposure levels to GBMs provoking toxicity in
animals, as assessed by inhalation studies (see above).

5. Data gap identification

During this literature survey, some gaps in knowledge to
assess the safety of GBMs for human health, ranging from

Nanoscale, 2018, 10, 15894 15903 | 15899
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incomplete and not homogeneous physicochemical infor-
mation of the studied materials to the actual human exposure,
were identified.® In particular, despite the use of standardized
preparation procedures, GBMs with different physicochemical
properties (i.e. lateral size, surface area, shape, aggregation,
etc.) can be obtained. These differences are known to affect the
toxicological properties of a GBM: for instance, the same
material can induce different effects if tested as dispersed par-
ticles or as agglomerates, aggregates or agglomerated aggre-
gates. Nevertheless, the physicochemical characterization of
the investigated GBM is not reported through standardized
parameters in all the toxicological studies (Tables 1-4).
Therefore, a correct comparison of the effects recorded for the
same type of GBM is not always allowed. Furthermore, some
basic information on animals and experimental conditions,
which can impair the value of the in vivo toxicological results
(i.e. gender, age/weight, strain of animals, dark-light cycle,
environmental temperature, etc.), are missing in some studies. It
has to be underlined that besides the environmental conditions
of the animal house, which could provoke hormonal variations
affecting a toxic response, also the intrinsic animal character-
istics (i.e. gender, strain, age, etc.) can affect the toxic response.

These gaps can be overcome using validated guidelines for
nanomaterials, if available (i.e. OECD TG 412 and 413, for
inhalation exposure). Nevertheless, it has to be considered that
the results obtained following validated guidelines for chemi-
cals cannot always be directly applied to nanomaterials and,
consequently, the toxicological evaluation has to be extrapo-
lated with particular care.

Particular attention has to be paid to the exposure routes,
focusing on the most suitable animal models mimicking real-
life human exposure in occupational settings. For instance,
studies after respiratory exposure should be carried out using
head-nose or only-nose exposures models, avoiding non-phys-
iological routes (i.e. intratracheal instillation or pharyngeal
aspiration).

Further information on the Absorption, Distribution,
Metabolism and Excretion (ADME) is also needed. In fact, only
two animal studies on GBMs’ ADME related to occupational
exposure are available: they are limited to respiratory or oral
exposure to FLG, GNP or rGO."*'*2¢ Other studies reporting
ADME data were carried out after exposure routes not associ-
ated with an occupational scenario. In particular, after
repeated intraperitoneal injection (8 injections in 4 weeks) in
female Wistar/emdb outbred rats (6 weeks-old), GO (4 mg
kg™") was accumulated as large agglomerates (up to 10 mm)
along the injection site, as medium dots (around 2 mm) along
the mesentery and as small dots (<1 um) in the connective and
fatty tissues of the liver serosa.*® After an acute intravenous
injection of small or large "*’I-GO (1 mg kg™') in male ICR
mice (age/weight not specified), a different distribution of the
two materials was observed: small GO mainly accumulated in
the liver, with few particles in the lungs and spleen, whereas
the lungs became the main storage depot for large GO.**

Considering genotoxicity, few contradictory studies in
rodents are reported: only one after respiratory exposure to
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GNP** and two by intravenous or intraperitoneal injection of
GO.34’35

Developmental toxicity should also be more deeply investi-
gated, considering that oral administration of GO to maternal
mice during lactation was shown to cause growth retardation
in offspring.”” GO was shown to also induce malformations
in the embryos of the aquatic vertebrate zebrafish, an alterna-
tive model to assess developmental toxicity, incubated in a
medium containing GO at concentrations above 1 pg ml™".*?
Similarly, zebrafish embryos exposed to FLG (1-50 pug 17) up
to 96 hours showed significant mortality, delayed hatching,
morphological defects, yolk sac edema and pericardial
edema.*® Moreover, a single intravenous injection of small
rGO or large rGO nanosheets (6.25 or 12.5 mg kg™') to ICR
female mice (6-8 weeks-old) caused maternal death or abor-
tion during the late gestational stage,** not giving any devel-
opmental toxicity indication due to the high administered
doses.

In addition, reproductive toxicity data after the usual occu-
pational exposure routes should be implemented, although no
adverse effects were observed after repeated intratracheal
instillations (one exposure per week for 7 consecutive weeks)
of GO in NMRI male mice.'® Similarly, no reproductive adverse
effects were observed in ICR male mice after single intravenous
(6.25-25 mg kg™") or 5 days of intraperitoneal injection (up to
60 mg kg~ day ') of small GO or large GO." No effects were
recorded after the intravenous injection of small rGO or large
rGO to ICR male and female 6-8 week-old mice (6.25-25.0 mg
kg ").** No histopathological changes were recorded in the
testes of BALB/c mice (6-8 weeks-old) after the intravenous
injection of GO (200 pg per mouse)*® or FLG (20 mg kg™") to
Swiss albino mice (4-5 weeks-old).”” In contrast, the repeated
intraperitoneal injection of GO (0.4, 2.0 and 10.0 mg kg *
day™, 7 or 15 repeated doses on alternate days for 15 or 30
days) to male Wistar rats (10-12 weeks-old) resulted in some
adverse effects on the sperms: oxidative stress in the testes
and, at the highest dose, also reduced sperm motility, total
sperm count, morphological sperm abnormalities and tissues
alterations in the testes. Anyway, structure and function altera-
tions in the testes showed a significant recovery within 30 days
of recovery period, while the fertility of male rats was not
affected after the GO treatment.*® The physicochemical pro-
perties of the materials tested in these studies are reported in
Table 5.

Furthermore, more data should be acquired on the poss-
ible impact of GBMs on the immune system. In fact, GBM
accumulation in the macrophages and lung inflammation
frequently recorded in rodents after airway exposure to
these materials envisage an impact on the immune system.
Moreover, several in vitro studies showed significant effects of
GBMs on immune cells.*** Thus, in vivo studies should be
carried out to elucidate the effects of GBMs on the immune
system, also considering the use of these materials as bio-
medical tools.

Particular attention has to be paid to the potential carcino-
genic effects of these materials, due to (i) their long persist-

This journal is © The Royal Society of Chemistry 2018
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Table 5 Physicochemical properties of GBMs evaluated in the in vivo studies after other exposure routes
Thickness In vivo
Lateral Chemical exposure
size (nm) nm Layers  Surface area composition  Impurity ~ Density Aggregation  route Ref.
FLG 160 0.8 24 n/a n/a n/a n/a n/a iv 47
GO 8 25 n/a n/a 540 650 m*g™'  n/a n/a n/a n/a ip 40
100 500 0.9 1 n/a n/a n/a n/a n/a iv 41
1000 5000 n/a n/a n/a n/a n/a
156.4 0.7 1.5 12 n/a n/a n/a n/a n/a iv 35
300 1000 1 n/a n/a n/a n/a n/a Stable® iv 46
55 <4 n/a n/a n/a n/a n/a n/a iv/ip 45
238 n/a n/a n/a n/a n/a n/a
n/a n/a n/a n/a n/a n/a n/a n/a ip 34
5000 10000 0.8 2 36 >350 m> g™ " C77.5% n/a 0.121gmL™  n/a ip 48
0 16.0%
S 0.4%
H1.2%
N 4.9%
rGO 68 n/a 15 n/a n/a n/a n/a n/a iv 44
659 n/a n/a n/a n/a n/a n/a

iv  intravenous exposure; ip intraperitoneal exposure. n/a
least 1 month at room temperature.

ence in the animal body recorded in the available ADME
studies using radiolabeled materials;'****" (ii) the inflamma-
tory/fibrotic effects, observed in the lungs after acute intratra-
cheal instillation or 5 days of repeated inhalation exposure,
and the deposition in the lung macrophages, which appeared
to be not reversible within 14/90 days recovery.'"'*'%2°* On
the basis of the current available data, carcinogenic effects
induced by GBMs cannot be excluded, considering that related
materials (some types of multiwalled carbon nanotubes) are
classified by the International Agency for Research on Cancer
(IARC) within the 2B group (possibly carcinogenic to humans).
However, it should be clear that long, aggregated multiwalled
carbon nanotubes have a completely different shape as well as
mechanical properties, in comparison with graphene. Thus,
considering the potential future market of GBMs, information
on the potential carcinogenicity of these materials should be
gathered for proper risk management to protect human health
and environment, in compliance with specific regulations,
such as the REACH (Registration, Evaluation, Authorisation
and restriction of Chemicals) in the European Union. Sub-
chronic and chronic studies following validated guidelines,
suitable for regulatory purposes, are also necessary for the
hazard identification and characterization of GBMs.

More data are also required for the occupational exposure
assessment of GBMs through environmental monitoring
studies carried out at the breathing area of the workers as well
as by cutaneous dosimetry on the workers’ skin or clothes.
Moreover, it has to be kept in mind that the exposure can be
complex, involving more than one exposure route. Further
exposure monitoring data should include the measurement of
GBMs and/or toxicity biomarkers in workers exposed to these
materials, until other human data (i.e. case reports, epidemio-
logical studies etc.) are not available.”®

This journal is © The Royal Society of Chemistry 2018

data not available. “ The authors report that the GO suspension was stable for at

All this information is important to define the OELs for
GBMs, which could be further adjusted when workers health
surveillance and/or other human data will be available.

6. Conclusions

The risk to human health posed by GBMs is associated mainly
with an occupational scenario, during their industrial or
small-scale production and waste discharge, which can occur
mainly by inhalation, ingestion, cutaneous and ocular
exposure. The inhalation toxicity data in laboratory animals,
especially those obtained by toxicological studies, partially fol-
lowing the OECD guidelines, suggest that acute, 5 days and/or
4 weeks of repeated inhalation exposure to the tested GBMs
(FLG, GO and GNP) might induce lung inflammatory/fibrotic
reactions. However, these data are not sufficient to determine
OELs since the relevant studies have been limited to a
maximum of 5 days or 4 weeks of repeated exposure, so far.
Anyway, based on the available data, airborne levels of GBMs
in occupational settings seem to be lower than those inducing
signs of toxicity in animal studies. Nevertheless, it is note-
worthy that chronic and/or carcinogenicity studies are not yet
available.

On the other hand, no conclusions can be drawn for the
oral, cutaneous and ocular exposure for which very scanty
data, limited to GO or rGO are available, so far.

Thus, more data for the hazard identification and charac-
terization should be acquired by robust sub-chronic and
chronic toxicological studies, following the official guidelines
for regulatory purposes. If available, validated guidelines
specific for nanomaterials have to be used, since those vali-
dated for chemicals cannot always be applied to nano-

Nanoscale, 2018, 10, 15894 15903 | 15901
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materials: in this case, the toxicological evaluation has to be
extrapolated with particular care. In parallel, environmental
monitoring to assess the actual occupational exposure to
GBMs should be carried out in working places, in association
with workers’ health surveillance. Once occupational exposure
to GBMs and their impact on human health are clarified, we
believe that identification of high-quality and safe GBMs, pro-
duced by the optimized standard procedures, will provide
benefits to different industrial sectors and healthcare fields, in
compliance with defined regulations, thus improving the poss-
ible negative public perception on nanotechnology.
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Abstract: Graphene and its oxide are nanomaterials considered currently to be very promising
because of their great potential applications in various industries. The exceptional physiochemical
properties of graphene, particularly thermal conductivity, electron mobility, high surface area,
and mechanical strength, promise development of novel or enhanced technologies in industries.
The diverse applications of graphene and graphene oxide (GO) include energy storage, sensors,
generators, light processing, electronics, and targeted drug delivery. However, the extensive use and
exposure to graphene and GO might pose a great threat to living organisms and ultimately to human
health. The toxicity data of graphene and GO is still insufficient to point out its side effects to different
living organisms. Their accumulation in the aquatic environment might create complex problems in
aquatic food chains and aquatic habitats leading to debilitating health effects in humans. The potential
toxic effects of graphene and GO are not fully understood. However, they have been reported to cause
agglomeration, long-term persistence, and toxic effects penetrating cell membrane and interacting
with cellular components. In this review paper, we have primarily focused on the toxic effects of
graphene and GO caused on aquatic invertebrates and fish (cell line and organisms). Here, we aim to
point out the current understanding and knowledge gaps of graphene and GO toxicity.

Keywords: graphene; graphene oxide; fish; invertebrates; toxicity

1. Introduction

Graphene is an allotrope of carbon [1]. It is defined as single layer of carbon sheet with a hexagonal
packed lattice structure with sp? hybridized carbon atoms tightly packed in a 2D honeycomb lattice,
which provides large surface area on both sides of the planar axis [2]. The unmodified basal plane sites
of graphene comprise free surface 7t electrons that are hydrophobic [3]. However, the hydrophobicity
of the graphene is strongly thickness-dependent, with single-layer graphene being significantly more
hydrophilic than its thicker counterparts [4]. The ideal graphene is a single-layer carbon atom held
together by covalent bonds. It is difficult to isolate a single layer of graphene, hence graphene is also

Molecules 2020, 25, 3618; doi:10.3390/molecules25163618 www.mdpi.com/journal/molecules



Molecules 2020, 25, 3618 2 of 22

categorized as few-layer graphene (2-5 nm), multilayer graphene (2-10 nm), and graphite nanoplates
(2D graphite materials, thickness > 100 nm) [5,6].

It is the strongest and thinnest known material known to man [7]. Graphene consists of unique
properties such as thermal conductivity [8,9], impermeability to gases, stiffness, high Young’s modulus [9],
good optical transparency [10], high carrier mobility at room temperature, excellent mechanical strength,
large surface area, and outstanding electrocatalytic activity [1,2,7,11,12]. These unique and appealing
properties of graphene make it potential candidate for biomedical application, including absorption of
enzymes [13,14], electrochemical devices [15,16], energy storage [17,18], drug delivery [19], biosensors [20,21],
photovoltaic devices [22,23], supercapacitors [24,25], photocatalysis [26,27], and fuel cells [1,2,19,28,29]
(Figure 1).

Sensors Electronics Drug targeting

o000 ®

Light processing Graphene 3D bioprinting

IQ ,-

Supercapacitors  Antimicrobial agents Construction

Figure 1. Potential application of graphene-based nanomaterials in industrial and biomedical fields.
The graphene-based nanomaterials are widely applied for producing sensor, electronic, drug targeting,
3D bioprinting, construction, antimicrobial agents, supercapacitor, and light processing.

These advantages of graphene make it desirable for the development of graphene composites
through the incorporation of different functional materials. Graphene-based composites have been
achieved successfully with organic crystals [30,31], inorganic nanostructure [32-35], biomaterials [21,36],
polymers [37-39], and carbon nanotubes [40-42].

On the other hand, graphene oxide (GO) is an intermediate product obtained during the synthesis
of reduced GO (rGO) [43-45]. It is also a two-dimensional (2D) carbon material and is viewed as
the oxidized form of graphene, with oxygen functional groups decorating the basal plane of carbon
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layer [46]. It can be regarded as a result of chemical exfoliation and oxidizing of layered crystalline
graphite [47]. Owing to the presence of the oxygen functional groups, GO nanosheets are hydrophilic
in nature. They can be dispersed in aqueous solution [46] but are not dispersive in organic solvents.
These attractive properties of GO make it suitable for biomedical applications such as gene delivery,
drug delivery, scaffolds for mammalian cell culture, and substrates for antibacterial agents [48,49].

At this increasing phase of commercial production, the presence of graphene is evident in
the environment at a significant level [50,51]. Irrespective of particular forms of graphene, a large
number of studies have demonstrated that graphene affects a wide range of living organisms,
including prokaryotes, bacteria, viruses, plants, micro and macroinvertebrates, mammals, human cells,
and whole animals in vivo [52]. Further, graphene also interacts with physiological components of
aquatic environment such as inorganic ions, colloidal particles, surface active molecules, and natural
organic matter (NOM), which are known to modify graphene surface [6]. Thus, the interaction with the
surrounding media and biota with graphene has demonstrated its transformation and degradation for
possible bioremediation of graphene and its oxides [53]. In particular, Indranil Chowdhury et al. (2013)
suggested that GO aggregation and stability in aqueous environment follows a colloidal theory [54].
GO contain many oxygen-containing groups, it is dispersible in water, and can be transported in water
through physical process or food chain. As a result, it might accumulate in the ecosystem, posing threat
for aquatic organisms and eventually to human health [55-57]. Recently, in vivo studies have revealed
bio-distribution and persistence of GO in living organisms [58—-60]. The hydrophobic lattice of graphene
tends to undergo layer-by-layer aggregation in water due to hydrophobic forces, whereas GO with
carboxyl, hydroxyl, and epoxy groups on the surface forms stable suspensions [54]. Many investigations
have assessed the effects and mechanisms related to the transport and intake of nanoparticles in
aquatic invertebrate and fish model at different growth stages to address the eco-toxicity [61-63].
Many biomarkers of environment toxicity notably the density of cellular and subcellular components
of blood, lysosomal membrane stability, apoptosis, micronucleation, cellular damages, and cytotoxic
responses have been established. Moreover, behavioral shifts and histopathological analyses are
suggested as effective parameters of toxicity screening in model invertebrates [64]. On the other
hand, fish is an important species in the aquatic food chain. Fish is potentially exposed to released
nanoparticles to the environment via the food chain or by direct absorption/adsorption from aquatic
medium [65]. The fish model includes sensitive early life-stage bioassays, sensitivity to dissolved
chemicals and materials, low rearing cost, and homology with the human genome. The emphasis on
fish model as an adjunct to conventional rodent models is gaining acceptability in toxicological research
of environment contaminants, especially the ones having direct impact on aquatic systems [66]. Hence,
results from thorough analyses of graphene-exposed fish might lead to some constructive outcome for
future developments in research.

In this present review, we will analyze the biocompatibility and toxicology of graphene and GO
in order to evaluate the safety limits needed for the implementation of upcoming researches. We will
also try to draw attention towards knowledge gaps to attain valuable insights on the fate and risks
presented by graphene and GO on fish in the aquatic environment. Furthermore, we will discuss
the key physiological factors involved in influencing the toxicity of graphene and GO in fish in the
surrounding water medium, degradation pathways, and the exposure and administration pathways.
We believe that the critical study in this field will lead to collection of current information leading to
the production of better modified materials emerging in healthcare, diagnostic, and therapeutics.

2. Graphene Chemistry

Graphene is inert in chemistry because of the immense delocalized 7 electron system [67].
The graphene in its pure form is hydrophobic and has very less solubility in most of the solvents.
The chemistry of graphene is primarily focused on to analyze the solubilization of graphene, and various
methods have been developed to attain its well-organized chemical modification. To increase the
solubility of graphene, wet chemistry techniques have been devised that are also used for graphite
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and carbon nanotubes [45,68]. The graphene sheet can readily be functionalized via non-covalent p-p
stacking or covalent C-C coupling reactions. In particular, covalent chemistry provides a strong pathway
to tailor physical properties of pristine graphene. The carbon atoms present in graphene are chemically
accessible. The derivation of graphene with different organic moieties makes graphene solubility
flexible to be adjusted to different solvents required for the processing of composite films [69-71].
Furthermore, functional groups used for modification can broaden the properties of graphene through
formation of donor-receptor complex with graphene. Based on the properties of graphene and
its derivatives, significant movement in mechanical, thermal, electrical, and viscous properties of
graphene-polymer composites can be achieved [72]. The aggregation and dispersion behavior of
graphene thus can be altered by solution chemistry. GO demonstrates different dispersion performance
in comparison to pristine graphene and reduced graphene [6]. Therefore, keeping the high variability of
graphene in mind is important to understand the interaction, adsorption, transformation, and toxicity
criteria of graphene.

3. Exposure, Accumulation, and Bio-Distribution of Graphene in Invertebrates

Invertebrates are important organisms utilized for environmental toxicological studies. They have
a relatively short life span, fast reproduction, and high sensitivity towards pollutants. They are
also cost-effective and contribute quick results. These organisms are regarded as convenient test
species for ecotoxicity studies of new chemicals and nanoparticles [73]. The invertebrates enter the
food chain at intermediate levels and are considered vehicles for recycling pollutants deposited in
sediments. They feed on bacteria, plants, algae, and other invertebrates. These also become prey
for larger organisms including fish and birds, which in turn represent a good portion of the human
diet. Therefore, the fate of contaminants, bioconcentration, bioaccumulation, and biomagnification
should be regarded as important platforms in understanding the toxicity produced, if there is any;,
over other species [74-76]. In a short-term study of 72 h on the eastern oyster (Crassostrea virginica),
both 1 and 10 mg/L GO exhibited a dose-dependent elevated lipid peroxidation. No significant changes
in glutathione S-transferase (GST) levels were observed, but a reduction in the total protein levels was
found in tissues of the digestive glands at both concentrations (1 and 10 mg/L) of the GO. Overall,
the study indicated that short-term GO exposures can induce oxidative stress, epithelial inflammation
and adversely affected the overall health of Crassostrea virginica [77]. In a similar long-term study of 14
days on Crassostrea virginica, elevated lipid peroxidation and changes in glutathione-s-transferase (GST)
were observed in tissues of gills and digestive gland exposed at 2.5 and 5 mg/L. Reactive oxygen species
(ROS) induced oxidative damage. Therefore, the study suggested that detoxification enzyme such as
GST are thought to be involved in stress signaling, leading to harmful effects on cellular health [78].

