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I. Introduction 

I, James L. Mullins, hereby declare under penalty of perjury: 

1. In this declaration, I opine on the authenticity of certain documents 

referenced herein and explain when and how these documents were disseminated or 

otherwise made available to the extent that persons interested and ordinarily skilled 

in the subject matter or art, exercising reasonable diligence, could have located the 

document. I am being paid my usual hourly fee of $250/hour. My compensation in 

no way depends on the content of my testimony or the outcome of the proceeding. 

II. Qualifications and Compensation 

2. I am the Founder and Owner of the firm Prior Art Documentation 

Librarian Services, LLC at 106 Berrow, Williamsburg, VA 23188. Attached as 

Exhibit 1060 is a true and correct copy of my Curriculum Vitae describing my 

background and experience. Further information about my firm, Prior Art 

Documentation Librarian Services, LLC (P ADLS), 1s available at 

www.priorartdoclib.com. 

3. I am presently Dean Emeritus of Libraries and Esther Ellis Norton 

Professor Emeritus, Purdue University, 2018 - present. I was previously employed 

as follows: 

(a) Dean of Libraries and Professor & Esther Ellis Norton Professor, 

Purdue University, West Lafayette, IN, 2004-2017; 
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(b) Assistant/ Associate Director for Administration, Massachusetts 

Institute of Technology (MIT), Cambridge, MA, 2000-2004; 

( c) University Librarian and Director, Falvey Memorial Library, Villanova 

University, Villanova, PA, 1996-2000; 

( d) Director of Library Services, Indiana University South Bend, South 

Bend, IN, 1978-1996. Part-time instructor, School of Library and Information 

Science, Indiana University, Bloomington, IN, 1979-1996; 

( e) Associate Law Librarian, and associated titles, Indiana University 

School of Law, Bloomington, IN, 1974-1978; 

(f) Catalog Librarian, Assistant Professor, Georgia Southern College (now 

University), Statesboro, GA, 1973-1974. 

4. Over the course of my career as a librarian, instructor of library science, 

author of scholarly publications, and presenter at national and international 

conferences, I have had experience with catalog records and online library 

management systems built around Machine-Readable Cataloging (MARC) 

standards. 

5. During more than forty-four years as an academic librarian and scholar, 

I have been an active researcher. In my years as a librarian, I have facilitated the 

research of faculty colleagues, either directly or through the provision of and access 

to the requisite print and/or digital materials and services at the universities I worked. 
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I have kept current on the professional library science literature and served on the 

editorial board of the most prominent library journal, College and Research 

Libraries. This followed service as the chair of the Research Committee of the 

Association of College and Research Libraries (ACRL ), a division of the American 

Library Association (ALA). As an academic library administrator, I have had 

responsibility to ensure that students were educated to identify, locate, assess and 

integrate information garnered from library resources. 

III. Background 

6. Authentication. I understand that an item is considered authentic if 

there is sufficient evidence to support a finding that the item is what it is claimed to 

be. I am also informed that authenticity can be established based on the contents of 

the documents themselves, such as the appearance, content, substance, internal 

patterns, or other distinctive characteristics of the item, taken together with all of the 

circumstances. 

7. Public Accessibility. I understand that a given reference is publicly 

accessible upon a satisfactory showing that such a document has been disseminated 

or otherwise made available to the extent that persons interested and ordinarily 

skilled in the subject matter or art exercising reasonable diligence, can locate it. I 

have also been informed by counsel that materials available in a library constitute 
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printed publications if they are cataloged and indexed according to general library 

practices that make the references available to members of the interested public. 

8. Materials considered. For purposes of this declaration I have reviewed 

the documents and appendices referenced herein. These materials are records created 

in the ordinary course of business by publishers, libraries, indexing services, and 

others. I am familiar with the process for creating many of these records, and I know 

these records are created by people with knowledge of the information in the record. 

Further, these records are created with the expectation that researchers and other 

members of the public will use them. All materials cited in this declaration and its 

appendices are of a type that professionals in my field would reasonably rely upon 

and refer to in forming their opinions. 

9. WorldCat. WorldCat is the world's largest public online catalog, 

maintained by the Online Computer Library Center, Inc., or OCLC, and built with 

the records created by the thousands of libraries that are members of OCLC. 

WorldCat is easily accessible on the internet to all who wish to search it; there are 

no restrictions to be a member of a particular community, etc. 

10. OP AC. Online public access catalog, or "OPAC," refers to a catalog of 

a library or a group of libraries. OPACs, generally, and both OPACs mentioned in 

this declaration, are easily accessible on the internet to all who wish to search them 
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and there are no generally restrictions on who can search an OPAC and/or access its 

records. 

11. Periodical publications. A library typically creates a catalog record for 

a periodical publication when the library receives its first issue. When the institution 

receives subsequent issues/volumes of the periodical, the issues/volumes are 

generally checked in ( often using a date stamp), added to the institution's holding 

records, and made available very soon thereafter - normally within a few days of 

receipt or (at most) within a few weeks of receipt. 

12. Indexing. A common way of searching for a publication is to look for 

relevant information in an index of periodical and other publications. Having found 

relevant material, the researcher will then normally obtain it online, look for it in 

libraries, or purchase it from the publisher, a bookstore, a document delivery service, 

or other provider. Sometimes, the date of a document's public accessibility will 

involve both indexing and library date information. Date information for indexing 

entries is, however, often unavailable. This is especially true for online indices. 

Online indexing services commonly provide bibliographic information, abstracts, 

and full-text copies of the indexed publications, along with a list of the documents 

cited in the indexed publication. These services also often provide lists of 

publications that cite a given document. A citation of a document is evidence that 
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the document was publicly available and in use by researchers no later than the 

publication date of the citing document. 

13. Persons of ordinary skill in the art. I understand that a "person of 

ordinary skill in the art" ("POSITA") is a hypothetical person who is presumed to 

have been familiar with the relevant field and its literature at the time of the 

inventions. This hypothetical person is also a person of ordinary creativity, capable 

of understanding the scientific principles applicable to the pertinent field. 

14. I am told by counsel that a POSITA in this subject matter or art would 

either (a) have had at least an advanced degree (Dipl.Ing, M.S., or Ph.D.), with 

research experience in mechanical engineering, biomedical engineering, materials 

science, chemistry, or a related field or at least 2-3 years of professional experience 

in one or more of those fields and would have had experience with (i) the design of 

prefilled syringes; and (ii) sterilization of drug delivery devices, including those 

containing sterilization sensitive therapeutics, wherein such sterilization experience 

would include experience with microbiology; and with respect to certain claims in 

the challenged patent that deal with administering a drug, a POSIT A would be an 

ophthalmologist with some experience administering VEGF-antagonist drugs to 

patients via the intravitreal route. 

15. Such a person would have been engaged in academic research, learning 

through study and practice in the field and possibly through formal instruction the 
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bibliographic resources relevant to his or her research. In and prior to 2012, such a 

person would have had access to a vast array of print resources in, for example, 

mechanical engineering, biomedical engineering, materials science, chemistry, or 

medicine, as well as to a set of online resources. 

IV. Documents 

A. Document 1. Bruno Reuter and Claudia Petersen. "Die Silikonisierung 
von Spritzen: Trends, Methoden, Analyseverfahren," TechnoPharm 2, 
Nr. 4 (2012): 238-244. ("Reuter") 

1. Authentication 

16. Appendix IA is a true and accurate copy from the issue of 

TechnoPharm, 2, Nnr.4 (2012) pages 238-244. Appendix IA includes a cover, with 

ownership stamp of Wurttembergische Landesbibliothek in Stuttgart, table of 

contents, and the Reuter article pages 238-244. This scan was provided to me at my 

request by the Wisconsin TechSearch (WTS),1 from the Wurttembergische 

Landesbibliothek in Stuttgart, Germany. I understand that is not the practice of 

German libraries to date stamp the receipt of an issue of a journal. 

17. Appendix IB is a true and accurate copy from the issue of 

TechnoPharm 2, Nr. 4 (2012) by Bruno Reuter and Claudia Petersen, downloaded 

by me from the TechnoPharm website: 

1 WTS (https://wts.wisc.edu/) is a service from the Libraries department at the University 
Wisconsin-Madison, which provides article delivery and certain librarian research services on 
request. 
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https://www.ecv.de/download/download/Zeitschriften/TechnoPharm/volltext/tp-

2012-04-0238-reuter-silikonisierung-web _ d.pdf. 

18. Appendix IA and Appendix IB are in a condition that appear in all 

respects to be authentic. The sequence from pages 238-244 is not missing 

intermediate pages, the text on each page appears to flow seamlessly from one page 

to the next, and there are no visible alterations to the document. Appendix IA was 

located and recovered from a library, the Wurttembergische Landesbibliothek. 

Appendix IB was downloaded from the TechnoPharm website, which is where a 

person looking for authentic copies would expect to find them. Therefore, I conclude 

that Appendix IA and Appendix IB are authentic copies of the Reuter article. 

2. Public Accessibility 

19. Appendix IC is a view of the WorldCat record for TechnoPharm 

making science work. W orldCat provides an international access point to locate 

TechnoPharm by title and by subject: Pharmazeutische Technologie. Listed among 

the eleven international libraries holding TechnoPharm is Wurttembergische 

Landesbibliothek in Stuttgart, Germany. 

20. Appendix ID is a letter from the Wurttembergische Landesbibliothek. 

In order to verify that the print version was processed and publicly accessible to a 

researcher at the Wurttembergische Landesbibliothek, counsel obtained a letter from 
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Birgit Hacker, Head of Journals Department, Wurttembergische Landesbibliothek. 

This letter dated July 25, 2018 states: 

I hereby confirm, that the printed issue of the journal 

TechnoPharm : making science work / APV, 

Arbeitsgemeinschaft fur Pharmazeutische 

V erfahrenstechnik e. V. 

Aulendorf: ECV, Edito-Cantor-Verlag fur Medizin und 

N aturwissenschaften 

Volume 2.2012, no. 4 

has been received in our library in the month of August 

2012. 

Since the 14th of August, it has always been open to the 

public. 

It is part of a bound volume and is lendable with the shelf 

number Za 15974-2.2012,4-6. 

21. Appendix IE is the OPAC (public catalog) record of Wurttembergische 

Landesbibliothek for TechnoPharm. Below the middle of the record on the left-hand 

side, under Band [Volume] are the holdings of the Wurttembergische 

Landesbibliothek. Among the holdings is: 2. 2012 (2012), Heft. [Issue] 4-6. 

22. After verifying by a search on the internet that Birgit Hacker is with the 

Wurttembergische Landesbibliothek and from my years of experience in academic 

libraries, I can state that this letter is consistent with ones sent to verify the receipt 

and availability of library materials. I see no reason to suspect that this is not an 
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authentic and reliable statement on the receipt and availability of Techno Pharm. 2, 

nr. 4 (2012) and its availability as of August 14, 2012. 

3. Conclusion 

23. I conclude, based on finding Document 1, the Reuter article, in a library 

and on finding library catalog records and an online record for the Reuter article. 

Appendices ID and IE indicate it was locatable by a researcher in August 2012. 

Document 1, the Reuter article, would have been available to an interested person 

no later than August 14, 2012. 

B. Document 2. Arno Fries. "Drug Delivery of Sensitive 
Biopharmaceuticals with Prefilled Syringes." Drug Delivery Technology. 
Volume 9. Number 5 (May 2009): 22-27. ("Fries") 

1. Authentication 

24. Appendix 2A is a true and accurate copy from the issue of Drug 

Delivery Technology, volume 9, number 5, May 2009, pages 22 - 27. Appendix 2A 

includes cover, with ownership and date stamp of National Library of Medicine 

(NLM) May 18, 2009 (upper left hand comer of cover); the front material relating 

to the publication of the journal, Drug Delivery Technology and the Fries article 

pages 22-27. This scan was provided to me at my request by the Wisconsin 

TechSearch (WTS) from the National Library of Medicine (NLM). 

25. Appendix 2B is a download from the proprietary website of Drug 

Development & Delivery (formerly "Drug Delivery Technology" through 2010): 
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http://drug-dev.com/wp-content/uploads/2018/05/May-2009 .pdf. It provided me 

access to the digital copy of the Fries article. 

26. Appendices 2A and 2B are in a condition that creates no suspicion 

about their authenticity. Specifically, the cover, the front material, the table of 

contents, and the sequence from page 22-27 is not missing intermediate pages, the 

text on each page appears to flow seamlessly from one page to the next, and there 

are no visible alterations to the document. Appendix 2B was found within the 

custody of a library - National Library of Medicine - a place where, if authentic, it 

would likely be found. Appendix 2B was located and downloaded by me from the 

proprietary website of the journal, where, if authentic, it would be found. Therefore, 

with the documentation provided above, I conclude that Document 2, the Fries 

article, is authentic. 

2. Public Accessibility 

27. Appendix 2A has the check-in date ( on label on upper left hand corner 

of the cover) by the National Library of Medicine of May 18, 2009. Based on my 

knowledge and experience of academic libraries, I understand that it would take at 

most a week for such a periodical to be accessible on the library's shelf, the Fries 

article would have been publicly accessible no later than May 25, 2009. 

28. Appendix 2C is a download from W orldCat that indicates that Drug 

Delivery Technology, as of September 21, 2018, is held by 59 libraries among these 
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is the National Library of Medicine. The WorldCat record indicates it would have 

been accessible by title, Drug Delivery Technology, and by subjects: Drug delivery 

systems - periodicals; Drug delivery systems; and Biological transport. 

29. Appendix 2D is a download from the National Library of Medicine 

OPAC (online catalog). The NLM OPAC record indicates that Drug Delivery 

Technology began publication in 2001 and ceased with volume 10, no. 9 (Nov. -

Dec. 2010). The available volumes held by NLM are shown as v.2 (2002) - 10 

(2010), inclusive of volume 9, number 5, the issue in which the Fries article was 

published. 

30. Appendix 2E is an article by D. Brett Ludwig, et al., titled "Flow 

cytometry: A Promising Technique for the Study of Silicone Oil-induced Particulate 

Formation in Protein Formulations," published in Analytical Biochemistry, volume 

410 (2011 ): 191-199. On page 199, in References, is number 11, the Fries article. 

3. Conclusion 

31. I conclude, based on finding Document 2 in a library and on finding 

library catalog records, indicating it was locatable and accessible to the public, that 

Document 2, the Fries article, is an authentic document and that Appendix 2A and 

Appendix 2B are authentic copies of Document 2 and that Appendix 2C and 

Appendix 2D are accurate reflections of the acquisition and cataloging of Document 

2 and its accessibility to a researcher. Further evidence of its public accessibility is 
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it being listed as a reference in an article (Appendix 2E) published in 2011. It is, 

therefore, my conclusion that Document 2, the Fries article, is an authentic document 

and was publicly accessible no later than May 25, 2009. 

C. Document 3. James A. Dixon, et al., "VEGF Trap-Eye for the Treatment 
ofNeovascular Age-related Macular Degeneration." Expert Opinion on 
Investigational Drugs. Volume 18. Number 10 (October 2009): 1573-
1580. ("Dixon") 

1. Authentication 

32. Appendix 3A is a true and accurate copy, requested by me from the 

Wisconsin TechSearch (WTS), of the article by James A. Dixon, et al., titled "VEGF 

Trap-Eye for the Treatment of Neovascular Age-related Macular Degeneration" 

published in Expert Opinion on Investigational Drugs, volume 18, no. 10 (October 

2009) pages 1573-1580. 

33. Appendix 3A includes cover of the October 2009 issue with National 

Library of Medicine (NLM) label ( upper left hand comer of cover), indicating the 

issue was checked in by the NLM staff on October 20, 2009; table of contents; 

publication information, and the Dixon article, pages 1573-1580. 

34. Appendix 3B is a download from the Taylor and Francis website, that 

provides the bibliographic description of the Dixon article and also indicates it was 

published online 20 August 2009. Appendix 3B was downloaded by me on 

September 21, 2018 at the Taylor and Francis website: 

https://www.tandfonline.com/doi/abs/10.1517 /13543780903201684. 
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35. Appendix 3A is in a condition that creates no suspicion about its 

authenticity. Specifically, the cover, the front material, the table of contents, and the 

sequence from page 1573 to 1580 is not missing intermediate pages, the text on each 

page appears to flow seamlessly from one page to the next, and there are no visible 

alterations to the document. Appendix 3A was found within the custody of a library 

- the National Library of Medicine - a place where, if authentic, it would likely be 

found. 

36. Appendix 3B documents that the Dixon article was published online by 

Taylor and Francis in its publication Expert Opinion on Investigational Drugs on 

August 20, 2009. 

3 7. With the evidence identified above, I have determined that Document 

3, the Dixon article, is an authentic document. 

2. Public Accessibility 

38. Appendix 3C is the view of the WorldCat record for the journal Expert 

Opinion on Investigational Drugs. It illustrates the availability to the public of the 

journal. One-hundred eighty-one libraries worldwide hold Expert Opinion on 

Investigational Drugs (in all formats and editions) as of September 2018, among 

these it shows the National Library of Medicine as owning the journal. The ability 

to locate this record is by title and by subject: Drugs - Periodicals - Design; and 

Drugs. 
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39. Appendix 3D is a download from the National Library of Medicine 

OPAC ( online catalog). The NLM OPAC record indicates that Expert Opinion on 

Investigational Drugs began publication in 1994 in London by Ashley Publications 

Ltd. The OPAC record indicates that the National Library of Medicine started 

receiving the journal with Vol. 3, no. 2, (Feb. 1994)- and has continued to subscribe 

to the present. In the availability portion of the OP AC record it indicates volumes 

held by NLM are shown as v.3: no.2 (1994)-v.3: no. 4 (1994), v.3: no. 6 (1994) -

v.22: no. 4 (2013), inclusive of volume 18, number 10, October 2009, the issue in 

which the Dixon article was published. 

40. Appendix 3E is an article by Dong Hyun Jo, et al., titled "How to 

Overcome Retinal Neuropathy: The Fight Against Angiogenesis-related Blindness," 

published in Archives of Pharmacal Research, volume 33, number 10. (2010) pages 

1557-1565. On page 1563, in References, is alphabetical order, is the citation to the 

Dixon article. 

3. Conclusion 

41. I conclude, based on finding Document 3 in a library and on finding 

library catalog records, indicating it was locatable and accessible to the public, that 

Document 3, the Dixon article, is an authentic document and that Appendix 3A and 

Appendix 3B are authentic copies of Document 3 and that Appendix 3C and 

Appendix 3D are accurate reflections of the acquisition and cataloging of Document 
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3 and its accessibility to a researcher. Further evidence of its public accessibility is 

it being listed as a reference in an article (Appendix 3E) published in 20 IO. It is, 

therefore, my conclusion that Document 3, the Dixon article, is an authentic 

document and was publicly accessible no later than end of October 2009 in print and 

online no later than August 20, 2009. 
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V. Declaration 

42. I reserve the right to supplement this declaration in the future to respond 

to any arguments that Patent Owner or its expert(s) or counsel may raise, and to take 

into account new information as it becomes available to me. 

43. I declare that all statements made herein ofmy knowledge are true, and 

that all statements made on information and belief are believed to be true, and that 

these statements were made with the knowledge that willful false statements and the 

like so made are punishable by fine or imprisonment, or both, under Section 1001 of 

Title 18 of the United States Code. 

Dated: July 14, 2020 
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Fokus Verpackung 

Die Silikonisierung von Spritzen 
Trends, Methoden, Analyseverfahren 

a · i" e···ersen • Gerresheimer BOnde GmbH, BOnde 

Korrespondenz: Claudia Petersen, Gerresheimer Bunde GmbH, 32257 Bunde, Erich-Martens-Str. 26-32; 
e-mail: c.petersen@gerresheimer.com 

Zusammenfassung 
Ready-to-Fill, d. h. sterile vorfullbare Glasspritzen, werden durch den Primarpackmlttel­
hersteller gewaschen, silikonisiert, verpackt und sterilisiert. Diese Spritzensysteme 
konnen somit ohne weitere Behandlungsschritte durch den Pharmazeuten zur Abfullung 
eingesetzt werden. Heutzutage werden hauptsachlich vorfUllbare Glasspritzensysteme in 
Ready-to-Fi ll· Qualitat gefertigt und dieser Trend setzt sich auch in der Zukunft fort. Bei 
der Fertigung von sterilen vorfii ltbaren Glasspritzen ist die optimale Silikonisierung des 
Spritzenkorpers von groBer Bedeutung. Das Zusammenspiel von Glaskorper- und Kol­
benstopfensilikonisierung ist ausschlaggebend fUr die Funktionalitat des gesamten Sys­
tems. Sowohl eine unzureichende als auch eine UbermaBige Silikonisierung kiinnen 
hierbei Probleme hervorrufen. Fur Glasspritzen kann durch den Einsatz moderner Tech­
nologien 'eine hohe GleichmaBigkeit der Silikonolverteilung bei verringerten Mengen 
erreicht werden. Eine weitere Moglichkeit zur Minimierung der freien Silikonolmenge in 
einer Spritze ist das thermische Fixieren des Silikonols auf der Glasoberflache, die soge­
nannte Einbrenns il ikonisierung. Silikoniilfreie oder silikonolarme vorfullbare Spritzen­
systeme auf Kunststoffbasis sind eine re lativ neue Option. In Entwicklung befinden sich 
zudem Gleitfahigkeitsbeschichtungen fur Spritzen, welche nicht auf Silikonol basieren. 

Einleitung 

Fiir die Verpackung von Injektabila 
werden fast ausschlieBlich Primar­
verpackungen verwendet, die aus ei­
nem Glasbehiilter (Karpulen, Sprit­
zen, Flaschchen) und einem elasto­
meren Verschluss bestehen. Eine 
Ausnahme bilden hier die Ampullen. 

Elastomere haben die Eigenschaft, 
von Natur aus leicht k.lebrig zu sein. 
AJle Elastomerverschli.isse (Kolbens­
topfen, Injektions- oder Lyophilisati­
onsstopfen) werden daher silikoni­
siert. Durch die Silikonisierung v.rird 
vermieden, class die Stopfen aneinan­
der kleben und die Verarbeitung der 
A.rtikel auf den Abfiilllinien wird ver­
einfacht. Zurn Beispiel werden beim 
Einsetzen der Stopfen die Mon-

tagelo-ii.fl:e minimiert. Die Silikonisie­
rung ist somit unerlasslich fiir deren 
Pro zess fahigkeit. 