Further in a study by De Marchi et al., different concentrations of GO (0.01, 0.10, and 1.00 mg/L)
toxicity were tested over Diopatra neapolitana (a polychaete species) for 28 days. The analysis of
physiological (regenerative capacity) and biochemical (energy reserve, metabolic activity, and oxidative
stress-related biomarkers) depicted negative effects of GO on regenerative capacity of Diopatra
neapolitana, the organisms exposed to higher concentrations of GO took long periods to complete
regeneration. GO also altered the energy-related responses, such as glycogen content with high
polychaetes, which might have resulted from decreased metabolism. The research work concluded
that cellular damage happened despite higher activities of antioxidant and biotransformation enzymes
in Diopatra neapolitana exposed to GO [79]. In another study by Zhang and co-workers, acute and
chronic toxicity tests were performed on Daphnia magna with and without the presence of humic acid
(HA). The GO induced significant toxicity to Daphnia magna with a median lethal concentration of 48 h
LC50 equal to 84.2 mg/L and 21-day LC50 as 3.3 mg/L. The HA mitigated the acute and chronic toxicity
in Daphnia magna, as in the presence of HA, the decreased toxicity of GO was attributed to alleviation
of oxidative damage by HA [80]. Furthermore, assessment of the accumulation and elimination of
graphene after 24 h exposure to 250 ug/L of graphene in Daphnia magna was done by Guo and colleagues.
Their results demonstrated the accumulation of graphene at 1% of organism’s dry mass. During the
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time for depuration, these organisms bore roughly constant body burdens after 24 h regardless of
initial graphene concentration, whereas, after addition of an algae and humic acid, the depuration
resulted in significant release of accumulated graphene but leaving some graphene in the organism.
The study concluded that the remaining graphene in Daphnia magna might possess a risk to be passed
on to neonates and thus require further risk assessment and relevant evaluation [81]. In another study
by Souza et al., the toxicity of GO was further tested on freshwater flea Ceriodaphnia dubia in acute and
chronic assay. The mean effective concentration (EC50) estimated during acute exposure was 1.25 mg/L,
whereas chronic exposure of GO resulted in significant decrease in number of neonates, feeding rates,
and ROS generation. Their research group concluded that in the presence of GO, there was a shift in
the available energy for self-maintenance instead of feeding and reproduction activities [82]. Moreover,
de Melo and co-investigators reported that when toxicity of GO was ascertained in presence and
absence of trace elements (Cd, and Zn) in shrimp Palaemon pandaliformis, results suggested that GO did
not cause acute toxicity at concentration up to 5.0 mg/L after 96 h exposure. However, GO in association
with Cd and Zn increased toxicity of the trace elements as suggested by 96 h LC50 of Cd associated
with GO 1.7 times less than the 96 h LC50 of Cd alone and 96 h LC50 of Zn associated with GO 1.8 times
less than 96 h LC50 of Zn alone. Likewise, co-exposure of GO with trace elements impaired the routine
metabolism of Palaemon pandaliformis. The study recommended that more researches and evaluation
of data need to be done to understand the toxicity criteria of GO in aquatic organisms or aquatic
bodies [83].

4. Exposure of Graphene to Fish Cell, In Vitro

In determining the cytotoxicity of environmental pollutants, cell lines derived from fish are
considered very suitable experimental model. Testing the toxicity of nanomaterials is more complex
than other chemical compounds. In nanomaterials, various physiochemical properties such as
size, shape, surface area, and surface modification need to be considered prior to experimentation.
Other factors including agglomeration, aggregation, sedimentation, dissolution, concentration need to
be studied as well their fate in the test systems. If these aspects of nanomaterials are not investigated
prior to experimentation, they might interfere with the results and misleading conclusions can be
drawn. A study by Lamel et al. was done by exposing topminnow fish hepatoma cell line PLHC-1 cells
to a single layer GO and carboxyl graphene (CXYG) (16 pg/mL GO or CXYG) suspensions with an aryl
hydrocarbon receptor (AhR). Their results demonstrated pre- and co-exposure of cells to GO and CXYG
nanoplatelets induced cytochrome P450 1A (cypl1A) expression, suggesting that graphene nanoplatelets
increased the effective concentration of AhR agonists by facilitating passive diffusion into cells by
damaging the plasma membrane or transporting them over the plasma membrane via a Trojan horse-like
mechanism. Based on their results, it was found that there is an existence of combination effects
between nanomaterials and environment pollutants [84]. In a similar study, when nanoplatelets GO
and CXYG were assessed in PLHC-1 cells (GO: 0.125-16 g/mL; CXYG: 0.25-32 g/mL) for 72 h, oxidative
stress was induced. Graphene nanoplatelets penetrated the plasma membrane and accumulated in
cytosol, and these nanoplatelets interacted with the mitochondria and nuclear membrane further.
The PLHC-1 also demonstrated reduction in the mitochondrial membrane potential and increase in
ROS at 16 g/mL [85].

In another study, bluegill sunfish (BF-2 cells) were exposed to GO at concentrations of 0, 10, 20, 40, 60,
80, and 100 pg/mL for 24 h. Two biological assays (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) MTT assay and neutral red uptake (NR) resulted in cytotoxicity and oxidative stress in BF-2
cells. The tested biomarkers of oxidative stress such as lipid peroxidation, superoxide dismutase,
catalase, reactive oxygen species, and 8-hydroxy-2’-deoxyguanosine levels increased, and glutathione
level was decreased in BF-2 after treatment with GO. The GO induced a dose- and time-dependent
cytotoxicity on BF-2 cells [86]. In addition, using two different fish cell lines PLHC-1 and carp leukocytes
(CLC), the toxicity and intracellular fate of graphene oxide (GO) were evaluated at a concentration
range of 0-200 pug/mL for 24 and 72 h. The results depicted that GO had low cytotoxicity and is present



Molecules 2020, 25, 3618 6 of 22

in the vesicles as well as free in the cytoplasm of both cell types as revealed by transmission electron
microscopy (TEM) [87].

5. Exposure, Accumulation, and Bio-Distribution of Graphene in Fish Embryo and Larvae

A reliable way of nanomaterials administration to an aquatic organism is oral and direct
injection [88]. For direct injection, the vaccines/or any compound of interest are required to be
prepared with oil/water formulations that may cause adverse effects. On the other hand, graphene
nanomaterials are administered in fish using either by microinjection or by continuous exposure [89].
After careful selection, viable and fertilized eggs were either microinjected with graphene nanomaterials
in nanoliter volumes within 4 hpf (hour post-fertilization) or continuously exposed in a medium
containing graphene nanomaterials from 2 hpf until 72-168 hpf with change of medium once every
12-24 h interval [90-93]. The aggregation and stability of graphene nanomaterial can alter its
physiochemical dimensions such as size and effective surface area, which may modulate toxicity
to aquatic animals including fish [88]. The zebrafish embryos are covered by transparent acellular
membrane called chorion, which acts as primary barrier that prevents the entry of exogenous materials
including graphene nanomaterials from external environment in embryo’s body [65,94]. The route
of graphene exposure, accumulation, and bio-distribution has been investigated previously. In a
study to test the toxicity of GO and multi-walled carbon nanotubes (MWNTs), the results showed
that GO has moderate toxicity to organisms as it inhibited growth and caused slight hatching delay
among zebrafish embryos at 50 mg/L but did not depict significant increase on apoptosis in the
embryo, whereas MWNTs’ toxicity demonstrated strong inhibition of cell proliferation and serious
morphological defects in developing embryos even at lower dose of 25 mg/L. This particular work
suggested that the distinctive toxicity of GO and MWNTs can be attributed to the different models of
interaction between nanomaterials and organisms, which might arise from different geometric structure
of nanomaterials [95]. In a similar study, when toxicity of GO, MWCNTs, and reduced graphene
oxide (rGO) were tested on zebrafish embryos at a concentration of 1, 5, 10, 50, and 100 mg/L for 96 h,
results revealed the inhibition of hatching of zebrafish embryos. The heart rate of the embryos treated
with GO was significantly (p < 0.05) decreased at 100 mg/L at 48 hpf. Furthermore, rGO and MWCNTs
decreased the length of hatched larvae at 96 hpf but no mortality and morphological malformation
were observed, which further requires more results and analysis at various concentrations at different
time periods [96].

Further in a different study, when the zebrafish embryos were exposed to a concentration of
1-100 ug/L to analyze the developmental toxicity, the results yielded impaired DNA modification,
protein carbonylation, and excessive generation of ROS. The work also highlighted nonmonotonic
response of zebrafish developmental toxicity to GO at pg/L to mg/L levels. On further analysis,
transcriptomics revealed deficiencies in the collagen and matrix metalloproteinase (MMP) related
genes, which in turn affected the skeletal and cardiac development of zebrafish. Moreover, to contribute
to the results of developmental toxicity, metabolomics assay showed inhibition in amino acid metabolism
and disturbance in the ratio of unsaturated fatty acids (UFAs) to saturated fatty acids (SFAs). The work,
therefore, demonstrated developmental toxicity on the basis of involved molecular mechanism at trace
concentration equal to 10 pg/L [60].

In an interesting study of Hu et al. with parent and offspring zebrafish when GO nanosheets were
administered to parental zebrafish at a concentration of 0.01-1 pg/L, GO translocated from water to the
brain of parent fish and the offspring with major loss of claudin5a (a core component of neuroepithelial
barrier system). However, GO did not induce neurotoxicity in the parent fish and significant
neurotoxicity occurred in the offspring, exhibiting loss of dopaminergic neurons and reduction in
acetylcholinesterase (AChE) activity. Moreover, endoplasmic reticulum damage, autophagy promotion,
ubiquitin down-regulation, and increase in (3-galactosidase activities were observed, attributing
to the failures in the carbohydrate and fatty acid metabolisms. Their work suggested that more
researches and data compilation for the toxicity of GO on fish offspring at environmentally relevant
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concentration are required to do reliable analysis and to establish conclusions [97]. Similarly, in another
study when the toxicity and molecular mechanism of GO were investigated in larvae and adult
zebrafish at 0, 0.25, 0.5, and 1 mg/L for 72 h, results demonstrated that hepatotoxic phenotype has
significantly decreased liver area and a dose-dependent decrease in the number of hepatocytes.
Moreover, the number of macrophages and neutrophils in zebrafish embryos was reduced, but the
expressions of pro-inflammatory cytokines were increased after GO treatment. The thorough analyses
revealed down-regulation of lipid metabolism genes and up-regulation of immune genes. Moreover,
GO induced NF-kB p65 into the nucleus and increased the protein levels of NF-«B p65, JAK2, STAT3,
and Bcl2 in adult zebrafish liver. Overall, the elaborative study and results demonstrated GO-induced
hepatic dysfunction mainly through the ROS and PPAR-x-mediated innate immune signaling in
zebrafish [98].

In a study by Clemente and co-workers, zebrafish embryos were analyzed after 5 and 7 days of GO
exposure at 100 mg/L and humic acid (HA) at 20 mg/L either individually or together. Regardless of the
presence of HA, the larvae exposed to GO for 5 days demonstrated increase in the locomotor activity,
reduction in yolk sac size, total length, and inhibition of AChE activity. The larvae exposed to GO
for 7 days did not show any significant differences in the locomotor activity, but the RT-PCR gene
expression analysis depicted an increase in AChE expression. The work suggested that HA is associated
with toxicity risk modulation by GO and some compensatory homeostatic mechanisms might be
involved in the effects observed in zebrafish [99]. In a similar study when GO and HA were exposed
to zebrafish embryos at 0-100 mg/L, significant hatching delay and cardiac edema were observed.
The interaction of GO with chorion induced damage to chorion protuberances, excessive generation of
"OH, and changes in the secondary structure of protein, which, in contrast, were relieved by HA. On the
other hand, humic acid reduced interactions between GO and chorion mitigating chorion damage
by regulating the morphology, structure, and surface negative charges of GO, indicating a feasible
antidotal mechanism for GO in presence of HA [100].

In another study, zebrafish embryos were treated with GO at 0, 0.01, 0.1, 1, and 100 mg/L for 24, 48,
and 96 hpf. Results revealed that the GO adhered to and enveloped the chorion of zebrafish embryos
via the hydroxyl group interactions and it blocked the pore canals of the chorionic membrane causing
hypoxia and hatching delay. Furthermore, GO penetrated the chorion of embryo via endocytosis,
damaged the mitochondria, and primarily translocated to the eye, heart, and yolk sac regions involved
in circulatory system of zebrafish. In these organs, GO induced excessive generation of reactive
oxygen species, thus increasing oxidative stress, DNA damage, and apoptosis. The work highlighted
specific adverse effects of GO on embryogenesis and emphasized the potential ecological and health
risks of GO [101]. Furthermore, when GO exposure was done to zebrafish embryos at 5, 10, 50,
or 100 mg/L for 6 days and up-regulation in synapsin Ila expression at 5 mg/L with down-regulation of
dat expression were observed, showing potential compensatory mechanism. At 10 mg/L GO exposure,
increase in heart rate, absolute turn angle, brain cell damage, and decrease in dopamine levels were
observed. However, no changes were observed on higher concentrations of GO exposure, which is
attributed to GO agglomeration. The work concluded that the results of the toxic effects of GO
were not dose-dependent and are pre-eminent at lower concentrations, and hence more studies are
required to gather relevant data and analysis [102]. In the next study, dose-dependency effects of three
different sized GO particles (50-200 nm, <500 nm, and >500 nm) on zebrafish during the very early
developmental stages (4-124 h post-fertilization) were performed. The GO nanoparticles accumulated
in the eyes, the heart, the yolk sac, and the blood vessels of the fish larvae. This was also exhibited
on observed endpoints of delay in hatching time, shortened body length, modification in heart rate
and blood flow, response in photoperiod stimulation, enhanced activities of superoxide dismutase,
ACHhE, caspase-3, and induction of apoptosis-related genes expression. Specifically, oxidative stress and
induction of apoptosis in all three different sized GO particles predicted a potential risk of GO on marine
organisms [103]. The group of Li reported that when corannulene (non-planar PAH) and graphene
(planar PAH) were exposed to zebrafish larvae at 1, 10, and 50 pg/mL, minimal developmental toxicity
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and significant decrease in locomotion/increase in sleep caused by corannulene with no significant
locomotion alterations at 50 ug/mL graphene were observed. Corannulene increased sleep and reduced
locomotor activity and the expression of hcrt and hertr mRNA, while graphene did not obviously
disturb the sleep behavior and gene expression patterns [60].

6. Exposure, Accumulation, and Bio-Distribution of Graphene in Adult Fish

Acute toxicity, oxidative stress, and immune-toxicity of GO were analyzed at 1, 5, 10, or 50 mg/L
for 14 days were done in a study using the zebrafish adult model. Histological analysis of the liver
and intestine showed cellular alterations including vacuolation, loose arrangement of cells, histolysis,
and disintegration of cell boundaries. Malondialdehyde (MDA) level and superoxide dismutase (SOD)
and catalase (CAT) activities were increased and glutathione was decreased in the liver after treatment
with GO. Moreover, levels of tumor necrosis factor alpha (TNF-o), interleukin-1B, and interleukin-6
depicted induction in immune response. Hence, the work suggested GO exposure in aquatic system
caused oxidative stress and immune toxicity in adult zebrafish [104]. Moreover, the adult zebrafish
was exposed to carbon-14-labeled few-layer graphene (FLG) to analyze the effect of size on graphene
uptake, depuration, and bio-distribution as reported by Lu et al. in their research article. After 48 h
exposure to larger FLG (L-FLG) at 250 nug/L, the amount of graphene in the organism was close to
48 mg/kg fish dry mass, which was more than 170-fold greater than the body burden of those exposed
to the same concentration of smaller FLG (S-FLG). The L-FLG mainly accumulated in the gut of adult
zebrafish, and S-FLG was observed in both the gut and the liver after exposure with or without NOM.
Strikingly, the S-FLG was able to pass through the intestinal wall and enter the intestinal epithelial
cells and blood. The work suggested further tests to contribute concrete results [105]. In another
study, zebrafish were fed diets with three graphene family materials (GFMs) monolayer graphene
powder (GR), graphene oxide nanosheet (GO), and reduced graphene oxide powder (rGO) for 21 days.
Later, gut bacterial communities were analyzed and depicted alteration in intestinal morphology and
oxidative stress. Results showed that GFMs led to different inflammatory responses and significantly
altered the relative composition of the gut bacterial species by increasing the relative abundance of
Fusobacteria and the genus Cetobacterium and Lactobacillus and decreasing the abundance of Firmicutes
and the genus Pseudomonas; GR caused marked shifts in the diversity of the gut microbiota. The GFMs
also altered the intestinal morphology and antioxidant enzyme activities by inducing more vacuolation
and generating more goblet cells [106].

The effects of GO were observed on the antioxidant metabolism of zebrafish; after 48 h exposure,
SOD activity was significantly increased in 20 mg/L, CAT activity in 2, 10, and 20 mg/L, and lipid
peroxidation (LPO) had an increase in 2 mg/L, whereas glutathione peroxidase (GPx) was inhibited at
20 mg/L. Later after 168 h recovery in clean water, SOD remained elevated in 20 mg/L, CAT activity
remained unchanged and GPx activity was inhibited at 2, 10, and 20 mg/L, and LPO decreased in
2 mg/L. The study suggested that GO exposure disrupted antioxidant metabolism of adult zebrafish in
which it was not restored even after 168 h recovery period in clean water [107]. The toxic effects of
GO when evaluated on Anabas testudineus (the climbing perch) revealed accumulation of cellular lipid
peroxides specifically in the mitochondria. Activity of SOD, CAT, and, GST was augmented in contrast
to lowered level of reduced glutathione titer. The results also indicated oxidative stress in cell and
mitochondria in fish after exposure to GO, thus suggesting compilation of more data for comparison of
results and establishments [108]. In a separate study with graphene nanoparticles, fish were exposed
in 10, 20 mg/L concentrations for 10 days. Results of statistical analysis showed significant decrement
at p < 0.05 for RBC (0.770 cells/uL X 10°) in T1 and 0.850 cells/uL x 10° in T2 compared with negative
control (1.410 cells/uL x 10°). There was no significant decrease p > 0.05 of each PCV in T1 and
T2 (31 and 27%), respectively, compared with control negative (35%) and hemoglobin (10.30 and
9 mg/dL) in T1 and T2, respectively, compared with negative control (11.65 mg/dL), while the addition
of graphene nanoparticles did not affect the number of WBC in T1 and T2 (15.1 and 19.1 cells/uL x 10%),
respectively, compared with negative control (15.6 cells/uL x 10%) [109]. The summary of graphene
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and GO-related toxicity in aquatic animals have been compiled in Table 1 and depicted in Figure 2 in
the following section.

Graphene Graphene oxide Reduced graphene oxid Few layer graphene

‘ Release into environment

Cell lines Invertebrate models Aquatic vertebrate models

‘ Trigger biological responses

* N @i @

Nutrient / -
Graphene — Lipid Cell
agglomeration depilgtion peroxidation penetration Inflammation Clearance

Figure 2. Current understanding of the potential toxicity induced by graphene-based nanomaterials
graphene, graphene oxide, reduced graphene, and few-layer graphene are listed in the top panel (green
color) in fish cells, invertebrates, embryo, and adult aquatic organisms. The common-used in vitro and
in vivo aquatic animal models are listed in the middle panel (yellow color). The potential cytotoxicity
induced by graphene-based nanomaterials is summarized in the bottom panel (pink color).
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Table 1. Summary of graphene and graphene oxide (GO) toxicity in aquatic animals.
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Animal

Route of Graphene Exposure

Adverse Outcome

Dosage Concentration and Time

Ref.

Tested in invertebrate species

Crassostrea virginica

Waterborne exposure

Short-term GO exposures can induce oxidative stress,
epithelial inflammation, and adversely affect overall
Crassostrea virginica health.

1 and 10 mg/L 72 h static renewal.

[77]

Crassostrea virginica

Waterborne exposure

Elevated lipid peroxidation and changes in
glutathione-s-transferase (GST) activities were observed in
gills and digestive gland tissues of the GO-exposed oysters.

Oxidative damage, stress signaling leading to adverse effects
on cellular health.

2.5 and 5 mg/L 14 days

(78]

Diopatra neapolitana

Waterborne exposure

GO induced negative effects on the regenerative capacity,
altered energy-related responses, especially glycogen content,
and decrease in metabolism, cellular damage in Diopatra
neapolitana.

0.01, 0.10 and 1.00 mg/L 28 days

[79]

Daphnia magna

Waterborne exposure

GO induced significant toxicity to Daphnia magna. 21 days
LC50 chronic toxicity 3.3 mg L™1. In the presence of HA, the
decreased toxicity of GO was attributed to the alleviation of

oxidative damage by HA.

50.0, 65.0, 84.5, 110.0 and 143.0 mg/L
21 days

(80]

Daphnia magna

Waterborne exposure

14C-labeled graphene accumulated 1% of the organism dry
mass. Excretion of graphene at constant phase in depuration.
Addition of algae and humic acid to water during the
depuration period resulted in release of a significant fraction
(~90%) of the accumulated graphene, some remained in the
organism. Accumulated graphene in adult Daphnia was likely
transferred to the neonates.

250,100, 50 and 25 pg/L 48 h
Depuration 24 h

(81]

Ceriodaphnia dubia

Waterborne exposure

GO induced lethality, reproduction inhibition, ROS
generation, reduction on feeding rates and accumulation on
gut tract. There was a shift in the available energy for
self-maintenance rather than feeding or reproduction
activities.

Acute exposure: 0.1;0.2; 0.4; 0.8; 1.6
and 3.2mg/L,48 h
Chronic exposure: 0.05;0.1; 0.2; 0.4
and 0.8 mg/ L 7 days

(82]
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Animal

Route of Graphene Exposure

Adverse Outcome

Dosage Concentration and Time

Ref.

Palaemon
pandaliformis

Waterborne exposure

GO did not present acute ecotoxicity at concentrations up to
5.0 mg/L. The 96 h LC50 of Cd associated with GO was 1.7
times less than the 96 h LC50 of Cd alone and the 96 h LC50 of
Zn associated with GO was 1.8 times less than the 96 h LC50
of Zn alone. The co-exposure of GO with trace elements
impaired the routine metabolism of Palaemon pandaliformis.

GO-0.1;1.0;2.5 and 5.0 mg/L 96 h
Co-exposure of GO 1.0 mg/L with
trace elements Cd 1.0 mg/L and Zn
1.0 mg/L

(83]

Cyprinus carpio L.