Glasbehalter werden ebenfalls si­
likonisiert. Bei Flaschchen und Am­
pullen ist dies seltener der Fall. Hier 
client die Silikonisierung als Barriere­
beschichtung zvvischen Glas und 
Arzneimittelformulierung. Die Ad­
sorption von Formulierungsbestand­
teilen an der Glasoberflache wird w1-

terbunden. Die hydrophobe Deakti­
vierung der Oberflii.chen fi.ihrt zudem 
zu einer bessereri Entleerbarkei t der 
Behalter. 

Bei vorfiillbaren Spritz.en und Kar­
pulen dient die SilikonisierWlg einem 
weiteren Zweck. Sie ist unerlasslich, 
um <las Gleiten des Kolbens im Sprit­
zen- oder Karpulenkorper zu ermog-

lichen. Eine alleinige Silikonisierung 
des Kolbenstopfens wiire l1ierfi..ir 
nicht ausreicbend. 

Silikonole sind fur die beschriebe­
nen Aufgaben gut geeignet Sie sind 
weitgehend inert hydrophob und 
viskoelastisch. Chemikalischc und 
physikalische Anforderungen sind 
in den relevanten Monographien 
des amerikanischen (United Sta es 
Pharmacopoeia, USP) und des euro­
piiischen (Pharmacopoea Ew·opaea, 
Phar. Eur) Arzneibuches beschrieben 
[l, 2]. Im Abschnitt 3.1.8 der Phar. 
Eur. ist zudem definiert, dass fi.ir Si ­
likonole zur Verwendung als Gleit­
mittel die kinematische Viskositat 
zwischen 1000 und 30000 mm2/s lie­
gen sollte [3]. Die Monographie zu 
Polydi methylsiloxane11 (PDMS) il1 
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Abb. I: l'olyrli111etltylsiloxr111. 

der USP [2] erlaubt hingegen die Ver­
wendung von Silikonolen mit einer 
Viskositat von 20 bis 30000 centisto­
kes. Steigende Qualitiitsanforderun­
gen und neue biotechnologi.scl1 her­
gestellte Medikamente zeigen aber 
auch die Grenzen der Silikonisie­
rungsteclmik auf. Eine inhomogene 
Silikonisierung, wie sie vor allem bei 
einfachen Beschichtungstechniken 
und tangeren Spritzenkorpern auf­
treten kann, fuhrt eventueU zu me­
chanischen Problemen. Beispielhaft 
seien hier ei ne u nvollstiind ige Entlee­
rung der Spritze in einem Autoinjek­
tor oder hohe Gleitk.riifte geuannt. 

Silikoni:iltropfen sind in abgefull ­
ten Spritzen immer zu beobachten. 
Die Anzahl an Silikoni:iltropfen in Lo­
sung nimmt mit steigender Silikontil­
menge zu. Visuell erkennbare Trop­
fen kiinnen als kosmetischer Fehler 
betrachtet werden. Filr Si likoniilpar­
tikel im subvisuellen Bereich wixd 
diskutiert, ob sie ein Ausli:iser fiir 
die Aggregation von Proteinen sein 
ki:innen [4 ]. 

Vor diesem Hintergrund zeigt sich 
daher ein deutlicher Trend zu opti­
mierten oder alternativen Beschicb­
tungstechniken. Beispiele hierfiir 
sind eine moglichst gleichmiiBige Be­
schichtung mit reduzierter Silikoniil­
menge oder eine Minimierung der 
freien Si1ikon6lmenge durch das so­
genannte Einbrennverfahren. In die­
sem Kontext sind zuverlassige Ana­
lysetechnologien unabdingbar, mit 
denen die Qualitat der Beschlchtung 
qualitativ und quantitativ iiberpriift 
werden kann. Dariiber hinaus befin­
den s ich auch alternative Beschich­
tungsverfahren in der Entwicklung. 

Silikonole und 
ihre Eigenschaften 

Silikonole werden schon seit einem 
halben Jahrhundert in zahlreichen 
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phannazeutischen Anwendungen 
eingesetzt zum Beispiel als I-Ulfsstoffe 
in der Phannaproduktion (Schmier­
mittel) und als inerte pharmazeuti­
sche Gnmdmasse (z.B. Weichkapsel­
wiinde) (5]. Fur die Silikonisierung 
werden in der Regel Trimethylsi­
loll.1'-endgeblockte Polydimethylsilo­
xane (PDMS, Dimetbicone) in ver­
schiedenen Viskositaten eingesetzt 
(Abb. 1). 

Das am hi:iufigsten genutzte Sili­
konol wr Silikonisiernng von Pri­
miirpack.mitteln ist das DOW COR­
NING 360 Medical Fluid mit einer 
Viskositiit von 1000 cSt. 

Die Herstellung von PD IS erfolgt 
uber die Reduktion von Quarzsand 
zu metallischem Silizium. Im nach­
sten Schritt wird das Silizium durch 
eine Mi.iller-Rochow-Synthese mit 

fethylchlorid zu lethylchlorsilanen 
weiterverarbeitet. Hierbei entsteht 
ein Gemisch unterschiedlicher Sila­
ne, bei dem Dimethyldichlorsilan 
(CH:1h SiCh mit 75 % - 90 % iiber­
wiegt. Nach einer destiHativen Ah­
trennung wird das Dimethyldichlorsi 
Ian durch Hydrolyse oder Methano­
lyse zu Silanolen umgesetzt, die zu 
niedermolekularen Ketten und Zy­
klen kondensieren. In einer sauer 
(kationisch) oder alkalisch (anio­
nisch) katalysierten Polymerisation 
werden Polydimethylsiloxane mit 
Hydrox:y-Funktionen erzeugt, die ab­
schlie£end durch Zugabe von Tri­
methylchlorsilan Trimethylsilox:y­
Endgruppen erhalten. Aus den ent­
stehenden polydispersen Polymeren 
werden die kurzkettigen MolekiUe 
durch Verdampfen entfernt, um ei.n­
satzfahiges PDMS zu erhalten. 

Pragend fi.ir das PDMS-Molekul ist 
die Si-0-Bindung. Sie ist mit einer 
Bindungsenergie von 108 kcal/11101 
deutlich stabiler als beispi.elsweise 
die C-0-Bindung (83 kcal/mol) oder 
die C-C-Bindung (85 kcal/mol). 
PDMS ist dementsprechend unemp­
findlich gegeni.iber thermischen Be­
lastungen, UV-StrahJung oder Ox:y­
dationsmitteln. Erst oberhalb von 
130 ·c kommt es zu Reakti.onen wi.e 
Oxidation, Polymerisierung oder De­
polymerisierung. Fi.ir das Moleki.il ist 
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, lbb. 2: l/ii111111iche Dars1e/f1111g Polydi111ethyl­
silo.rn11. 

dari.iber hinaus ein flacher Bindungs­
winkel typisch (Si-0-Si 130 °C), der 
eine geringe Rotationsenergie zur 
Folge hat und es besonders flexibel 
macht (Abb. 2). Eine hohe Bindungs­
lange (1,63A Si-0 im Vergleich zu 
1.43A fur C-0) macht das Molekul 
vergleichsweise gasdurchliissig [6). 

Das spiralformige (und daher gut 
komprimierbare) Molektil ist von 
CHrGruppen umhi.illt, welche das 
chemische und mechanische Verhal­
ten von PDMS bestimmen. Die Me­
thylgruppen der MoJekille ent­
wickeln nur sehr geringe Wechsel­
"~rkungen untereinander. Dies sorgt 
selbst bei hohen Molekulargewichten 
fiir eine niedrige Viskositat, die das 
Verteilen von PDMS auf Oberfliichen 
erleichtert und die Substanz zu ei­
nem ehr effektiven Gleitmittel 
macht. Zudem ist PDMS weitgehend 
inert, Reaktionen mit Glas, Metallen, 
Kunststoffen oder Ktirpergeweben 
finden nur in sehr geringem Umfang 
statt. Die CH3-Gruppen machen 
PDMS stark hydrnphob. Es ist daher 
in 'Nasser unl6s1:ich, in nichtpola.ren 
Liisungsmitteln dagegen .ltislich (6]. 

Silikonisierte Spritzen 

Wie schon dargestellt, funktion.iert 
das System ,,Spritze" nur, wenn die 
Glasktirper- und Kolbenstopfensili­
konisierung homogen und richtig 
aufeinander abgestimmt sind. Bei 
Hohlnade1spritzen ist auBerdem eine 
Silikonisierung derselben w1erlass­
Lich, um ein Kleben der Haut an der 
Nadel zu vermeiden und damit eine 
schmerz.ar'me Injektion zu ermi:igli­
chen. Fi.ir die Innensilikonisierung 
des Glaskorpers wird bei der soge-
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nannten 0Ug-Si1ikonisierung DOW 
CORr ING1< 360 mit einer Viskositat 
von 1000 cSt verwendet. Fur die Ein­
brennsiJikonisierung ,vird oftmals 
die Silikonolemulsion DOW COR­
NINGl 365 eingesetzt. Die Nadelsili­
konisierung erfolgt im Verlauf der 
ready-to-fill Prozessierung mit einer 
Wischtecbnik. Hierfur wird DOW 
CORNI as, 360 mit einer Viskositat 
von 12 500 cSt verwendet. Alternativ 
hierzu ist auch eine thennische FLx.ie­
rung von Silikonol wahrend der 1 a­
delmontage moglich. 

Ziel der SiJikonisierung des Sprit­
zenki:irpers ist eine ilber die gesamte 
Spritzenlange moglichst gleichfor­
mige Gleitbeschichtung, welche im 
Zusammenspiel mit dem Kolbens­
topfen zu moglichst niedrigen Los­
brech- und Gleitkdiften flihrt 
(Abb. 3). 

Eine zu geringe Silikonisierung 
des Spritzenkorpers, vor allem aber 
das Vorhandensein von unsilikoni­
sierten Bereichen, stellt die Funktio­
nalitii.t der Spritze in Frage, soge­
nannter Slip-Stick-Effekt. Die erfor­
derlichen Krii.fte beim Injektionsvor­
gang konnen zu hoch sein oder ein 
vollstiindiges Versagen des Systems 
zur Folge haben. Da Untersilikonisie­
rung und Lucken besonders hau:fig 
im vorderen Bereich der Spritze (Lu­
erkonus-/Kani.ilenseite) auftreten, 
muss die vollstandige Entleernng 
der Spritze in Frage gestellt werden. 
lnsbesondere bei Autoinjektoren 
kann dies auf Grw1d der geschJosse­
nen Systeme unentdeckt bleiben und 
damit ist ctie ausreichende Dosierung 
des Medikaments nicht s ichergestellt 
werden. 

Die naheliegendste Losung ist es, 
eine homogene Silikonisierung durcb 
Erhohung der Silikonolmenge zu er-
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reichen. Eine Erhohung der Silikonol­
menge ist aber wie schon gesagt rnit 
einer Erhohung der Anzahl von Sili­
konolpartikeln in der Losung verbun­
den. Vor allem bei protein-basierten 
Medikamenten konnen uner­
wiinschte Wechselwirkungen mit 
derartigen Sil ikonolpartikeln nicht 
ausgescltlossen werden. Subvisuelle 
Silikoni:ilpartikel stehen in dem Ver­
dacht, eine Proteinaggregatbildung 
zu begtinstigen, welche lmmunre­
uktionen verstiirken konnen und die 
Vertraglichkeit des Medikaments 
verschlechtern. Der zugrunde lie­
gende Mechanismus ist noch nicht 
vollstii.ndia geklii.rt. Es wird dis­
kutiert, ob diese Aggregatbilduag 
<lurch zusiitzliche Beweguag, wie 
z.B. duI"ch Schi.itteln, beeinflusst wird 
[7]. In Versuchen wurde auBerdem 
festgeste ll t, class ab einer SilJ!mnol­
menge von mehr als l mg/Spritze 
das zusii.tzliche Silikoni:il nicht zu ei­
ner weiteren Reduktion der Gleit­
kraft fi.ihrt. 

Die Innensilikonisierung von 
Glasspritzen hat noch e.inen weiteren 
Vorteil. Sie verhLndert die Interaktion 
der Arzneimittellosung mit der G\as­
obedla.che und damit eventuell ver­
bundene Probleme wie Wirkstoffver­
lust durch Adsorption oder pH-Wert­
verschiebung dw-ch Alkali-Leaching. 
Vorfi.illbare Glasspritzen werden nur 
aus hochwertigem Borosilikatglas 
Typ I gefertigt. Doch auch hier wer­
den Natriumionen bei langerer Lage­
rung aus der Glasoberfliiche in wass­
rige Losungen ausgewaschen und 
konnen in ungepufferten Systemen 
efoe problematische Erhi:ihung des 
pH-Werts bewirken. Durch eine 
saure Umgebung wird dieser Vor­
gang begunstigt. 

! Si-0-Na + H20 +-> SiOH + laQH 

In basischen Umgebungen findet 
dagegen ein Atzprozess statt. 

Wassrige Losungen mit hohem 
pH-Wert konnen daher nicht uber 
langere Zeit in Behaltern aus Borosi-

likatglas gelagert werden, sondern 
mussen lyophi,l.isiert und vor elem 
Gebrauch rekonstituiert werden. Ins­
besondere <las Anatzen der Oberfl ii­
che kann im Extremfall zu Delamina­
tion der Glasoberfliiche fiihren. Die 
hydrophobe Dcaktivierung de1· Be­
halter durch Silikonisierung hat sich 
als eine Ma~nahme zum Schutz der 
Glasoberfliiche bewiihrt. 

Optimierte 
Silikonisierung 

Aus den dargesteliten G1ii.nden ergibt 
sich, dass es hierbei das Ziel sein 
muss, eine moglichst homogene Be­
schichtung mit moglichst geringen 
Silikonolmengen herzustellen. Hierzu 
ist es zuniichst erfordedich, die mini­
male Silikonolmenge zu ermitteln, bei 
der die spczifischen Qualitatsanfor­
deru ngen der jeweiligen Anwendung 
zuvediissig erfull t werden. Standard­
miiBig erfolgt die Spritzensilikonisie­
rnng im Ready-to-Fill- Prozess nach 
dem Waschen und Trocknen. Festste­
hende Dusen, welche unterhalb des 
Spritzenkorpers an der Fingeraufla­
genseite positioniert sind, verspruhen 
das Silikonol auf der Spritzenkorpe­
rinnenseite. Bei liingeren Spritzen 
kann es 7.U einer uogleichmiifiigen 
Verte ilung des Silikonols konunen, 
wobei die Silikonolkonzentration 
zum Spritzenende (Luerkonus-/ Ka­
ni.ilenseite) abnimml Durch den Ein­
satz von Tauchdusen kmrn die 
GleichmaBigkeit der Beschichtung 
i.iber die gesamte Lange des Spritzen­
ki:irpers deutlich verbessert werden. 
Die Dusen tauchen hierzu in die 
Spritze ein und applizieren das Siliko­
nol ( feins t zerstaubt) wiih rend des 
Bewegungsablaufes. ahezu Linea.re, 
eng gebiindelte Verliiufe der Gleit­
k.rafte im Kraft/Weg-Diagramm 
(Abb. 4) sind das Resultpt. 

In Studien mit 1 ml long Spritzen 
zeigte sich daruber hinaus ein deut­
liches Reduktionspote nzial bzgl. der 
benotigten Silikonolmenge. Die 
Menge an Silikoni:il/Spritze konnte 
im Versuch um 40 % reduziert wer­
den ohne Qualitatseinbu.J3en in Be­
zug auf die fwlktionellen Eigenschaf-
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Fokus Verpackung 

ten des Systems in Kauf nehmen zu 
milssen (Abb. 5). In der Praxis sollten 
bei der Ermittlung der optimalen Si­
likoni:ildosierung neben dem jeweili­
gen Spritzenvolumen auch der Kol­
benstopfentyp (beschichtet, unbe­
schichtet), die Methode des Kolbens­
topfensetzens (Setzrohr/Vakuum) 
sowie die Anforderungen wiihrend 
der Applizierung (lnjektionssysteme) 
beri.lcksichtigt werden. Kolbenstop­
fen verschiedener Lieferanten unter­
scheiden sich nicht nur in Bezug auf 
die verwendete Gummisorte und De­
sign. Es werden zudem Silikonole mit 
unterschiedJichen Viskositiiten ver­
wendet. Auch die Silikonisierungs­
verfahren unterscheiden sich deut­
lich voneinander. Diese Variabilitiit 
kann einen gr6'5eren Einfluss auf 
die funktionellen Eigenschaften eines 
Spritzensystems haben, aJs die Sp1it­
zensilikonisierung unterschiedlicher 
Lieferanten, wie von Eu et al [8] ge­
zeigt. 

Einbrennsilikonisierung 

Eine weitere entscheidende Weiter­
entwicklung in der Si1ikonisierW1gs­
technik ist das haufig auch als Har­
ten bezeichnete Einbrennen. Siliko­
ni:il wi.rd in Form einer Emulsion auf­
gebracht und in einem speziellen 
Ofen rnit einem bestimmten Tem­
peratur-/Zeitprogramm auf der Glas­
obert1iiche fixiert. 

Beim Einbrennen bilden sich so­
wohl vVasserstofibriicken als auch 
kovalente Bindungen z,.,vischen den 
der Glasoberflii.che llnd den Poly­
dimethylsiloxanketten. Die Bindung 
ist hierbei so fest. dass ein Teil des 
Silikoni:ils nicht mehr durch Li:i­
sungsmittel entfernt werden kann 
und eine dauerhafte, hydrophobe 
Schicht entsteht (Abb. 6). Zudem er­
hi:iht s ich das durchschnittliche Mo­
lekillgew:icht durch Polymerisienmg 
und das Verdampfen kurzkettiger 
Polymere. Die entstehende, extrem 
di.inne Silikonschicht, im Zusam­
menhang mit der geringen Silikonol­
menge innerhalb der Emulsion, mi­
nimiert das freie Silikon in der 
Spritze und sorgt dennoch fiir die 
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Dw·ch eine Ein­
brennsilikonisierung 
w:ird die messbare 

enge an freiem Sili­
konol auf ca. 10 % des 
normalen vVertes redu­

.Sllitone oil Hydrogen bonding· arid 
partly covale"t blndlngs 

ziert. Es folgt bieraus, 
<lass weni11er subvisu­
elle und visuelle Siliko-

1Jbb. 6: Ei11bre1111si/iko11isierw1g. 

gewiinschte QuaJitii:t des Finishs. Es 
wird eine Schichtdicke von 15 -
50 nm gemessen. Im Vergleich dazu 
betragt die Schichtdicke bei oliger 
Silikonisierung im Mittel 500 -
1000 nm. 

ni:ilpartikel in der Lo­
sung zu finden sind. 
Dies es SiUkonisie­
rungsverfahren emp-

fiehlt sich somit zum Einsatz rnit 
empfindlichen Proteinformulierun­
gen. Sie ist auch vorteilhaft bei der 
Verwendung fur ophthalmologische 
Zubereitungen, welche sehr hohe 
Anforderungen im Hinblick auf die 
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erlaubte Partikelbelastung erfilllen 
mlissen. 

Ein weiterer Pluspunkt ist die Sta­
bilitiit der mechanischen Eigen­
schaften der abgefilllten Spritze 
iiber die Lagerdauer hinweg. Die 
Rippen eines Kolbenstopfens drii­
cken slch bei liingerer Lagerung ln 
die Silikonschicht einer olig silikoni-
ierten Spritze ein und es kommt zu 

einem direktem Glas/Gummi-Kon­
takt. Da Elastomere immer leicht 
klebrig sind, erhohen sich dadurch 
die Losbrechk.rafte ilber die Lager­
dauer. Bei einer eingebrannten Be­
schichtung hingegen kann man die­
ses Phanomen nicht in dern AusrnaB 
beobachten (Abb. 7). Die Losbrech­
kraft bleibt iiber die Lagerzeit na­
hezu konstant. 

Analysetechniken 

Die Optimierung des Silikonisie­
nmgsprozesses setzt zuverliissige 
qualitative und quantiLative Ana­
lysemethoden voraus. OnJine-Metho­
den fiir eine hundertprozentige Kon­
trolle der ilikonisierung wiihrend 
der Produktion stehen nach dem 
derzeitigen Stand der Technik nicht 
zur YerfLigung. Die Prozesskontrolle 
erfolgt daher an Stichproben, wobei 
mehrere zerstorende und zersto­
rw1gsfreie Methoden zum Einsatz 
kommen. 

Beirn Glasstaub-Test ,,.,u-d die Sili­
konisierung <lurch das Bestiiuben mit 
foinsten Glaspartikeln sichtbar ge­
macht (Abb. 8). Das destruktive Ver­
fahren ist einfach, aber zeitaufwiin-

Abb. 8: G/(IS ltmb-1~ I: links - Spritze mil 
1nuchdiise silikonisier/, rechts- pritze mil 

festslehe11der Diise siliko11isierl. 

TechnoPharm 2. Nr. 4, 23S-244 (2012) 
© ECV • Editio Cantor Verlag, Aulendorf (Germany) 

Olig-silikonisierte Spritze 
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• Lmbrechk@fte bleiben smbil Uber 

Lagerdauer 

,lbb. 7: l'ergleich ii!ig- 1111d ei11bre1111siliko11isierle ~,rilze. 

dig. Problematisch sind zudem die 
subjektive Beurteilung der Silikoni­
sierungsqualitat so,,v:ie die Abhangig­
keit der Ergebnisse von Temperatur 
und Lufrfeuchtigkeit. 

Durch die Messung der Gleit­
lu:afte kann die GleichmaEigkeit 
der Silikonisierung indirekt be­
stimmt werden (Abb. 9). Das Verfah-

tlllb. 9: G/eitkmj/111e.ss1111g. 

ren ist ebenfalls destruktiv. Proble­
matisch ist bei diesem 
Verfahren, da s die Er-
gebnisse durch die Plat-
zierung des Kolbens-
topfens beeinflusst wer­
den und keine Standar­
disierung fi.ir die Extru­
sionsgeschwindigkeit 
besteht. Fur leere Sprit­
zensysteme wi.rd oft mit 
ei.ner Vorschub-Ge­
schwindigkeit von 
100 mm/min gearbei­
tet; bei gefi.illten mit 
bis zu 380 mm/min. 

Relativ schnelle, 

konnen auf reflexometrischem \,Veg 
gewonnen werden. Der Layer Explo­
rer UT (Abb. 10) de1· Firma rapID 
zum Beispiel tastet den Spritzenkor­
per zeilenweise ab und misst dabei 
Schichtdicken von 15 nm bis zu ei­
nigen Tausend nm bei einer Genau­
igkeit von 5 nm (Abb. 10.1). Fiir die 
Untersuchung einer 40 mm langen 
Spritze wird ca. l min benotigt. 

Ein weiterer zerstorungsfreier 
Ansatz basiert auf bildverarbeiten­
den Verfahren wie <las der Firma 
ZebraScience (Abb. 11). Bei dieser 
Analysemethode wird die gesamte 
Innenseite des Spritzen korpers er­
fasst und auf die charakteristischen 
Oberfliichenstrukturen der Silikoni­
sierung hin untersucht. Hierbei wer­
den ausreichend silikonisierte Berei­
che und eventuelle Lucken sichtbar 
gemacht (Abb. 11.1). Das Verfahren 

pre-filled •vrlngo 
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quantitative und zersto­
rungsfreie Ergebnisse 

Abb. 10: Sifiko11iilsd1ic/i1dicke11111ess11ng mil dcm ln)'er 
Explorer RaplD (Quelle: Gerresheimer 811c11dc). 
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100 %-On-Line-Kontrolle 
wahrend des YVasch- uncl 
Silikonisierprozesses zu 
ermi:iglichen. 

Ausblick 

J!{JIJ. JO. I: Siliko11iilsclilchtdickc11111es:,ww 111il dcm I.aver 

Beim Finishing von 
Glasspritzen geht der 
Trend zu silikoni:i1redu­
zierten Systemen oder 
Einbrennsilikonisierung. 
Verbesserte Ana-
1 ysetechniken und ein 
verbessertes Verstand­
nis der involvierten Pha­
nomene untersti.itzen 
einen optimierten Sili­
konoleinsatz. 

Explorer (Que/le: Ge/'/'esheimer B11e11de). · 

Neue Fragestellun­
gen ergeben sich durch 
die Nutzung innovativer 
Materialien oder Be-

11/Jb. 11: ZcbraScicuce l'is1wlisicm11g Silikoni iernng (Q11clfe: 
schichtungen. Vor dem 
Hintergrund immer 
komplexer werdender 
Devices und der weiter­

Gerreshcimer B11c111le). 

,!bb. 11.1: l'isualisicm11g tier Spri/ze11kii111cr­
siliko11isiem11g (Zebra Science). 

liefett schnelle qualitative Ergeb­
nls e und kann fur leere und gefiillte 
prltzen eingesetzt werden. Leere 

Spritzen sollten jedoch nw- m1mit­
telbar nach dem Sillkonisieren ge­
messen werden. Schon nach einer 
halben tunde ergibt sich durch 
die Verteilu.ng des Silikonols ein vol­
Jig anderes Bild, <lessen richtige In­
terpretation sehr viel Erfahrnng be­
ni:itigt. 

Auch diese Methode ist derzeit lei­
der nicht chnell genug, mu eine 

hin kontinuierlichen Zunahme an 
Biopharmazeutika mit ihren spezi­
fischen Anforderungen, werden auch 
neue Materialoptionen fur Pri.mar­
verpackungen zunehmend interes­
sant. So ki:innen Fliiscbchen- und 
Spritzeninnenflachen beispielsweise 
im Plasmaverfahren rnit reinem Si02 
beschichtet werden, Lim Interaktio­
nen mit Medikamenten zu minimie­
ren. Darilber hinaus gewinnen bei 
vorgefiillten Spritzen und Flii.sch­
chen Kunststoffsysteme auf Basis 
von zyl<lischen Olefinen (COP/COC) 
an Bedeutung. COP-Spritzen wi.e z. B. 
ClearJect TasPackTM von Taisei Kako 
Co. Ltd bieten die Transparenz von 
Glas. Dariiber h.inaus ist ihre Bruch­
sicherheit hi:iher, der nutzbare pH­
Bereich gri:il3er und es flnde kein 
Auswaschen von Metallionen statt. 

Besonders wichtig fur die Ver­
packung biotechnologisch her­
gestellter J\..rzneimittel .ist auch die 
hervorragende Dosiergenauigkeit. 
Auch bei COP-Spritzen ist eine Sili­
konisienmg meisL unerlasslich. 

Ei nen vollig neuen Ansatz bieten 
dagegen sil ikono lfreie Systeme. Die 
Gleil fiihigkeit der Fluorpolymer­
besch ichtung speziell entwickelter 
Kolbcnstopfen wird genutzt, um 
die Silikonisierung von Plastiksprit­
zen kompleLt ilberflilssig zu ma­
chen. ln novaLiven Med ikamenten 
und fnjel tionssystemen s tehen a lso 
ebenso innovative ldeen aus der 
Entwicklung fiir Primii.rpackmittel­
systeme gegeniiber. 
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Fokus Verpackung 

Die Silikonisierung van Spritzen 
Trends, Methoden, Analyseverfahren 

Bruno Reuter, Claudia Petersen • Gerresheimer Bunde GmbH, Bunde 

Korrespondenz: Claudia Petersen, Gerresheimer Bunde GmbH, 32257 Bunde, Erich-Martens-Str. 26-32; 
e-mail: c.petersen@gerresheimer.com 

- Zusammenfassung 
Ready-to-Fill, d. h. sterile vorfiillbare Glasspritzen, werden durch den Primarpackmittel­
hersteller gewaschen, silikonisiert, verpackt und sterilisiert. Diese Spritzensysteme 
konnen somit ohne weitere Behandlungsschritte durch den Pharmazeuten zur Abfullung 
eingesetzt werden. Heutzutage werden hauptsachlich vorfullbare G lasspritzensysteme in 
Ready-to-Fill- Qualitat gefertigt und dieser Trend setzt sich auch in der Zukunft fort. Bei 
der Fertigung von sterilen vorfullbaren Glasspritzen ist die optimale Sil ikonisierung des 
Spritzenkorpers von groBer Bedeutung. Das Zusammenspiel von Glaskorper- und Kol ­
benstopfensilikonisierung ist ausschlaggebend fiir die Funktionalitat des gesamten Sys­
tems. Sowohl eine unzureichende als auch eine ubermilBige Silikonisierung konnen 
hierbei Probleme hervorrufen. Fur Glasspritzen kann durch den Einsatz moderner Tech­
nologien eine hohe GleichmaBigkeit der Silikonolverteilung bei verringerten Mengen 
erreicht werden. Eine weitere Moglichkeit zur Minimierung der freien Silikonolmenge in 
einer Spritze ist das thermische Fixieren des Silikoni:ils auf der Glasoberflache, die soge­
nannte Einbrennsilikonisierung. Silikonolfreie oder silikoni:ilarme vorfi.illbare Spritzen· 
systeme auf Kunststoffbasis sind eine relativ neue Option. In Entwicklung befinden sich 
zudem G leitfahigkeitsbeschichtungen fi.ir Spritzen, welche nicht auf Sili konol basieren. 

Einleitung 

Fur die Verpackung von lnjektabila 
werden fast ausschlieBlid1 .Primiir­
verpackungen V!!rwendet, die aus d­
nem Glasbehiilter (Karpnlen Sprit­
zen, Flaschchen) w1d einem dasto­
meren VerschJuss bestehen. Eine 
Ausnahme bilden hier die Ampullen. 

Elastumer:e haben die Eigenschaft, 
van Natur aus leicht klebrig zu sein. 
Aile Elastomerverschli.issl! (Kolbens­
topfen, Injektions- oder Lyophilisati­
onsstopfen) werden daher silikon.i­
siert. Durch die Silikonisienmg wird 
vermieden, dass die Stopfen a.neinan­
der kleben und die Verarbeitung der 
Artikel auf den Abfiilllinien wird ver­
einfacht. Zurn Beispiel werden beim 
Einsetzen der Stopfen di!! Mon-

tagekriifte minimjert. Die Silikonisie­
rung ist somit tmerliisslich fur deren 
Prozessfii.higkeit. 

Glasbehalter werden ebenfalls si­
likonisiert. Bei Flaschchen und Am­
pullen ist dies seltener der Fall. Hier 
die.nt die Si.1iko1lisil!rung als Barriere­
beschichtm1g zwischen Glas tmd 
Arzneimittelformulienmg. Di!! Ad­
sorption von Formulienmgsbestand­
teilen an der Glasobertlache wird un­
terbunden. Die hydrophobe Deakti­
vierung der Obert1iichen fiihrt zudem 
zu ei1rnr besseren Entleerba.rke.it der 
Behiilter. 

Bei vorfilllba.rl!n Spritzen tmd Ka.r­
puJe.n dient clie Silikonisierung l!inem 
v,reiteren Zweck. Sie ist unerlasslich, 
um das Jei ten des Kolbens im prit­
z.en- oder Karpulenkorper zu ermog-

lichen. Eine alleinige Silikonisierung 
des Kolbenstopfens wiire hierfii..r 
nicht ausreichend. 

Silikonole sind fur die beschriebe­
nen Aufgaben gut geeigneL Sie sind 
weitgehend inert, hydrophob und 
viskoelastisch. Chemikalische und 
physikalische Anforderungen sind 
in den relevantl!n Monograph.ien 
des amerikanischen (United States 
Pharmacopoeia, USP) und des euro­
piiischen (Pha.rmacopoea Europaea, 
Phar. Eur) Arzneibuches beschrieben 
[l, 2). Im Ab chnitt 3.l.8 der Phar. 
Eur. ist zudem definiert, class fur Si­
likoni:ile zur Verwendung aJs Gl!!it­
mittel die kinematische Viskositat 
zwischen l UUU und 30000 mm2/s lie­
gen sollte [3] . Die Monographi!! zu 
Polydimethylsiloxaueu (PDMS) in 
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der USP [2) erlaubt hingegen die Ver­
wendung von Silikonolen mit einer 
Viskositlit von 20 bis 30000 centisto­
kes. Steigende Qualitatsanforderun­
gen und neue biotechnologisch her­
gestellte Medikamente zeigen aber 
anch die Grenzen der Silikonisie­
rungstechnik auf. Eine inhomogene 
Silikonisierung, wie sie vor a1Jem bei 
einfachen Beschichtungstechniken 
und langeren Spritzenko1pern auf­
treten kann, fiihrt eventuell zu me­
chanischen Problemen. Beispielhaft 
seien hier e.ine nnvollstaudige E11tlee­
nmg der Spritze in einem Autoinjek­
tor oder hohe Gleitkrafte genannt. 

Silikonoltropfen sind in abgefull­
ten Spritzen i:mmer zu beobachten. 
Die Anzahl an Silikonoltropfen in Lo­
sung nimmt mit steigender Silikonol­
menge zu. Visuell erkeunbare Trop­
fen konnen als kosmetischer Fehler 
betrachtet werden. Fur Silikonolpar­
tikel im subvisuellen Bereich wird 
diskutiert., ob sie ein Auskiser fiir 
die Aggregation von Proteinen sein 
kt;nnen [<I). 

Vor diesem Hintergrund zeigt sich 
daher ein deutlicl1er Trend zu opti­
mierten oder alternativen Beschich­
ttmgsteclu1iken. Beispiele hierfiir 
sind eine m6glichst gleichmiillige Be­
schichtung mit redw.Jerter Silikonol­
menge oder eine Minimierung der 
freien Silikonolmenge durch das so­
genannte Einbrennverfahren. In die­
sem Kontext si11d zuverlassige Ana­
lysetechnologien tmabdingbar, mit 
denen die Qualitat der Beschichtung 
qualitativ und quantitativ iiberpriift 
werden kann. Dariiber hinaus befin­
den sich auch alternative Beschich­
tungsverfahren in der Enlwicklung. 

Silikonole und 
ihre Eigenschaften 

Silikonole werden schon seit einem 
halben Jahrhundert in zalllreichen 

TechnoPharm 2, Nr. 4, 238-244 (2012} 

pharmazeutischen Anwendungen 
eingeset'Lt zum Beispiel als Hilfastolfo 
in der Pharmaproduktion (Schmier­
mittel) und als inerte pharmazeuti­
sche Grundmasse (z. B. Weichkapsel­
wande) [5]. Fiir die Silikonisierung 
werden in der Regel Trimethylsi­
lo:>.')'·endgeblockte Polydimethylsilo­
xane (PDMS, Dimethicone) in ver­
schiedenen Viskositliten eingesetzt 
(Abb. 1). 

Das am haufigsten genutzte Sili­
konol zur Silikonisienmg von Pri­
marpackmitteJn ist das DOW COR­
NING,r,: 360 Medical Fluid rnit einer 
Viskositlit von 1 000 cSt. 

Die Herstellung von PDMS erfolgt 
iiber tlie Reduktion von Quarzsand 
zu metallischem Silizium. Im nlich­
sten Schritt wird das Silizilun durch 
eine MiUler-Rochow-Syuthese mit 
Methylchlorid zu Methylchlorsilanen 
weiterverarbeitet. Hierbei entsteht 
ein Cemisch unterschiedlicher Sila­
ne, bei dem Dimethyldichlorsilan 
(Cthh SiClz mit 75 % - 90 % iiber­
wiegt Nach einer destillativen Ab­
trennnng wird das Dimethyldichlorsi 
Ian durch Hydrolyse oder Methano­
lyse zu Silanolen umgesetzt, die zu 
niedermolekularen Ketten und Zy­
klen kondensieren. In einer sauer 
(kationisch) oder alkatisch (anio­
nisch) k.atalysierten Polymerisation 
werden Polydimethylsiloxane m.it 
Hydroxy-F1mktionen erzeugt, die ab­
schlief.send durch Zugabe von Tri­
methylchlorsilan Trirnethylsilo"-'Y· 
Endgruppen erhalten. Aus den ent­
stehenden polydispersen Polymeren 
werden die kurzkettigen Molekiile 
<lurch Verdampfen entfernt, um ein­
satzfahiges PDMS zu erhalten. 

Pragend fiir das PDMS-Molekii1 ist 
die Si-O-Bind1mg. Sie ist mit einer 
Bindw1gsenergie von 108 kcal/mo] 
deutlich stabiler als beispielsweise 
die C-0-Bindung (83 kcal/ mol) oder 
die C-C-Bindung {85 kcal/mo!). 
PDMS ist dementsprechend unemp­
fiJ1dlich gegeniiber thermischen Be­
lasttmgen, UV-Strahhmg oder O"-'Y· 
dationsmitteln. Erst oberhalb von 
130°C kommt es zu Reaktionen wie 
Oxidation, Polymerisierung oder De­
polymerisierung. Fiir das Molekill ist 

© ECV • Editio Cantor Verlag, Aulendorf (Germany) 

Ahh. 2: J/iillmlirhc Dr1ntellm1g />11/yrlimcthxl­
.~il11xan. 

dariiber hinaus ein llacher Bindungs­
winkel typisch (Si-0-Si 130°C), der 
eine geringe Rotationsenergie zur 
Folge hat und es besonders Oexibel 
macht (Abb. 2). Eine hohe Bindtmgs­
llinge (1,63A Si-0 im Vergleich zu 
1,43A fiir C-0) macht <las Molekiil 
vergleichsweise gasdurchlassig (6]. 

Das spiralformige (und daher gut 
komprimierbare) Molekiil ist von 
C.T·h-Gruppen umhiillt, welche das 
chemische und mechanische Verhal­
ten von PDMS bestimmen. Die Me­
thylgruppen der Molekille ent­
wickeln nur sehr geringe Wechsel­
wirkungen tmtereinander. Dies sorgt 
selbst bei l10hen Molekulargewichten 
fur eine niedrige Viskositat, die <las 
Verteilen von PDMS auf Obertliichen 
erleichtert und die Substanz zu ei­
nem sehr effektiven Gleitmittel 
macht. Zudem ist PDMS weitgehend 
inert, Reaktionen mit Glas, Metallen, 
Kunststoffen oder Korpergeweben 
fiJ1den nur in sehr geringem Umfang 
statt. Die CHi-Gruppen machen 
PDMS stark hydrophob. Es ist daher 
in Wasser unlosUch, in nichtpolaren 
Losungsmitteln dagegen loslich (6). 

Silikonisierte Spritzen 

Wie schon dargestellt., funk-tioniert 
das System ,,Spritze" nur, wenn die 
Glaskorper- und Kolbenstopfensili­
konisierung homogen und richtig 
aufeinander abgestimmt sind. Bei 
Hoblnadelspritzen ist auBerdem eine 
Silikonisienmg derselben unerlass­
Hch, um ein Kleben der Haut an der 
Nadel zu vermeiden und damit eine 
schmerzarme Injektion zu ermogli­
chen. Fiir die Innensilikonisienmg 
des GJaskorpers wird bei der soge-
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Abb. 3: Exemplarischvs Kriijlejm!fil ciner 1ror­

jiillbare11 Sprilze. 

nannten Olig-Si1ikonjsierung DOW 
CORNING® 360 mit einer Viskositiit 
von 1000 cSt verwendet. Fiir die Ein­
brennsilikonisienmg wird oftmals 
die Silikonolemulsion DOW COR­

NlNG® 365 eingesetzt. Die Nadel:ili­
konjsierung erfolgt im Verlauf der 
ready-to-fill Prozessierung mit ejner 
Wischtechnik. Hierftlr wird DOW 
CORNINGIII) 360 mit einer Viskositiit 
von l.2500 cSt verwendet. Alternativ 
hierzu ist auch eine thermische Fixie­
rung von ilikonol wii.hrend der Na­
delmontage moglich. 

Ziel der Silikonisierung des Sprit­
zenkorpers ist eine iiber die gesamte 
Spritzenlii.nge moglichst gleichfor­
mige Gleitbeschichtung, welche im 
Zusarnmenspiel mit dem Kolbens­
topfen w mogUchst niedrigen Los­
brech- und Gleitkrii.ften fu.hrt 
(Abb. 3). 

Eine zu ge1inge Silikonisierung 
des Spritzenkorpers, vor allem aber 
das Vorhandensein von unsilikoni­
sierten Bereichen, stdlt die Funktio­
nalitiit der Spritze in Frage, soge­
nannter Slip-Stick-Effekt. Die erfor­
derlichen Krii.fte beim Injektionsvor­
gang konnen zu hoch sein oder ein 
vollstii.ndiges Versagen de. S~rstems 
zur Folge haben. Da Untersilikonisie­
mng tmd Liick.e:n besonders haufig 
im vordereu Bereich der Spritze (Lu­
erkonus-/Kanillenseite) auftreten, 
muss di.e voUstiindige Entleenwg 
der Spritze in Frage gestellt werden. 
lnsbe 'Ondere bei Autoinjektoren 
kann dies auf Grund der geschlosse­
nen Systeme unentdeckt bleiben tmd 
dam.it ist die ausreichende Dosierung 
des Medikaments nicht sichergestellt 
werden. 

Die naheliegendste Losung ist es, 
eine homogene ilikonisiemng durch 
Erhohung der Silikontilmenge zu er-
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reichen. Eine Erhohtmg der Silikonol­
ruenge ist aber wie schon gesagt ntit 
einer Erhohung der Anzahl von Sili­
konti lpartikeln in der Ltisung verbun­
den. Vor allem bei protein-basierten 
Medikamenten konnen uner­
wii.nschte Wechselwirkungen rnit 
derartigen Silikonolpartikeln nicht 
ausgeschlossen werden. Subvisuelle 
Silikoni:ilpartikel stehen in dem Ver­
dacht, eine Proteinaggregatbildtmg 
zu begunstigen, welche Immunre­
aktionen verstiirken ktinnen und die 
Vertraglichkeit des Medikaments 
verschlechtern. Der zugrunde lie­
gende Mechanismus ist 11och nicht 
voUstii.ndig geklii.rt. Es wird dis­
kutiert, ob dfose Aggregatbildwig 
<lurch zusatzliche Bewegung, wie 
z. B. durch Schiitteln, beeinflusst wird 
[7]. In Versuchen wurde auBerdem 
festgestellt, dass ab einer Silikonol­
menge von mehr als lmg/Spritze, 
das zusatzliche Silikonol nicht zu ei-
11er weiteren Reduktion der Gleit­
kraft fii.hrt. 

Die lnnensilikonisierung von 
Glasspritzen hat noch einen weiteren 
Vorteil. Sie verl1indert die lnteraktion 
der Arzneirnittellosung mit der Glas­
oberfliiche tmd damit eventuell ver­
bundene Probleme wie Wirkstoffver­
lust dmch Adsorption oder pH-Wert­
verschiebnng durch Alkali-Leacl1ing. 
Vorfiillbare Classpritzen werden nur 
aus hochwertjgem Borosilikatglas 
Typ I gefertigt. Dach auch hier wer­
den NaLriumionen bei langerer Lage­
rung aus der Glasoberflache in wiiss­
rige Lostmgen ausgewascheu und 
ktinnen in tmgepufferten Systemen 
eine problematische Erholmng des 
pH-Werts bewirken. Durch eine 
saure Umgebung wird dieser Vor­
gang begiinstigt. 

I Si-0-Na + I-h O iOH + NaOH 

In basischen Umgebungen findet 
dagegen ein Atzprozess statt. 

Wassrige Ltisungen mit hohem 
pH-Wert konnen daher nicht iiber 
langere Zeit in Behiiltem aus Borosi-

likatglas gelagert werden, sondern 
miissen lyophilisiert und vor dem 
Gebrauch rekonstituiert werden. Ins­
be ondere das Aniitzen der Obertlii­
che kann im Extrernfall zu Delamina­
tion der Glasoberfliiche fuhren. Die 
hydrophobe Deaktivienmg der Be­
hii.lter durch Silikonisierung hat sich 
als eine MaBnahme zum Schutz der 
Glasoberfliiche bewahrt. 

Optimierte 
Silikonisierung 

Aus den dargestellten Grunden ergibt 
sich, dass es hierbei das Ziel sein 
muss, eine moglichst homogene Be­
schkhtung mit mi:iglich t geringen 
Silikontilmengen herzustellen. I-Iierzu 
ist es zunii.chst erforderlich, die mini­

male Silikonolmenge zu ermitteln, bei 
der die spezifischen Qualitiitsanfor­
derungen der jewei)jgen Anwendung 
zuverlassig erfilllt werden. Standard­
miillig erfolgt die Spritzensilikonisie­
rung im Ready-to-Fill- Prozess nach 
dem Waschen und Trocknen. Festste­
hende Dusen, welche unterhalb des 
Spritzenkorpers au der Fingeraufla­
genseitepositioniert sind, verspriihen 
das Silikontil auf der Spritzeukorpe­
rinnenseite. Bei lii.ngeren Spritzen 
kann es zu einer ungleichmaBigen 
Verteilung des Silikonols kommen, 
wobei die Silikonolkouzentration 
zum Spritzenende (Luerkonus-/Ka­
niilenseite) abnimmt. Durch den Ein­
satz von Tauchdiisen kann die 
Gleichmii.Gigkeit der Beschichtung 
iiber die gesamte Lange des Spritzen­
korpers deutlich vetbessert werden. 
Die Dusen tauchen hierzu in die 
Spritze ein und applizieren das Siliko­
nol ( feinst zerstaubt) wahrend des 
Bewegungsablaufes. Nahezu lineare, 
eng gebiindelte Verliiufe der Gleit­
kriifte im Kraft/Weg-Diagramm 
(Abb. 4) sind da Resultat. 