Waterborne exposure

Significant decrease in RBC count. No significant effect on
WBC, PCV, and Hb.

0, 10, 20 mg/L, 10 days

[109]

Tested in fish cell lines

PLHC-1

Co-exposure - increasing concentration
of AhR agonist alone or in presence of
GO and CXYG.

Pre and post exposure — increasing
concentration of BKF and «-MEM, to
«-MEM + 4 mg/mL CXYG or to x-MEM
+ 16 mg/mL CXYG for another 24 h

GO and CXYG had potentiating effect on PAH- and
PCB-induced Cyp1lA expression at both the transcriptional
and the enzymatic levels. It suggested surface chemistry of

GO and CXYG did not had influence on the direct or indirect
interaction with the selected AhR agonists. The obtained
results suggest that a preceding and/or simultaneous exposure
to GO or CXYG nanoplatelets may modify the toxicokinetics
of aromatic environmental pollutants such as PAHs and PCBs.

GO and carboxyl graphene (CXYG)
at 16 pg/mL, AhR agonist.

(84]

PLHC-1

o«-MEM medium

PLHC-1 cells demonstrated significantly reduced
mitochondrial membrane potential (MMP) and increased
ROS levels at 16 pg/mL GO and CXYG (72 h), but barely any
decrease in cell viability. The observation of intracellular
graphene accumulations not enclosed by membranes suggests
that GO and CXYG internalization in fish hepatoma cells
occurs through an endocytosis-independent mechanism.

GO: 0.125-16 pg/mL; CXYG:
0.25-32 pg/mL

(85]

BF2

GO in milli Q water (stock solution) +
Eagle’s medium

GO caused mitochondrial and lysosomal damage to BF-2 cells,
oxidative stress, and morphological changes by GO through
ROS, as indicated by the evaluated biomarkers LPO, GSH,
SOD, CAT, and 8-OHdG.

0, 10, 20, 40, 60, 80 and 100 pg/mL
for24 h

(86]
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Route of Graphene Exposure

Adverse Outcome

Dosage Concentration and Time

Ref.

PLHC-1 and CLC

GRMs - Carbon nanofibers (CNFs) and
graphene oxide (GO)

GO sheets were present within vesicles as well as free in the
cytoplasm of both cell types. CNFs toxicity was inversely
related to the graphitization degree.

0-200 pug /mL of GRMs for 24 and
72h

(871

Tested at embryonic or larvae stages of fish

Danio rerio

Waterborne exposure

Hatching delay of zebrafish embryos at a high dosage of 50
mg/L. Embryos exposed to GO exhibited significant cellular
apoptosis only in the forehead and eye region, and no
aggravation of cellular apoptosis was observed with
increasing concentration of GO.

0,3.4,7.6,12.5, 25 and 50 mg/L
96 h post fertilization

[95]

Danio rerio

Waterborne exposure

GO impaired DNA modification, protein carbonylation, ROS
generation (also superoxide radical)

1-100 pg/L
2.5 hpf-7 dpf

(60]

Danio rerio
(adult and embryo)

Waterborne exposure

GO translocated from the water to the brains of parental and
offspring fish with a significant loss of claudin5a. GO did not
trigger obvious neurotoxicity in parental zebrafish, whereas
remarkable neurotoxicity occurred in the offspring, which
exhibited a loss of dopaminergic neurons and reductions in
acetylcholinesterase activity.

GO exposed to parental zebrafish
24 h prior mating 0.01-1 pg/L

[97]

Danio rerio

Waterborne exposure

Regardless of the presence of HA, larvae exposed to GO for 5
days showed an increase in locomotor activity, reduction in
the yolk sac size, and total length and inhibition of AChE
activity, but there was no difference in enzyme expression.
Results indicated that HA is associated with the toxicity risk
modulation by GO.

GO-100 mg/L & HA 20 mg/L alone
or together for 5-7 days

[99]

Danio rerio

Waterborne exposure

GO adhered to and enveloped the chorion of zebrafish
embryos mainly via hydroxyl group interactions, blocked the
pore canals of the chorionic membrane, and caused marked
hypoxia and hatching delay.

GO induced excessive generation of reactive oxygen species
and increased oxidative stress, DNA damage, and apoptosis

0,0.01, 0.1, 1, 100 mg/L for 24, 48
and 96 hpf

[101]
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Animal

Route of Graphene Exposure

Adverse Outcome

Dosage Concentration and Time

Ref.

Danio rerio

Waterborne exposure of GO, Humic
Acid (HA) and GO-HA

GO induced significant cardiac edema and hatching delay.
HA decreased the interaction between GO and chorion,
mitigated chorion damage by regulating morphology,
structures, and surface negative charges of GO

GO 0-100 mg/L
HA 0-100 mg/L
2.5 hpf-72 hpf

[100]

Danio rerio
(larvae and adult)

Injections at ventral end of larvae

GO induced hepatic dysfunction through the ROS and
PPAR-o mediated innate immune signaling in zebrafish

0,0.25,0.5, and 1 mg/L for 72 h

(98]

Danio rerio

Waterborne exposure of GO and
reduced graphene (rGO)

GO had significant effects on the heart rate, while rGO
affected the embryos hatching and the length of larvae in a
dose-dependent manner

1, 5,10, 50, 100 mg/L for 96 h

[96]

Danio rerio

Waterborne exposure

GO induced cardiac and dopaminergic alterations, as well as
neuronal gene expression and morphology modifications.
Altered locomotion in terms of increase of turn angle
suggesting parkinsonian-like motor symptoms (at low
concentrations).

5,10, 50 or 100 mg/L for 6 days

[102]

Danio rerio

Waterborne exposure

GOs induced oxidative stress and apoptosis. In particular, the
immune cell number, pro-inflammatory iNOS activity, and
AChE activity (a neural development indicator) were found to
be induced to some extent after GO exposure, suggesting the
presence of both immunomodulatory and neurotoxic effects in
zebrafish larvae. The waterborne-GO exposure on zebrafish
during early development was not merely dependent on GO
concentration but also the associated GO sizes.

GO particles (50-200 nm, <500 nm,
and >500 nm) at 0.1, 1, 10, and 100
mg/L for 4-124 h post-fertilization

[103]

Danio rerio

Microinjection (4 nL/embryo)

Graphene induced no significant locomotion alterations, sleep
behavior, and gene expression patterns.

Graphene at 1, 10, 50 ug/mL

(60]

Tested at adult stage of fish

Danio rerio

Waterborne exposure

GO caused toxicity-Oxidative stress and tissue damage
induced in fish by GO through ROS, indicated by the
biomarkers of MDA, GSH, SOD, and CAT; GO caused
immunotoxicity in fish indicated by increased expression of
inflammatory cytokines, TNF-, IL-1, and IL-6.

0,1,5,10 or 50 mg/L GO for 14 days

[104]
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Adverse Outcome

Dosage Concentration and Time

Ref.

Danio rerio

Carbon 14 labeled few-layered
graphene (FLG)

At 48 h larger FLG (L-FLG) at 250 ug/L the amount of
graphene was close to 48 mg/kg fish dry mass, 170-fold greater
than body burden of the same concentration of smaller FLG
(S-FLG). L-FLG accumulated in gut and S-FLG accumulated
in gut and liver. L-FLG and S-FLG had significantly different

impact on intestinal microbial community structure.

L-FLG- 300-700 nm
S-FLG-30-70 nm

50 pg/L, 75 pg/L and 250 ug/L
4,12,24,48,72h

[105]

Danio rerio

Graphene family materials (GFMs),
Monolayer graphene powder (GR),
graphene oxide nanosheet (GO),
reduced graphene oxide powder (rGO)

GFMs led to different inflammatory responses and
significantly altered the relative composition of the gut
bacterial species.

GFMs altered the intestinal morphology and antioxidant
enzyme activities.

1 pg in fish diet for 21 days

[106]

Danio rerio

Waterborne exposure

GO caused increase in oxidative stress, increase in lipid
peroxidation, changes in SOD, CAT, GPx. After 168 h: GO
toxic effects decreased, but homeostasis not fully recovered.

2,10, and 20 mg/L
48 h, recovery period 168 h

[107]

Anabas testudineus

Injection at base of caudal fin

GO induced oxidative stress in cell and mitochondria in fish

200 pL from 1 g/L
100 mg/L, 10 mg/L of GO in
aqueous solution
24h

[108]
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7. Current Understanding of Graphene and Graphene Oxide (GO) Toxicity and Knowledge Gaps
along with Other Carbon Nanomaterials

The unique properties of graphene and GO along with other carbon nanomaterials such as
carbon nanotubes and fullerenes have been used for various applications and can be released in
environment at significant amounts, posing threat to aquatic species as well as humans. Once released
in the bodies of water, graphene and GO can also interact with existing inorganic ions and natural
organic matter (NOM), posing threat for significant adverse effects on the ecosystem. However,
intentional exposure of graphene in biomedical applications is of interest. The literature cites
approximately 60% graphene-related materials applications in biomedical engineering as stated by
Mao et al. [110]. This signifies scientific community is focused on developing various forms of
therapy with graphene-based nanomaterials, which may yield commercialized products in the market
soon [111]. Moreover, GO could be modified to have cell surface receptors that act like a net to reduce
endocytosis and starve cells to death. This modification of GO with an anti-cancer drug might provide
additive effects to cancer cell killing in BEA-2B and KB cervix tumor cells after 48 h via WST-8 [112].
Hence, it becomes important to analyze the toxicity criteria of graphene-related nanomaterials to help
understand the specific mechanism of their working with various modifications, dose, physiochemical
properties, and model organisms. The information regarding overall concentration of graphene and
GO being released in aquatic environment is unknown [65]. However, the concentration of engineered
nanomaterials based on probabilistic material free computer model ranges from ng/L to ug/L [113].
Consequently, the disposition of graphene and GO in aqueous environment is studied under this
range. The published studies are still inadequate to establish guidelines for environmentally relevant
concentration of graphene and GO to set limits for safety measurements of aquatic organisms.

Here in the present review, we have compiled, presented, and compared the current toxicological
scenarios of graphene and GO in aquatic invertebrates and fish model organisms. We compared
the paper published number (regarding aquatic toxicity induced by carbon-based nanomaterials)
during the past 16 years (from 2004 to 2020). Results show the relative paper published number for
graphene-based nanomaterial toxicity is around 50% less than their fullerene or carbon nanotube
counterparts (Figure 3). In addition, during the compilation of this review paper, it has been observed
that there exist plenty of knowledge gaps of carbon nanomaterials (graphene, carbon nanotubes,
and fullerenes) specifically on organ toxicity of model organisms. Most of previous studies only
address LC50 or whole-body enzyme activity alterations after carbon-based nanomaterial exposure.
Although carbon-based nanomaterials toxicity studies in mentioned aquatic organisms have been
evaluated in some limited dimensions, there exists a huge gap in understanding of organ toxicity of
these organisms. However, the most prominent findings studies have reported are oxidative stress,
lipid peroxidation, and cellular penetration; there is lack of existing studies on whole organism level
like behavioral, transcriptomic, and histopathological analysis.

In case of continuous waterborne exposure, the developmental stages of the embryo and the
duration of exposure are very critical. The embryos exposed in waterborne graphene and GO might
agglomerate in the exposure media or on the chorion depleting embryo of oxygen supply and may
cause developmental deformities or worst, mortality. The chorion has been reported as a major barrier
to prevent nanomaterial uptake by fish embryos [114]. In this consideration, microinjection can be
used to deliver nanomaterials to the developmental embryos [60,98]. However, in this particular
treatment, the injected nanomaterials will be eventually diluted over time with the rapidly dividing
embryonic cells. For adult fish, the most popular method for graphene delivery is waterborne exposure.
However, the insoluble nature of graphene makes it difficult to measure the exact delivery dose.
Other more precise delivery methods like oral delivery can be considered in the future [115]. Hence,
to establish the toxicity criteria further, more studies are considered necessary to understand how
graphene and GO can induce toxicity. As for the data available for analysis, it is difficult to set safety
limits and differentiate in the effects caused by tested nanomaterials whether actual or in waterborne
concentration on the organisms.
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Figure 3. Comparison of paper publication number related to aquatic toxicity induced by three
carbon-based nanomaterials during the past 16 years (from 2004 to 2020). Papers relevant to
graphene-based nanomaterials are highlighted with blue color. Papers relevant to fullerene-based
nanomaterials are highlighted with red color. Papers relevant to carbon nanotube are highlighted with
green color.

8. Summary

In this review paper, we hereby summarize that research of graphene and GO toxicity specifically
on aquatic organisms is relatively limited. The research on graphene-based nanomaterials toxicity
has started taking place progressively in the last decade. Thus, a comprehensive understanding
of interaction of graphene and GO with environment, aquatic organisms, and other living systems
in vitro and in vivo is essential for their safe usage and further development. The large part of
available current literature indicates that graphene-based nanomaterials are cytotoxic. Although the
particular mechanism for their toxicity has not yet been established, ROS elevation, lipid peroxidation,
nutrient/oxygen depletion, and inflammation have been most widely recognized mechanisms for
graphene-based nanomaterials toxicity in aquatic organisms.

The applications and uses of graphene and GO are rising evidently in fields of biomedical
sciences, supercapacitors, sensors, and construction materials. The release of waste material from these
industries can prove to be harmful for environment, aquatic organisms, and humans. Graphene-based
nanomaterials interact with natural organic material (NOM), aggregates, adsorbs, and colloids, which in
turn can cause toxicity to aquatic organisms through many different body mechanisms. Furthermore,
the physiochemical properties of graphene and GO such as particle size, surface functional groups,
and oxygen content/surface charges may affect the toxicity upon interaction with aquatic organisms.
The data we accumulated demonstrated a lot of information gaps that does not allow establishing
a concrete statement regarding the toxicity criteria guidelines. It is also difficult to compare the
toxicological effects of graphene and GO between different studies due to diversity in size, shape,
surface modification, synthetization techniques, and model organisms. It is, hence, important to
understand the toxicity caused by graphene nanomaterials for aquatic organisms in order to facilitate
the practical applications of these promising new graphene-based nanomaterials.
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Abstract

Graphene based nanomaterials possess remarkable physiochemical properties suitable for diverse
applications in electronics, telecommunications, energy and healthcare. The human and
environmental exposure to graphene-based nanomaterials is increasing due to advancements in the
synthesis, characterization and large-scale production of graphene and the subsequent
development of graphene based biomedical and consumer products. A large number of /in vitro and
in vivo toxicological studies have evaluated the interactions of graphene-based nanomaterials with
various living systems such as microbes, mammalian cells, and animal models. A significant
number of studies have examined the short- and long-term /n vivo toxicity and biodistribution of
graphene synthesized by variety of methods and starting materials. A key focus of these
examinations is to properly associate the biological responses with chemical and morphological
properties of graphene. Several studies also report the environmental and genotoxicity response of
pristine and functionalized graphene. This review summarizes these /n vitroand in vivo studies
and critically examines the methodologies used to perform these evaluations. Our overarching goal
is to provide a comprehensive overview of the complex interplay of biological responses of
graphene as a function of their physio-chemical properties.
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2. Introduction

Carbon nanomaterials such as fullerenes, carbon nanotubes and graphene are the most
widely researched class of materials and hold immense potential to impact several scientific
disciplines [1-3]. Their transformative potential has been recognized with multiple honors
including the Kavli and Nobel Prize [4, 5]. Owing to the distinct arrangement of sp2 bonded
carbon atoms, each carbon nanomaterial can exhibit significantly different physical,
morphological and chemical properties.

Graphene, a two-dimensional (2D) sheet of carbon atoms packed in a honeycomb lattice is
widely regarded as a basic building block of graphitic allotropes (Figure 1)[6]. The
theoretical existence of graphene was discussed over 55 years ago by Slonczewski and Weiss
[7]. Landau, Peierls and Mermin reported that existence of atomically thin 2D crystals (such
as graphene) was practically impossible due to thermodynamic instabilities, a theory that
was supported by several independent experimental observations [8-11]. However, in 2004,
Novoselov and Geim isolated single sheets of graphene by micromechanical cleavage of
graphite or the “scotch-tape method” [12] and characterized their quantum electrodynamics
[13, 14]. Since then research on graphene has exploded. The number of research papers
published on graphene has been increasing exponentially (Figure 2) attracting scientists
from all areas of science and technology towards the graphene “gold-rush”. In 2013, the
European Union announced the graphene flagship project — a $1.3 billion 10 year investment
in graphene research and development to translate graphene-based technologies from
academic labs to the marketplace [15]. The Korean Graphene Project, also announced in
2013, is a $44 million 5 year investment for graphene research [16]. In 2011, United
Kingdom committed £50 million investment for graphene research [17]. Recently, in
October 2015, Chinese company Huawei Technologies has announced a $1 billion 5 year
investment towards the development of information and communications technologies
focused on graphene [18].
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Graphene has interesting optical, thermal, mechanical and electrical properties. The sp?
hybridization of 2D graphene plane results in delocalized out of plane = bonds that provide
an exceptionally high carrier mobility (~ 200,000 cm? V=1 571 for suspended graphene [19,
20] and ~500,000 cm? V=1 s71 for graphene-based field effect transistors) [21, 22].
Graphene exhibits room temperature quantum hall effect for electrons and holes [13, 23].
Graphene sheets also exhibit high surface area (2630 m? g=1) [21], thermal conductivity
(~5000 Wm K1) [24], mechanical property (Young’s modulus of ~ 1 TPa) [25] and optical
transparency (single layer graphene absorbs ~2.3% of visible light) [26].

Graphene can be synthesized using various physical (such as mechanical cleavage (“scotch
tape method”) [27] or arc discharge [28]) and chemical methods (chemical vapor deposition
[29], Hummer’s method (chemical oxidation of graphite followed by mechanical
exfoliation) [30] or longitudinal unzipping of carbon nanotubes [31]). Depending on the
method of synthesis, graphene can exist in various morphologies such as sheets, platelets,
ribbons, onions and quantum dots (Figure 3). Pristine graphene is apolar and very
hydrophaobic. It needs to be oxidized to improve its dispersibility in aqueous media.

Oxidized graphene is typically synthesized via chemical oxidation. Depending on the
synthesis or morphology of the graphene, oxidized graphene are referred by various
terminologies. For example, oxidized graphene prepared by Hummer’s method is typically
referred as graphene oxide (GO) or graphene nanoplatelet. Oxidized graphene prepared by
longitudinal unzipping are referred as graphene oxide nanoribbons. The pristine sp?
characteristic of graphene can to large extend (but not completely) be restored by treating
oxidized graphene nanoparticles with reducing agents such as hydrazine, hydrogen iodide,
etc. [32]. Although the presence of hydrogen bonds between the polar oxidative functional
groups (such as oxide, acid, alcohol, epoxide etc.) of oxidized graphene imparts colloidal
stability, the dispersibility of oxidized graphene in aqueous and biological media is
inadequate for several biomedical applications. Functionalization strategies have been
employed to further improve graphene’s aqueous dispersibility. Graphene can be covalently
or non-covalently functionalized with several chemical moieties (for instance amine) or
biological molecules (such as nucleic acids and proteins). Oxidized graphene nanoparticle-
based formulations has been extensively explored for several biomedical applications such
as bioimaging [33-35], drug and gene delivery [36—38], photothermal therapy [39, 40],
tissue engineering [41-43], and stem cell technology [44, 45]. Pristine or nearly pristine
(oxidized graphene treated with reducing agents) graphene have also been investigated for
several biomedical applications [27, 35, 46, 47].

The evaluation of /n vitro cytotoxicity and /n vivo biocompatibility is critical to develop
nanoparticle-based formulations for biomedical applications. The potential widespread use
of graphene-based nanomaterials for commercial materials science applications will increase
their interactions with biological and environmental constituents. Furthermore, a thorough
analysis of the biocompatibility of graphene is an essential prerequisite before their use for
in-vivo biomedical applications. Consequently, several studies have been performed to
assess the /n vitroand /n vivo cyto- and bio- compatibility of graphene-based nanomaterials
[48-56]. These studies indicate that the toxicity of graphene is dependent on the complex
interplay of several physiochemical properties such as shape, size, oxidative state, functional
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groups, dispersion state, synthesis methods, route and dose of administration, and exposure
times [48-57]. Post synthesis processing steps could lead to disruption of graphene structure
and production of smaller carbonaceous debris or methods to synthesize graphene could lead
to the incorporation of several metallic impurities in the final product. These confounding
factors may elicit variable toxicity responses [58—-60].

In this article, we provide a comprehensive review of recent /n vitroand in vivo toxicity
studies using graphene-based nanomaterials and examine the methodologies used to perform
these evaluations. We also review studies investigating the effects of graphene on
antimicrobial biota (eg. bacteria and fungi) and environmental constituents (e.g. crops, waste
water, etc.). Finally we summarize the current understanding of the toxicity mechanisms of
graphene-based nanomaterials. The goal of this article is to provide the readers with an
overview on graphene toxicity and its dependence on the various physiochemical properties
of graphene. Such an understanding could lead to development of strategies to mitigate
potential adverse effects for successful development of graphene—based consumer and
healthcare products.

3. In vitro toxicity

The assessment of /in vitro cytotoxicity is the initial first step towards significantly expensive
and elaborate /n vivo studies. Table 1 summarizes the /n vitro cytotoxicity of graphene and
graphene oxide (GO) assessed using several representative cell lines at various treatment
concentrations.

3.1 Dose, time, and morphology dependent cytotoxicity

Zhang et. al. investigated the interactions of graphene (diameter 100-110 nm, thickness 3-5
nm) with rat pheochromocytoma PC12 cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and Lactate Dehydrogenase (LDH) assays and
compared the results with single-walled carbon nanotubes (SWCNTS) [61]. More than 70%
cell death was observed for 100 pg/ml treatment concentration of SWCNTSs whereas no cell
death was observed for 0.01-10 pg/ml concentrations of graphene (Figure 4A). Nearly 15—
20% cell death was observed for graphene treatment at 100 pg/ml. The observed cytotoxicity
was attributed to the agglomeration of graphene, generation of reactive oxygen species
(Figure 4B) and an increased caspase-3 activation (Figure 4C) resulting in apoptosis. These
results show a dose dependent cytotoxicity trend that is dependent on the morphology (shape
and composition) of the nanomaterial, with graphene exhibiting an overall lower toxicity
compared to single-walled carbon nanotubes (SWCNTSs). Vallabani et. al. investigated the
toxicity of graphene oxide using normal human lung cells (BEAS-2B) after 24 and 48 hours
of exposure at concentrations between 10-100 ug/ml. A significant dose- and time-
dependent decrease in cell viability and an increase of early and late apoptotic cells was
observed using MTT assay [62].

Yuan et. al. evaluated the cytotoxicity of graphene oxide on human hepatoma HepG2 cells
using MTT assay, DFDA fluorescence analysis and 2D LC-MS proteome analysis [63].
After 48 hours of exposure to GO at 1 pg/ml concentration, HepG2 cells showed 6%
mitochondrial damage, 8% increase in ROS generation and no significant changes in
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apoptotic cell population, cell cycle, and expression of metabolic and cytoskeletal proteins.
Cells treated with oxidized-SWCNTSs (0x-SWCNTSs) showed ~20% mitochondrial damage,
>100% increase in ROS generation, ~26% increase in apoptotic cell population, and ~30
differentially expressed proteins involved in metabolic pathway, redox regulation,
cytoskeleton formation, and cell growth. These results suggest that GO may be less
cytotoxic compared to ox-SWCNTS. In another study, Lv et. al. show that GO does not elicit
cytotoxic or apoptotic effects in human neuroblastoma SH-SY5Y cells at low concentrations
(<80 pg/ml) [64]. Interestingly, GO enhances the retinoic acid induced differentiation of SH-
SY5Y cells, improving neurite length and expression of MAP2 (neuronal marker),
suggesting that GO may be suitable for applications in neurodegenerative diseases.

Talukdar et. al. have investigated the effects of graphene nanostructures of various
morphologies (such as oxidized-nanoribbons (GONRSs), oxidized-nanoplatelets (GONPs),
and nanoonions (GNOs)) on the toxicity and stem cell differentiation potential of human
mesenchymal stem cells (hMSCs) [65]. hMSCs (derived from bone marrow and adipose
tissue) were treated with various concentrations (5-300 pg/ml) of GONRs, GONPs and
GNOs for 24 or 72 hours and cytotoxicity was evaluated using Alamar blue and CalceinAM
assays. Results show a dose —dependent (no time-dependent) cytotoxicity of various 2D
graphene nanostructures with concentrations >50 pg/ml showing no cytotoxicity. TEM
imaging shows cellular and nuclear uptake of GNOs and GONPs (Figure 5 A-D).
Furthermore, results show that all graphene nanostructures did not induce any changes in the
adipogenic and osteogenic differentiation of hMSCs (Figure 5 E-J) suggesting the used of
graphene as labels for stem cell imaging and therapy.

Chng et. al. have reported a comparative study on the cytotoxicity of GONRs and GONPs
[66]. GONRs were synthesized from the longitudinal unzipping of CNTs and GONPs were
synthesized from stacked graphene nanofibers. /n vitro cytotoxicity evaluated using MTT
and WST-8 assays using human epithelial (A549 cells) show that GONRs exhibit a
significantly higher cytotoxic response than GONPs over all concentrations (3—-400 pg/ml).
The increased cytotoxicity of GONRs was attributed to the presence of a greater amount of
carbonyl groups (28.22% on GONRs vs. 11.06% on GONPs) and the high aspect ratio
(width x length of GONRs ~310 x 5000 nm and GONPs ~ 100 x 100 nm) of GONRs.

Akhavan et. al. have reported the cyto- and geno-toxicity of reduced GONRs and reduced
graphene oxide sheets (rGOS) using human MSCs derived from umbilical cord blood [67].
Cell viability measured by fluorescein diacetate (FDA) test shows that rGONRs are toxic,
significant cytotoxicity was observed after 1 hour of exposure with rGONRs at 10 pg/ml,
while the same cytotoxicity was observed upon incubation with 100 pug/ml of rGOS after 96
hours. The cytotoxicity of rGOS was attributed to the generation of oxidative stress whereas
the cytotoxicity of rtGONRs was attributed to DNA fragmentation and chromosomal
aberrations (observed even at low concentrations of ~ 1 pg/ml after 1 hour) due to
penetration of rGONRs inside the cells. These results suggest that the cytotoxicity and
genotoxicity of graphene is dependent on the dose and shape of the nanomaterial (sheets vs.
nanoribbons).
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Jaworski et. al. have reported the interactions of graphene platelets with human glioblastoma
U87 and U118 cells [68]. After 24 hours of incubation with 100 pg/ml graphene, 42% and
52% cell mortality was observed for U87 and U118 cells, respectively. However, graphene
activated apoptosis only in U118 cells not in U87 cells where apoptosis and necrosis both
were activated. These results suggest the potential application of graphene in anticancer
therapy.

3.2 Functionalization dependent cytotoxicity

Sasidharan et. al. investigated the cytotoxicity of pristine graphene and carboxylated GO
(GO-COOH) using monkey renal cells at concentrations between 10-300 pg/ml treatment
concentrations to assess the differences between cellular interactions of hydrophobic and
hydrophilic graphene derivatives [69]. Pristine graphene accumulated on the cell membrane
leading to the destabilization of F-actin alignment whereas GO-COOH was internalized by
cells and accumulated in the perinuclear region without any membrane destabilization even
at 300 pg/ml doses. These results suggest that hydrophilic (more oxidized) graphene
nanoparticles may be more cytocompatible and efficient intracellular delivery systems. In
another study, Matesanz et. al. observed internalization and localization of poly(ethylene
glycol amine)-functionalized GO sheets on F-actin filaments resulting in cell-cycle
alterations, oxidative stress and apoptosis in MC3T3-E1 murine pre-osteoblasts, Saos-2
osteoblasts and RAW-264.7 macrophage cells [70].

Yuan et. al have investigated the cytotoxicity and distribution of three kinds of GQD (NHo,
COOH and CO-N(CHp3), functionalized) in human neural glioma C6 and A549 lung
carcinoma cells using MTT and Trypan blue assay [71]. Results show the absence of
mortality and apoptosis or necrosis at all treatment concentrations (10-200 pg/ml) after 24
hours for all three GQD groups. Furthermore, Raman spectroscopic analysis showed the
intracellular accumulation of all three GQDs; nuclear translocation was absent.

Horvath et. al. have evaluated the toxicity of GO and rGO in A549 human lung epithelial
cells and RAW 264.7 mouse peritoneal macrophages using MTT assay, fluorometric DNA
assay and fluorometric microculture cytotoxicity assay (FMCA) [72]. Cells treated with
0.0125-12.5 pg/cm? of GO or rGO for 5 days showed a dose dependent cytotoxicity.
Significant differences in cell death between control and GO or rGO treated cells were
observed from day 2 in A549 cells and day 3 in RAW 264.7 macrophages for two higher
concentrations of 1.25-12.5 pg/cm?. Cells treated with lower concentrations of GO (0.0125-
0.125 pg/cm?) did not lead to increases in ROS production. Cellular internalization of GO
was observed in phagoendosomes without signs of any intracellular damage.

Aggregation of pristine graphene in biological buffers could result in greater cytotoxicity in
comparison to oxidized graphene derivatives that can be readily dispersed without
aggregation during the duration of cytotoxicity studies. Das et. al. have reported higher
cytotoxicity of GO sheets compared to reduced graphene oxide sheets of similar dimensions,
an effect attributed to the presence of high density of oxidative functional groups on the
surface of GO which lead to the generation of reactive oxygen species [73]. HUVEC cells
treated with 1, 5 or 10 pg/ml concentration of GO and rGO showed a dose and
functionalization state dependent cytotoxicity. Furthermore, a size dependent cytotoxicity
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was also observed for both GO and rGO. Upon a 10 fold reduction in sizes of oxidized and
reduced graphene sheets, smaller graphene nanosheets showed a higher toxicity compared to
non-sonicated larger GO or rGO sheets which was attributed to an increased intracellular
interaction and uptake of small sized graphene. However, chong et. al. have reported the low
cytotoxicity of PEG dispersed graphene quantum dots (>30nm diameter stacks of 1-10
graphene layers) upto 160 pg/ml for HeLa cells and 320ug/ml for A549 cells (Figure 6) [74].

Teo et. al. have investigated the cytotoxicity of halogenated graphene sheets [75]. GO sheets
prepared by oxidation of graphite were thermally reduced with chlorine, bromine, and iodine
vapor to form chlorine-, bromine-, and iodine-doped graphene, respectively (TRGO-CI,
TRGO-Br, and TRGO-1). A549 cells were treated with 0-200 pg/ml concentration of
halogenated graphene for 24 hours and cell viability was analyzed using MTT and WST-8
assays. Results show that all halogenated graphene nanoparticles exhibit a dose-dependent
cytotoxicity between 3.125-200 pg/ml with TRGO-CI exhibiting highest cytotoxicity
(~25.7% cell viability at maximum treatment concentration of 200 ug/ml). The levels of
observed cytotoxicity follows the trend: TRGO-CI > TRGO-Br > TRGO-I and is dependent
on the amount of halogen functionalization. In another study, Teo et. al. have reported the
cytotoxicity of fluorinated graphene (FG) [76]. Three types of graphene derivatives with
varying amount of fluorine content were prepared (1.5%, 42.6%, and 50.7%). A549 cells
were treated with 0-400 pg/ml of fluorinated graphene and cytotoxicity was analyzed using
MTT and WST-8 assays. Results show a dose-dependent cytotoxicity response with greater
cytotoxicity observed for graphene with higher mono-fluoro substituted carbon atoms. In a
similar study, Chng et. al. synthesized highly hydrogenated graphene (HHG) and evaluated
their /n vitro cytotoxicity profile against A548 cells [77]. After 24 hours of exposure, MTT
and WST-8 assay results show a dose-dependent cytotoxicity of HHG compared to GO
controls at all treatment concentrations (0—400 pg/ml). The increased cytotoxicity of HHG
was hypothetically attributed to the preferential adsorption of essential micronutrients on the
hydrophobic surfaces of HHG compared to hydrophilic surfaces of GO sheets, thereby
limiting nutrient availability.

Sawosz et. al. have investigated the cytotoxicity of arginine (Arg) and proline (Pro)
functionalized rGO using U87 glioblastoma multiforme (GBM) cells and tumors /n vitro
[78]. Cells were treated with 50 pug/ml of rGO, rGO+Arg and rGO+Pro for 24 hours and cell
viability was evaluated using Trypan blue and XTT assay. Results show ~40% cell death for
rGO group and ~15% cell death for rGO+Arg and rGO+Pro groups greater than the controls.
GBM tumors cultured on chorioallantoic membrane of chicken embryo were injected with
rGO, rGO+Arg and rGO+Pro for 3 days. A greater reduction in tumor volume was observed
for rGO compared to rGO+Arg and rGO+Pro groups, which also reduced the tumor volume
albeit lower than rGO. Histological analysis of tumors showed the presence of white gaps
and rupture sites indicating necrosis and endothelial proliferation. rGO+Arg were observed
close to microglial cells and small blood vessels whereas rGO+Pro were aligned outside the
cells in the tissue rather than inside the cells. Tumor cells require arginine for aggressive
growth, therefore rGO+Arg were present in the outer layers of tumor — site for active
angiogenesis. Gene expression analysis suggests that rGO+Arg, leads to the down regulation
of MDM2 expression and increased expression of NQO1. Furthermore, no change in the
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expression of COX6 and CASP3 mRNA expression were observed. These results suggest
that rGO+Arg is anti-angiogenic and pro-apoptotic and has potential for GBM therapy.

3.3 Cell dependent cytotoxicity

Cytotoxicity of graphene nanoparticles is dependent on cell type. Mullick-Chowdhury et. al.
reported the cytotoxicity screening of graphene oxide nanoribbons (GONRs) dispersed in
DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)]) using six different assays and four representative cell lines: NIH-3T3 mouse
fibroblast cells (NIH-3T3), Henrietta Lacks cells (HeLa) derived from cervical cancer tissue,
Michigan cancer foundation-7 breast cancer cells (MCF7), and Sloan Kettering breast cancer
cells (SKBR3)[36]. All cell lines exhibit a dose dependent (10-400 pg/ml) and time
dependent (12—-48 hours) decrease in cell viability. HeLa cells showed the least cell viability
(5-25%), compared to other cell types (78-100%), depending on the treatment concentration
and exposure time. An increased cellular uptake of GONRs was observed and attributed to
an increased cytotoxic response in HelLa cells. TEM imaging (Figure 7) shows the formation
of cytoplasmic vesicles to facilitate intracellular uptake. Swollen and ruptured plasma
membrane was observed suggesting necrotic cell death.

3.4 Size dependent cytotoxicity

Akhavan et. al. investigated the cytotoxicity of reduced graphene oxide nanoplatelets
(rGONPs) of various sizes (11+4 nm, 91+37 nm and 418456 nm) and as prepared GO
(3.8+0.4 pm) using human mesenchymal stem cells (hMSCs) [79]. The cytotoxicity and cell
viability was assessed using fluorescein diacetate (FDA) assay, ROS assay, RNA efflux and
Comet assay. Results showed a significant size-dependent cytotoxicity; a treatment
concentration of 100 pg/ml rGONPs (11+4 nm) showed >95% cell death which reduced
with increasing lateral size dimensions (Figure 8). As-prepared GO with largest lateral size
dimensions (3.8+0.4 um) showed lowest (~20%) cell death. Results show that rtGONPs can
also induce DNA fragmentation even at low concentration of 0.1 pg/ml.

Chang et. al. investigated the cytotoxicity of GO of various sizes (160+90 nm, 430+300 nm
and 780+410 nm) using A549 (human lung adenocarcinoma) cells [80]. Cell viability was
assessed using CCK-8 assay after 24—72 hours of incubation at GO concentrations 10-200
pg/ml. Small GO sheets (160+£90 nm) showed lower cell viability of ~67% compared to
large GO sheets (430+300 nm and 780+410 nm) that showed >80% cell viability. However,
GO sheets of dimensions 780+410 nm show >50% higher ROS generation compared to GO
of dimensions 160+90 nm and 430+300 nm. These results suggest that the cell viability and
ROS generation potential of GO is dependent on the size of graphene sheets.

Dasgupta et. al. have reported the size dependent cytotoxicity of graphene oxide
nanoribbons (GONRs) after post processing sonication steps that result in a size reduction of
nanoparticles [60]. GONRs were dispersed in cell culture media by bath sonication (5 or 20
minutes) or probe sonication (1, 5 or 10 minutes) and MCF-7 and A549 cells were exposed
to GONR containing media at 20 pg/ml concentrations. LDH assay, presto blue assay and
ROS generation showed that GONR solutions prepared via probe sonication results in a
decrease of metabolic stress of cells in vitro. No adverse effects were observed when cells
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were exposed to non-sonicated and bath sonicated solutions of GONRs. TEM analysis
showed presence of smaller GONR fragments and carbonaceous debris after probe
sonication, which may be the cause of observed cytotoxicity.

Yue et. al. report that cellular internalization and regulation of cellular responses are directly
dependent on the lateral dimension of GO [81]. In this study, six representative cell lines
(peritoneal macrophage PM@, murine macrophage J774A.1, murine Lewis lung carcinoma
LLC, human breast cancer MCF-7, human hepatocarcinoma cells HepG2, and human
umbilical vein endothelial cells HUVEC) were exposed to GO sheets of different sizes (350
nm and 2 um) at a concentration of 20 ug/ml for cell viability analysis (LIVE/DEAD assay).
After 48 hours of incubation, a significant cytotoxicity (~40-60% cell death) was detected
for all six cell types. However, cell viability was restored upon the removal of manganese
(Mn), an impurity present during the oxidative synthesis of GO. Cells upon treatment with
Mn-free GO at 20 pg/ml showed ~80-100% cell viability. These results highlight the
importance of purification steps involved during the synthesis of GO to eliminate false
positive contributions from metal ions. PM@ and J774A.1 macrophage cells were treated
with 2—6 pg/ml of nano- and micro-sized GO. Cellular uptake studies show that
internalization of GO was independent of size and both nano- and micro-sized GO (350 nm
and 2 um) had similar intracellular accumulation. The analyses of uptake mechanisms
showed that GO of size 350 nm was wrapped by filopodia of macrophages and internalized
whereas GO of 2 um was internalized via direct penetration. Post cellular internalization, the
micron sized GO developed wrinkle formations and appeared to be sequestered into
lysosomes. Furthermore, the micron sized GO induced a stronger inflammatory response
and release of cytokines. These results suggest that cytokine release and inflammatory
response are dependent on the size of GO sheets.

3.5 Immunotoxicity of graphene

Zhi et. al. have reported the immunotoxicity of GO with and without functionalization with
poly(vinyl pyrrolidone) (PVP) against human immune cells such as T lymphocytes,
dendritic cells and macrophages [82]. Results show that PVP-coated GO (PVP-GO) exhibit
lower immunogenicity compared to pristine GO at concentrations between 25-100 pg/ml.
The differentiation and maturation of dendritic cells was unaffected upon incubation with
PVP-GO; the levels of secreted TNF- a and IL-1f showed no significant differences
between GO and PVP-GO groups, yet the secretion of IL-6 was maintained in PVP-GO
group. Incubation with PVP-GO also delayed the apoptosis of T lymphocytes and stimulated
and enhanced the physiological activity of macrophages.

Li et. al. investigated the interactions of pristine graphene with RAW 264.7 macrophage
cells at concentrations between 5-100 pg/ml (dispersed in 1% pluronic F108 surfactant).[83]
Pristine graphene shows dose-dependent cytotoxicity in RAW 264.7 cells; ~ 78% cell death
was observed at 100 pg/ml treatment concentrations. Further investigation of the
mechanisms of cytotoxicity showed that interaction of pristine graphene with macrophage
cell membrane leads to depletion of mitochondrial membrane potential thereby increasing
ROS leading to the activation of apoptotic cascade. MAPK and TGF- B signaling pathways
were activated which in turn activated two pro-apoptotic proteins (Bim and Bax).
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Consequently, caspase-3 and PARP proteins were activated triggering apoptosis. The
identification of mechanisms of cytotoxicity is extremely important and provides
information towards development of strategies to control graphene-induced apoptosis.

Chen et. al. showed that GO triggers autophagy (catabolic self-destruction of dysfunctional
cellular components) in liver cancer cells (SNU-449 and mahlavu), lung cancer cells (A549),
human embryonic kidney cell (HEK293), and RAW 264.7 macrophages by stimulating toll-
like receptor signaling cascade (release of cytokines such as IL-2, IFN-vy, IL-10 and TNF-a)
at treatment concentrations of 5 or 100 pug/ml [84]. Toll like receptors - TLR4 and TLR9
were activated resulting in GO-mediated inflammatory responses. The results of this study
show that GO exposure to cells simultaneously triggers autophagy and TLR4/9 mediated
inflammatory responses.

Tkach et. al. showed that treatment of dendritic cells (DCs) with GO at 6.25 pug/ml results in
an impaired stimulatory potential of DCs (activation of T-cells); treatment with similar
concentrations of fullerenes (Cgg and Cgo-tris) promotes the ability of DCs to activate T-cells
[85]. Further analysis showed that GO did not alter antigen uptake by DCs nor inhibit
antigen peptide presenting abilities of DCs. However, exposure of DCs to GO resulted in
suppression of an immunoproteosome subunit (LMP-7), which is a critical component of
MHC-1 antigen processing machinery (APM) illustrating the mechanism of inactivation of
DCs by GO. These results suggest that GO may modulate antigen-specific T-cell response
and emphasize the importance of elaborate assessment of immunomodulatory effects of
graphene nanoparticles.

3.6 Hemolytic toxicity of Graphene

Hemolytic potential of graphene is dependent on the size and aggregation state of individual
nanosheets. Liao et. al. investigated the cytotoxicity of graphene and GO using human
erythrocytes (RBCs) [86]. Hemolysis was quantified by measuring the amount of
hemoglobin released due to RBC membrane damage upon incubation with graphene and GO
at 3—200 pg/ml for 3 hours. At 200 pg/ml, individually dispersed GO sheets showed ~60%
hemolysis, significantly higher than graphene dispersions which showed ~20% hemolysis.
The aggregation of graphene in DI water results in fewer cell-contractable ROS groups on
the surface of graphene. However, cells interact with several ROS species present on the
surface of individually dispersed GO, leading to greater hemolysis. Chitosan coated GO
aggregate in DI water due to pH dependent conformational change of chitosan resulting in
no hemolytic toxicity of GO.

Singh et. al. have reported the /n vitro hemolytic toxicity of GO and rGO using human
platelets [87]. Freshly isolated suspension of platelets exposed to GO (2 pg/ml) show
aggregation and platelet activation at levels greater than induction by thrombin (1 U/ml, a
strong platelet agonist). Exposure of platelets to GO resulted in the activation of Src kinases
and release of calcium, leading to thrombus formation. In comparison, rGO at 2 ug/ml
induced minor platelet aggregation, only 10% of aggregation induced by GO. In another
study, Singh et. al. showed that amine functionalized GO does not induce lysis of
erythrocytes and has no stimulatory effects on platelets highlighting their non-thrombotoxic
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properties [88]. These results suggest that surface modifications of graphene nanoparticles
play an important role towards defining their hemolytic activity.