In Studien mit l ml long Spr:itzen 
zeigte sich darii.ber Jtjnaus ein deut­
liches Reduktionspotenzial bzgl. der 
benotigten Silikonolmenge. Die 
Menge an Silikontil/Spi-itze konnte 
im Vcrsuch um 40 % reduziert wer­
den olme QualitiitseinbuJ.sen in Be­
wg auf die funktionellen Eigenschaf-
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Fokus Verpackung 

ten des Systems in Kauf nehmen zu 
mi.i.ssen (Abb. 5). In der Praxis sollten 
bei der Ermittlung der optimalen Si­
likoni:ildosierung neben dem jeweili­
gen Spritzenvolumen auch der Kol­
benstopfentyp (beschichtet, unbe­
schichtet), die Methode des Kolbens­
topfensetzens (SetzrohrNal'"llum) 
sowie die Anforderungen wahrend 
der Applizierung (Injektionssysteme) 
beri.i.ck ichtigt werden. Kolbenstop­
fen verschiedener Lieferanten unter­
scheiden sicl1 nicht nur in Bezug auf 
die verwendete Gummisorte und De­
sign. Es werden zudem Silikouole mit 
unterschiedlichen Viskositaten ver­
wendet. Auch die Silikonisierungs­
verfahren unterscheiden sich deut­
lich voneinander. Diese Variabilitat 
kann einen groBeren Einiluss auf 
die funk.tionellen Eigenschaften eines 
Spritzensystems haben, aJs die Sprit­
zensiUkonisiemng unterscl1iedlicher 
Lleferanten, wie von Eu et al (8) ge­
zeigt. 

Ei n brennsil ikonisierung 

Eine weitere entscheidende Weiter­
entwicklung in der Silikonisierungs­
technik ist das haufig auch als Har­
ten bezeichnete Einbrennen. Siliko­
nol wird in Form einer Emulsion auf­
gebracht und in einem speziellen 
Ofen mit einem bestimmten Tem­
peratur-/ Zeitprogramm auf der Glas­
oberflache fodert. 

Beim Einbrennen bilden sich so­
wohl Wasserstoffbrilcken als auch 
kovalente Bindungen zwischen den 
der Glasoberflache w1d den Poly­
dimethylsiloxan ketten. Die Bindung 
ist hierbei so fest, dass ein Teil des 
Silikonols nicht mebr <lurch Lo­
stmgsmittel entfernt werden kann 
und eine dauerhafte, hydrophobe 
Schicht entsteht (Abb. 6). Zudem er­
hoht sich das durchschnitlliche Mo­
lekillgev.icht dmch Polymerisierung 
und das Verdampfen kurzkettiger 
Po.lymere. Die entstehende, ex:trem 
dii.nne Silikonschicht, im Zusam­
menhang mit der gefingen Silikonol­
menge innerhalb der Emulsion, mi­
nimiert das freie Silikon in der 
Spritze und sorgt dennoch fiir die 

242 Petersen und Reuter • Silikonisierung 
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Abb. 5: Kriifteprojil 1111ch optimierter Silikonisierimg. 

Abh. fi: Ei11hre1111.~ilik,misiemng. 

gewi.i.nschte Qualitat des Finishs. Es 
wird eine Sch.ichtcticke von 15 -
50 nm gemessen. Tm Vergle.ich dazu 
betragt die Schichtdicke bei oliger 
Silikonisierung im Mittel 500 -
1000 nm. 

... 

Durch eine Ein­
brennsilikonis ierung 
wird die messbare 
Menge an freiem Sili­
konol auf ca. lU % des 
normalen Wertes redu­
ziert. Es folgt llieraus, 
dass weniger subvisu­
elle und visueUe Siliko-
nolpartikel in der Lo­
sung zn finden sind. 
Dieses Silikonisie­
rungsverfahren emp-

fieh lt sich somit zum Einsatz mit 
empfmdlichen Proteinformulienm­
gen. Sie is l auch vorteilhaft bei der 
Verv,endung fiir ophthalmologische 
Zubereitungen, welche sehr hohe 
Anfo1·demngen im Hinblick auf di.e 
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erlaubte Partikelbelastung erfilllen 
mussen. 

Ein weiterer Pluspunkt ist die Sta­
bilitat der mecbanischen Eigen­
schaften der abgefiillten Spritze 
iiber die Lagerdauer b.inweg. Die 
Rippen eines Kolbenstopfens dri.i­
cken sich bei Jangerer Lagemng in 
die Silikonschicht einer olig silikoni­
sierten Spritze ein und es kommt zu 
einem direktem Glas/Gummi-Kon­
takL Da Elastomere immer leicht 
klebrig sind, erhohen sich dadurch 
die Losbrecbk.i:afte iiber die Lager­
dauer. Bei einer eingebrannten Be­
schichtung 11.ingegen kann man die­
ses Phanomen nicht in dem Ausmaf.s 
beobachten (Abb. 7). Die Losbrech­
k.i:aft bleibt uber die Lagerzeit na­
hezu kon tant. 

Analysetechniken 

Die Optimierung des Silikonisie­
rungsprozesses setzt zuverlassige 
qualitative und quantitative Ana­
lysemeilioden voraus. Online-Metho­
den fiir eine hnndertprozentige Kon­
troUe der Silikonisierung wiih rend 
der Produktion stehen nach dem 
derzeitigen Stand der Technik nicht 
zur Verfiigung. Die Prozesskontrolle 
erfolgt daher an Stichproben, wobei 
mehrere zerstorende tmd zersto­
ruugsfreie Methoden zum Einsatz 
kommen. 

Beim Glasstaub-Test wird die Sili­
konisierung durch das Bestiiuben m.it 
fe insten Glaspartikeln sichtbar ge­
macht (Abb. 8). Das destrnktive Ver­
fahren ist einfach, aber zeitaufwan-

Ahb. R.- G!tl.t,ln11h-Testc link., - Spri.tzc mil 
1huchdii.te silikani.,icrl, rcchl,- Sjil"itze mil 
fe.mtd,ender Diise .,i!iktmi,ierl 

TethnoPhatm 2, Nr. 4, 238-244 (2012) 
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I 

Abb. 7: l'ergleich iilig- ,md t:inbrmnsilikonisierle Spril.zc. 

dig. Problematisch sind zudem die 
subjektive Beurteilung der Silikoni­
sierungsqualitat sowie die Abhangig­
keit der Ergebni ·se von Temperatur 
und Luftfeuchtigkeit. 

Durch die Messtmg der Gleit­
krafte kann die Gleichma.I.sigkeit 
der Silikonisierung indireJ...1: be­
stimmt werden (Abb. 9). Das Verfah-

Abb. 9: Gleitkrnflme.mnw. 

ren ist ebenfalls destruk.Liv. Proble­
m atisch ist bei diesem 
Verfahren, dass die Er­
gebn isse durch die Plat­
zienu1g des Kolbens-
topfens bee.influsst wer­
den w1d keine Standar­
disierung fi.ir die EJ<.trn­
sionsgeschwindigkeit 
besteht. Fur leere Sprit­
zensysteme wi.rd oft mit 
eiuer Vorschub-Ge­
schwindigkeit von 
100 mm/ min gearbei­
tet; bei gefilllten mit 
bis zu 380 mm/ min. 

Relativ schnelle, 

konnen auf reilexometrischem Weg 
gewonnen werden. Der Layer Explo­
rer UT (Abb. 10) der Firma rapID 
zum Beispiel ta.stet den Spritzenki:ir­
per zeilenweise ab und misst dabei 
Schichtdicken von 15 nm bis zu ei­
nigen Tausencl nm bei einer Genau­
igkeit von 5 nm (Abb. 10.1). Fur die 
Untersuchung einer 40 mm langen 
Spritze wird ca. l min beni.itigt 

Ein weiterer zersti:inmgsfreier 
A.nsatz basiert auf bildverarbeiten­
den Verfahren wie das der Finna 
ZebraScience (Abb. ll ). Bei dieser 
Analysemethode wird die gesamte 
lnnenseite des Spritzenkorpers er­
fasst und auf die charakteristischen 
Oberflachenstrukturen der Silikoni­
sieru ng hin untersucht. Hierbei wer­
den ausreichend silikonisierte Berei­
che und eventuelle Lucken sichtbar 
gemacht (Abb. 11.1). Das Verfahren 

quantitative und zersto­
nmgsfreie Ergebnisse 

Abb. JO: Si/iko11iilschid1tdicke11111essw1g mit dem Layer 
E.xplarer Rop!D (Qucllec Geffe<lwime,· Bue11de). 

z 
i:: ..... 
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Fokus Verpackung 

100 %-On-Line-Kontrolle 
wiil1rend de · Wasch- und 
Silikonisierprozesses zu 
ermoglichen. 

Ausblick 

Ahh. Jn.J: Silikm1iil<c:hichldickenm.c,<.<u11g mil dem Layer 
Explorer (Que/le: Gerrcs/Jcimer Buemle). 

Beim Finishing van 
Glasspritzen geht der 
Trend zu silikonolredu­
zierten Sy temen. oder 
Einbrennsilikonisierung. 
Verbesserte Ana­

.... .. . 1 ' -y--T·~· - 1 1 rrr · · . ,.- : 1. 
lysetechni.ken und ei.n 
verbessertes Verstand­
ois der involvierten Pha­
nomene unterstiitzen 
einen optimierten Sili­
koni:ileinsatz. 

Neue Fragestellun­
gen ergeben sich <lurch 
die Nutzung i1tnovativer 
Materialien oder Be-

Ahl,. 11: ZcbroScicncc Vi uali<iemng Silik1misie,-1111g (Que/le: 
schichtungen. Vor dem 
J-lin tergrund immer 
komplexer werdender 
Devices tmd der weiter­

Gerres/Jeimer 811emle). 

Abh. 11.1: Visualisimmg der Spritze11korper­
~·ililwnisieru11g (Zebm 'ciemx,J. 

liefert schnelle qualitative Ergeb­
nisse und kann for leere und gefiillte 
Spritzen eingesetzt werden. Leere 
Spritzen soll ten jedoch nur unmit­
telbar nach dem Silikonisieren ge­
messen werden.. Schon nacb einer 
halben Stunde ergibt sich <lurch 
die Verteilung des Silikonols ein vol­
lig anderes Bild, <lessen richtige In­
terpretation sehr vie! Erfalirw1g be­
notigt. 

Auch diese Methode ist derzeit I.ei­
der nicl1t schnell genug, tun eine 

hin kontinuierlichen Zu11al1me an 
Biopharmazeutjka mit ihren spezi­
fischen A11forderunge11, werden auch 
neue Materialoptionen fur Primar­
verpackungen zunehmend interes­
sant. So konnen Flaschchen- und 
Spritzeninnenflachen beispielsweise 
im Plasmaverfahren mit reinem Si02 

bescltichtet werden, wn Interaktio­
nen mit Medikam.enten ·w minimie­
ren. Dariiber hinaus gewinnen bei 
vorgefi.illten Spritzen und Flasch­
chen Kunststoffsysteme auf Basis 
von zyklisclien Olefinen (COP/COC) 
an Bedeutnng. COP-Spritzen wie z. B. 
ClearJect TasPackTM von Taisei Kako 
Co. Ltd bieten dje Transparenz von 
Glas. Dariiber hinaus ist ilne Bruch­
sicherheit hi:iher, der nutzbare pH­
Bereich gri:ifier und es findet kein 
Auswaschen von Metallionen statt. 

Besonders wichtig fi.ir die Ver­
packung biotechnologi ch her­
gestellter Arzneimittel ist auch die 
hervorragende Dosiergenauigkeit 
Auch bei COP-Spritzen ist eine Sili­
konisierung meist unerlasslich. 

Einen vi:illig neuen Ansatz bieten 
dagegen silikonolfreie Systeme. Die 
Gleitfah igkeit der Fluorpolymer­
beschichtung speziell entwickelter 
KolbenstopJen wird genut·zt, um 
die Silikonisierung von Plastiksprit­
zen komplett iibertliissig zu ma­
chen. ln novativen Medikamenten 
und lnjektionssystemen stehen also 
eben ·o innovative ldeen aus der 
Entwicklung fur Primiirpackmittel-
ysteme gegenuber. 
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Drug Delivery of Sensitive Biopharmaceuticals With 
Prefilled Syringes 
By: Arno Fries, PhD 

·) 

1 ··- -. ;.:.. ___ _ :,.-.-~ -... • _:-. ___ ._ 

! 
' i, 
•, -1 

' j 
l 
·l 

I 
' l 

Recombinant proteins, monoclonal 

antibodies. and other 

__ _ . _biopharmaceuticals offer medication 

for life-threatening diseases. I lowcvcr. these 

products consist of sensitive molecules. Among 

the causes for chemical and physical instability 

are leachables in container closure systems.'·' 

Interactions of leached contaminants witi1 

therapeutic proteins can result in aggregation, 

particulate formation, and loss of native protein 

tertiary structures.~' Even small frnctions of 

aggregated proteins might reduce biological 

activity and enhance immunogenicity.' for these 

reasons, strategies to prevent aggregation 

pathways and monitor aggregate levels in 

biopharmaceutical formulations arc important 

elements of product development.• 

BIOMOLECULES RAISE 
THE BAR 

Strength, etTicacy, and safety of active 

molecules are closely related to their chemical 

and physical properties. Most 

biopharmaceuticals are more sensitive toward 

product contact materials from container 

closure systems than small molecules. The 

di !Terence can be attributed to several 

reasons.'-'" Biomolecules contain, due to their 

large size, a high number of functional groups 

that are prone to react with other compounds. 

This opens a wide range of pathways for 

undesirable reactions with leachables. In 

addition, the stability ofbiopharmaccutical 

products hinges on the three-di mensional 

orientation of the molecules (cg, native folding 

Silicone Oil Tungsten Needle Shield 

Plunger 

Product Contact Materials in Syringe Systems 

Glass Adhesive Needle 

of proteins). lliopharmaceuticals are primarily 

administered as injcctables, and liquid 

fonnulntions increase the risk posed by 

lcachablcs. Because these products orten 

contain the active molecule in low 

concentrations, trace amounts of contmninants 

might interact with the whole qu;mtity. 

PREFILLED SYRINGES 

Doth for the ul timate end-users and 

commercialized in vials as lyophiliz.:d 

formulations. This means the ;ulv:mtagcs of 

ready-to-use injection sohnions in prcfil\ctl 

syringes .arc not leveraged. 

THE PROCESS IS THE 
PRODUCT 

Cont.tiner closure con1p;1tibility is a 

regulatory requirement to prnt.:ct the pntcncy. 

dTicacy. and ·afcty of thcrapct1tics . In glass-

biopharmaccutic:tl companies. prcfil!ed based syringe systems. a r.mge of materi11ls gets 

syringes otTcr advantages over 1raditic,nal in immediate contact wilh ,icti\'c ingredients: 

container systems."·" Medical staff and patients silicone oil. tungsten. closure. plung.:r. glass. 

prefer ready-to-use injection so lutions in and (for staked needle syringes) adhesive and 

syringes hecausc they arc convenient and needle (figure I). The facl that closures arc 

prevent medication errors. The industry is considered product contact materials is 

utilizing these benefits with life cycle strategics rcncctcd by change control procedures in the 

to gain c(,mpetitivc ;1dvantagcs and increase bioplrnrn1;iccutic.1I industry. When the rnbbcr 

market shares.''" When molecules .ire fnrmulalinn of an established needle shidd is 

expensive to manufacture. prefilled syringes modified by the supplier, '>3.3'Y., of the 

increase revenues and earnings as they reduce companies nm complete stability st111!ics.'' 

product overfill compared ((l vials. l)ue to these An c olving trend among 

benefits. the use of prefillcd syringes grnws at hiupharmaccutieal compan ies is to <'l\tcr closer 

double-digit rates. The trend is predicted to partnerships with syringe suppliers anll to 

continue over the coming years. '"·'"' l !owcvcr. for scrut inize ;11! aspects of their processes. The 

stabili ty reasons, ;i number of biothcrapcutics is p:iradig.m from hioph:1m1:tl·cutkal 
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manufacturing, "the process is the product," is being I low can alkal i ion lcachablcs in glass 1.1 units.'' Thcs~ tbta rencct that EC 33 gl:1ss 

transferred to the production of pre filled syringes. syringes be reduced"/ The principal strategics are tubing contains lower qu,uuitics nf sud i111H oxide 

The rationale behind this shift in auention is that all use of glass materia l with lower sodium content. (4%) than EC 51-S2 ghiss. 

substances used during gla s cutting, for111ing. treatment of the glass surface, and a combination Syringe barrels produced from EC 51-52 

printing. needle staking, washing. siliconization, of both. Figure 2 compares analytical results with glass and treated with ammonium su!fotc (AST) 

assembly. packaging, and sterilization arc potential I-ml long Luer cone syringes manufocturcd with contain un average 1.0 ppm sodium oxide in 

contact materials with sensitive biomolecules. these methods. acconlance 10 ISO 4802-2 testing. EP titration 

Oiopharmaceutical companies want to catalog these Syringe b.irrel from Type I borosi licate glass (AST: 0.441111 llCI. untrcat<:d bands: 0.90 ml 

materials and understand how syringe suppliers with extension coefficient S l-52 (EC 5 l -52) I IC!) and pl I 111c.isurc111c111 ( AST: pH 6.0. 

control their proccs. cs. contain on average 2.3 ppm residual sodium oxide tt11trc:11cd barrels: pl 1 6.6) confi rm this result. Th..: 

The following outlines recent adv:111ccs in the on the interior surface. Quantitative analysis i increase in pl I of surfacc-l rcatcd barrels is 0.5 

field ofprefillcd syringes. Strategies to mitigate :1chieved by name atom emission pcctromctry units, which is 0.6 units lower than in untrc,ttcd 

stability risks for sensitive biopharmaceuticals arc according to ISO 4802-2.'' When the barrels arc barrels. For mnmonium sulfotc trcatmem, do:ing. 

discussed. Special focus i plnccd on alka linity, manufactured from Type I borosi licate glass ol' pumps arc use<.! to spray an aqueous solution of the 

tungsten, am! silicone oil as sources of extension coefficient 33 (EC 33), analysis shows a ngcnt onto the inner surface of syringe b;1rrels. 

incompatibi lities. significantly reduced sodium oxide level of 1.2 During the annealing step ofth,: syringe 

pH RANGE 

When sensitive pro<lucts arc applied in glass 

syringes, the pH value of the fo rmulation needs to 

be considered.'' Elevated pH might trigger 

oxidation an<l hyd ro lysis of biopharmaceuticals. 

For the production of syringe barrels, glass 

tubing frolll Type I borosilicate glass according to 

USP, EP, anti JP is used. Standard glass tubing has 

an extension coefficient of 51-52 and consists of 

70% to 80% SiO,. 15% 13,0 / Al:0,, and up to 7% 

Na,O. The role of ·o<l ium is to lower the forming 

temperatures of glass to , .ooo•c to 1,200°C, a 

prerequisite for industria l converting processes. 

ppm. This result is in line with data according to 

·e:r testing by equivalence titration with (l.0 1 M 

hydrochloric acid (EC 33: 0.46 ml l lCl, EC 51-52: 

0.90 ml I ICI) and pl I measurement with pl I meter 

( EC 33: pl I 6.1. EC 5 l -52: pl I 6.6, aqua hi-dcst.: 

pll 5.5).'' Syringes from EC 33 glass increase the 

pH value of aqueous solution · hy 0.6 units, 

whereas EC S 1-52 glass barrcb increase the pl I by 

m,mufacturing process. n:sidu.tl sodium oxide b 

converted under heat into the much hctter water­

soluble SOlliurn sulfate as follows: Na,O + 

(Nll,J,SO, -, Na,SO, 2 NI I,+ 11,0. l{emoval of 

sodium sulfote i.1 achieved down,trcam during 

washing of lhc syringe barrels and reduces 

signilicantly the amount or alkali inns on the glass 

surface. 

, . F I G U R E 2 . ':· """""':-:r.:;••:it,,~~·;,:·,.:c.~:- .~ , 
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g l lowcvcr. the material is being heated during 1hc 

g: syringe manufacturing cycle, and al temperatures 
0 
N 
>, .. 
~ 

>, 

above 800°C, sodium cat ions .ire migr.tting from 

inside the glass barrel to the surface. Each single 

.[ syringe-forming step increases the quantity of 
C: 

-€ sodium oxide on the glass surface by I 5% to 
~ 

[ 30%.:' When nn aqueous formula tion is filled and 

~ stored in a syringe, sodium ·cations arc being 
Cl 
:, 

c leachc<l from the i,:lass surface into solution. This 

24 causes in unbuffered solutions :.111 increase in pH. 

EC 51 -52 

,....... 
1.2 VI .., 

C 1.0 :J 

J: 0.8 
a. 
C: 0.6 

QI 0.4 VI 
ro 
QI 0.2 .... 
u 
C: 0.0 

EC 51-52 

Alkalinity & pH Shift in Glass Syringes 
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Quantirntivc analysis according to ISO 4R02-2 colloidal solutions and aggrcg:ites."·'-' Tungsten of the bore is covered by the needle. 

{IOWS th.it syringes manufactured from EC 33 glass compounds can also react with hydrocarbons to Incorporation of tungsten in syringe barrels 

3nd 1rcatcll with ammonium sulfate contain merely organometallic complexes and with molecules c:m be further reduced by controlling the abrasion 

~-5 ppm residual sod ium oxide on the interior containing donor atoms 10 chelate complexes under of tungsten pins or through substitution of tungsten 

,urfacc. This is 78% lower than in untreated formation of O-W-0, 0 -W-S, O-W-N, S-W- , and with other m,1tcri :1ls. Wear of forming pins can be 

1yringes from EC 51-52 glass. The pH of aqueous S-W-S bonds. The metal and its compounds arc lowered by horizontal barrel-forming technology. 

1o lutions in barrels from EC 33 1ubing that arc :il:o known as heterogeneous and homogeneous This manufacturing process is using lower 

1mmonium sulfate treated increases by 0.2 uni ts. a cata lysts that convert high quanl itic of substrates tcmper:nurcs compared to vertical-forming 

;lccrcasc of 82% compared to standarll syringes. through non-stoichiomet ric reactions! ' Other metal techniques. Other methods are directed at 

rhe combination of bo1h methods (EC 33 glass and kaclmbles occasionally found in drug products (cg. comrolting the physic:11 properties of the forming 

AST) effects the strong.est reduction of alkali Fe>·. Ni' '. and Mn·· from stainless steel tanks used pins. As a substi tute for tungsten. alloys from group 

lcnchablcs. This provides an efficient strntegy to in manufncturing equipment) arc known for similar 9-10 tr:insition metals can be employed. This 

control ulkn linity ,tnd pll-rclatcd interactions interactions with active molecules.' approach allows tungsten-free syringe forming. 

between sensi tive biopharmaceuticals and glass- Prefillcd syringes formed with tungsten pins However. intake of 1rn11cria l from substi tute pin 

based prdi lied syringes. contain trace amounts of wngstcn compounds in into syringe barrels cannot be ruled out. Some 

TUNGSTEN LEACHABLES 

Tr.msilion metals .i re known as a cause for 

instability of ·ensitivc products.' Tungsten can 

undergo interactions with protein tl1er.1peut ics, 

leading 10 oxidation, aggregation. and 

d egradation.~·"' 

In m.inufueturing processes of glass syringes, 

tung,tcn metal is commonly uscd due ll) its heat 

n:sistancc. Pins from this material arc keeping the 

bore open while the cone is being mecha11ically 

shaped wi th forming wheels (Figure J). 

Tungsten is wel l characterir.etl and stands out 

among all metals with the highest melting point 

(3,422°C). the highest tensile strength :H elevated 

temperatures, and the lowest vapor pressure.'' Even 

though tungsten is very wear-resistant, the metal is 

prone to oxidation under the conditions of syringe 

fo rming wi th tcrnpernturcs up to I ,250°C. On the 

surface of tungsten pins. tunl,'.sten (IV) oxide (WO,) 

can be formed :11 temperatures under 400°C and 

tungsten (VI) oxide (WO,) be\\\'CCll S00°C and 

800°C. In aqueous solution, tungsten (VI) oxide 

produces a mixture of soluble 1110110. oligo. and 

polylungstatcs, which are stabil ized at low pl!."·" 

These large anions arc highly charged species. They 

can interact with bipolar protein molecules through 

electrostatic a11ractio11 m1tl induce for mation or 

the cone section, which is part of the product 

contact surface. Syringe filling processes with 

plunger placement under vacuum intensify the 

contact between active molecules and tungsten 

hccausc air hubbies in the cone of the syringe :ire 

pulled out." 

Proprict.try methods for the cxtr;1ction of 

tungsten from syringe harrels :ind the subsequent 

quamitativc physicochemical nn.ilysis have been 

developed. Extractable tungsten concentrntinns arc 

typically below 500 ppb and can be lower than 100 

pph, depending on manufacturing cycle allll 

washing process. Staked m:edle syringes conta in 

the lowest amount of extractable tungsten as most 

biopharmaceutical companies prefer the use of 

tungsten pins because potent ial effects of tungsten 

on their products arc betler understood than for 

most other tr:insi tion metals. Forming pin from 

non-metallic matcri:ils and alternative techniques of 

syringe forming are at an experimental stage . 

To evaluate product stability of 

bioph:trmaceutical fonnul.uions. spiking studies in 

early phase development wilh material cxtmetcd from 

used tungsten (met,11) pins :ire recommended. 

Subsequent stahil ity studies in prcfilled syringes 

verify the preliminary data :ind specify accepted 

tungsten (metal) levels. Advanced manufacturing 

methods for prefi\lcd syringes together with targeted 
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stability studies ensure that interactions of highly 

sensitive biomolecules with tungsten are prevented. 

SILICONE LUBRICANTS 

Even though si licone oil is inert toward most 

ilrug product , interactions wi th sensitive 

biopharmaceuticals have been ob~erved. Such 

incompatibi lities include aggregation, deformation, 

and inact ivation of native protein structures.'"' 

Prefillcd syringes arc contnincrs and drug 

delivery systems at the same time. Functionality of 

these systems (viable activation and gliding forces 

of tl1c plunger) is accomplished by siliconization. 

Silicone oils are viscous, inert materials wi th 

excellent characteristics as hydrophobic 

lubricants.''·'" They consi t of a mixture of 

polydimethylsiloxane (PDMS) molecules with Si-

0 chains. which vary in lcng1h and number of OH 

groups. This molecular structure determines how 

silicone oil layers arc adsorbed onto glas surfaces 

and the distribution, thickness, composit ion, and 

uniformi ty of the layers. ln established 

manufacturing processes on the lines of syringe 

suppl iers, biophannaccutical companies, and 

CMOs. syringes arc oily si licon ized by spraying 

0.4- to 1.0-mg silicone oil (cg, Dow Corning 360, 

Medical FIL1 id ) into the barrels. 

Advanced si liconii,ation technology has been 

developed to lower the level nf free (non-bound) 

silicone oil in prefilled syringes. The baked 

siliconization method uses emulsions of silicone oil 

(cg, Dow Corning 365, 35% Dimethiconc NF 

~ Einulston~ diluted in HPW) sprayed into syringe .,. 
g barrels followed by heat treatment in a tunnel. 

g; Proprietary techniques and downstream washing 
0 

: processes vary depending on syringe supplier. 
"' 
::i: Critical quality attributes of the siliconization 
>, 

f process arc controlled through the sett ings or 
C: 

"§ siliconization pump and nozzle, the volume flow of ... 
f silicone spray and air, the conccntr.ition of the 

~ silicone oil emulsion and tunnel temperature, 0, • 

~ speed. and length. This technology alters the nature 

26 

or the lubricant in 1he fo llowing way."J' I leat­

induccd polymerization reactions reduce fractions 

of low molecular weight from the silicone oil. 

Removal or water enables the I ubricant to spread 

out evenly over the glass surface and creates a thin. 

uniform film . Mono-layers nfthc luhricant arc 

affixed to the glass surface. The interactions 

between polydimethylsiloxane and molecules from 

the glass surface range from van dcr Waals forces 

to covalent Si-0 bonds. This means thermal 

fixa tion processes conven si licone oi l into Si(R)O 

coati ng as ill ustrated in Figure 4." The thickness or 

silicone oil layers on the glass surface cnn be 

measured by reflectomelry. A comparative study 

using cartridges a glass containers found for oily 

silieonization a layer thickness with a mean or 

232.67 nm and for baked siliconization of 76.83 

nm: .. 

Parenteral biophannaccutical products vary 

widely in nature. The scnsitivi1y of the active 

substance. the viscosity of the formulu tion, the 

drug delivery system, and its mode of operation 

(cg, prcfillcd syringes either manually or driven by 

autoinjector device) determine the principal 

requirements. Sil icone coatings nf prcf'illed 

syringes can be customized to 111cc1 speci fi e needs. 

Variat ion of r rocess p.ir:uneters adapts the 

characlcristics of the si liconization. Best results 

are obtained when syringe manufacturer (supplier) 

and biopharmaceutical company (end user) partner 

and work along the fol lowing project steps: 

I. End user: Specifica tion of accepted 

silicone oil levels and system 

functionality 

2. Supplier: Development of baked 

siliconiz:ition process for the speci fi ed 

attributes 

3. Supplier: Manufocturing of customized 

baked si licone syringes in sample 

quantities 

This mate-rial was copied 
,nth<> NLM.ind may b.e 

\ 
.,...Si 

\ 

'/ Si ,,.,,. 
- si 

I 
I 

-si ,, 
-si 
/ 

Glass 

Model of Silicone Coating 

PDMS 

4. End user: QC testing or the samples, 

filled -syringe stability studies. :md 

evaluation 

5. Supplier: Scnle-up. process val idation, 

and industrial manufacturing of the 

syringes 

f-undamcnta l understanding of the design 

sp.1cc of baked siliconization allows the syringe 

manufoclUrcr lo derive rclc\'ant process parameters 

from the specified quality allributcs or the 

syringes. A range of syringe samples arc produced 

through custom-cnginccrcd rroccsses. Qual ity 

inspection .ind initial stabil ity studies with the sci 

of samples determine which sil icone coati ng is 

ideal for purpose. 

A case study has demonstrated how 

customization of baked silicone coatings facilitates 

stability of sensitive molecules in prcfi llcd 

syringes (cg. vaccine candidate in 

hiophannaccutieal development). The study has 

deepened the insigh t into the relationship between 

siliconization parmnctcrs and critic.i i quality 

atlrihutes.'" The :unount or ex tractable sil icone oil 

could be reduced below the detection limit (O.Cl.1 

mg) of ICl'-1\ES according to l:N ISO I I R85. 
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With low lcvcb or lubric:mt quantity, the spccif'ic<l 

syringe functionality was fu lri\lcd (plunger gliding 

forces in the range of 5 to Hl N ). 

Close partnerships between 

bioph.irmaccuticul companies :in<l syringe 

suppliers arc instrumental in controlling the impact 

of product contact materials on sensitive 

biothcrnpcutics. Principal requirements regarding 

drug tld ivcry sys.terns arc i,h:a\ly ddincd and 

spcci fic<l in an early phase of biopharnmceutic:11 

dcvelop111cnt. Manufacturing pmcc ' scs and qu:1lity 

auributcs of prcfillctl syringes can be custom­

engineered according to these needs. 

SUMMARY 

In tml.1y's biopharmaccuticnl market, 

products ,ire exposed hl fierce competition. Th.: 

role uf drug dcl il'cry strategics to differcnti:uc 

produc ts is growing. /\ number of 

hiopharmaccuticals has nlready been 

commcrcializL·tl in the prcfillcd syringe platform. 

1 lowC\"Cr. syringe systems arc sources of potential 

i11compa1ibil i1ics wi1h scnsiti\"c molecules. The 

prcfillc<l syringe industry has therefore engineered 

ma1111foc111ring processe: that mit ig:ite stability 

risks rrom :llbli ions, t\lngsten. and siliconc 

l11brica111s. Advanced lllL~lho<ls for surl\icc 

trea1111cnt to contml pl I. t1111gstcn-reducetl forming 

tcclrniqucs. nntl hakctl siliconiz:ttion processes 10 

i111111obili1.c silicone oi l have been dcvcl\1pcd. 

Syringe manufact urers have cstablishc<l cxpcrtis1: 

in material science and process technology 10 

undcrstaml binphann:iccutical requirements. 

Evolving ncctls of highly sensitive pipeline 

prmh1cts can he met with c11s10mi1.cd drug delivery 

systems. Current ll'chnology allows 

biopharmaL·eutieal comp:mies to exploit the 

hencl"i ts o!' prcfilled syrini;es ,md realize 1he full 

p!llct l! ia! of 1hdr products. + 

--------··· --·--., •... 
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Dr. Arno Fries 

is Head of Sales, 

USA Syringes and 

Director, Product 

Management, 

Syringes in the 

Gerresheimer 

Group. He joined 

the company in 

January 2006 and 

is currently responsible for the North American 

syringe business of Gerreshei mer Buende 

GmbH and global product management of 

syringe systems in the Gerresheimer Tubular 

Glass Division. He has 11 years of experience 

in leading sales and marketing positions in 

the life science industry and 4 years as a 

scientist at international research institutes in 

Japan and the UK. He earned his PhD in 

Chemistry from the University of Wuerzburg, 

Germany, and his degree in business 

administration from the IDB Insti tute in 

Frankfurt, Germany. Or. Fries is a member of 

the Parenteral Drug Association and the 

Alexander von Humboldt Foundation. Contact: 

Gerresheimer Buende GmbH, Erich-Martens­

Strasse 26-32, 32257 Buende, Germany; Phone 

+49.5223.164.401; a.fries@gerresheimer.com. 
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Az pharrna™ 
The Total Produd Development Company"' 

Get the most out of your resources 
with a single outsourcing partner! 

Azopharma Product Development Group offers bundled 
services from Key sections of the drug development 
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Drug Delivery of Sensitive Biopharmaceuticals With 
Prefilled Syringes 
By: Arno Fries, PhD 

R ecombinant prate.ins, monoclonal 

antibodies, and other 

biopharmaceuticals offer medication 

for life-threatening diseases. However, these 

products consist of sensitive molecuJes. Among 

the causes for chemical and physical instability 

are leachables in container closure systems.'_, 

Interactions of leached contaminants wiU1 

therapeutic proteins can result ln aggregation, 

particulate formation. and loss of native protein 

tertiary structures.'" Even small fractions of 

aggregated proteins might reduce biological 

activity and enhance immunogcnicity.• ror these 

reasons, strategies to prevent aggregation 

pathways and monitor aggregate levels in 

biopharmaceutical formulations are important 

elements of product development• 

BIOMOLECULES RAISE 
THE BA 

Strength. efficacy. and safety of active 

molecules are closely related to iheir chemical 

and physical properties. Most 

biopharmaceuticals are more sensitive toward 

product contact materials from container 

closure systems than small molecules. The 

difference can be atl.Jibuted to several 

reasons.uo Biomolecules contain. due to their 

large size. a bigh number of functional groups 

that are prone to react with other compounds. 

This opens a wide range of paihways for 

undesirable reactions with lead1ables. In 

addition. U1e stability of biopharmaceutical 

products hinges on the three-dimensional 

orientation of the molecules (eg. native folding 

FIGURE 1 

Silicone Oil Tungsten Needle Shiel< 

Plunger 

Product Contact Materials in Syringe Systems 

Glass Adhesive Needle 

of proteins) . Biopharmaceuticals are primarily 

administered as injectables. and liquid 

formulations increase the risk posed by 

leachables. Because these products often 

contaJn U1e active molecule in low 

concentrations. trace amounts of contaminants 

might interact with the whole quantity. 

PREFILLED SVRI GES 

Both for the ultimate end-users and 

blopham1accutical companies, prefilled 

syringes offer advantages over traditional 

container systems.11•15 Medical staff and patients 

prefer ready-to-use injection solution in 

syringes because they arc convenient and 

prevent medication errors. The industry is 

utilizing these benefits with life cycle strategies 

to gain competitive advantages and increase 

market shares."·" When molecules are 

expensive to manufacture, prefilled syringes 

increase revenues and earnings as they reduce 

product overfill compared lo vials. Due to these 

benefits, the u e of prefilled syringes grows at 

double-digit rates. The trend is predicted ro 

continue over the coming years_,._., However. for 

commercialized in vials as lyophilized 

formulations. This means the advantages of 

ready-to-use injection solutions in prefiUed 

syringes are not leveraged. 

THE PROCESS IS THE 
PRODUCT 

Container closure compatibility is a 

regulatory requirement to protect the potency. 

efficacy. and safety of therapeutics. In glass­

based syringe systems. a range of materials ge 

in immediate contact with active ingredients: 

sili.cone oil. tungsten. closure. plunger. glass. 

and (for staked needle syringes) adhesive and 

needle (Figure 1). The fact that closures are 

considered product contact materials is 

reflected by change control procedures in the 

biopharmaceutical industry. When the rubber 

formulation of an established needle shield is 

modified by the supplier. 93.3% of the 

companies run complete stability studies."' 

An evolving trend an1ong 

biopharmaceutical companies is to enter closer 

parn1erships with syringe suppliers and to 

scrutinize all aspects of their processes. The 
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manufacturing. "the process is the product: is being 

transferred to the production of prefilled syringes. 

The rational.e behind this shift in attention is that all 

substances used during glass cutting, fonnlng, 

printing. needle staking. washing, slliconization, 

assembly, packagiJlg. and sterilization are potential 

contact materials with ensitive biomolecules. 

Biopharmaceutical companies want to catalog these 

materials and understand how syringe suppliers 

control U1eir processes. 

The following outlines recent advances in the 

field of prefilled syringes. Strategies lo mitigate 

stability risks for sensitive biopharmaceuticals are 

discussed. Special focus is placed oo alkalinity, 

tungsten, and silicone oil as sources of 

incompatibilities. 

pH RA GE 

When sensitive products are applied in glass 

syringes, U1e pH value of the formulation needs to 

be considered. 10 Elevated pH might trigger 

oxidation and hydrolysis of biopharmaceuticals. 

For tl1e production of syringe bruTels. glass 

tubing from 'fype I borosilicate glass according to 

USP. EP. and JP is used. tandard glass tubing has 

an extension coefficient of 51-52 and consists of 

70% to 80% SiO,, 15% B,0 ,/Al,O,, and up to 7% 

Na,O. The role of sodium is to lower the forming 

temperatures of glass to 1.000°c to 1.200°c. a 

prerequisite for industrial converting processes. 

"' Glass is a well-characterized material, and Type l 

~ borosilicate has exceUenr hydrolytic resistance.21 

0, 

g However, the material is being heated during U1e 

g; syringe manufacturing cycle. and at tempera LUres 
0 

: above 800°C, odium cations a.re migrating from .. 
::1: inside the glass barrel 10 the surface. Each single 
>, 

"' .3 
0 
C: 
~ 
u 
~ 

syri nge- forming step increases die quantity of 

soclium oxide on U1e glass surface by 15% to 

j 30%.~' When an aqueous formulation is filled and 

~ stored in a syringe, sodium cations are being 
"' "' o leached from the glass surface into solution. This 

24 causes in unbuffered solution an increase in pH. 

.ID -

How can alkali ion leachables in glass 

syringes be reduced? The principal strategies are 

use of glass material with lower sodium content, 

treatment of the glass surface. and a combination 

of both. Figure 2 compares analytical results with 

1-ml long Luer cone syringes manufactured with 

these methods. 

Syringe barrels from Type l borosilicate glass 

with extension coefficient 51-52 (EC 51-5 2) 

contain on average 2.3 ppm residual soclium oxide 

on the interior surface. Quantitative analysis is 

achieved by flame atom emission spectrometry 

according to ISO 4802-2.23 When U1e barrels are 

manufactured from Type I borosilicate glass of 

extension coefficient 33 (EC 33). analysis shows a 

significantly reduced sodium oxide level of 1.2 

ppm. This result is in line with data according to 

EP testing by equiv-dlence titration with 0.01 M 

hydrochloric acid (EC 33: 0.46 ml HCI, EC 51-52: 

0.90 ml HCI) and pH measurement with pH meter 

(EC 33: pll 6. 1, EC 51-52: pH 6.6, aqua bi-dest.: 

pH 5.5)." Syringes from EC 33 glass increase the 

pH value of aqueous solutions by 0.6 units, 

whereas EC 51-52 glass barrels increase the pH by 

1.1 units." These data reflect that EC 33 glass 

cubing contains lower quantlries of sodium oxide 

(4%) than EC 51-52 glass. 

Syringe barrels produced from EC 51-52 

glass and treated with ammonium sulfate (AST) 

contain on average 1.0 ppm sodium oxide in 

accordance co ISO 4802-2 testing. EP titration 

(AST: 0.44 ml HCl. untreated barrels: 0.90 ml 

MCI) and pH measurement (AST: pll 6.0, 

untreated barreis: pH 6.6) confirm chis result. Th 

increase in pH of surface-treated barrels is 0.5 

units. which is 0.6 units lower than in untreated 

barrels. For ammonium sulfate treatment, dosing 

pumps are used to spray an aqueous solution of I 

agent onto the inner surface of syringe barrels. 

During lhe anneafu1g step of U1e syringe 

manufacturing process. residual sodium oxide is 

converted under heat into the much better water­

soluble sodium sulfate as follows: Na,O + 

(NH,),SO, -+ Na,SO, + 2 H3 + H,O. Removal c 

sodium ulfate is achieved downstream during 

washing of the syringe barrels and reduces 

significru11ly the amow1t of alkali ions on the gla 

surface. 

FIGURE 2 
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Alkalinity & pH Shift in Glass Syringes 
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Quanlital.ive analysi according to ISO 4802-2 

shows thal syringes manufactured from EC 33 glass 

and tre.i ted with ammonium sulfate contain merely 

0.5 ppm residual sodium oxide oo the interior 

surface. This is 78% lower than in untreated 

syringes from EC 51-52 glass. The pH of aqueous 

solu Lions in barrels from EC 33 tubing U1at are 

ammonium sulfate treated increases by 0.2 units. a 

decrease of 82% compared to standard syringes. 

The combination of both methods (EC 33 glass and 

AST) effects the strongest reduction of alkali 

leachables. This provides an efficient strategy to 

control alkalinity and pH-related interactions 

between sensitive biopharmaceutlcals and glass­

based prefilled syringes. 

TUNGSTEN LEACHABLES 

Transition metals are known as a cause for 

instability or sensil.ive products.' Tungsten can 

w1dergo interactions wi1l1 protein therapeutics, 

leading to oxidation, aggregation, and 

degradal.ion. ,..,. 

In manufacturing processes of glass syringes. 

tungsten metal is commonly used due to its beat 

resL~ta11ce. Pins from t.his material are keeping Ute 

bore open wh ile the cone is being mechanically 

shaped wid1 forming wheels {FigUJe 3) . 

Tungsten is well characterized and sta11ds out 

among all metals wid1 the highest melting point 

(3,422' C). die highest tensile strength at elevated 

temperatures, and the lowest vapor pressure." , ven 

though tungsten is very wear-resistant, the metal i 

prone to oxidation under tJie conditions of syringe 

rorming with temperatures up to l ,250°C. On the 

surface of tungsten plns. tungsten (IV) oxide {WO,) 

can be formed at temperatures under 400' C and 

tungsten (VJ) oxide (WOJ between soo·c and 

800' C. ln aqueous solutioo. tungsten (VI) oxide 

produces a mlxture of soluble mono, oligo. and 

polytungslates. which are stabilized at low pH.''-" 

These large anions are highly charged species. They 

can interact with bipolar protein molecules through 
n,) i,rfrnc;;:f·:1fir ::ll tr~rt-i nn ~ nd inrl1 1r o fnr1n~l in r1 nf 

~-·+++c.p~-·· --~- --

colloidal solutions and aggregates."'"' Tungsten 

compounds can also react with hydrocarbon to 

organometallic complexes and with molecules 

containing donor atoms to chelate complexes w1der 

formation of O-W-0 , 0 -W-S, 0 -W- , S-W- , and 

S-W-S bonds. The metal and its compounds are 

also known as heterogeneous and homogeneous 

catalysts iliat convert high quantities of substrates 

through non-stoichiometrtc reactions." Other metal 

lead1ables occasionally found in drug products (eg, 

Fe'·. Ni''. and Mn- from stainless steel tanks used 

in manufacturing equipment) are known fo r similar 

interactions with active molecules.• 

Prefilled syringes formed with tungsten pins 

contain trace amounts of tungsten compounds in 

IJ1e cone section, which is part of the product 

contact surface. Syringe fill ing processes with 

plunger placement under vacuum intensify the 

contact between active molecules aud tungsten 

because air bu bb]es in the cone of the syringe are 

pulled out." 