Mullick Chowdhury et. al. show that graphene oxide nanoplatelets (GONPs) functionalized
with biocompatible polymer dextran (GNP-Dex) exhibit no hematological toxicity [89].
RBL-2H3 mast cells and human platelets showed no histamine release, platelet activation or
blood cell hemolysis upon treatment with GNP-Dex at concentrations ranging from 1-10
mg/ml. At concentrations >7 mg/ml, RBL-2H3 cells showed 12-20% increase in
complement protein expression. However, cytokine TNF-Alpha and IL-10 levels remained
within physiological levels. In another study, Mullick Chowdhury et. al. have investigated
the interactions of DSPE-PEG functionalized graphene oxide nanoribbons (GONRS) with
blood vascular system components [90]. No release of histamine, platelet PF4 activation and
complement activation was observed from mast cells upto treatment concentrations of 80
pg/ml. TEM imaging shows significant uptake of GONRs into endothelial cells and exhibit a
concentration dependent reduction of cell viability. Results show that DSPE-PEG
functionalized GONRs are hemocompatible upto a concentration of 80 ug/ml.

3.7 Surfactant/coating dependent cytotoxicity

Woijtoniszak et. al. investigated the cytotoxicity of GO and rGO dispersed using three
surfactants (polyethylene glycol (PEG), polyethylene glycol-polypropylene glycol-
polyethylene glycol (Pluronic P123), and sodium deoxycholate (DOC)) at concentrations
between 3.12-100 pg/ml using mice fibroblasts L929 cells [91]. Cytotoxicity analysis using
WST-1 assay showed that the cell viability is dependent on the surfactant used to stabilize
the suspension, chemical state of material (oxidized or reduced), and the treatment
concentration. GO functionalized with PEG exhibits the lowest toxicity (cell viability ~
36.3% at 100 pg/ml) whereas GO functionalized with DOC and Pluronic P123 shows 15.5%
and 6.3% cell viability, respectively. L929 cells exposed to the PEG dispersed rGO between
3.125-25 pg/ml show ~95-60% cell viability. Similar results are observed for rGO
functionalized with DOC, however rGO functionalized with Pluronic P123 showed least cell
viability. Both, GO and rGO show good cytocompatibility between 3.125-12.5 ug/ml. GO
dispersed in PEG shows the best cytocompatibility. These results suggest that GO and rGO
exhibit a dose- and surfactant-dependent cytotoxicity.

Hu et. al. investigated the cytotoxic effects of fetal bovine serum (FBS) coated GO using
Ab549 cells [92]. At 100 pg/ml exposure, FBS coated GO showed ~90% cell viability
whereas GO without FBS coating showed only ~50% cell viability. TEM analysis showed
irreversible cell membrane damage after 2 hours of exposure to GO. FBS coated GO did not
induce any membrane damage. These results suggest that cytotoxicity of GO is a result of
direct physical interactions with cell membrane that can be mitigated by coating GO with
FBS.

Mu et. al. investigated the cellular uptake of bovine serum albumin (BSA) coated GO (flake
size ~ 500 nm or ~1 um) by mouse mesenchymal progenitor C2C12 cells [93]. Results show
that small GO (~500 nm) are internalized by clathrin-mediated endocytosis whereas large
GO (~1 um) are internalized by phagocytosis. Large GO sheets translocate into the
reticuloendothelial system and small GO sheets are accumulated in various organelles.
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Mbeh et. al. have reported the cytotoxicity of albumin functionalized GONRs against A549
cells evaluated using Trypan blue and apoptosis (hoechst and propidium iodide staining)
[94]. A dose-dependent cytotoxicity was observed wherein albumin functionalized GONRs
at concentrations < 50 pg/ml did not exhibit significant cytotoxicity, whereas incubation of
Ab549 cells with higher concentrations (100 pg/ml) resulted in loss of cell proliferation and
induction of apoptosis.

4. In vivo toxicology

A crucial step in the toxicological assessment of graphene-based formulations is their dose-
and/or time-dependent safety pharmacological assessment in small and large animal models
under various modes of administration (e.g. intravenous. intraperitoneal, oral). Table 2
summarizes the cytotoxicity of graphene and graphene oxide (GO) assessed in animal
models.

4.1 Intravenous administration

Intravenous (1V) administration is a widely employed method wherein a needle is inserted
into the vein and formulation is administered through that needle. It is the preferred mode of
systemically introducing pharmaceutical formulations for imaging, drug delivery or therapy.
Singh et. al have investigated the /n vivo platelet aggregation of GO and rGO nanosheets.
GO and rGO sheets were administered intravenously via tail vein injection to Swiss male
mice (8-12 weeks old) at 250 pg/kg dose for 15 minutes [87]. A collagen-epinephrine
mixture was administered as positive control whereas saline was used as the negative
control. After 15 minutes post injection, the mice were euthanized and lungs were harvested
for histological analysis. Hematoxylin and eosin (H&E) staining showed ~48%
thromboembolism whereas the collagen — epinephrine control solution resulted in ~64%
occlusion of blood vessels. rGO was not as effective as GO towards platelet activation; rGO
administration resulted in ~ 8% blood vessel blockage, significantly less than GO. These
results show that GO induces severe pulmonary thromboembolism that may be attributed to
the greater surface charge density of graphene surface upon oxidation. In a follow-up study,
Singh et. al. investigated the /n vivo thrombogenic properties of amine-modified GO (NH,-
GO) [95]. Compared to GO which induces platelet aggregation, NH,-GO does not elicit any
stimulatory effects on platelets or pulmonary thromboembolism. H&E staining revealed that
GO resulted in ~46% blockage of pulmonary blood vessels while NH»-GO showed no signs
of obstruction.

Sasidharan et. al. have reported the long term /n vivo toxicology of pristine and
functionalized few layered graphene (FLG), FLG-COOH and FLG-PEG (Figure 9A)
administered intravenously to Swiss albino mice at 20 mg/kg for 1, 8, 30, and 90 days [96].
Sterile physiological saline was administered to control animals. All animals survived over
the course of 90 days, however, the body weight of FLG, FLG-COOH and FLG-PEG treated
mice was lower on days 60-90 compared to control mice. To dynamically track the /n vivo
biodistribution, %MTc¢ labeled FLG-COOH and FLG-PEG were injected and whole body
images were captured at 0.1, 1, 3, 12, and 24 hours (Figure 9B). 9°*™T¢c-FLG-COOH showed
accumulation and retention in lungs over 24 hours. However, after 12 hours, 9MTc-FLG-
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PEG was redistributed to RES system such as spleen and liver. FLG-COOH accumulated in
the lungs resulting in thicker alveolar walls. Injection of FLG and FLG-COOH resulted in
extensive spleen damage including the loss of dividing line between red pulp and marginal
zone, abundance of megakaryocytes in the red pulp 90 days post injection, and lack of
lymphocytes in the white pulp. On the contrary, FLG-PEG did not result in any injury to the
marginal zone and only several black spots in the red pulp were observed. Liver tissue
analysis revealed that FLG and FLG-COOH induced liver tissue degeneration while FLG-
PEG did not and was observed as black spots. However, kidney necrosis was observed upon
administration of both FLG and FLG-COOH as early as the first day of administration.
FLG-PEG was present as black spots on the tissue but did not exhibit any signs of necrosis.
FLG, FLG-COOH, and FLG-PEG did not damage brain, heart, or testis suggesting that
graphene cannot pass through the blood-brain barrier.

Zhang et. al. have reported the toxicity of dextran functionalized graphene oxide (GO-Dex)
intravenously administered via tail vein injection to female Balb/c mice at 20mg/kg dose for
1, 3, and 7 days [97]. H&E staining of liver sections showed a significant increase in black
spots — areas of GO aggregation - after 7 days indicating clearance of GO-Dex from mouse
liver. For biodistribution and pharmacokinetic studies, 12°I labeled GO-Dex (}251-GO-Dex)
was injected via tail vein at 4 mg/kg concentration and blood was collected after 4, 24, 72,
and 168 hours. After 4 hours of administration, 1251-GO-Dex was found in liver, spleen,
stomach, lungs, kidney, and intestine. At later time points, 12°1-GO-Dex was predominantly
found in the liver and spleen. Histological sections of liver and kidney confirm the presence
of 1251-GO-Dex as black dots that were abundant at day 1 and decreased at later time points
suggesting the excretion of 125]-GO-Dex via renal and fecal pathways. Since GO-Dex has a
wide size distribution, small GO-Dex sheets could pass through glomerulus for renal
excretion and large GO-Dex sheets accumulated in RES organs could be excreted out in
feces via biliary pathway.

Zhang et. al. have reported the distribution and biocompatibility of GO after intravenous
administration to male Sprague Dawley rats at 1 and 10 mg/kg dose [98]. Histopathological
analysis of lung, liver, spleen and kidneys performed 14 days post injection shows no
pathological changes for all organs examined for 1 mg/kg dose. For 10 mg/kg treatment, all
organs except lung showed normal pathophysiology. However, due to high accumulation and
slow clearance, GO accumulated in lungs resulted in pulmonary edema, granulomatous
lesions, inflammatory cell infiltration, and fibrosis. These results suggest that GO is
biocompatible, however, accumulation in lungs at higher concentration may lead to safety
concerns. Biodistribution of GO was assessed by tracking intravenously administered 188Re
labeled GO (188Re-GO) after 1, 3, 6, 12, 24, and 48 hours. It was observed that GO cleared
from blood, accumulated in lungs, liver and spleen and was up taken by mononuclear
phagocytes in the reticuloendothelial system.

Wang et. al. have reported the biocompatibility of GO administered via tail vein injections to
4-5 week old female kunming mice (Sprague Dawley rats) at 0, 0.1 mg (low), 0.25 mg
(medium), and 0.4 mg (high) doses [99]. No toxicity was observed for low and medium
doses. However, for high dose, 4 out of 9 mice died after 1 week due to airway blockage
caused by accumulation of GO. Histology analysis after 1, 7, and 30 days shows long-term
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accumulation of graphene in liver, kidney and spleen. Granuloma formation along with the
presence of neutrophils and foamy alveolar macrophages was observed in lungs suggesting a
foreign body immune response. No accumulation was observed in brain suggesting that GO
cannot pass the blood brain barrier. These results suggest that GO is non-toxic at low
concentrations and results in irreversible airway damage and chronic pulmonary toxicity at
high concentrations.

Liu et. al. have reported the dose- and size- dependent toxicity and biodistribution of GO
sheets [100]. Male ICR mice were intravenously injected with small and large GO sheets (s-
GO and I-GO) labeled with 12] to enable radioactive tracking of tissue biodistribution,
organ accumulation and blood clearance of GO after 2—180 min post injection at 1-10
mg/kg doses. It was observed that s-GO mainly accumulated in the liver with some
aggregates present in lungs and spleen, however, after 180 minutes, clearance of s-GO was
observed with a residual accumulation of ~11% in liver and <1% in lungs. On the contrary,
in comparison to s-GO, I-GO showed higher accumulation in lungs with a residual
accumulation of ~19% after 180 minutes. TEM analysis of lung sections show intracellular
accumulation of s-GO in phagocytic cells while 1-GO particles (bigger than 1 pm) was
lodged in cell gaps of lungs. The size-regulated biodistribution of s-GO and I-GO was
attributed to the different aggregation states of the nanoparticles. The less dispersed GO
resulted in the formation of larger GO-protein complexes, which were filtered by the
pulmonary blood vessels. At higher doses, s-GO aggregated to large particulates resulting in
the entrapment in lungs. The blood half-life of s-GO was 2.2 minutes (T1/, alpha) and 170
minutes (T, beta). For I-GO, Ty, alpha was 1.8 minutes and T, beta was 102 minutes.
These results suggest that s-GO possesses longer blood retention time than I-GO.

Yang et. al. have reported /in vivo biodistribution and photothermal activity of PEG
functionalized nano graphene sheets (NGS-PEG) [101]. Cy7 dye labeled NGS-PEG was
intravenously injected into tumor bearing Balb/C mice at a dose of 20 mg/kg and organs
were harvested after 1, 6, and 24 hours. Significant accumulation of NGS-PEG was
observed in tumors due to leaky vasculature along with low accumulation in RES organs.
After 24 hours post injection, the kidneys showed strong fluorescence (Figure 10) attributed
to the renal excretion of small sized NGS particles. NGS-PEG showed no toxicity - neither
death nor significant weight loss was observed in all animals. After NGS-PEG
administration, the tumors on the right shoulder of 4T1 Balb/c mice were exposed to 808 nm
laser until the surface temperature reached ~50°C. The tumors disappeared 1-day post laser
treatment leaving a black scar that disappeared after one week. No tumor regrowth was
observed after 40 days. These results suggest that PEG functionalized graphene can be
suitable for /n vivo photothermal therapy applications. In another study, Yang et. al. have
reported the long term Jn vivo biodistribution and pharmacokinetics of 12%1-labled NGS-PEG
intravenously administered in Balb/c mice at 4 mg/kg dose [102]. For pharmacokinetics
study, blood was drawn after 0-25 hours and measured by a gamma counter. To examine the
biodistribution of 1251-NGS-PEG, 4 mg/kg was administered intravenously and organs were
harvested at various time points: 1 hour —60 days post injection. NGS-PEG initially
accumulated in several organs, however accumulation at later time points was observed in
liver and spleen. H&E staining of liver and spleen sections showed a reducing number of
NGS-PEG aggregates over time suggesting removal of NGS-PEG from RES system. Renal

Aadv Drug Deliv Rev. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lalwani et al.

Page 15

pathway cleared out smaller sized NGS-PEG (10 nm diameter) while larger NGS-PEG
aggregates were excreted through biliary pathway into the feces. Blood biochemistry and
hematology analysis showed normal levels of urea, blood cells, hemoglobin and other
factors suggesting that there were no toxic effects of NGS-PEG to liver and kidneys. These
results suggest that NGS-PEG does not exhibit long-term /n vivo toxicity in mice.

Kanakia et. al. have reported the sub acute toxicity of dextran functionalized graphene
nanoplatelets (GNP-Dex) administered via intravenous injections to Wistar rats at 1, 50, and
100 mg/kg doses 3 times a week for three weeks [103]. No signs of toxicity were observed
for 1 mg/kg and 50 mg/kg doses. All vital parameters such as body weight, blood pressure,
breathing and heart rate were normal. However, for 100 mg/kg dose, 2 out of 8 animals died
after 2 weeks. A complete blood count analysis showed physiological levels of blood urea
nitrogen and creatinine indicating normal kidney function. ALT and ALP levels were
elevated, however, blood glucose was normal. Histology analysis after 3 weeks showed the
presence of GNP-Dex in hepatic kuppfer cells and pulmonary alveolar macrophages, which
increased with increasing dose of GNP-Dex (Figure 11). No adverse effects or inflammation
were observed in brain, heart, spleen and kidney.

Mullick Chowdhury et. al. have reported the /n vivo vasoactivity of GNP-Dex using male
hamsters cheek pouch model [89]. GNP-Dex was administered at doses ranging from 1-50
mg/ml to the excised left cheek pouch tissue of hamsters using a micropipette. The arcade-
terminal arteriolar network junction was the microvascular observation site. The baseline
diameters of arcade and terminal arterioles were 23 pm and 8 pum, respectively. The
administration of 0.1 mg/ml and 0.5 mg/ml GNP-Dex had no significant effect on the
arteriole diameters. No significant differences in the dilation of arterioles were observed at
higher doses of 10 mg/ml and 50 mg/ml. However, the administration of FDA-approved
natural biopolymer dextran at 35 mg/ml resulted in ~23% dilation of arcade arterioles and ~
63% dilation of terminal arterioles. The lack of dilation post GNP-Dex administration and
an increased dilation due to dextran suggests that the observed minor vasoactive effects of
GNP-Dex could be due to the dextran coating of GNPs.

In another study, Kanakia et. al. have evaluated the histopathology and biodistribution of
GNP-Dex administered via intravenous injections in male Wistar rats at doses between 1—
500 mg/kg after 1 and 30 days [104]. The results show that the maximum tolerable dose
(MTD) of GNP-Dex is between 50-125 mg/kg. Blood half-life of GNP-Dex is ~30 minutes.
Maximum accumulation of GNP-Dex after day 1 was found in liver and kidney, which
reduced (at least 2—4 folds) after 30 days of administration suggesting a clearance of GNP-
Dex via RES system (Figure 12 A&B). ICP analysis showed that GNP-Dex administered at
50 mg/kg had a higher blood concentration than 500 mg/kg doses 30 minutes post-
administration (Figure 12C). Majority of GNP-Dex nanoparticles were excreted via feces
(~60-90%) within 24 hours (Figure 12D), small amounts were excreted via urine (Figure
12E). Histopathological changes (Figure 12 F-J) were observed in heart, lung, liver, kidney
and spleen at high treatment concentrations (250 pug/ml). No adverse effects were observed
in brain. Hematological factors and cardiovascular parameters remained at physiological
levels upto 125 mg/ml treatment doses. These results suggest that GNP-Dex is non-toxic
with a MTD of 125 mg/kg.
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Jasim et. al. have reported the /7 vivo biodistribution of chemically functionalized graphene
(GO-DOTA) labeled with 111In after intravenous injections in C57BL/6 mice at 200 pl
dosage [105]. Post 1, 2, and 24 hours of administration, 111In-DOTA-GO was accumulated
in bladder and excreted via urine. No fecal elimination was observed. Maximum
accumulation was observed in liver and spleen. Furthermore, at later time points,
translocation of GO from liver to spleen was also observed. No organ damage was observed
at all time points. These results show that chemically functionalized GO sheets are non-toxic
and possess distinctly different physiological behavior (biodistribution and excretion
characteristics) than pristine or non-covalently functionalized graphene sheets.

4.2 Intraperitoneal administration

Intraperitoneal (IP) administration is the injection of the formulation into the peritoneum (or
body cavity). Yang et. al. have reported the /n vivo toxicity of PEG functionalized GO
administered intraperitoneally and orally in female balb/c mice [106]. PEG functionalized
and 125] labeled nano-graphene oxide (nGO-PEG), reduced graphene oxide (rGO — PEG),
and nano reduced graphene oxide (nrGO — PEG) of diameters 25, 50, and 27 nm,
respectively, were administered intraperitoneally at 50 mg/kg dose and orally at 100mg/kg.
Animals were euthanized post 1, 7, 30 and 90 days post intraperitoneal administration and 1,
7, and 30 days post oral injections. All major organs were collected for histology and
biodistribution analysis and blood was collected from the orbital for complete blood panel
and serum biochemistry analysis. The radioactivity of GO formulations after oral
administration was undetectable after 1 week suggesting negligible uptake of PEGylated GO
administered orally. However, after intraperitoneal administration, PEGylated GO showed
high accumulation in RES organs (black colored liver and spleen) after 1 and 7 days. Larger
sized RGO-PEG showed higher uptake (> 2 fold, determined by radioactivity
measurements) than smaller nGO-PEG and nrGO-PEG formulation. No animal death, body
weight loss, inflammation, or significant changes in bloody panel or serum biochemistry
were observed after 90 days post intraperitoneal administration indicating no signs of
toxicity. These results suggest that PEGylated GO do not elicit any adverse effects under the
above conditions in rodents, and the biodistribution and clearance profiles depend on the
size, surface coating and route of administration.

Ali-Boucetta et. al. have investigated the /n7 vivo pathogenicity of highly pure, colloidally
stable dispersions of GO [107]. Conventional GO (cGO, size > 0.10 pm?) prepared using
Hummer’s method was subjected to several purification steps to obtain highly pure GO
(pGO, size 0.01 pm? to 0.02 pm?). Both, cGO and pGO had similar chemical functional
groups (carbonyls, hydroxyls and epoxides). pGO sheets were administered intraperitoneally
at a dose of 50 pg/animal for 1 and 7 days. CNTs were used as positive controls. The
inflammatory response was investigated by observing the change in protein levels and the
change in the number of polymorphonuclear leucocytes 1 and 7 days post administration.
After 1 day, pGO did not show a change in polymorphonuclear leucocyte (PMN) and protein
levels whereas CNT controls induced at least 2-fold increase in total PMN count. After 7
days, there was accumulation of macrophages and giant cells with a deposition of collagen
on the mesothelial membrane for CNT controls; pGO groups did not show any such effects.
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These results show that highly pure single layered GO sheets show no signs of inflammation
or granuloma formation upto 50 pg/animal dose administered intraperitoneally.

Sahu et. al. have investigated the /7 vivo biocompatibility of GO dispersed pluronic gels
administered intraperitoneally via implantation in subcutaneous pockets in 6—7 weeks old
balb/c mice [108]. Mild inflammation was observed 3 weeks post implantation. After 8
weeks, the number of macrophages reduced and no chronic inflammation, tissue necrosis or
hemorrhaging was observed. Furthermore, no gel degradation or degradation products were
observed in the surrounding tissues.

Strojny et. al. have reported the intraperitoneal toxicity of GO, graphite and nanodiamonds
administered to 6 weeks old female Wistar rats [109]. Nanoparticle suspensions were
injected at a dose of 4 mg/kg for 4 or 12 weeks at three-day intervals. After 4 or 12 weeks,
rats were euthanized and liver and blood were collected. Results show the presence of
nanoparticle aggregates in the peritoneal cavity close to the injection site. Smaller aggregates
were observed in the mesentery and liver serosa suggesting transportation and accumulation
of nanoparticles in liver. No adverse health effects were observed for all nanoparticles (GO,
graphite or nanodiamonds) at all time points (4 or 12 weeks). Blood analysis and liver
enzyme levels were normal suggesting good liver biocompatibility.

4.3 Oral administration

In oral administration a formulation/substance is administered via mouth in cases where a
systemic effect is desired. Fu et. al. have investigated the development of mice offsprings
after oral administration of graphene oxide at 0.5 and 0.05 mg/ml to maternal mice [110].
GO suspension in drinking water was administered to female ICR mice (8-9 weeks old)
from 1-38 postnatal days (PND). Filial mice were administered GO water during the
suckling period from 1-21 PND and normal water during the weaning period from 22-38
PND. After 21 and 38 days, pups were weighed and euthanized. Compared to the control
groups that received normal water, significant decrease in body weight, body length and tail
length of filial mice were observed for 0.5 mg/ml treatment group. Blood biochemistry
analysis showed no significant differences in the levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), blood urea nitrogen (BUN) and creatinine (CREA) for
both the GO groups. Pathological examination of heart, lung, spleen, kidney and liver of
filial mice administered with 0.5 mg/ml GO suspension showed severe atrophy (Figure 13
A). H&E staining of duodenum, ileum, jejunum (parts of small intestine) showed increase in
villi length and duodenum width post GO administration (Figure 13 B). These results show
that GO can have significant negative effects on the development of filial mice during the
lactation period.