Proprietary meU1ods for U1e extraction of 

tungsten from syringe barrels and the subsequent 

quantitative physicochemical analysis have been 

developed. Extractable tungsten concentrations are 

typically below 500 ppb and can be lower thaa 100 

ppb. depending on manufacturing cycle and 

wasbiug process. Staked needle syringes contain 

the lowest amount of extractable tungsten a mo t 

Cone Forming With Tungsten Pins 

of the bore is covered by U1e needle. 

Incorporation of tungsten in yringe barrels 

can be further reduced by controlllng the abrasior 

of tungsten pins or U,rough substitution of tungsh 

with other materials. Wear of forming pins can bE 

lowered by horizontal barrel-forming technology. 

This manufacturing process is using lower 

temperatures compared to vertical-forming 

techniques. Other med10ds are directed at 

controlling lhe physical properUes of U1e fanning 

pins. As a substitute for tungsten, alloys from gro 

9-l O transition metals can be employed. This 

approad1 allows tw1gslei1-free syringe fanning. 

However, intake of material from substitute pins 

into syringe barrels cannot be ruled out. Some 

blopbannaceutical companies prefer 1he use of 

tungsten pins because potential effects of tungste, 

on U1eir products are better understood than for 

most other transilio11 metals. Forming pins from 

non-metallic materials and alternative techniq ues 

syringe forming are at an experimental stage. 

To evaluate product stabilily of 

biopharmaceutical formulations, spikiI1g studies in 

early phase development witi1 material extracted frc 

used tungsten (metal) pins are recommended. 

Subsequent stability studies in prefilled syringes 

verify the preliminary data and specify accepted 

tungsten (metal) levels. Advanced manufacturing 

methods for prefilled syringes together with targete 
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stability studies ensure lhat interaclio11s or highly 

sensitive biomolecules with tungsten are prevented. 

SILICONE LUBRICANTS 

Even tl10ugh silicone oil is inert toward most 

drug products, interacllons witl1 sensitive 

biopharmaceuLicals have been observed. Such 

incompatibili ties include aggregation, deformation, 

and inactivation of native protein structures.'-" 

Prefilled syringes are corllaineru and drug 

delivery systems at the same time. Functionality of 

these system (viable activation and gliding forces 

of tl1e plunger) L~ accomplished by siliconization. 

Silicone oils are viscou , inert material with 

excellent characteristics as hydrophobic 

lubricanls."·"' They consist of a mixture of 

polydimethylsiloxane (PDMS) molecules with Si-

0 chains. which vary in length and number of OH 

groups. This molecular structure determines how 

silicone oil layers are adsorbed onto glass surfaces 

and the distribution. thickness. composition. and 

uniformity of tl1e layer.;. In established 

manufacturing processes on the Lines of syringe 

suppliers, biopharmaceutical companies, and 

CMOs, syri.11ges are oily siliconized by s11rayi.11g 

0.4- to J .0-mg si.llcone oil (eg, Dow Corning 360, 

Medical Fluid) into the barrels. 

Advanced siliconizalion technology has been 

developed to lower tl1e level of free (non-bound) 

silicone oi l in prefilled syringes. The baked 

siliconlzalion method uses emulsions of silicoue oil 

(eg. Dow Corning 365. 35% Dimethicone NF 

~ Emulsion, diluted in HPW) sprayed into syringe 
"' g barrels followed by heal treatment in a tunnel. 

°' Proprietary techniques ru1d downsu·eam washing g 
i processes vary dependJng on syringe supplier. 

~ Critical quality allrilmtes oft.he silicon.ization 

f process are controlled Uuough tbe settings of 

j silicon.izalion pump and nozzle. the volume flow of 

f silicone s11ray and air, the concentration of the 
::, 

g, si.licone oil emulsion and tunnel temperature, .., 
J speed, and lengU1. This technology alters the nature 

-, --, ·-_-·..,._,.....,..ep-··· --=-- --

-------::----~~--i 

of 1he lubricant in U1e following way.";,;, Heal­

induced polymerization reactions reduce fractions 

of Low molecular weight from tlle silicone oil. 

Removal of water enables U1e lubricant to pread 

out evenly over tlie glass surface and creates a tl1in, 

uniform film. Mono-layers of the lubricant are 

affixed to tlle glass surface. The interactions 

between polydimethylsiloxane and molecules from 

the glass surface range from van der Waals forces 

to covalent Si-0 bonds. This means tl1ermal 

fixation processes convert silicone oil into Si(R)O 

coaring as illustrated in Figure 4."1 The thickness of 

silicone oil layers on tlie glass surface can be 

measured by reflectometry. A comparative study 

using cartridges as glass containers found for oily 

siliconizatiou a layer U1ickness with a mean of 

232.67 nm and for baked siliconizatlon of 76.83 

nm." 

Parenteral biopharmaceullcal products vary 

widely in nature. The sensitivity of the active 

substance. the viscosity of the formulation. the 

drug delivery system, and its mode of operation 

(eg, prefilled syringes either manually or driven by 

autoinjector device) determine U1e principa l 

requirements. Silicone coatings of prefilled 

syringes can be customized to meet specific needs. 

Variation of process parameters adapts tl1e 

characteristics of Lhe siliconization. Best results 

are obtained when syringe manufacturer (suppLier) 

and biopharmaceutical company (end user) partner 

and work along tl1e followiI1g project steps: 

J. End user: Specification of accepted 

silicone oil levels and system 

functionality 

2. Supplier: Development of baked 

si!iconlzation process for the specified 

attributes 

3. Supplier: Manufacturing of customized 

baked silicone syringes in :;ample 

quantities 

FIGURE 4 
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Model of Silicone Coating 

PDMS 

4. End user: QC testing of the samples. 

Fil.led-syringe stability stud ies, and 

evaluation 

5. Supplier: Scale-up. process validation, 

and industriaJ manufacturing of U1e 

syringes 

Fundrunental understanding of the design 

space of baked siliconization allows tlle syringe 

mrurnfacturer to derive relevant process paramete 

from the specified quality attributes of the 

syringes. A range of syringe samples are produce 

through custom-e.ngiJ1eered processes. Quality 

inspection and initial stability studies with these 

of samples determine which silicone coating is 

ideal for purpose. 

A case study has demonstrated how 

customization of baked sil icone coatings facilitat 

stabil ity of sensitive molecules in prefilled 

syringes (eg, vaccine candidate in 

biopharmaceutlcal development). The study has 

deepened the insight into the relationship betwee 

silJconizalion parameters and critical quality 

attributes. '° The amount of extractable silicone oi 

cou.ld be reduced below tlle detection limit (0.03 

mg) of TCP-AES according to Et ISO 11885. 
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With low levels of lubricant quantity, the specified 

syringe functionality was fulfilled (pluuger glid ing 

forces in the range of 5 to 10 N). 

Close partnerships between 

biopharmaceutical companies and syringe 

suppliers are instrumental in controlling the impact 

of product contact materials on sensitive 

biotherapeutics. Principal requirernenls regarding 

drug delivery systems are ideally defined and 

specified in an early phase of biophannaceutical 

development. Manufacturing processes and quality 

attributes of prefilled syringes can be custom­

engineered according to these needs. 

SUMMARY 

[.n today's biopharmaceutical market. 

products are exposed lo fierce competition. The 

role of drug delivery strategies to differentiate 

products is growing. A number of 

biopharmaceulicals ha5 already been 

commercialized in the prefilled syringe platform. 

However. syringe systems are sources of potential 

incompatibilities wilh sensitive molecules. The 

prefilled syringe industry has therefore engl.neered 

manufacturing processes that mitigate stability 

1isks from alkali ions. tung ten. and silicone 

lubricants. Advanced methods for surface 

treatment to control pH. tungsten-reduced forming 

techniques. and baked siliconization processes to 

immobilize silicone oil have been developed. 

Syringe manufacturers have established expertise 

in material science and process technology to 

understand biopharmaceutical requiremen1s. 

Evolving needs of highly sensitive pipeline 

products can be met v.~th customized drug delivery 

systems. Current technology allows 

biopharmaceutical companies to exploit the 

benefits of prefilled syringes and realize the full 

potential of their products. 

-,--, --~--~~~-·· --~- -· 
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Subvisible particles in formulations intended for parenteral administration are of concern in the biophar­
maceutical industry. However, monitoring and control of su bvi sible particulates can be complicated by 
formu lation components. such as the silicone oil used for the lubrication of prefilled syringes, and it is 
difficult to differentiate mkrodroplets of silicone oil from particles formed by aggregated protein. In this 
study, we demonstrate the ability of now cytometry to resolve mixtures comprising subvisible bovine 
sernm albumin (BSA) aggregate particles and silicone oil em ulsion droplets wi th adsorbed BSA. Flow 
cytometry was also used to investigate the effects of silicone oil emulsions on the stability of BSA, lyso­
zyme. abatacept. and trastuzumab formulations containing surfactant. sodium chloride, or sucrose. To aid 
in particle characterization, the fluorescence detection capabilities of now cytometry were exploited by 
staining silicone oil with BODIPY 493/503 and model proteins with Alexa Fluor 647. Flow cytometric 
analyses revealed that silicone oil emulsions induced the loss of soluble protein via prote in adsorption 
onto the silicone oil droplet surface. The addition of surfactant prevented protein from adsorbing onto 
the surface of silicone oil droplets. There was minimal formation of homogeneous protein aggregates 
due to exposure to silicone oil droplets. although oil droplets with surface-adsorbed trastuzumab exhib­
ited flocculation . The results of this study demonstrate the utili ty of flow cytometry as an analytical tool 
for monitoring the effects of subvisible silicone oi l droplets on the stability of protein formulations. 

Current ly, subv isible particles in formulations of therapeutic 
proteins are attract ing substantial scrutiny [I]. Published reports 
[2- 4) have shown abundant levels of subvis ible particles in formu­
lations that meet cu rrent regu latory guidelines [SJ. The presence of 
these pa rticles is of concern because they may prov ide potential 
nucleation s ites for protein aggregat ion, a principal degradation 
pathway fo r a number of protein thera peutics (6,7]. Furthermore, 
protein aggregates have been assoc iated w ith undes irable 
immunogenic res ponses in patients receiving the rapeutic proteins 
[8-1 OJ . Despite the importance of detection and monitoring of sub­
visible part icles, detect ion and characterization of part icles in this 
size range present formidable analytical cha ll enges for cu rrent 
methods. 

Mon itoring and control of subvis ible prote in particulates can be 
com plicated by formulation components. For example. many pro­
teins a re now being formulated in prefilled glass syringes. To a ll ow 
smooth plunger movement. these syri nges typically a re lub ricated 
w ith si licone oil , wh ich is sprayed onto the interior smfaces of the 
syringe du ri ng the syri nge manufacturing process [11 ]. Although 

* Corresponding author. 
E-mail address: rheodore.randolph@colorado.edu (T.W. Randolph). 

0003-2697 /$ - see front matter © 2010 Elsevier lnc. AU rights rese.rved. 
doi: 10.1016/j.ab2010.12.008 

© 2010 Elsevier Inc. All rights reserved. 

the solubili ty of silicone oil in ty pical prote in formu lations is quite 
low (12]. silicone oil may be present in the formulat ion in the fo rm 
of an emulsion. Droplets of emulsified s ili cone oil may be detected 
by va rious optical techn iques. but it is often difficu lt to d istingu ish 
silicone oil dro plets from aggregates of protein. 

The presence of emuls ified sili cone oi l may result in increased 
rares of protein aggregation (13-17]. Conversely, we recent ly re­
ported that prote ins may adsorb to the su rfaces of oil droplets, 
chang ing the kinet ic stabil ity of s ili cone oil emu ls ions [18]. To 
determine whether subvisible pa1tic les with in a fo rmu lat ion a re 
composed of prote in, silicone oi l, or protein adsorbed onto oil, it 
would be advantageous to use a technique that can simulta neously 
monitor pa rticle size distributions and pa rticle compos itions. 

One technique that has long been used in the fie ld of cell biol­
ogy is fluo rescence-activated cell sorting (FACS),1 often re ferred 
to as flow cytometry. Flow cytometry combines light scatteri ng from 

1 Abbreviations used: FACS, fluorescence...ictivated cell sorting; BSA bovine serum 
albumin; DMSO, dimethyl sulfoxide; DCM, dich.loromethane; MWCO, molecular 
weight cutoff: AF 647, Alexa Fluor 647: Dl.5, dynamic light 5cattering; FSC. forward 
scattering: SSC, side scattering: FITC, fluorescein isothiocyanate: AF 488, Alexa Fluor 
488. 
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part icles and light emission from fluorochromic molecules to gener­
ate specific multiparameter data sets for particles in the range of 1-
100 µm (19.20). Using hydrodynamic focusing techniques, flow 
cytometers are capable of counting and measuring the light scatter­
ing and fluorescence emission of thousands of individual particles 
per second. The high-throughput capabi lity of flow cytometry. along 
with its ability to characterize individual particles as part of a large 
sample set. makes it a promising technique for use in the study of 
subvisible particles in protein formulations. 

In the current study, we explored the use of flow cytometry as a 
method for the detection and characterization of subvisible parti­
cles in silicone oil-contaminated formulations of lysozyme. bovine 
serum albumin (BSA). abatacept, and t rastuwmab. We used fluo­
rescenrly labeled proteins and fluorescently stained sil icone oil to 
show that flow cytometry has the abi lity to discriminate between 
homogeneous protein aggregates and heterogeneous particles 
made up of si licone oil and protein. Furthermore. flow cytometry 
analyses of our model systems provide evidence of protein adsorp­
t ion onto silicone oil droplets. monolayer versus multilayer protein 
adsorption, and particle flocculation. 

Materials and methods 

Materials 

Chicken egg white lysozyme (Fisher Bioreagents). BSA (Fisher 
Bioreagents). abatacept (Orencia. Bristol-Myers Squibb), and t rast­
uwmab (Herceptin, Genentech) were obtained in lyophilized form. 
All buffer salts (sodium phosphate monobasic. sodium phosphate 
dibasic, and sodium acetate), excipients (polysorbate 20, sodium 
chloride, and sucrose), and solvents (dimethyl sulfoxide [DMSOJ 
and dichloromethane [DCM)) were reagent grade or higher. Sili­
cone oil (Dow Corning 360. 1000 cSt) was of medical grade. Solu­
t ions were prepared with filtered distilled deionized water 
(Nanopure II. Barnstead International, Dubuque. lA. USA). 

Preparation of stock solutions 

Lysozyme, BSA. and abatacept were reconstituted and dialyzed 
(Pierce Slide-A-Lyzer. 3500 and 10,000 molecular weight cutoffs 
(MWCOs)} into 10 mM sodium phosphate (pH 7.5) and 0.01% so­
dium azide. Trastuwmab was reconstituted and dialyzed into 
10 mM sodium acetate (pH 5.0) and 0.01% sodium azide. Abatacept 
and trastuzumab were reconstituted into a buffer similar to that 
which would result after reconstitution of the formulations using 
instructions from the respective product inserts [21.22]. The lyso­
zyme and BSA reconstitution conditions were chosen such that 
lysozyme would carry a net positive charge and BSA would carry 
a net negative charge. 

Protein concentrations were determined based on extinction 
coefficients of 2.63, 0.667, 1.01. and 1.4 ml mg-1 cm-1 for lysozyme 
(23 ]. BSA (24]. abatacept (25), and trastuwmab (26), respectively, 
at 280 nm using a PerkinElmer Lambda 35 spectrophotometer 
(Wellesley. MA, USA). 

Fluorescent labeling 

Protein molecules were chemically labeled w ith Alexa Fluor 647 
(AF 647. lnvitrogen, Carlsbad. CA, USA) according to the manufac­
turer's protocol (MP 00143, Amine-Reactive Probes, lnvitrogen). 
Following the label ing reaction. protein concentrations and de­
grees of labeling were determined using absorbance measure­
ments at 280 and 650 nm. To determine protein concentrations. 
protein absorbance values at 280 nm were calculated according 
to Eq. (1 ): 

Apro,ein = A2so - AGso (Cf), (1) 

where CF represents the correction factor for fluorescent dye absor­
bance equal to 0.03 (MP 00143. Amine-Reactive Probes). Protein 
concentrations were then determined using extinction coefficients 
mentioned previously. Degrees of labeling (DOL) were determined 
according to Eq. (2): 

DOL = A6so_* MW ' 
[prote10] * l'.:tye 

(2) 

where MW is the molecular weight of the protein. F.ctye represents the 
extinction coefficientofthedyeat650 nm equal to239.000 cm-1 M-1 

(MP 00143. Amine-Reactive Probes). and protein concentration is in 
milligrams per millil iter (mg/ml). Lysozyme. BSA, abatacept, and 
t rastuzumab had DOL values of 1. 3, 4, and 7. respectively. 

Subsequent to determination of protein concentration and DOL 
measurements, samples were concentrated to approximately 20-
mg/ml protein concentrations using Centricon YM-3 centrifugal fil­
ters (Millipore, Billerica, MA). 

Silicone oil was stained w ith 4,4-di fluoro-1,3,5.7.8-penta­
methyl-4-bora-3a.4a-diaza-s-indacene (BODIPY 493/503, lnvitro­
gen). BODIPY dye was chosen for its nonpolar structure and 
previous use as a tracer for oi l and other nonpolar li pids (BODIPY 
493/503, product insert). To facilitate the staining, solutions of 
both the BODIPY dye and silicone oil were prepared in mutually 
miscible solvents. BODIPY was dissolved in DMSO at a concentra­
t ion of 2.5 mg/ml, whereas 10 ml of sil icone oil was dissolved in 
20 ml of dichloromethane (DCM ). After both the dye and silicone 
oil were completely dissolved. 400 ~LI of the BODIPY-DMSO solu­
t ion was added to the si licone oil-DCM solution and mixed for 
1 h. DMSO and DCM were then removed using a Laborota 4000 ro­
tary evaporator (Heidolph Brinkmann, Elk Grove Village. IL. USA). 

Silicone oil emulsion preparation 

Silicone oil-in-aqueous buffer emulsions (~ 0.5-1.0%, v/v) were 
created by a combination of mechanical mixing and high-pressure 
homogenization. A 50-ml suspension of 4% (v/v) silicone oil in buf­
fer was prepared by combining BODIPY-stained silicone oil and 
buffer in a stainless steel cylinder and mixing at room temperature 
w ith a 20-mm shaft rotor/stator (VirTishear Mechanical Homoge­
nizer, VirTis) for 5 min at 5000 rpm. Immediately thereafter, the 
silicone oi l-in-buffer suspension was passed five times through a 
high-pressure homogenizer (Emulsinex CS Homogenizer, Avestin) 
at a pressure of 50 MPa. The final emulsion. containing less than 
1% (v/v) silicone oil. was collected in a 50-ml polypropylene centri­
fuge tube. The difference between the initial amount of silicone oil 
added and that present in the final emulsion was due to separation, 
or creaming, of the silicone oil i n the sample chamber prior to 
passage through the emulsifier. 

Given that the formulation additives chosen for this study could 
significantly affect the emulsification process. appropriate amounts 
of polysorbate 20. sodium chloride. and sucrose were added after 
emulsion formation to a standardized emulsion prepared in deion­
ized water to obtain fina l excipient concentrations of 0.03% (w/v). 
150 mM (0.9%, w/v),and 250 mM (8.6%. w/v). respectively. Mixtures 
were gently swirled until the excipients completely dissolved, and 
then the solutions were allowed to equilibrate for 1 h before being 
used in experiments. 

Silicone oil droplet size 

Silicone oil droplet size distributions in the emulsions were 
measured by laser diffraction analysis using a Beckman Coulter 
LS230 Laser Diffraction Particle Size Analyzer (Fullerton, CA, 
USA). Part icle size was calculated assuming Mie scattering from 
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spherical particles using a value of 1.4046 fo r the refractive index 
of the s ili cone oil [27 ]. 

Detecrion of sub visible particles with flow cytomet1y 

Fluorescently labeled protein aggregates of subvisible size were 
created by ag itating 1-mg/m l samples of BSA labeled w ith AF 647 
(BSA-AF 647) in 10 mM sodium phosphate (pH 7.5) and 0.01 % so­
dium azide buffer. Here 0.5- ml sam ples in 1.5-ml polypropylene 
microcentrifuge tubes (Fisher Scientific. Hampton, NH, USA) were 
placed horizontally on a Lab-Line titer plate sha ker (Barnstead 
International) and ag itated at approximately 1000 rpm fo r 72 h 
at room tempe rature. Aggregate size was determined using a NI­
COM P 380/ZLS (Pa rt icle Sizing System, Santa Barbara, CA, USA) dy­
namic light scattering ( DLS) instrument. This procedure generated 
BSA aggregates w ith a mean in tensity-weig hted diameter of 
1.8 ~lm ( data not shown). 

The suspension of labeled BSA aggregates was then ana lyzed 
using a BD FACSCalibur instrument (Becton Dickinson , San Jose, 
CA. USA) equipped with a 488-nm blue a ir-cooled a rgon laser 
and 635-nm red diode lase r. four fluo rescence detectors (FLl 
530/30, FL2 585/42, FL3 670LP, and FL4 66 1 /16), and two 488-
nm light scattering detectors (low-angle forward scattering [fSC] 
and 90° side scattering (SSC]). To observe whethe r or not the tech­
nique cou ld detect aggregates in the absence of silicone o il. 5000 
particles from the aggregate sus pens ion were analyzed us ing the 
!luorescent signa ls detected by the FLl (sil icone oi l-BODIPY) and 
FL4 (protein-AF 647) detectors. All flow cytometry data sets were 
collected using BD FACSFlow sheath fluid and the low sam pl e flow 
instrument option. All ana lyses of flow cytomet1y data were per­
formed using Flowjo 8.8.6 (Tree Star, Ash land, OR, USA). 

To asce1tain the abil ity o f flow cytometry to detect s il icone oil 
droplets in p rotein fo rmulat ions, a BODIPY-stained si licone o il 
emuls ion was mixed w ith BSA- AF 647 and the result ing suspen­
sion was ana lyzed using the FACSCal ibur inst rument. FLl and FL4 
detecto r signa ls associated w ith 30.000 particles were used fo r this 
analysis. 

To explore the abil ity of flow cytometty to resolve popu lations 
of homogeneous protein aggregates from silicone o il droplets with 
adsorbed protein, 250 µ I of BSA-AF aggregate sus pension was 
mixed w ith 250 ~d of an emuls ion consisting of si li cone oil-BODI PY 
drop lets with adsorbed BSA- AF 647. FLl and FL4 signa ls from 
30,000 part icles were used for this analys is. 

Silicone oil effects on protein formulation stability 

Samples w ith a final protein concentration of 200 µg/m l were 
created by combin ing appropriate amounts of protein so lution 
w ith stock emu lsion to a final s ilicone oil concentration of 0.5-
1.0% (v/v) in 5-m l round-bottom polystyrene tubes (BD Biosci­
ences, San Jose, CA, USA). Sample sets cons isted of three separate 
samp les of each protein in four different formulation cond itions. 

Afte r vary ing pe riods of incubation ( 1 h. 8 h, 24 h, 72 h. 168 h 
(1 week], and 336 h [2 weeks]) at room temperature, samples were 
examined us ing flow cytometly for the presence of prote in aggre­
gates and fo r silicone o il dropl ets assoc iated with protein. A tota l of 
30,000 events we re col lected fo r each ana lys is. 

Results 

Silicone oil droplet size 

Representa tive silicone oil droplet size d ist ri butions for stock 
emulsions are shown in Fig. 1. Surface area-weighted droplet size 
distributions of all emu lsions we re b imoda l, w ith pa rticle sizes 
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Fig.1 . Surface area-weighted particle size distri bution of silicone oil droplets in 
10 mM sodium phosphate (pH 7.5) and 0.01 % sodium az ide buffer. The solid line 
represents excipien t-free, the dashed line represents emulsions fonned from 
solutions conta ining 0.03% polysorbate 20, the dash-dot-dash line represents 
emulsions formed from solutions containing 250 mM sucrose, and the dash-dot­
dot-dot-dash line represents emulsions formed from solutions conta ining 150 mM 
sodium chloride. Data represent the arithmetic means of three replica te samples. 

ranging from nanometers to microns. The two main populations 
were centered around 100 nm and 5 µm. The effects of the add ition 
of various excipients on t he sil icone oi l droplet size in sili cone o il ­
in-aqueous buffe r emulsions ra nged from m inima l to cons iderable 
(Fig. 1 ). The addition of 0.03% po lysorbate 20 did not significantly 
change the silicone oil droplet size distribut ion compared with that 
of the excipient-free emulsion. whereas the addition of 250 mM 
sucrose or 150 mM sod ium chloride sh ifted the distribution to­
ward a la rger s il icone oil drop let size. 

Detection of subvisible particles with flow cytometry 

Flow cytometty analysis of the suspensions of agg regated. AF 
647-labeled BSA reported a population of particles w ith cons ider­
able fluorescence around 66 1 nm, the wave length associated w ith 
AF 647 fluo rescence. and m inimal fluorescence near 530 nm. the 
wavelength correspond ing to BODIPY fluo rescence (Fig. 2A). 

Mu ltiparameter analysis of a mixture of silicone oil-BODIPY 
droplets and BSA-AF 647 (nonagitated) revealed a population of 
part icles with fluo rescence cha racte ristic of both AF 647 and BOD­
LPY. indicative of protein associated with silicone oi l (i .e .. adsorbed 
onto the surface) (Fig. 28). However, there was no evidence of t he 
presence of homogeneous protein aggregates. 

An examination of a m ixtu re of the BSA-AF 647 ag itated samp le 
conta ining aggregates and the si li cone oil-BODIPY droplets coated 
with BSA-AF 647 (nonagitated ) showed two well-resolved popu la­
t ions o f particles: one population exhibit ing considerable AF 647 
fluorescence and li tt le BO DI PY fluo rescence (homogeneous protein 
aggregates) and anothe r group made up of part icles exh ibiting 
both AF 647 and BODIPY fluorescence (presu mably protein ad­
sorbed onto sil icone oil droplets) (Fig. 2C). These differences were 
a lso obse rved when looking at particle BODIPY fluorescence and AF 
647 fluorescence sepa rate ly (Fig. 3). 

Silicone oil effects on protein formulation stability 

To furt he r explore t he ability of flow cytometry to detect and 
characterize subvisible part icles in protein formulations and to 
investigate the effects of silicone oil droplets on formu lat ion stab il ­
ity, each of the experimental protein formulat ions was added to its 
respective BODIPY-stained si licone o il emuls ion. For example. 
BSA-AF 647 in 10 mM phosphate (pH 7.5) and 150 mM sod ium 
chloride was added to an emuls ion of sil icone oil-BODI PY droplets 
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Fig.2. Detectionof subvis ible homogeneous protein aggregates: Fluorescence dot plots of 1- ro 2-pm homogeneous BSA-AF 647 aggregates in the absence of sili cone oil (A), 
silicone oil-BODIPY droplets with adsorbed BSA-AF 647 (B). and the mixture of homogeneous BSA-AF 64 7 aggrega tes and silicone oil-BODI PY droplets with adsorbed BSA-AF 
64 7 (C). The abscissas re presen t fluorescence intensities measured with the FL 1 detector (530/ 30 nm), whereas the ordinates represent fluorescence intensi ties measured with 
the FL4 detector (661 /16 nm). Panel A rep resents approxima tely 5000 coll ected even t,, whereas panels Rand C each represen t approximate ly 30,000 co.llected events. 
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Fig.3. Fluorescence histograms of analyzed particles: BODIPY fluorescence (A) and 
AF647 fluorescence (B). Histograms are representations of the data from Fig. 2. with 
the blue line rep resen ti ng the BSA-AF 647 aggregate suspension, the green line 
representing the sili cone oil-BODJPY droplets with adsorbed BSA-AF 647, and the 
red line representing the mixture of the BSA-AF 64 7 aggregate sus pension and 
silicone oil-BODlPY droplets with adsorbed BSA-AF 647. The abscissas rep resent 
fluorescence intensity .measured with the FL1 derec tor(530/30 1un) or FL4 detector 
(661 /16 nmi whereas the ordina te represen ts numbe r of even ts normalized to the 
maximum number of events reco rded for any single fluo rescence intensity (% 
maximum events). 

in 10 mM phosphate (pH 7.5) and 150 mM sodium ch loride. To 
examine the effects or prolonged sili cone o il exposu re. samp les 
we re incubated and ana lyzed at defined t ime points over a 2-week 
period. 

For each protein, Fig. 4 shows a representative ana lys is of a pro­
tein-si licone oil m ixtu re in an excipient- rree formulat ion. For sam­
ples of lysozyme-AF 647, BSA-AF 647 , and abatacept-AF 647 
mixed w ith sil icone oil-BODI PY droplets, histograms of BODIPY 
fluo rescence showed a un imodal dist ribution of particles with a 
significant amount of BODIPY fluorescence cha racte rist ic of pa rti­
cles conta ining si licone oi l. Sim il a rly. h istog rams of AF 647 fluo res­
cence showed a unimodal dist ribution or part icles w ith significant 
AF 647 fluorescence, indicative of part icles associated with protein. 
These unimodal d istributions of BODIPY and AF 647 fluorescence 
persisted over 2 weeks of incubat ion (Fig. 4). After t hese 2 weeks 
of incubation. AF 647 histograms for the BSA-AF 647 and abata­
cept-AF 647 formu lations showed a broader d ist ri bution than that 
at t he earlier time points, w ith an increase in pa rticles with higher 
AF 647 fluorescence reflect ing increased levels or prote in (Fig. 4). 

For the samples of trastuzumab-AF 647 m ixed w ith sil icone 
o il -BODI PY droplets, h istograms of BO DI PY and AF 647 showed bi­
moda l d istributions (Fig. 4 ). As incubat ion time increased. the dis­
tribut ions shifted to reflect populations of particles with increased 
AF 647 and BODI PY fluorescence, indicative of pa rtic les consisting 
of increased leve ls of both sil icone oil and protein. 

Lysozyme 

10° 101 102 103 104 10° 101 10" 103 104 

FL 1: Silicone oil-BODI PY FL4: Protein-AF 647 

BSA 

Abatacept 

Trast uzumab 

10° 101 102 ,o3 104 , o0 101 102 103 104 

FL 1: Silicone oil-BODIPY FL4: Protein-AF 647 

Fig.4. Flow cytometry analyses of protein-sil icone o il mixtures in excipient-free 
fomrnlations. Hisrograms illustrate particle BODJPY fluorescence intensi ties mea­
sured with the FL1 detector (530/30 nm, hi stograms on left) or AF 647 fluorescence 
intensities measured with the FL4 detector (661 /16 nm, histograms on right) versus 
percentage maximum events. For each panel, in histograms orde red from the lower 
most curve, pink, light blue, orange, green. da rk blue, and red histograms represent 
samples incubated fo r 1 h, 8 h, 24 h, 72 h, 168 h (1 week), and 336 h (2 weeks1 
respectivel_y. Histograms are offset for clarity, and each hi stogram represenrs 
approx.imately 30,000 events. 
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For each of the protein-silicone oil mixtures. the characteristic 
particle BODIPY and AF 647 fluorescence intensit ies were consis­
tent for triplicate samples. The overlay of the fluorescence dot plots 
from three separate samples in Fig. S illustrates the reproducibility. 

Similar to the excipient- free formulations. flow cytometry 
analyses of formulations containing 0.03% polysorbate 20, 1 SO mM 
sod ium chloride, or 250 mM sucrose showed no ev idence of a signif­
icant amount of homogeneous protein aggregates ( dat,1 not shown). 
Although the tested formulation addit ives did not appear to affect 
the formation of homogeneous protein aggregates in formulations 
mixed w ith silicone oil-BODI PY emulsions. the addition of 0.03% 
polysorbate 20 had a noticeable effect on AF 647 particle fluores­
cence for BSA-AF 647. abatacept-AF 647. and trastuzumab-AF 
647 formulations mixed with silicone oil - BODI PY emuls ions. Fig. 6 
illustrates this effect for abatacept. The AF 647 fluorescence in ­
creases with BODIPY fluorescence at a similar rate in the excipi­
ent-free (Fig. 6A). 150 mM sodium chloride (Fig. GC). and 250 mM 
sucrose (Fig. GD) formulations. However, the AF 647 fluorescence 
does not significantly increase with increasing BODI PY fluorescence 
in the 0.03% polysorbate 20 formulation (Fig. GB). This suggests that 
the polysorbate 20 decreased the amount of protein adsorbed to the 
silicone oil. The addit ion of 0.03% polysorbate 20 to lysozyme- AF 
647 formulations did not result in such dramatic effects (Fig. 7). 

Furthermore. the add ition of 0.03% polysorbate 20 to trast­
uzumab-AF 647 formulations mixed with silicone oi l-BODIPY 
emulsions not only resu lted in reduced AF 647 fluorescence 
(Fig. 88 ) but also resulted in un imodal BODIPY fluorescence histo­
grams (Fig. 8A) instead of the bimoda l histograms seen in the 
exci pient-free formulations (Fig. 4). The unimodal distribution for 
the BODI PY histogram was not seen when 150 mM sodium ch lo­
ride or 250 mM sucrose was added to trastuzumab-AF 647 formu­
lations mixed with silicone oil - BODIPY emulsions (data not 
shown). 
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f"ig.5. Sample-to-sample variation of protein-silicone oil mixtures in excipien t-free 
form ulations: Fl uorescence dot plots of three separate samples of si licone oi l­
BO DIPY d roplets and lysozyrne-AF 647 (A). BSA-AF 647 (B). abatacept-AF 647 (C). 
and trastuzumab-AF 647 (D} Each cnlor represents a diffe rent sample. Each sample 
was incubated for 72 h, and each dot plot represents approximately 30,000 events. 
The abscissas represent fl uorescence intensities measured with the Fll detector 
(530/30 nm). whereas the ordinates represent fluorescence intensities measured 
with the FIA detector (661/16 nm). (For interpretation of the references to color in 
th is figure legend, the reade r is referred to the web version or th.is article.) 
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Fig.6. Effect, of add itives on the aS$Ociation of abatacept-AF 647 with silicone oil­
BODIPY droplets. Dot plots represent silicone oi l-BODIPY droplets coa ted with 
abatacept-AF 647 in formula tions containing no additives (excipient-free ) (A), 
0.03% polysorbate 20 (B). 150 mM sodium chlo ride (C). and 250 mM sucrose (D). 
Each sample was incubated for 8 h, and each dot plot represents approximately 
30,000 even ts. The abscissas represent fluorescence intensities measured with the 
FL1 detector (530/30 nm), whereas th e ordina tes represen t fluorescence in tensities 
measured with the FIA detector (661/16 nm). 
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Fig.7. Effects of additives on t he associat ion of lysozyme-AF 647 with silicone oil­
BODJPY droplets. Dot plots represent si licone oi l-BODIPY droplets coa ted with 
abatacept-AF 647 in fom1 ula tions conta ining no additives (excipien t-fTee) (A), 
0.03% polysorbate 20 (BJ. 150 mM sodium dlloride (C), and 250 mM sucrose (D). 
Each sample was incubated fo r 8 h, and each dot plot represents approximately 
30,000 events. The abscissas represent fluorescence intensities measured w ith the 
Fl 1 detector (530/30 nm). whereas the ordina tes represent fluorescence intensities 
measured with the FIA detector (661/16 nm). 
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Fig.8. Flow cytometry analyses of trastuzumab-AF 647/silicone oil-BODIPY mix­
ture.s in 0.03% polysorbate 20 formu lations. Histograms illustrate particle BODIPY 
fluorescence i11tensity measured with the Fl 1 detector (530/30 n.m. ltistograms in 
panel A) and particle AF 647 fl uorescence in te11sity measured with tl1e Fl4 detector 
(661 /16 run. histograms in panel B) plotted vers us percentage maximum events. For 
each panel, in histograms ordered from the lower most curve, pin k, light blue, 
orange, green, dark blue, and red histograms represent samples incubated for 1 h, 
8 h, 24 h, 72 h, 168 h (1 week), and 336 h (2 wee ks). respectively. Traces are offset 
for clarity, and each histogram represents approx.i rnately 30,000 events. 

Discussion 

Flow cytometric detection of subvisib/e particles 

Laser diffract ion particle size analysis of each of the stock sili­
cone oil emu lsions exh ibited a bimoda l partic le size d istribution, 
w ith a population of part icles of a size near 100 nm and another 
population From 1 to 10 ~un (Fig. 1). Despite the bimodal d istribu­
tion of silicone oil droplets measured using laser diffraction (Fig. 1 ). 
the majority of flow cytometry analyses resulted in a single distri­
bution of particles. A like ly reason For this discrepancy is that the 
FACSCalibur (a long with most other commercially avai lable flow 
cyrometers) was des igned primarily for intact cel l ana lyses. In 
most cell preparations. submicron particles cons ist mostly of deb­
ris and therefore are irre levant: as a result. nanometer-sized pa rti­
cles. such as the sma lle r size distribution of si licone o il droplets. 
tend to fa ll below the instrument's lower size li m it of detection 
(19). This lack of sensitiv ity to smaller particles illust rates one of 
the drawbacks encountered using standard commercial ly available 
flow cyromerry instruments for the detection and study of subvis­
ible pa1tic les. This apparent limitation in most cell-based standard 
instruments can be overcome by using a modified optical des ign 
For the purpose of detect ing very smal l particles, and part icles as 
smal l as 1 nm have been ana lyzed using flow cytometry (28). 

Most flow cytometry instrnments can detect micron-sized sub­
visible particles (Fig. 2). DLS dete rmined the homogeneous protein 
aggregates from the stock BSA-AF 647 sus pension to be 1.8 ~tm. 
Whereas particles of this size border on the t hreshold of detection 
for most commercially available flow cytometers. the FACSCalibur 
used for this study a ppea red to efficiently detect the protein aggre­
gate partic les ( Fig. 2A). 

Although the detection of subvisible homogeneous protein 
aggregates or protein adsorbed to sil icone o il droplets sepa rately 
is straightforward, resolution of a mixture of these particles can 
be d ifficult. The ability of a flow cytomete r to detect and resolve 
particles by fluorescence is la rge ly dependent on the fluo rescence 
detect ion efficiency of the detector, optica l background, and elec­
tronic noise [29]. To ensure optimal performance, the inst rument 
must be properly characterized and proper quality control proce­
dures must be em ployed to verify performance. ( For a detailed 
exp lanation of instrument cha racte rizat ion, refer to the BO Biosci­
ences webinar in Ref. (30].) Anothe r consideration when maximiz­
ing sensitiv ity is the number of events being ana lyzed per second 
(event count rate). Although most modern flow cytometers are 
capable of counting thousands of events per second, experiments 

run w ith lower flow and count rates are more likely to avoid par­
t icl e coincidence, resu lting in better resolut ion. 

Silicone oil effects on protein formulation stability 

For a ll of the formu lations stud ied, there was no evidence of 
homogeneous pro te in aggregates. All of the detected partic les 
exh ibited both AF 647 and BODIPY fluorescence. demonst rating 
that the particles consisted of both protein and sili cone oil. A likely 
reason for these findings is slow desorpt ion kinetics of prote in 
from the silicone oil-water interface. Studies have shown that 
whereas protein adsorption at li quid interfaces is the rmodynami­
cally reversib le, the slow desorption kinetics wou ld make it appear 
to be an irrevers ible process [31,32 ], a claim supported by the 
experimental resu lts of this study and previous work [18]. 

Closer inspection of plots o f AF 647 versus BODIPY fluorescence 
revealed more detailed information about the relationship be­
tween the protein and sil icone oil droplets. Because BODIPY was 
dispersed uniformly throughout the silicone oil, BODIPY fluores­
cence intensity is expected to be proportiona l to the silicone o il 
volume. In contrast, AF 647 fluorescence intensity is proportional 
to the amount of protein on the surface of s ili cone o il droplets. 
Thus, assuming spherica l droplets w ith uniform protein coatings, 
the slope of a log- log plot of AF 647 fluorescence intensity versus 
BODI PY fluorescence intens ity is expected to exhibit a slope of 2/3 . 
Alternatively, the s lope of a log-log plot of AF 647 fluo rescence 
intensity versus BODIPY fluorescence intens ity wou ld approach 1 
if smal l oil droplets coalesced to form larger droplets without 
desorbing t he ir respective protein layers. Data from flow cytome­
try ana lyses were exported to Microsoft Excel, and a li near regres­
sion was performed on log-log plots of AF 647 fluo rescence 
intens ity versus BODIPY fluorescence intensity. A representative 
linea r regression of one of these analyses is shown in Fig. 9. and 
all of the analyses are summarized in Table 1. 

For samples of BSA-AF 647 or abatacept-AF 647 mixed with sil ­
icone o il - BODIPY emu lsions in excip ient-free Formulations. linear 
regression analyses resulted in slopes near 2/3, consistent with 
protein adsorption onto the sil icone oil droplet surface. Similar 
analyses of samples contain ing 250 mM sucrose resulted in slopes 

0 2 3 

Log of FL 1 fluorescence 
(Silicone oil-BODIPY) 

4 

Fig.9. Slope analysis of BSA-AF 647 adsorbed onto silicone oil -BODI PY droplets. A 
slope of 0.65 wa.s calculated from a linear regression of a log- log plot of Fl4 
fluoresce11ce (prote in-Ar- 647) versus FL1 fluoresce nce (silicone oil- BODIPY). 
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Table 1 
Relationship between AF 647 and BOOIPY fluorescence. 

Protein Formulation additive 

E.xcipicn t-free 0.03% polysorbate 20 150 mM sod ium chloride 250 mM sucrose 

Lysozyme-Af 647 0.50 ± 0.14 0.51 ± 0.11 0.79 ± 0.09 0.47 ± 0.08 
BSA-AF 647 0.66 ± 0.05 o.44 ± om 0.73 ± 0.05 0.59 ± 0.02 
Abatacept-A.F 647 0.68 ± O.Q3 0.47 ± 0.06 0.74±0.04 0.61 ± 0-03 
Trastuzumab-AF 647 0.78 ± O.Q3 0.33 ± 0.18 0.84 ± 0.02 0.80 ± 0.05 

Note: The relationship is illustrated by the slope calculated from linear regressions of log- log plots of the FLl fluoresce.nee (silicone oil­
BODIPY) versus FL4 fluorescence (protein-AF 647). Each value represents the average slope of 18 different linear regressions (th ree 
replicate samples for each of six time poin ts). The reported values are means± standard deviations. 

slightly lower than 2/3, w hereas the slopes ca lculated for samples 
contai ni ng 150 mM sodium ch loride were slightly higher than 2/3. 

For lysozyme-AF 647 fo rmu lations mixed with s ilicone oil­
BODIPY emulsions. the slope of a plot of the logari thm of the AF 
647 fluo rescence plotted versus the logarithm of the BOD I PY fl uo­
rescence was lower than 2/3 for fo rmu lations contain ing no addi­
t ives or 250 mM sucrose. Li kewise. formulat ions contain ing 
polysorbate 20 showed slopes lower than 2/3 . Thus. for these for­
mulat ions, the apparent protein surface coverage of the larger par­
t icl es, when norma lized by the volume of silicone oi l, was less that 
that of the smaller particles. The cause of th is phenomenon re­
mains unclear. 

We used light microscopy to probe whether flocculat ion might 
exp la in the behavior of t rastuzumab-AF 647/sili cone oil-BODIPY 
formulat ions whe re we obse1ved relative ly high slopes of log-log 
plots of AF 647 fluo rescence ve rsus BODIPY fluorescence. Partic les 
were imaged using an Eclipse TE2000-S inverted optica l micro­
scope (Nikon Instruments. Melville, NY. USA ) with a CoolSNAP ES 
cha rge-coupled device (CCD) camera (Photometrics. Tucson. AZ. 
USA). Images of pa rticles from lysozyme-AF 647. BSA-AF 647. 
and abatacept-AF 647 formu lations mixed with s ilicone oil-BODI­
PY emu lsions showed separated individual droplets. whereas 
images of particles from the trastuzumab-AF 647 fo rmu lation 
mixed with sil icone oi l- BODIPY droplets showed large floccu les 
of smaller droplets (Fig. 10). Thus. droplet flocculation is a plausi­
ble explanation for slopes highe r than 2/3 observed for t rast­
uzumab formu lat ions (Table 1 ). 