Zhang et. al. have investigated the short-term and long-term effects of reduced GO (rGO) on
general locomotor activity, neuromuscular coordination, balance, anxiety, learning and
memory of male C57b/6 mice (6-8 weeks old) using rotarod, open field and Morris water
maze tests [111]. HEPES Buffer dispersed rGO were administered via oral gavage every 24
hours for 5 days at 60mg/kg dose. rGO treated mice maintained normal body weight, organ
weight, and instinctive behaviors (eating etc.) compared to control mice administered with
chow and HEPES buffer. However, initial 3-4 days post treatment, mice showed decreased
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neuromuscular coordination and locomotor activity failing the rotarod and open field tests.
At later time points (15 and 60 days post administration), all these parameters returned to
their normal state. No significant differences in blood biochemistry, liver function and
kidney function and aging parameters were observed. The morphologies of neurons in the
hippocampus and neuroglia cells as well as choline acetyl transferase and hippocampal
acetylcholine esterase (enzymes involved in memory and learning) levels also remained
normal post rGO administration. These results show that exposure to high concentration of
rGO sheets via oral administration results in a short term decrease in neuromuscular
coordination and locomotor activity which return to normalcy a few days post exposure; it
does not affect learning, memory, anxiety, spatial and exploratory behaviors.

Wau et. al. have investigated the toxicity of graphene oxide at doses between 0.1-100 mg/L
administered orally on nematode Caenorhabditis elegans after acute (24 hours) and
prolonged exposure (larva to adult) [112]. GO was mixed with nematode food (K medium)
and lethality, growth, reproduction and locomotion were analyzed. Results show that
prolonged exposure at concentrations 0.5 mg/L and greater lead to significant primary
(intestine) and secondary (neurons and reproductive) organ damage. Additionally, GO
induces loss of villi and trans locates into the intestinal walls. Other adverse events noted
were increased defecation cycle and hyper permeable intestinal barrier. These results show
that GO upon exposure to environment would come into contact with nematodes, worms and
other environmental organisms and may induce long-term adverse effects in the
environmental flora.

4.4 Pulmonary administration

Schinwald et. al. have reported the /in vivotoxicity of pristine GNPs after intrapleural and
pharyngeal administration in 9 weeks old female C57BL/6 mice at 5 ug and 50 ug per
mouse doses, respectively [113]. After 24 hours and 1 week of administration, a differential
cell count of lavage fluid showed that mice exposed to GP had elevated levels (2x of
physiological levels) of eosinophils and neutrophils. The chemokine and cytokine protein
levels (MIP-1a, MCP-1, MIP-2, IL-8 and IL-1B) were also elevated. Microscopy imaging
showed that pleural macrophages were not able to fully phagocytize GNPs due to their size
and shape; multiple macrophages surrounding a single GNP forming a rosette-like cell/
particle aggregation suggested frustrated phagocytosis. Histological evaluation showed
extended retention of GNPs in pleural space and the formation of ganulomatous lesions in
bronchiolar lumen. The initial inflammatory response to GNPs reduced after 1-week post
administration; reduction in the number of inflammatory cells in the parietal pleura was
observed. Clearance of GNPs from the pleural space to cranial mediastinal lymph nodes was
observed. 1-week post administration, numerous small sized GNP fragments were observed
in lymph nodes. This study shows that the toxicity of GNPs is dependent on the
nanomaterial shape and size. The 2D size of GNPs leads to frustrated phagocytosis in lungs.

Duch et. al. have reported the pulmonary toxicity of three types of graphene (aggregated
pristine graphene in water, pristine graphene in 2% pluronic and graphene oxide)
administered via intratracheal instillation to male C56BL/6 mice at 50 ug/mouse dose [114].
After 24 hours of administration, mice were euthanized and lungs were analyzed by
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histology and electron microscopy. Results show that the pulmonary toxicity of graphene
varies as a function of dispersion and oxidation state. Highly dispersed pristine graphene in
pluronic co-polymer solution induces an acute non-fibrotic lung inflammation, which is
significantly lower compared to the local fibrotic response induced by aggregated graphene.
Pristine graphene in dispersed or aggregated form does not induce apoptosis or ROS
generation in lung macrophages. However, GO formulations lead to persistent lung injury
that lasts > 21 days (Figure 14). These results suggest that compared to GO, the use of
pristine graphene may reduce potential health risks associated with pulmonary exposure.

Li et. al. have analyzed the /n vivo biodistribution and pulmonary toxicity of GO after
intratracheal instillation in kunming mice at a dose of 0, 1, 5 or 10 mg/kg to evaluate dose-
dependent acute and chronic pulmonary toxicity for 24 hours [115]. The authors have also
evaluated time-dependent pulmonary toxicity by administering 10 mg/kg GO for 0, 24, 48,
72 hours and 1 week and chronic pulmonary toxicity at 10 mg/kg dose evaluated 1 and 3
months post instillation. Biodistribution was evaluated using SPECT imaging and
pulmonary toxicity was assessed using histology and assays for cell injury, lung edema and
neutrophil infiltration. Results show that GO was localized in the lungs even after 3 months
of administration. Furthermore, GO induced a dose-dependent acute lung injury and resulted
in chronic pulmonary fibrosis. A dose-dependent increase in neutrophils was observed in
bronchoalveolar lavage fluid. Lung histopathological analysis showed alveolar septa
thickening, extensive hemorrhage, changes in alveolar architecture and moderate interstitial
edema. Furthermore, increases in the levels of superoxide dismutase and glutathione
peroxidase were observed suggesting oxidative stress post 48 hours of GO administration.
SPECT imaging showed that GO was mainly localized in the lungs with minor presence in
other organs such as liver and intestines suggesting that GO can pass through the air-blood
barrier. These results show that GO possesses severe pulmonary toxicity and appropriate
steps must be taken to minimize human exposure to GO sources, especially during large-
scale production.

4.5 Intravitreal administration

In intravitreal administration, a substance/formulation is administered directly into the eye
using a needle. Yan et. al. have evaluated the ocular toxicity of GO after intravitreal
administration in Japanese white rabbits at 0.1, 0.2, or 0.3 mg doses [116]. Eyes were
reviewed for the effects of GO using a slit-lamp biomicroscopy and fundoscopy. Results
show that GO did not have any effect on the corneas, interior media, posterior media, and the
retina compared to the control group. The intraocular pressure showed no difference
between the control and the experimental eye. Electroretinography (ERG) was performed to
assess changes in the electrical impulse conduction in the eye. Compared to the controls, GO
administration did not result in any significant changes in ERG amplitudes after 2, 7, 28 or
49 days of administration. H&E staining of eyes harvested 49 days post administration
showed small amounts of GO residue, however, no retinal abnormality was observed.
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5. Antimicrobial toxicity

Table 3 summarizes the studies assessing antimicrobial toxicity of graphene. Sawangphruk
et. al. have investigated the antifungal activity of reduced graphene oxide (rGO) against A.
niger, A. oryzae, and F. oxysporum between 0-500 pg/ml treatment concentrations [117].
Antifungal effects of rGO were assessed by quantifying mycelial growth inhibition. It was
found that the rGO was effective against all three fungi with 1Cgq value between 50-100
pg/ml indicating a good antifungal activity of rGO (Figure 15). A. nigerand F. oxysporum
are pathogenic strains of fungi whereas A. oryzae is non-pathogenic, therefore; antifungal
activity of rGO against A. oryzae could be a concern towards the development of graphene
based broad spectrum antifungal agents. Akhavan et. al. have reported the antibacterial
activity of graphene oxide nanowalls (GONWSs) and reduced graphene oxide nanowalls
(rGONWSs) against E. cofiand S. aureus[118]. Results show that bacterial cells are damaged
by the direct contact of the cell membrane with extremely sharp edges of GO. Gram positive
S. aureus without cell membrane showed greater cell death compared to gram positive £.
coli which was more resistant due to the presence of outer membrane. Additionally,
rGONWSs were more toxic to bacterial cells than GONWSs due to effective charge transfer
between bacteria and edges of nanowalls during bacterial cell contact.

Cai et. al. have investigated the antibacterial activity of polyethyleneimine-modified reduced
graphene oxide (PEI-rGO) and sliver nanoparticles functionalized PEI-rGO (PEI-rGO-
AgNPs) against £. coliand S. aureus between 0-958 mg/L treatment concentration [119].
The results show that PEI-rGO-AgNPs are extremely effective in killing bacteria, >90%
reduction in cell viability was observed for both £. Coliand S. aureus colonies at 958 mg/L
concentration. The long term antibacterial activity of PEI-rGO-AgNPs was attributed to the
damage of bacterial cell due to interactions with sharp blade like edges of GO which may
facilitate effective interactions of Ag™* ions with the intracellular contents, eventually killing
bacteria. Chen et. al. have reported the dose-dependent antibacterial activity of GO and rGO
against a rod shaped, gram negative phytopathogenic bacterium Xanthomonas oryzae pv.
Orzae (Xoo) [120]. GO exhibited a greater antibacterial effect with ~94.5 and 86.4% cell
mortality in DI water and 0.9% NaCl dispersions at 250pg/ml treatment concentration. rGO
at 250ug/ml concentration resulted in 36.1 and 22.3% cell mortality Furthermore, an
increased incubation time from 1 hour to 4 hours resulted in significant increases in the
antibacterial activity of GO (from 19.4% to 66.1%) and rGO (13.8% to 30.5%). Further
analysis by TEM and thiol quantification assay showed that GO resulted in physical damage
and increased oxidative stress to bacterial cells. These results suggest that GO has a
significantly greater dose- and time-dependent antibacterial activity compared to rGO.

Santos et. al. have investigated the antibacterial activity of poly(A-vinylcarbazole) graphene
(PVK-G) solutions and thin films against £. coliand B. subtilis at concentrations between
0.01-1 mg/ml [121]. Results show a dose-dependent antibacterial effect of PVK-G solutions
with~ 80% reduction in the percentage of metabolically active cells at 1 mg/ml treatment
concentration. AFM imaging showed less bacterial coverage on PVK-G films compared to
PVK and ITO (control) surfaces after 24 hours of incubation with £ co/i. Furthermore, PVK-
G solutions at 1 mg/ml concentration showed ~ 80% cell viability of NIH3T3 fibroblast
cells. These results show good antibacterial activity of PVK-G composites and thin films
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and suggest a potential use of PVK-G nanocomposites for a wide variety of antibacterial
applications where bactericidal properties along with good biocompatibility are desired. In
another study, Carpio, Santos et. al. have investigated the antibacterial properties of PVK-
graphene oxide (PVK-GO) nanocomposites between 10-1000 pg/ml treatment
concentrations against £ coli, C metallidurans, B subtilis, and R gpacus [122]. The results of
this study show a similar effect wherein addition of GO to PVK enhances the antimicrobial
properties of the nanocomposite. PVK-GO nanocomposites in solution appear to effectively
encapsulate the bacterial cells leading to reduction in microbial metabolic potential and
eventual cell death. AFM imaging shows significant reduction in £. coli biomass after 48
hours of culture on PVK-GO films in comparison to PVK and ITO (controls) surfaces.
Additionally, similar to PVK-G nanocomposites, PVK-GO nanocomposites are also
cytocompatible (~90% cell viability of NIH3T3 cells was observed after 48 hours of
exposure to PVK-GO solutions at 1000 pg/ml concentration).

Hu et. al. have investigated the antibacterial activity of GO and rGO nanosheets against £.
coli cells at concentrations of 0, 20, and 85 pg/ml [123]. After 2 hours of incubation with
GO at 20 and 85 pg/ml, the metabolic activity of £. coli cells (measured by luciferase-based
ATP assay) decreased to ~70% and ~13%, respectively (Figure 16A). rGO exhibited
antibacterial activity, 2 hours of incubation of E. coli cells with rGO solutions at 85 ug/ml
resulted in only ~24% cell viability (Figure 16B). TEM studies show loss of cell integrity
via physical damages to the cell membrane upon exposure to GO and rGO (Figure 16 C-E).
Furthermore, cells cultured on GO and rGO paper also showed damages to cell membrane of
bacteria. However, Mangadlao et. al. [124], Hui et. al. [125], and Li et. al. [126] have
reported that antibacterial effect of GO films is not due to cell membrane rupture by
graphene edges. The antibacterial effect is observed due to charge transfer between basal
plane of graphene and bacterial cell body leading to inactivation of bacteria.

Kurantowicz et. al. have investigated the interactions of pristine graphene, graphene oxide
(GO) and reduced graphene oxide (rGO) against food borne bacterial pathogens — L/steria
monocytogenes and Salmonella enterica [127]. Bacteria were incubated with high (250
pg/ml) and low (25 pg/ml) treatment concentrations of pristine graphene, GO and rGO for
18 hours. At 250 pg/ml concentration, all nanomaterials consistently inhibited 100% growth
of S. enterica and L monocytogenes. However, at lower concentration (25 pg/ml), only GO
showed 100% inhibition of both bacteria. Pristine graphene inhibited the growth of S.
enterica by 96.5% and L. monocytogenes by 54.5% whereas rGO inhibited the growth of L.
monocytogenes by 91% and S. enterica by 46%. TEM results showed a uniform distribution
of bacterial cells over the surface of GO whereas on the surface of pristine graphene and
rGO, bacterial cells adhered to the edges and wrinkles of the graphene sheets. The authors
hypothesize that the presence of oxidative functional groups throughout the surface of GO
and on the edges of pristine graphene and rGO act as bait for attracting bacteria. After
attaching to the flakes, cell may be damaged via direct contact or destabilization of the
phospholipid cell membrane. These results show a functionalization state dependent
antibacterial effect of graphene and GO.

Liu et. al. have investigated the time- and dose-dependent antibacterial activity of four types
of graphene-based materials (graphite (Gt), graphite oxide (GtO), graphene oxide (GO), and
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reduced graphene oxide (rGO)) against £. coli[128]. At 40 pg/ml treatment concentration
after 2 hours of incubation, Gt, GtO, GO and rGO showed ~ 26.1 + 4.8%, 15.0 + 3.7%, 69.3
+ 6.1% and 45.9 £ 4.8%, respectively. After 4 hours, GO and rGO dispersions lead to ~ 89.7
+ 3.1% and 74.9 £ 4.8% inhibition of £ coli. GO and rGO exhibit a concentration dependent
antibacterial activity, cell mortality increases from 10.5 + 6.6% to 91.6 + 3.2% by increasing
the GO concentration from 5 pg/ml to 80 pg/ml. Similarly, increases in rGO concentration
from 5 pg/ml to 80 pg/ml leads to increased £. coli mortality from 8.4 = 7.3% to 76.8

+ 3.1%. The antibacterial activity of GO and rGO was primarily due to inactivation of
cellular functions due to loss of cell integrity. SEM imaging showed that direct contact of £
coli cells with GO and rGO disrupts cell membrane (Figure 17). Additionally, graphene-
based materials also oxidize glutathione, which is a redox mediator in bacterial cells, leading
to oxidative stress. In another study, Liu et. al. investigated the lateral-dimension dependent
antibacterial activity of GO [129]. The sizes of GO sheets used in this study were 0.753,
0.127, 0.065, 0.035, 0.013, and 0.010 pm?, respectively. Results show that large GO sheets
exhibit significantly greater antibacterial activity compared to small GO sheets. The results
of both these investigations taken together suggest that GO and rGO are effective
antibacterial agents and physiochemical properties such as functional group density, size,
and morphology play an important role in influencing the antibacterial potential of
graphene-based materials.

6. Environmental toxicity

The use of graphene for various industrial and healthcare applications would lead to
increased environmental exposure and its disposal into waste streams. Therefore, it is
important to assess the short- and long-term environmental toxicity of graphene and
graphene-based materials and develop effective strategies to minimize any potential
deleterious impact to flora and fauna. Table 4 summarizes the studies assessing
environmental toxicity of graphene. Begum et. al. have investigated the phytotoxicity of
graphene and its effects on root and shoot growth and shape, cell death and biomass by
incubating seedlings of cabbage, tomatoes, red spinach and lettuce with 500-2000 mg/L for
20 days [130]. The results of physiological and morphological analysis show that graphene
significantly inhibited plant growth and biomass production (Figure 18) and led to a
reduction in the number and size of leaves in a dose-dependent manner. At 2000 mg/L
concentration, ~18-78% root growth inhibition was observed depending on the plant
species. Furthermore, leaves show wilting, necrotic lesions and reduction in leaf area.
Graphene at high treatment concentrations (>500 mg/L) led to the production of reactive
oxygen species leading to necrosis, loss of plasma membrane, and eventual cell death. No
toxic effects were observed on lettuce at similar treatment concentrations. These results
show that the phytotoxicity of graphene depends on the concentration, exposure time and
plant species.

Khodakovskaya et. al. have investigated the toxicity of various carbon nanomaterials
(activated carbon, graphene, single- and multi-walled carbon nanotubes) on the germination
of tomato seedlings [131]. All nanomaterials were mixed with Murashige and Skoog (MS)
growth medium at 50 pg/mL used to grow surface sterilized tomato seedlings. Examination
of leaves and roots show that graphene (out of all materials tested) induced lowest activation

Aadv Drug Deliv Rev. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lalwani et al.

Page 23

of stress-related LeAgpZ2 gene (tomato water-channel protein); highest activation was
observed for CNT groups. Photothermal and photoacoustic imaging studies show that
graphene did not affect the plant growth rate due to the inability to penetrate plant tissues.

Mullick Chowdhury et. al. have evaluated the post-processing effects of graphene oxide
nanoribbons (GONRs) dispersed in biological buffers using various sonication steps (bath
sonication for 5 or 20 minutes or probe sonication for 5 or 10 minutes) on Medaka embryos
[60]. Results show precocious hatching of the embryos when exposed to GONR solutions
prepared by bath sonication. However, significant mortality (~50% increase in cell death) of
the embryos was observed for GONR solutions prepared by probe sonication. AFM imaging
showed the presence of smaller GONR particles and carbonaceous debris after probe
sonication. Probe sonicated GONR solutions lead to structural damage of the chorionic
membrane of embryos. These results suggest that post-processing steps of graphene such as
high-energy sonication may lead to variable environmental toxicity.

Ahmed et. al. have investigated the effects of graphene oxide on the microbial community
present in wastewater [132]. Efficient biological wastewater treatment requires functioning
of diverse microbial species. Active sludge samples were incubated with 10-300 mg/L
concentration of GO for 5 hours at room temperature to observe short-term toxicity. Results
show a dose-dependent toxicity with significant reduction in bacterial metabolic activity,
viability, and their capacity to effectively remove nutrients such as organics, phosphorous
and nitrogen from activated sludge in the presence of GO. A dose-dependent reduction in the
conversion of ammonia to nitrate was observed suggesting a reduction in the concentration
of nitrifying bacteria. It was also observed that the presence of GO in wastewater led to
deterioration of the quality of final wastewater effluent (increased turbidity was observed).
Results also show that interaction of GO with wastewater sludge induced production of
reactive oxygen species. These results show that the presence of GO loads in wastewater
treatment sludge disrupts the functioning of antimicrobial community, which may lead to
compromised treatment performance.

Hydrogen Peroxide (H»05) is a naturally occurring ubiquitous compound found in rain and
surface water, and in biological systems at concentrations ranging between 1 uM to 10000
UM. Xing et. al. have investigated the effects of hydrogen peroxide on the biodegradation of
graphene [133]. TEM and AFM imaging studies show the presence of randomly distributed
holes on graphene sheets in the presence of physiologically and environmentally relevant
concentrations of H,O, (Figure 19). After 10 hours of incubation with H,0,, the diameter of
holes was between 1- 15 nm. An increase in the concentration of H,O, from 1 uM to 10000
UM induced the formation of holes with significantly greater diameters (10-30 nm)
suggesting a concentration dependent biodegradation of graphene. AFM studies show the
depth of holes between 9.4-13.5 nm; greater than the height of a single graphene sheet
(~0.34 nm). Therefore, based on these results, it was concluded that H,O, attacked the inner
layers of graphene along with the outer surface layers. Raman spectroscopy results show a
progressive time- and concentration-dependent decrease in the intensity for both D and G
band for all H,O, treatment groups. The biodegradation of graphene by H,0, may further
be accelerated by the presence of trace elements such as nickel or iron (used as catalysts
during the synthesis of graphene) by catalyzing the conversion of hydrogen peroxide to
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hydroxyl radicals via the Haber-Weiss reaction. The results of this study show that
multilayered graphene can undergo effective biodegradation at environmental and
physiological concentrations of H,0».

Lalwani et. al. have investigated the oxidative biodegradation of graphene oxide nanoribbons
(GONRs) and reduced graphene oxide nanoribbons (rGONRS) by lignin peroxidase (LiP),
an enzyme released by white rot fungi (Phanerochaete chrysosporium) distributed
worldwide in forests soils with dead and decaying organic matter [134]. LiP degrades lignin
—a component of plant cell wall. TEM (Figure 20) and Raman spectroscopy analysis of
GONRs and rGONRs treated with LiP for 4-96 hours show the formation of holes
confirming the structural degradation of graphene sheets. It was observed that GONRS
showed a higher rate of biodegradation compared to rGONRS; numerous holes (1-5 nm
diameter) were detected on GONR sheets within 4 hours of treatment which increased to
~300-350 nm after 48 hours. The diameter of holed on rGONRs was between 5-30 nm after
48 hours of enzymatic treatment. After 96 hours, GONRs appeared to have completely
degraded whereas numerous holes extending throughout the width of rtGONRs were
observed. These results suggest that oxidized and reduced graphene nanoribbons released in
the environment may undergo oxidative biodegradation by lignin peroxidase.

7. Mechanisms of toxicity

The interactions of graphene with cells, proteins, and other biomolecules is influenced by its
physiochemical properties such as shape, size, functional group density and charge transfer
abilities. The main mechanism of graphene toxicity is associated with the generation of
intracellular reactive oxygen species that cause damage to proteins and DNA leading to cell
death via apoptotic or necrotic pathways [83, 135, 136]. Graphene can be internalized into
cells via passive internalization (endocytosis)[137, 138] or active internalization (clathrin
mediated energy dependent endocytosis[139] or actin-dependent macropinocytosis[36]).
Studies have elucidated two mechanism of graphene mediated ROS damage: (1) Upon
cellular internalization, GO interferes with the electron transport system, induces
overproduction of H,O, and hydroxyl radicals. This leads to the oxidization of cardiolipin
and the release and translocation of hemoprotein from mitochondrial inner membrane to the
cytoplasm. This triggers release of cytochrome ¢ complex (cy¢ ¢) which induces calcium
release from endoplasmic reticulum and activates caspase 9 which in turn activates caspase 3
and 7 leading to cell death (Figure 21) [136]. (2) GO induces the activation of MAPK (JNK,
ERK, p38) and TGF- B signaling pathways that lead to activation of Bcl-2 proteins which in
turn activate mitochondria-induced apoptosis (Figure 22) [83]. In addition to ROS induced
cell death, GO may also lead to the activation of toll-like receptors and induce autophagy via
inflammatory pathways (Figure 23) [84]. Post internalization; graphene may induce DNA
cleavage due to interactions such as pi-pi stacking, hydrophobicity, and electrostatic
interactions [140-142]. Singh et. al. have shown that surface charge distribution on graphene
sheets plays an important role in the activation of src kinases and release of calcium
eventually leading to platelet aggregation (Figure 24) [87, 95].

Several studies have reported that extremely sharp edges of graphene lead to membrane
destabilization and loss of cell integrity by direct contact [67, 118]. Wang et. al. have shown
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that adsorption of GO on RBCs leads to the loss of cell membrane resulting in hemolysis
[137]. Long sheets of graphene have also been observed to wrap around bacterial cells
thereby inhibiting their growth [122]. Single layered GONRs exhibit greater cyto- and geno-
toxicity due to the interactions between cells and sharp edges of nanoribbons resulting in
extensive chromosomal aberration and DNA fragmentation [67]. Li et. al. have shown that
graphene micro sheets enter cells through spontaneous membrane penetration at corner sites
and edge asperities [143]. Molecular dynamics simulation studies have shown that graphene
has a strong affinity for phospholipids and can be localized into the hydrophobic interior of
biological membranes [144]. Tu et. al. have shown that due to strong interactions between
graphene and lipids, graphene penetrates into and extracts significantly large amounts of
phospholipids from cell membrane leading to cytotoxicity (Figure 25) [145]. Graphene
quantum dots affect cellular function by inserting into cell membrane [146]; pristine GO has
been reported to form aggregates on cell membrane thereby affecting cellular morphology
[69]. rGO sheets inhibit the growth of fungal mycelium due to their direct insertion into the
membrane of fungal cells [117].

8. Conclusion and Future Perspective

The studies till date indicate that toxicity of graphene could be dependent on the shape, size,
purity, post-production processing steps, oxidative state, functional groups, dispersion state,
synthesis methods, route and dose of administration, and exposure times. The morphology,
shape and size of graphene nanoparticles could influence their cellular uptake characteristics
whereas presence of functional groups can alter their interactions with proteins,
biomolecules and micronutrients. The initial starting materials and the methods used in the
production of oxidized graphene can result in the presence of metallic impurities and
oxidative debris in the final product, which could result in variable toxicity effects. The post
synthesis processing steps employed to disperse the nanoparticles in aqueous media could
also influence toxicity. Reactive oxidation species mediated cell damage has been postulated
as a primary cytotoxicity mechanism of graphene. Graphene sheets with sharp edges could
induce direct physical damage and interact with phospholipids leading to membrane
destabilization. Surface coating of graphene with several biocompatible moieties (e.g.
natural polymers) can mitigate these cytotoxicity effects.

The studies taken together provide information on dosaging, biodistribution and
pharmacology of various graphene-based formulations. It must be noted that even though
there are many types of graphene nanoparticles, GO have been the most widely used for
biomedical applications and studies that employ GO dominate the review. While majority of
published literature on toxicity of other members of the graphene family have been reviewed
herein, more toxicological studies on formulations of other types of graphene nanoparticles
are warranted. Additionally, for all types of graphene nanoparticles, it is important to
investigate and critically evaluate the potential short- and long-term health risks and toxicity
hazards after acute, sub-acute and chronic exposures using /n vitroand in vivo (small and
large animal) models. Towards clinical translation of any graphene-based biomedical
application that requires its systemic administration, formulations with high purity,
dispersibility in aqueous media, and controlled physiochemical properties are highly
desirable. For each of these formulations, regulatory compliance would require mapping of
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their chemistry, manufacturing and control (CMC) process and completing new drug (IND)-
enabling preclinical studies. With advancements in the synthesis methods and establishment
of several commercial ventures for large-scale industrial production of graphene, the
widespread use of graphene for several consumer products is becoming a reality. This
ubiquitous use would lead to an increased environmental exposure of graphene. Therefore,
more studies assessing the long-term environmental impact of graphene are required. Recent
efforts have also involved incorporation of graphene nanoparticles in polymer matrices or
their assembly in coating, films and porous scaffolds for bio-sensing, localized drug delivery
or tissue engineering applications [147, 148]. For these applications, additional /n vitro and
in vivo toxicological studies specific to biomedical devices and implants would be needed.
Finally, advances in graphene-like inorganic nanoparticles for biomedical applications allow
opportunities to compare the biological response of graphene and its inorganic analogues
[41, 43, 149-152]. All these studies will further advance the knowledge required to develop
safe graphene-based technologies and products suitable for healthcare applications and to
minimize the risks to human health.
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Figure 1.
Graphene is the building material for OD fullerenes, 1D carbon nanotubes and 3D graphite.

Schematic adapted from Reference [6] with permission, copyright © Macmillan Publishers
Limited, 2007.
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Figure 2.

Number of publications with the keyword ‘graphene’ from 1960-2015. Data retrieved from
PubMed (www ncbi.nlm nih.gov).
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Representative transmission electron microscopy images of (A and B) graphene
nanoribbons, (C) graphene nanoplatelets, (D) graphene nanoonions, (E) graphene
nanosheets and (F) graphene quantum dots. Image (A) adapted from Reference [41], (B-D)

adapted from Reference [44], (E) adapted from Reference [96] and (F) adapted from
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Reference [146], with permissions. (A) copyright © American Chemical Society 2013, (B—
D) copyright © Elsevier 2014, (E) copyright © Elsevier 2015, and (F) copyright © American

Chemical Society, 2013.
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Effects on (A) lactate dehydrogenase release, (B) reactive oxygen species generation and (C)
caspase-3 activity (apoptosis marker) of PC12 cells treated with 0.1-100 pg/ml of graphene

and single-walled carbon nanotubes. Adapted from Reference [61] with permission,

copyright © American Chemical Society, 2010.
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Figure 5.
Representative transmission electron microscopy images of mesenchymal stem cells (MSC)

treated with graphene nanoonions (GNOs, A&B) and oxidized-graphene nanoplatelets
(GONPs, C&D) at 50 pg/ml for 24 hours. Yellow arrows correspond to aggregates of GNO
visualized in vacuoles (green arrows). No nuclear uptake of GNOs was observed. Blue
arrows correspond to aggregates of GONPs. GONPs were observed inside the nucleus (red
arrows). Oil red O staining after adipogenic differentiation of MSC treated with 50 pg/ml of
(E) GNO, (F) GONR and (G) GONP. Alizarin Red staining after osteogenic differentiation
of MSC treated with 50 pg/ml of (H) GNO, (I) GONR and (J) GONP. No changes in the
adipogenic and osteogenic differentiation of MSCs were observed. Adapted from Reference
[44] with permission, copyright © Elsevier, 2014.
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Figure 6.

(A) Representative atomic force microscopy (AFM) image of graphene quantum dots
(GQDs). Inset in image A depicts AFM height profile. (B) Cell viability of A549 cells
assessed by WST-1 assay. Data reported as means + SE. No significant differences in cell
viability were observed upto a treatment concentration of 320 pg/ml. (C) Cell viability
assessed by WST-1 assay, (D) cell apoptosis and necrosis (E) LDH assay and (F) ROS
generation by HelL a cells upon treatment with 0-160 pg/ml of GQDs. No toxicity upto 160

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lalwani et al.

Page 40

pg/ml concentration was observed. Adapted from Reference [74] with permission, copyright
© Elsevier, 2014.
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Figure 7.
Representative transmission electron microscopy images of HeLa cells treated with 20 pug/ml

of PEG-DSPE dispersed graphene oxide nanoribbons for 3 hours. (A) Presence of GONR
aggregates towards cell periphery (blue arrows), (B) cell membrane protrusion and
internalization of GONRs (red arrows), (C & D) GONR aggregates enclosed in large
cytoplasmic vesicles or endosomes (red arrows), (E and F) HeLa cells showing ruptured
plasma membrane and swollen vesicles suggesting necrotic cell death after 24 hours of
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exposure to 20 pg/ml DSPE-PEG dispersed GONRs. Adapted from Reference [36] with
permission, copyright © Elsevier, 2013.
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Figure 8.

Representative atomic force microscopy (AFM) images of (A) as-prepared rGO (3.8+0.4
um), (B) sonicated rGO (418156 nm), (C) large rGONPs (91+37 nm) and (D) small
rGONPs (11+4 nm). Corresponding lateral size distributions are shown below. Images (E
and F) show human mesenchymal stem cell viability after treatment with 0.01-100 pg/ml
concentration of rGONPs for 1 and 24 hours, respectively. Adapted from Reference [79]
with permission, copyright © Elsevier, 2012.
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Figure 9.
(A) Schematic illustrating structural depiction of few layered graphene (FLG), FLG-COOH

and FLG-PEG. (B) Real time /n vivo biodistribution of 9Tc labeled FLG, FLG-COOH,
FLG-PEG, signal accrued for 24 hours. Adapted from Reference [96] with permission,
copyright © Elsevier, 2015.
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Figure 10.
Biodistribution analysis of Cy7 labeled PEG functionalized nano graphene sheets (NGS-

PEG-Cy7). Tumor bearing 4T1 mice were sacrificed after 1, 6, and 24 hours of NGS-PEG-
Cy7 administration. (A) Spectrally resolved ex vivo fluorescence images of SK-skin, M-
muscle, I-intestine, H-heart, LU-lung, LI-liver, K-kidney, SP-spleen, ST-stomach, and T-
tumor. (B) Chart depicting semi quantitative biodistribution of each organ for n=3 mice per
group. Adapted from Reference [101] with permission, copyright © American Chemical
Society, 2010.
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Figure 11.

Representative H&E staining of lung and liver sections post GNP-Dex administration at 1,
50, and 100 mg/kg in Wistar rats. Pigmentation (arrows, A—C) was observed within alveolar
macrophages in lungs at all GNP-Dex administration concentrations indicating the presence
of graphene nanoparticles. (D) Sham lungs showed no diagnostic abnormalities. Liver
sections at 1 mg/kg (E) showed minimal at liver steatosis, at 50 mg/kg (F) showed
pigmented macrophages in Kupffer cells indicating the presence of graphene. No signs of
inflammation were observed. At 100 mg/kg dose (G), an increase in pigmentation was
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observed. (H) Sham liver sections showed no diagnostic abnormality. Adapted from
Reference [103] with permission, copyright © Kanakia et. al. (open access, Nature Scientific
Reports), 2015.
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Figure 12.
(A&B) Tissue biodistribution, (C) blood half life, (D) elimination via feces and (E) urine

after GNP-Dex administration at doses 50-500 mg/kg to Wistar rats analyzed via ICP-MS.
Liver and kidney showed maximum uptake after 24 hours of administration. Majority of
GNP-Dex was excreted via feces; small amounts were cleared via urine. Histological
sections of (F) cerebral cortex, (G) myocardium, (H) liver, (I) pulmonary parenchyma and
(J) renal cortex after 24 hours of GNP-Dex administration at 250 mg/kg dose. No diagnostic
abnormalities were observed in cerebral cortex and liver. Vascular congestion of
myocardium was observed. Arrows in (G) show dilated vein containing debris of GNP-Dex.
Mild focal congestion was observed in the alveolar capillaries of pulmonary parenchyma.
Vascular congestion and proteinaceous casts were observed in renal tubules of renal cortex.
Adapted from Reference [104] with permission, copyright © Elsevier, 2014.
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(A) Pathological examination of lungs, heart, kidney, spleen and liver collected from control
and GO administered mice (0.5 mg/ml) after 38 days showing severe atrophy of all major
organs. (B) H&E staining of duodenum, jejunum and ileum of GO treated filial mice at 0.05
mg/ml for 21 days and 0.5 mg/ml for 21 and 38 days. The length, width and height of villi of
GO administered groups were longer than control groups. Scale bars represent 100 pum.
Adapted from Reference [110] with permission, copyright © Elsevier, 2015.
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Figure 14.
Aggregated graphene induces patchy fibrosis in mice. Mice were treated with highly purified

and dispersed preparations of graphene in 2% Pluronic (Dispersed), aggregates of graphene
in water (Aggregated) or GO in water (Oxide) by intratracheal instillation and 21 days later,
the lungs were examined for markers of fibrosis. (a) Trichrome stained lung sections. (b)
Sirius Red stained lung sections. (c) Total lung collagen determined by picrosirius red
precipitation of whole lung homogenates (GD; dispersed graphene, GA; aggregated
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graphene, GO; graphene oxide). Adapted from Reference [114] with permission, copyright
© American Chemical Society, 2011.
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Control

Figure 15.

(A) Mycelial growth inhibition of A. niger on media containing 0-500 pg/ml of rGO. (B)
Plot of rGO concentration (pg/ml) vs. mycelial growth inhibitory activity (%) of A. niger, A.
oryzae and F. oxysporum. Adapted from Reference [117] with permission, copyright ©

Elsevier, 2012.
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Figure 16.
(A) Metabolic activity of £. coli cells upon exposure to GO at 20 and 85 pg/ml

concentration for 2 hours. (B) Comparative metabolic activity of GO and rGO at 85 ug/ml
concentration for 2 hours. GO shows greater antibacterial activity than rGO. Transmission
electron microscopy images of £. colicells - (C) control (D) after exposure to GO and (E)
rGO at 85 pg/ml. Loss of membrane integrity are observed. Adapted from Reference [123]
with permission, copyright © American Chemical Society, 2010.
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Figure 17.
Scanning electron microscopy images of £. coli after 2 hours of incubation with (A, B)

saline solution, (C, D) GO dispersions 40 pg/ml, (E, F) rGO dispersions at 40 pg/ml. Loss of
membrane integrity is clearly observed. Adapted from Reference [128] with permission,
copyright © American Chemical Society, 2011.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lalwani et al. Page 55

4&\;‘{?7 ‘ﬂh {" }"jr

500 1000 2000 (mgl.) 0 500 1000 2000 (mgl.) 1000 2000 (mgA.)
Concentration of graphene in growth medium Concentration of graphene in growth medium Concentration of gr.‘phms in growth medium
. - ) ) 9
500 1000 2000 (mgh) 0 1000 2000 (mg/l v S0 1000 2000 (mg/.)
Concentration of graphene in growth medium Concentration of graphene in growth medium Concentration of graphene in growth medium
Figure 18.

Effect of graphene on growth and development of (A-C) seedling and (D-F) cotyledons and
root systems of cabbage, tomato and red spinach after exposure to 500-2000 mg/L
concentration for 20 and 4 days, respectively. A dose-dependent reduction in the plant
growth and biomass production is observed. Adapted from Reference [130] with permission,
copyright © Elsevier, 2011.
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Figure 19.
(A-D) Representative transmission electron microscopy images of multilayered graphene

treated with (A) DI water, (B) 1 uM H,0,, (C) 100 uM H,0, and (D) 10000 uM H,0, for
10 hours. Arrows in (B) indicate the formation of holes on graphene sheets and in (C)
indicate the formation of lighter (few graphene layers) and darker regions (multiple
graphene layers) suggesting the degradation of multilayered graphene. (E-J) Representative
atomic force microscopy images of multilayered graphene on Ni wafer. (E and G) are
topographical scans of graphene incubated with DI water for 25 hours. (G and H) show
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graphene after 25 hours of incubation with 10000 UM H,05. Inset in images (G and H) are
corresponding height profiles. (I and J) are 3D representations of images G and H. Adapted
from Reference [133] with permission, copyright © John Wiley and Sons Inc., 2014.
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Figure 20.
Representative transmission electron microscopy images of oxidized and reduced graphene

oxide nanoribbons (GONRs — A-D) and (rGONRs — E-H) after 0, 4, 48, and 96 hours of
treatment with lignin peroxidase. Arrows in B, D and G indicate the formation of holes on
graphene sheets. Extensive biodegradation of GONRs whereas the formation of holey
rGONRs is observed after 96 hours of incubation. (I) Ribbon diagram of lignin peroxidase,
(J) Enzymatic cycle of lignin peroxidase and (K) Schematic representation of degradation of
graphene in the presence of lignin peroxidase. Adapted from Reference [134] with
permission, copyright © Royal Society of Chemistry, 2014.
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Figure 21.

Schematic representation of the proposed mechanism of oxidative stress induced toxicity by
graphene oxide. Adapted from Reference [136] with permission, copyright © John Wiley &

Sons Inc., 2012.
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Figure 22.
Schematic illustrating the signaling pathways involved in pristine-graphene induced cell

apoptosis via ROS mediated MAPK and TGF-beta pathways (mitochondria dependent
apoptotic cascades). Adapted from Reference [83] with permission, copyright © Elsevier,
2012.
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Figure 23.

Overview of the GO-induced cytokine response and autophagy mediated by the TLR4/TLR9
signaling pathway. GO treatment led to the activation of TLR4 and TLR9, which relayed
signals through MyD88-TRAF6-NF-kB and ultimately gave rise to cytokine expression.
However, GO-induced TLRs signaling neither elicited IFN-b expression nor activated IRF3,
suggesting that TRIF and IRF3 were dispensable in the inflammatory response. Conversely,
GO-induced TLR4-MyD88-TRAF6 and TLR4-TRIF signaling cascades signaled through
Beclin 1 to initiate autophagy. GO engagement of TLR9 also activated MyD88 and TRAF6,
leading to Beclin 1 and LC3 activation and subsequent autophagy. Adapted from Reference
[84] with permission, copyright © Elsevier, 2012.
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Figure 24.
Schematic illustrating the interaction of (A) graphene oxide (negative surface charge) and

(B) amine-modified graphene (positive surface charge) on platelet function. Surface charge
distribution determines the interactions of graphene with different agonist receptors on
platelet membrane. (A) Adapted from Reference [87] and (B) adapted from Reference [88]
with permissions, copyright © American Chemical Society, 2011 and 2012.
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Figure 25.
Representative simulated trajectories of graphene nanosheets insertion and lipid extraction in

the outer membrane (pure palmitoyloleoylphosphatidylethanolamine, POPE) and inner
membrane (mixed POPE-POPG) of E. coli. Water is represented in violet and phospholipids
in tan lines with hydrophilic charged atoms as colored spheres (hydrogen — white, oxygen —
red, nitrogen — dark blue, carbon — cyan and phosphorus — orange). Graphene is shown as
yellow sheet with a large sphere marked at one corner representing restrained atom in
simulations. Extracted phospholipids are shown as large spheres. Adapted from Reference
[145] with permission, copyright © Macmillan Publishers Limited, 2013.
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Table 4
Environmental toxicity of graphene
Material Characterization Properties Conclusion References
Graphene AFM, SEM, TEM Height: 1 nanometer. Cotyledons and root system Begum et. al. [130]
TEM reveals typical growth were slowed down
wrinkled structure. with increasing concentration
Range of length x on tomatoes, cabbage, and
breadth: 0.5 x 0.6 — red spinach; had no effect on
1.5%65pum lettuce. Primary roots were
shorter and disappeared root
hairs compared to the
control. Graphene caused
decreased root and shoot
weight. Decreased number of
leaves.
Few Layer TEM, AFM Thickness: 2-5 nm; No Significant effect on Khodakovskaya et. al.
Graphene Diameter: 100-200 growth of tomato plants. [131]
nm
GONRs AFM, FTIR, Raman Bath sonication: 700— | Post processing high energy Mullick Chowdhury et. al.
spectroscopy 900 nm (20 mins) sonication leads to reduction [60]
Probe sonication: in size of GONRs. Probe
300-400 nm (1 min), | sonicated solutions of
<300 nm (5 mins), GONRs show greater
<200 nm (10 mins) medaka embryo mortality
Ip/lg ratio: 1.30 (bath | compared to non sonicated or
sonication) — 2.30 bath sonicated solutions.
(probe sonication)
GO AFM, XPS, SEM Interlayer Spacing: 1 Inhibition of metabolic Ahmed et. al. [132]
nm. activity at all concentrations.
GO is biodegraded by at
least 50% after 5h. Inhibition
of nitrifying bacteria.
Graphene TEM, AFM, Raman No Holes or Defects, Post Hydrogen Peroxide Xing et. al. [133]
spectroscopy Basic Hexagonal Treatment: Randomly
Lattice. Height: 0.34 distributed holes in
nm Graphene. Diameter of holes
increase with higher
concentration of H202.
GONRs and | TEM, Raman Flat, Smooth, and Lignin peroxidase Activity: Lalwani et. al. [134]
rGONRs Spectroscopy, UV-Vis | uniform multi- GONR: Structure completely

layered sheets.

degraded by 96 hours.
rGONR: Holes from outer to
inner layers in the sheets.
Both materials eventually
degrade, but there is a delay
in degradation for rtGONR
compared to GONR

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 October 01.

Page 84



Eric Bédard

De: Marie-Pascale Sassine

Envoyé: 30 mars 2021 07:45

A: Patricia Hudson

Cc: Marieve Pelletier; Stéphane Caron; Stéphane Perron
Objet: Masque Graphene: Avis de Santé Canada

Bonjour Patricia, lorsque tu parleras avec Richard Massé. S'il y a des suites a ce dossier, est-ce possible de demander
si des démarches avec santé Canada ont été entreprises pour en savoir davantage?

Merci

Marie-Pascale Sassine
Chef d'unité scientifique
Santé au travail, DRBST

marie-pascale.sassine@inspg.gc.ca

INSPQ Centre d'expertise et de référence en santé publique

190 rue Crémazie est Montréal (Québec) H2P 1E2

From: Patricia Hudson <patricia.hudson@inspg.qc.ca>

Sent: Friday, March 26, 2021 11:38:43 AM

To: Marie-Pascale Sassine <marie-pascale.sassine@inspg.qgc.ca>; Stéphane Caron <stephane.caron@inspg.gc.ca>;
Marieve Pelletier <marieve.pelletier@inspg.qc.ca>

Subject: TR: Avis de Santé Canada

Merci de donner suite en répondant directement a Richard et me mettant en copie. SVP me revenir avec un échéancier
de réponse.

Patricia Hudson, M.D., FRCPC

Directrice scientifique

Institut national de santé publique du Québec

Direction des risques biologiques et de la santé au travail
courriel : patricia.hudson@inspg.qgc.ca

Adresse physique : 190, boulevard Crémazie, 2.36, Montréal (Québec) H2P 1E2
Téléphone : 514 864-1600, poste 3201

Adresse postale : 945, rue Wolfe, C5-21, Québec (Québec) G1V 5B3
Adjointe de direction : 418 650-5115, poste 5200



De: Roberts, Jessica (HC/SC)

A: Vladisavljevic, Djordje (HC/SC); Jean-Bernard Gamache

Cc: Marie-Pascale Sassine; Bell, Mary-Jane (HC/SC); Ashby, Deborah (HC/SC); Schmidt, Chris (HC/SC); Fisher, Brad
(HC/SC)

Objet : RE: Graphene nanoparticles masks

Date : 1 avril 2021 16:06:34

L'origine de cette communication est de source externe. Veuillez vous assurer que
AN Ne BN ['expéditeur et le contenu, incluant les pieces jointes, sont Iégitimes avant méme de les
ouvrir ou de les télécharger.

Thank you for responding, Djordje;

CHPSD agrees with your direction to Mr. Gamache to consult the Medical Devices Directorate,
seeing that we (CHPSD- Risk Assessment Bureau) have not previously been involved in the
assessment of graphene.

Kind regards,

STNTNENENENENENENENENENENENENEN)

Jessica Roberts

(she / her | elle)

Unit Head, Toxicology

Risk Assessment Bureau

Consumer and Hazardous Products Safety Directorate
Health Canada,

jessica.roberts@canada.ca

Chef d'unité, toxicologie

Bureau de I'évaluation du risque

Direction de la Sécurité des produits de consommation et des produits dangereux
Santé Canada

From: Vladisavljevic, Djordje (HC/SC) <djordje.vladisavljevic@canada.ca>

Sent: 2021-04-01 2:04 PM

To: Jean-Bernard Gamache <Jean-Bernard.Gamache@inspg.qgc.ca>; Roberts, Jessica (HC/SC)
<jessica.roberts@canada.ca>

Cc: Marie-Pascale Sassine <marie-pascale.sassine@inspg.qgc.ca>; Bell, Mary-Jane (HC/SC) <mary-
jane.bell@canada.ca>; Ashby, Deborah (HC/SC) <deborah.ashby@canada.ca>; Schmidt, Chris
(HC/SC) <chris.schmidt@canada.ca>

Subject: RE: Graphene nanoparticles masks

Hello Dr. Gamache,



I would refer you to the Medical Devices Directorate of Health Canada who are currently leading
HC's response to the issue of face masks containing graphene. Chris Schmidt and Mary-Jane Bell
have been directly involved in the risk assessment and provision of policy advice, | have CC’'d them
here.

My team has been involved in a secondary role consulting with the Medical Devices Directorate and
reaching out to one of the companies who are manufacturing graphene in Canada to bring them into
compliance with the New Substances Notification Regulations (NSNR) under the Canadian
Environmental Protection Act (in addition to their obligations under the Food and Drugs Act, as the
masks in question are considered Class | medical devices).

In the summer of 2020 my Section conducted a risk assessment of graphene under the NSNR and
issued a notice for additional information under specific use scenarios for graphene (CAS RN
1034343-98-0). The chemists and biologists on my team are experts in risk assessment of
nanomaterials and we would be happy to help INSPQ in responding to any requests you have
received.

Please let us know when you would like to arrange a meeting and we will do our best to
accommodate you.

Regards,

Djordje Vladisavljevic
(pronouns: he, him | pronoms: il, lui)

Head, Nanotechnology Section

New Substances Assessment and Control Bureau
Healthy Environments and Consumer Safety Branch
Health Canada / Government of Canada

djordje.vladisavljevic@canada.ca / ||| G

Chef de section, Section de la nanotechnologie

Bureau de I"évaluation et du contrdle des substances nouvelles

Direction générale de la santé environnementale et de la sécurité des consommateurs
Santé Canada / Gouvernement du Canada

djordje.vladisavljevic@canada.ca /_

From: Jean-Bernard Gamache <Jean-Bernard.Gamache@inspg.gc.ca>
Sent: 2021-04-01 1:23 PM

To: Vladisavljevic, Djordje (HC/SC) <djordje.vladisavljevic@canada.ca>; Roberts, Jessica (HC/SC)
<jessica.roberts@canada.ca>
Cc: Marie-Pascale Sassine <marie-pascale.sassine@inspg.gc.ca>

Subject: Graphene nanoparticles masks

Mr Vladisavljevic,
Mrs Roberts



Our organization has received a request regarding the health risks of masks that contain graphene
nanoparticles. Are you currently working on similar requests? Would you have some exerts among your
teams that we could contact concerning this specific subject?

| would welcome an opportunity to meet you in the coming weeks.

Best regards,

Jean-Bernard Gamache, PharmD, MBA

Chef d’unité scientifique - Evaluation et soutien a la gestion des risques
Direction de la santé environnementale et de la toxicologie

Institut national en santé publique du Québec

190 boulevard Crémazie E, Montréal (Québec) H2P 1E2
jean-bernard.gamache@inspqg.qgc.ca

INSPQ Centre d'expertise et de référence en santé publique

Www.inspqg.qc.ca

Ce message peut renfermer des renseignements protégés ou des informations confidentielles. Si vous I'avez regu par
erreur, ou s'il ne vous est pas destiné, veuillez en prévenirimmédiatement I'expéditeur et effacer ce courriel.



Eric Bédard

De: Marie-Josée Archetto

Envoyé: 6 avril 2021 08:10

A: Caroline Huot; Stéphanie Potvin; Mariéve Pelletier; Stéphane Caron; Stéphane Perron

Cc: Christiane Thibault; Marie-Pascale Sassine; Jean-Bernard Gamache

Objet: TR : PVI - Avis de Santé Canada - Les masques contenant du graphéne peuvent présenter des

risques pour la santé

PVI

Marie-Josée Archetto, B.Sc.inf, att.SP

Conseillére a la direction

Direction des risques biologiques et santé au travail
Institut national de santé publique du Québec

190, boulevard Crémazie Est. Montréal (Québec) H2P 1E2
Tél : 514-864-1600

Courriel : mane-josee.archetto@inspq.gouv.qc.ca

INSPQ Centre d’expertise et de référence en santé publique
WWW._Inspg.qc.ca

De : Josée Dubuque <Josee.Dubuque@msss.gouv.qc.ca>

Envoyé : 6 avril 2021 07:47

Objet : TR: PVI - Avis de Santé Canada - Les masques contenant du graphéne peuvent présenter des risques pour la
santé

L'origine de cette communication est de source externe. Veuillez vous assurer que I'expéditeur et le

ATTENTION: X . - Y A . s
contenu, incluant les piéces jointes, sont [égitimes avant méme de les ouvrir ou de les télécharger.

Destinataires
Coordonnateurs en Ml
cc : INSPQ/DRBST, Equipe Intervention du MSSS

Bonjour,

Je vous fais suivre pour information le courriel ci-dessous de Santé Canada concernant les masques contenant du
graphéne.

Bonne journée

Josée
Josée Dubuque, m.sc.
Directrice de la prévention et du contréle des maladies infectieuses
Santé Direction générale adjointe de la protection de la santé publique
ko<t pcy 4 N+ Ministére de la Santé et des Services sociaux
QUébeC 201, Crémazie Est, bureau 2.01

Montréal (Québec) H2M 112

Téléphone : (438) 985-6529

Télécopieur : (514) 864-2778

Courriel : josee.dubugue@msss.gouv.gc.ca




AVIS DE CONFIDENTIALITE

Ce message peut renfermer des renseignements protégés ou des informations confidentielles. Si vous I'avez regu par erreur, ou s'il ne
vous est pas destiné, veuillez en prévenir immédiatement I'expéditeur et effacer ce courriel. Par respect pour I'environnement, imprimer
ce courriel seulement si nécessaire.

Bonjour,

Simplement vous aviser, considérant I’étendue de la couverture médiatique a ce sujet au Québec, que Santé Canada a
émis I'avis suivant destiné au grand public, aux professionnels de la santé, et aux hépitaux le vendredi 2 avril.

Les masques contenant du graphéne peuvent présenter des risques pour la santé
Face masks that contain graphene may pose health risks

Salutations, et Joyeuses Paques!
Maganga

Maganga Lumbu

Directrice régionale /

Regional Director

Direction des affaires publiques et des communications /

Communications and Public Affairs Directorate

Santé Canada et Agence de la santé publique du Canada - Région du Québec /
Health Canada and the Public Health Agency of Canada - Quebec Region

Tel : (514) 770-6645

www.santecanada.gc.ca / www.healthcanada.gc.ca

Votre santé et votre sécurité... notre priorité / Your health and safety... our priority



Eric Bédard

De: Che, Melinda (HC/SC) <melinda.che@canada.ca>

Envoyé: 8 avril 2021 09:09

A: Jean-Bernard Gamache

Cc: Medical Devices Directorate / Direction des instruments méd (HC/SC); Marie-Pascale Sassine
Objet: FW: Graphene nanoparticles masks

Indicateur de suivi: Assurer un suivi
Etat de I'indicateur: Terminé

ATTENTION: L'origine de cette communication est de source externe. Veuillez vous assurer que I'expéditeur et le
& contenu, incluant les piéces jointes, sont Iégitimes avant méme de les ouvrir ou de les télécharger.

Dear Mr. Gamache:

Thank you for your email. | am writing from the Science Advisor Office of the Medical Devices Directorate (MDD). We
are responsible for regulating the importation and sale of medical devices. Our team has been reviewing the
information on the Biomass graphene mask.

We would certainly like to meet with you to further discuss the request. | could arrange for a meeting with our team
next week. Please let me know if you have any preferred date/time.

Sincerely,
Melinda

Melinda Ché

Health Canada | Santé Canada

Medical Devices Directorate | Direction des instruments médicaux

Director General’s Office | Bureau du directeur général

Email | Courriel melinda.che@canada.ca

Telephone | Téléphone 613-941-1143 / Facsimile | Télécopieur 613-957-9969

Government of Canada | Gouvernement du Canada

From: Jean-Bernard Gamache <Jean-Bernard.Gamache@inspg.gc.ca>

Sent: 2021-04-01 1:23 PM

To: Vladisavljevic, Djordje (HC/SC) <djordje.vladisavljevic@canada.ca>; Roberts, Jessica (HC/SC)
<jessica.roberts@canada.ca>

Cc: Marie-Pascale Sassine <marie-pascale.sassine@inspg.qc.ca>

Subject: Graphene nanoparticles masks

Mr Vladisavljevic,
Mrs Roberts

Our organization has received a request regarding the health risks of masks that contain graphene nanoparticles. Are you
currently working on similar requests? Would you have some exerts among your teams that we could contact concerning
this specific subject?



| would welcome an opportunity to meet you in the coming weeks.

Best regards,

Jean-Bernard Gamache, PharmD, MBA

Chef d’unité scientifique - Evaluation et soutien a la gestion des risques
Direction de la santé environnementale et de la toxicologie

Institut national en santé publique du Québec

190 boulevard Crémazie E, Montréal (Québec) H2P 1E2
jean-bernard.gamache@inspg.gc.ca

INSPQ Centre d'expertise et de référence en santé publique
www.inspg.gc.ca

Ce message peut renfermer des renseignements protégés ou des informations confidentielles. Si vous I'avez regu par erreur, ou s'il ne vous est pas
destiné, veuillez en prévenir immédiatement I'expéditeur et effacer ce courriel.



Eric Bédard

De: Jean-Bernard Gamache

Envoyé: 12 avril 2021 17:19

A: Vladisavljevic, Djordje (HC/SC); Marie-Pascale Sassine
Cc: Ashby, Deborah (HC/SC)

Objet: RE: Graphene nanoparticles masks

Hi Djordje,

Thank you for sharing all this information. It will definitely help to our teams of experts. We will contact you and your team
if we have further questions.

It was our pleasure meeting you.
Cordially,

Jean-Bernard Gamache, PharmD, MBA

Chef d’'unité scientifique - Evaluation et soutien a la gestion des risques
Direction de la santé environnementale et de la toxicologie

Institut national en santé publique du Québec

190 boulevard Crémazie E, Montréal (Québec) H2P 1E2
jean-bernard.gamache@inspg.gc.ca

INSPQ Centre d'expertise et de référence en santé publique
www.inspg.qc.ca

Ce message peut renfermer des renseignements protégés ou des informations confidentielles. Si vous I'avez recu par erreur, ou s’il ne vous est pas
destiné, veuillez en prévenir immédiatement I'expéditeur et effacer ce courriel.

De : Vladisavljevic, Djordje (HC/SC) <djordje.vladisavljevic@canada.ca>

Envoyé : 9 avril 2021 16:40

A : Jean-Bernard Gamache <Jean-Bernard.Gamache@inspq.qc.ca>; Marie-Pascale Sassine <marie-
pascale.sassine@inspg.qc.ca>

Cc : Ashby, Deborah (HC/SC) <deborah.ashby@canada.ca>

Objet : RE: Graphene nanoparticles masks

ATTENTION: L'origine de cette communication est de source externe. Veuillez vous assurer que |'expéditeur et le
B contenu, incluant les piéces jointes, sont Iégitimes avant méme de les ouvrir ou de les télécharger.

Great speaking with you both,

The format of this email is going to be a little strange, so | apologize, but if you have any questions please do not
hesitate to contact me. Feel free to reach out to any of the people | have listed here, | have hyperlinked their email
addresses to their names.

As discussed, our program operates under the Canadian Environmental Protection Act and uses the Health Canada
Working Definition for Nanomaterials as a basis for determining whether a substance is a nanomaterial.

My section is responsible for the human health risk assessment of nanomaterials that are new to Canada and, more
recently, those that are already listed on the Domestic Substances List. We have 3 exposure chemists and 2 biologists
with extensive experience in nanomaterial toxicology. We represent Canada at the Working Party on Manufactured
Nanomaterials (WPMN) at the Organisation for Economic Co-operation and Development (OECD) where we work to
develop international guidance and approaches to the assessment and management of risks from nanomaterials. Two
of our chemists also participate in the ISO TC229 Technical Committee on nanotechnologies.

1




Andrew Belknap and Kathy Nguyen were the evaluators who conducted the graphene risk assessment in 2020 and
proposed the significant new activity notice (SNAc) published in November 2020. | have attached the risk assessment
summary that has not yet been published. Andrew is a chemist with many years of chemical risk assessment experience
and Kathy is our senior biologist with over a decade of nanotoxicology experience.

Yi Zhang is the senior chemist in our section.

Marie-Claude Sauve is the Section Head for the Nanotechnology group at Environment and Climate Change Canada.
Please contact her if you would like to speak with experts on the ecotoxicology side of things.

We often work with the following research scientists from the Environmental Health Science & Research Bureau of
Health Canada, who are all experts in the field of nanotoxicology or exposure to nanomaterials:

Sabina Halappanavar
Prem Kumarathasan
Dalibor Breznan

Azam Tayabali
Pat Rasmuussen

Finally, the following journal article may be a good place to start for familiarizing yourselves with graphene:
https://pubs.acs.org/doi/10.1021/acsnano.8b04758

Hope this is useful and please let me know if | can do anything else to help your organization meet its mandate.

Cheers,

Djordje Vladisavljevic
(pronouns: he, him | pronoms: il, lui)

Head, Nanotechnology Section

New Substances Assessment and Control Bureau
Healthy Environments and Consumer Safety Branch
Health Canada / Government of Canada

djordje.vladisavljevic@canada.ca /_

Chef de section, Section de la nanotechnologie

Bureau de I'évaluation et du contrdle des substances nouvelles

Direction générale de la santé environnementale et de la sécurité des consommateurs
Santé Canada / Gouvernement du Canada

djordje.vladisavljevic@canada.ca /_




Eric Bédard

De: Schmidt, Chris (HC/SC) <chris.schmidt@canada.ca>
Envoyé: 10 mai 2021 12:48

A: Jean-Bernard Gamache; Che, Melinda (HC/SC)

Cc: Marie-Pascale Sassine; Bell, Mary-Jane (HC/SC)
Objet: RE: Graphene nanoparticles masks

ATTENTION: L'origine de cette communication est de source externe. Veuillez vous assurer que I'expéditeur et le
& contenu, incluant les piéces jointes, sont |égitimes avant méme de les ouvrir ou de les télécharger.

Good morning Jean-Bernard,

Thank you for your inquiry. As the risk assessment contains confidential business information (CBI)
provided by the manufacturer, we are not in a position to share that. However, we can advise you
when the outcome of that assessment along with salient details will be published.

Kind regards,

Chris Schmidt, MSc

Scientific Evaluator

Medical Devices Directorate/Direction des matériels médicaux
Health Canada/Santé Canada

From: Jean-Bernard Gamache <Jean-Bernard.Gamache@inspq.qc.ca>

Sent: 2021-05-10 12:38 PM

To: Che, Melinda (HC/SC) <melinda.che@canada.ca>; Schmidt, Chris (HC/SC) <chris.schmidt@canada.ca>
Cc: Marie-Pascale Sassine <marie-pascale.sassine@inspq.qc.ca>

Subject: Graphene nanoparticles masks

Hi,

Thank you very much once again for sharing some information regarding the risk assessment of masks that contain
graphene nanoparticles.

Regarding that matter, would it be possible for you to share the report you are currently working on before it is available to
the general public?

Cordially,

Jean-Bernard Gamache, PharmD, MBA

Chef d'unité scientifique - Evaluation et soutien a la gestion des risques
Direction de la santé environnementale et de la toxicologie

Institut national en santé publique du Québec

190 boulevard Crémazie E, Montréal (Québec) H2P 1E2
jean-bernard.gamache@inspg.gc.ca

INSPQ Centre d'expertise et de référence en santé publique
www.inspg.qgc.ca

Ce message peut renfermer des renseignements protégés ou des informations confidentielles. Si vous I'avez recu par erreur, ou s’il ne vous est pas
destiné, veuillez en prévenir immédiatement I'expéditeur et effacer ce courriel.



Nicolas Ribes Turgeon

De: Elisabeth Lajoie (CISSSMC16) <elisabeth.lajoie.med @ssss.gouv.qc.ca>

Envoyé: 4 juin 2021 16:06

A: Geoffroy Denis (CCSMTL); Ghislain Brodeur; Marie-Pascale Sassine; Mariéve Pelletier; Stéphane
Caron; Stéphane Perron

Objet: Masques en graphéne : analyse IRSST

Catégories: A lire car en destinataire

ATTENTION: L'origine de cette communication est de source externe. Veuillez vous assurer que I'expéditeur et le
§ contenu, incluant les piéces jointes, sont |égitimes avant méme de les ouvrir ou de les télécharger.

Bonjour,

Aviez-vous vu ce document :

https://www.irsst.qc.ca/covid-19/avis-irsst/id/2844/les-masques-jetables-gris-contenant-des-nanoparticules-
de-graphene-sont-ils-dangereux-pour-la-sante

Les masques jetables gris contenant

Les:masques jetables gris : p _
cort it s warvotol _des nanoparticules de graphene sont
de graphéne sont-ils dangergux ils dangereux pour la santé? > [RSST :
pour la santé? . ,
Institut de recherche Robert-Sauvé en
@t ] santé et en sécurité du travail

Contexte. Le 2 avril 2021, Santé Canada a émis un avis de
risque potentiel pour la santé lié au port de masques
contenant du graphéne. Santé Canada n'a pas recu de
preuves démontrant que ces masques étaient
sécuritaires et efficaces contre le virus de la COVID-19, et
considére qu'ils présentent un danger d’émission de
particules de graphéne qui pourraient étre inhalées ...

Eligabeth Lajoie
Médecin spécialiste en santé publique et médecine préventive,

et médecine du travail

Cheffe du service médical de santé environnementale et santé au travail
Direction de santé publique

CISSS de la Montérégie-Centre

1255, rue Beauregard
Longueuil (Québec) J4AK 2M3
Téléphone : 450 928-6777, poste 14077



Télécopieur : 450 928-3783

Nouvelle adresse courriel : elisabeth.lajoie.med@ssss.gouv.qc.ca
www.santemc.quebec

Suivez-nous sur Facebook! https://www.facebook.com/DSPMonteregie/