Fluorescent labels 

For mu lticolor flow cytometry analyses, the choice of fluores­
cent labels warrants some cons ide rat ion because most fluorescent 
materials em it over a fa irly broad range of wavelengths. Although a 
fluorescent label may have an em ission maximum near 01· in the 
range of a specific flow cytometry detector. the possibili ty rema ins 
that the label will also emit in the range of another detector. For 
exam pie, 9-d iethyla mino-5H-benzo[ a] phenoxaz i ne-5-one (Nile 
red ) dye is a polar ity-sens itive fluorophore used to probe hydro­
phob ic surfaces [33). With its abili ty to be excited us ing a 488-
nm laser (standard fo r most flow cytomete rs) and its emiss ion 
max imum of 628 nm (34] (suitable for the FL2 585/42 BO FACSCa l­
ibur detector), Nile red wou ld seem to be an ideal dye with which 
to sta in sil icone oil for flow cytometry analysis. However. Ni le red 
has a broad em ission spectrum that ra nges from less tha n 600 nm 
to more than 700 nm depend ing on the environment. The spi llover 
of the Nile red fluorescence emission into other detectors can lead 
to dec reased sens itiv ity and improper data interpretation by sig nif­
icantly increasing the optical background. 

Fig. 11 shows an example of Nile red fluorescence sp illover into 
the FL1 530/30 detector often used to detect fluorescein isoth iocy­
anate (FIT()- or Alexa Fluor 488 (AF 488 )-conjugated materia ls. 
Even though the sample conta ined no FITC or AF 488 fluornphores. 
the FL 1 detector registers a cons iderable signa l because of the spil l­
over of Nil e red fluorescence. If an experiment were performed 
using a protein labeled wi th AF 488 and si licone oi l stained with 

Fig.10. Light microscopy images of silicone oil-BODIPY droplets coated with lysozyme-AF 647 (A), BSA-AF 647 (BJ. abatacept-AF 647 (C). and t ras tuzumab-Af 647 (D) at 
200x magnifi ca tion. 
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FL2: Silicone oil-Nile red 

Fig.11 . Spectral overlap of Nile red fluorescence from the FL2 detector into the FL1 
detector on a BD FACScan instrument (Becton Dicki nson, San Jose, CA, USA). The 
sample consisted of only silicone oil-Nile red droplets. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Nil e red, interpretation of the FL 1 data would be d ifficu lt or impos­
sible because Nile red contributes enormous optical background in 
FL 1 and would dramatica lly decrease the sensitivity to any AF 488-
labeled protein. Flow cytometry analysis softwa re does have the 
ability to compensate (correct) for sp illover. Good genera l practice 
for flow cytometry experiments is to eliminate or m inim ize spill­
over whenever possible because compensation essentially trans lo­
cates population medians while prese1ving the measured variance. 
which in this case wou ld be large. Therefore, large optica l back­
ground conuibutions result is much larger population coefficients 
of variation (broad populations) after compensation, and it be­
comes desirab le to pick fluo rescent labels with emissions that have 
minimal overlap for mult icolor flow cytometry experiments. This is 
not difficult with the mu ltiple excitation and detect ion capabilit ies 
of modern instruments. For this work. AF 647 and BODIPY 493/503 
were adequate fluorescent labe l choices for flow cytometry ana ly­
sis because neither label's fluorescence contributes sign ificant 
optical backgrnund into the other's detector (Fig. 12). 

For this study. fluo rescent labe li ng was used to aid in the char­
acterization of particles as e ither homogeneous protein aggregates 
or sil icone droplets with adsorbed protein. However. conclus ions 
from experiments oftluorescently labe led systems can have limita­
tions, particularly when app lying findings to the unlabeled sys­
tems. Labeling a molecule with a fluorescent marker mod ifies the 
properties of the molecu le, ,1nd this may change intra- and in ter­
molecula r interactions. 

For example, Alexa Fluor dyes carry a negat ive charge [35]; 
therefore, labeling a protein w ith one or more Alex Fluor molecu les 
resu lts in a molecule w ith a lower charge, and this could change 
electrostatic interactions. In th is study, mixtures of trastuzumab­
AF 647 with si licone o il -BOD IPY emulsions in excipient-free for­
mulat ions exhibited behavior cons istent with floccu lation. How-

ever. floccu lation was not observed in previous work using 
un labe led trasruzumab and unlabeled emu lsion [ 18 ]. A like ly rea­
son for th is d isc repancy is modu lation of electrostatic in teract ions 
due to fluorescent labeling. At the fo rmu lation pH used for both 
studies. trastuzumab wou ld be expected to have a positive charge 
(pl~ 9.2) (36). Labeling the protein w ith AF 647 decreases the 
molecular charge, thereby dampen ing electrostatic repulsion, and 
this. subsequent to adsorption onto the surface of silicone oil drop­
lets. may allow droplet flocculation. Attempts to measure the zeta 
potentia l o[ particles in fluorescent ly labe led systems were unsuc­
cessful because the light source wavelength (633 nm) used by 
commercially avai lable instruments also excites the AF 647 
fluorophore. 

One option to avoid these compl ications is to use intrins ic sys­
tem properties for characterization ana lysis. Forward angle light 
scatter is strongly influenced by particle size and refractive index, 
whereas side scatte ri ng. in addition to being size re lated. tends to 
emphas ize particle granularity or internal particle structure [28]. 
Previous work has shown the abili ty of flow cytometry to resolve 
populations of granulocytes. monocytes, and lymphocytes without 
the use of fluorescent labe ls [28]. 

For this work, a plot of FSC versus SSC for the mixture of the agi­
tated sam ple contain ing BSA-AF 647 aggregates and si licone-BOD­
I PY droplets with adsorbed BSA-AF 647 (nonagitated) resulted in 
two populations of particles (Fig. 13 ). These particles were charac­
terized as homogeneous protein aggregates or sili cone oil droplets 
with adsorbed protein based on gates from AF 647 fluorescence 
versus BODI PY fluorescence dot p lots (Fig. 2(). Although the popu­
lat ions are not as well resolved as the corresponding groups seen in 
the fluorescence dot plot of the same sample (Fig. 2C), the scatte r 
plot does illustrate the poss ibility of resolving particles without 
the use of extrin sic properties. 
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Fig.13. Light scatte r dot plot of a mixture of homogeneous protein aggregates and 
silicone oil droplets with adsorbed protei_n. Light scatteri_ng measured at 90° (SSC) is 
plotted aga inst low-angle light scattering (FSC) for the sample whose fluorescence 
is plotted in Fig. 2. 
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FL 1: SIi icone oil-BOD IPY 

Fig.12. Test, fo r spectral emission overlap (op tical spillover): Fluorescence dot plots of samples of unlabeled s il icone oil and unlabeled prote in (A), unlabeled silicone oil and 
BSA-AF 647 (B), and silicone oil-BOD1PY droplets with unlabeled BSA (C). 
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Conclusion 

This study has demonstrated the utility of flow cytometry as an 
analytical tool for the study of subvisible particles in protein for­
mulations. In a matter of seconds, flow cytometry can measure 
the optical properties of thousands of different particles, making 
it a high-throughput technique for the study of particle suspen­
sions. Furthermore, flow cytometry can provide insight into how 
formulation additives affect protein-silicone oil interactions, mak­
ing it a potentially useful formulation screening tool. 
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VEGF Trap-Eye for the treatment 
of neovascular age-related 
macular degeneration 
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Background: Age-related macular degeneration (AMO) affects > 14 million 
individuals worldwide. Although 90% of patients with AMO have the dry 
form, neovascular AMO accounts for the vast majority of patients who 
develop legal blindness. Until recently, few treatment options existed for 
treatment of neovascular AMD. The advent of anti-VEGF therapy has sig­
nificantly improved the safe and effective treatment of neovascular AMO. 
In addition to two anti-VEGF drugs currently in widespread use, ranibizumab 
and bevacizumab, a number of medications that interrupt angiogenesis are 
currently under investigation. One promising new drug is aflibercept (VEGF 
Trap-Eye), a fusion protein that blocks all isoforms of VEGF-A and placental 
growth factors-1 and -2. Objective: To review the current literature and clini­
cal trial data regarding VEGF Trap-Eye for the treatment of neovascular 
AMO. Methods: Literature review. Results/conclusion: VEGF Trap-Eye is a 
novel anti-VEGF therapy, with Phase I and II trial data indicating safety, toler­
ability and efficacy for the treatment of neovascular AMO. Two Phase Ill clini­
cal trials {VIEW-1 and VIEW-2) comparing VEGF Trap-Eye to ranibizumab are 
currently continuing and will provide vital insight into the clinical applicability 
of this drug. 

Keywords: aflibercepr. AMO. ~ngiogcnesis. ncovasculariution. VEGF. VEGF inhibition, VEGF Trap 
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1. Introduction 

Age-relared macular degeneration (AMD) affects > l.75 million individuals in the 
US and it is esrimaml chat by 2020 this number will increase to almost 3 million Ill, 
Worldwide, AMD is estimated to affect 14 million people 121. While the vast major­
ity of patients suffering from AMO have the dry form, - 80 - 90% of patients who 
develop severe vision loss have the neovascular or 'wet' form of the disease 131. Until 
recently, healthcare professionals had few options when it came to treating neovascula.r 
AMD. For many years, subfoveal choroidal neovascularization (CNV) was treated 
with argon laser d1t!rapy according to guidelines from the Macular Photocoagularion 
Study [1.121 . This treatment, in the setting of subfoveal disease, was unsatisfactory for 
a number of reasons, including the limited benefits in visual stabilization and the 
high risk of inducing central vision deficits (131. Treatment outcomes improved with 
the introduction of phorodynamic therapy (PDT) which util ized a photosensitizing 
dye (verteporfin) to selectively target CNV. While more efficacious than previol1s 
treatments, patients receiving PDT failed to recover vision and continued to experi­
ence a decline in visual acuity [14J and che treatment was of questionable cost 
effcctiv<:ness 11 ~ J. 

The more recent devdopment of agents that inhibit VEGF bas largely 
supplanted these previous treatments. The pathogenesis of CNV in the setting of 
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AMD is complex; however, there is overwhelming evidence 
that VEGF is a predominant mediator in its genesis. VEGF 
receptors are expressed by a number of important cell types 
in the eye, including vascular endothelial cells, choroidal 
fibroblasts, retinal pigment epithelial cells and inflammatory 
cells attracted by hypoxia [1~19). Higher levels of VEGF 
expression have been demonstrated in animal models [20,21J 

and human studies of eyes with AMD [1 7.22-24) and antago­
nism of VEGF in both settings have definitively demon­
strated inhibition of noovasrularu.ation and V3SCUlar permeability. 
VEGF-A is the predominant member of the VEGF fumily 
targeted by drugs currently in widespread use; however, the 
group is also comprised of VEGF-B, VEGF-C, VEFG-D and 
placenral growth fuctors-1 and -2. 

Systemic administration of bevacizumab is effective against 
neovascular AMD; however, systemic complications limit its 
use [25). Accordingly; all anti-VEGF agents for neovascular 
AMD are administered only by intravitreal injection. The two 
largest studies examining anti-VEGF therapy, the MARlNA [26J 
and the ANCHOR [27.28J trials, were randomized, controlled, 
double-masked Phase III clinical trials that together c:valuated 
monthly ra.nibizumab for the treaonent of all types of neovas­
cular AMD. In both trials, 94% of patients with neovascular 
AMD lost fewer than 15 letters of visual acuity at 12 and 
24 months when treated with ranibizumab. Surprisingly, as 
many as 40% of patients in the two trials improved by > 15 
letters from baseline at 2 years. Ranibizumab received the 
FDA approval for all types of neovascular AMD in 2006. 
Based on the results of these two landmark studies, anti-VEGF 
therapies for neovascular AMD have largely replaced previous 
treatment modalities. 

2. Background 

2.1 Overview of the market (unmet needs, 
competitor compounds/ in dinical development) 
By far the most commonly used anti-VEGF drugs rurrently 
in use for neovascular AMD are ranibizumab and bevaci­
zumab. Pegaptanib was the first anci-VEGP drug approved 
by the FDA for the treatment of AMD; however, it proved 
less efficacious than rurrent treatments (13] (possibly due to 
its selective binding of VEGF-165) and is no longer widely 
used in most countries. Ranibizwnab is the only drug in 
widespread use rurrently approved by the FDA for treat­
ment of neovascular AMD and is by far the most extensively 
studied [26,27,29,30). It is a recombinant monoclonal antibody 
fragment with a high binding affinity for all isotypes of 
VEGP-A. Bevacizumab, currently being used off-label for 
the treatment of AMD in the US, is a humanized whole 
antibody to VEGF-A used in oncology regimens that also 
binds all isotypes of VEGF-A. Although ranibizumab has 
been shown to have a higher affinity for VEGF-A, it is not 
clear if ranibizumab has superior efficacy to bevacizumab. 
Retrospective and small randomized studies have suggested 
similar efficacy profiles (31,32]. The Comparisons of Age-Related 

Macular Degeneration Treatment Trial (CATT) is a 2-year, 
multi-centered, randomized clinical trial comparing ranibi­
zumab and bevacizumab for neovascular AMD. Enrollment 
began in February 2008. Despite the off-label status of beva­
cizumab, it continues to be a popular treatment choice in the 
US because of the significantly reduced price of treatment 
($ 50 - 100 for bevacizumab versus $ 2000 for ranibizwnab 
(2008 pricing)). 

As previously mentioned, the MARINA L26J and the 
ANCHOR [27.28] trials examined the efficacy of ranibizumab 
when administered monthly. The time and financial burden 
of monthly injections has led to the initiation of studies to 
examine the efficacy of alternative dosing schedules. In the 
PIER study [30], patients initially received monthly injections 
of ranibizumab for 3 months followed by quarterly injec­
tions. Although patient visual acuities actually improved at 
3 months, during the quarterly dosing segment visual acuity 
returned to baseline. T he PrONTO study [29] looked at as 
needed (p.r.n.) dosing of ra.nibizumab after three consecutive 
monthly doses. The need for further injections was made on 
the basis of recurrent CNV as evidenced by worsening 
vision, retinal thickening on ocular coherence tomography 
(OCT) or abnormalities on fluorescein angiogram (FA). At 
2 years of follow up, 78% of patients had maintained vision 
and vision had improved by > 3 lines in 43% of patients 
with an average of five injections a year. These later studies 
seem to indicate that quanerly dosing is associated with 
poorer outcomes but it may be possible to extend the time 
between injections if the patient is fu:quently monitored. 
However, even with the p.r.n. dosing utilized in the PrONTO 
study, patients are still required to make monthly visits to the 
office with fu:quent and expensive testing. 

The devdopment of new drugs for neovascular AMD has 
thus focused on both improving efficacy and extending 
duration of action. Most new compounds in devdopment 
are targeted toward inhibition of various steps in the VEGF 
signaling pathway. There are a number of drugs in develop­
ment that inhibit the downstream tyrosine kinase cascade 
activated by the binding of VEGF with its receptor 
(VEGFR). Vatalanib is an oral formulation that binds to all 
three VEGFRs and has recently completed Phase I/TI study 
as adjuvant to PDT and ranibizumab [33]. Topical tyrosine 
kinase inhibitors currently undergoing Phase II clinical stud­
ies include pazopanib [Ml and TG100801 [35]. Another 
approach utili:zes siRNA to silence genes which express pro­
teins involved in angiogenesis. Bevasiranib, an siRNA that 
targets VEGF-A mRNA, showed encouraging Phase I and II 
data, but the Phase III trial was halted in March 2009 for 
projected failure to meet the primary end point [36J . An 
extra antiangiogenic target being developed is pigment 
epithelium-derived factor (PEDF), a potent inhibitor of new 
vessd growth. AdGVPEDF.1 lD uses an adenovector to 
deliver the PEDF gene to target cells, resulting in the local 
production of PEDF in the treated eye. AdGVPEDRllD 
has recently compler.ed Phase I clinical trials [37) . Another 
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recently discovered alternative pathway for decreasing angio­
genesis involves inhibition of nicotinic acetylcholine recep­
tors. ATG3 (mecamyla.mine), a topical formulation that 
inhibits the nicocinic acetylcholine receptors, has shown 
promising results in animal and Phase I trials and is currently 
undergoing a Phase II srudy [2SJ. 

2.2 Introduction to compound 
VEGF Trap-Eye is a novel anti-VEGF drug currently in 
commercial development for the treatment of neovascular 
AMD by Regeneron Pharmaceuticals, Inc. (Tarrytown, NY, 
USA) in the US and in collaboration with Bayer HealthCare 
(Leverkusen, Germany) in global markets. Strucntrally, 
VEGF Trap-Eye is a fusion protein of key binding domains 
of human VEGFR-1 and -2 combined with a human IgG 
Fe fragment (Figure 1). Functionally, VEGF Trap-Eye acts as 
a receptor decoy with high affinity for all VEGF isoforms, 
binding more tightly than their native receptors. Unlike 
anti-VEGF drugs currently in use, VEGF Trap-Eye is 
designed to inhibit placental growth factors- I and -2 in 
addition to all isoforms of VEGF-A. 

2.3 Chemistry 
VEGF Trap-Eye and aflibercept (the oncology product) have 
the same molecular structure, but there are substantial dif­
ferences between the preparation of the purified drug prod­
uct and their formulations. Both aflibercept and VEGF 
Trap-Eye are manufactured in bioreactors from indusay 
standard Chinese hamster ovary cells that overcxpress the 
fusion protein. However, VEGF Trap-Eye undergoes further 
purification steps during manufacturing to minimize risk of 
irritation to the eye. VEGF Trap-Eye is also formulated with 
different buffers and ar different concentrations (for buffers 
in common) suitable for the comfortable, non-irritating, 
direct injection into the eye. 

2A Pharmacodynamics 
The aflibercept dose that is administered in oncology settings 
is either 4 mg/kg every 2 weeks or 6 mg/kg every 3 weeks, 
which corresponds to 2 mg/(kg week) with either schedule. 
The highest intravitrcal dose being used in pivotal trials for 
VEGF Trap-Eye is 2 mg/month, which c.orresponds to at 
least a 280-fold lower potential systemic exposure than in the 
oncology setting. Early trials with aflibercept administered 
intravenously for AMD indicated that doses of 0.3 mg/kg 
(21 mg total) were inadequate to fully capture systemic 
VEGF. Thus, the low inttavitreal dose of 2 mg allows for 
extended blocking of VEGF in the eye, but would be pre­
dicted to give negligible systemic activity as it will be rapidly 
bound to VEGF and inactivated. 

2.s Pharmacokinetics and metabolism 
Aflibercept is cleared from circulation through two pathways: 
by binding to VEGF to form an inactive VEGF-afl.ibercept 
c.omplex and by Fe-receptor or pinocytotic mediated pathways 
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that end in proteolysis, which are presumed to be similar to 
pathways that metabolize antibodies. At very high doses, free 
aflibercept has a terminal half-life of - 17 days in the circu­
lation. The half-life of human intravitreal doses is unknown. 
lntravitreal primate doses of ranibizumab have a half-life of 
- 3 days [38]. At low blood levels, clearnnce of free afliber­
cept is rapid as a result of binding to VEGF with picomolar 
affinity [39]. 

2.6 Clinical efficacy 
2.6.1 Phase I 
A Phase I, randomized, double-blind, placebo-c.ontrolled trial 
of intravenous aflibercept (onc.ology formulation) was c.om­
pleted in 25 patients with AMD. Although systemic afl.iber­
cept did demonstrate a dose-dependent decrease in retinal 
thickness, the study was halted due to concerns of dose­
dependent toxicity when one patient developed hypertension 
and another proteinuria [40J. 

The safety, tolerability and biological activity of intravitrcal 
VEGF Trap-Eye in treatment of neovascular AMD was eval­
uated in the two-part Clinical Evaluation of Anti-angiogenesis 
in the Retina-I (CLEAR-IT-I) study [41J . The first part was 
a sequential cohort dose-escalation study in which 21 patients 
were monitored for safety, changes in foveal thickness on 
OCT, best corrected visual acuity (BCVA) and lesion size on 
FA for 6 weeks. No adverse systemic or ocular events were 
noted and visual acuity remained stable or improved ~ 3 
lines in 95% of patients with a mean increase in BCVA 
of 4.6 letters at 6 weeks [42]. Patients showed substantially 
decreased foveal thickness [4tJ. 

In the sec.ond part, 30 patients received a single intravitreal 
injection of either 0.5 or 4 mg of VEGF Trap-Eye and were 
followed for 8 weeks. All patients were evaluated for their 
rates of retreatment, changes in BCVA. foveal thickness as 
well as change in total lesion size and area of CNY. Patients 
had ETDRS (Early Treatment of Diabetic Retinopathy 
Sntdy) BCVA ranging from 20/40 to 20/320 with any angio­
graphic subtype of CNV at baseline. No serious adverse 
events or ocular inflammation was identified during the 
study. At 8 weeks, the mean decrease in retinal thickness in 
the low dose group was 63.7 µm compared to 175 µm for 
the high dose group. Of the first 24 patients to complete the 
srudy, 11 out of 12 patients in the 0.5 mg dose group 
required retreatment in a median of 64 days, compared with 
4 out of 12 in the 4 mg dose group who required retreatrnent 
in a median of 69 days [43]. 

VEGF Trap-Eye has also undergone a small open-label 
safety study for the treatment of diabetic macular edema 
(DME) [44]. The drug was administered as a single 4 mg 
intravitreal injection to five patients with longstanding dia­
betes and several previous treatments for DME. The single 
injection resulted in a median decrease of central macular 
thickness measured by OCT of 79 µm. BCVA increased by 
9 letters at 4 weeks and regressed to a 3 letter improvement 
at 6 weeks. 
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Figure 1. Schematic diagram of VEGF Trap-Eye, a fusion 
protein of binding domains of VEGF receptors-1 and -2 
attached to the Fe fragment of human lgG. 

2.6.2 Phase fl 

CLEAR-IT-2 trial [45) was a prospective, randomized, 
multi-center, controlled dose- and interval-ranging Phase II 
trial in which 157 patients were randomized to five dose 
groups and treated with VEGF Trap-Eye in one eye. The 
mean age of the group was 78.2 years and all angiographic 
subtypes of CNV were represented at baseline. The mean 
ETDRS BCVA in letters at baseline was 56. Two groups 
received monthly doses of either 0.5 or 2.0 mg for 12 weeks 
(at weeks 0, 4, 8 and 12) and three groups received quar­
terly doses of either 0.5, 2.0 or 4.0 mg for 12 weeks 
(at weeks O and 12) . Following this fixed dosing period, 
patients were treated with the same dose of VEGF Trap-Eye 
on a p.r.n. basis. Criteria for re-dosing included an increase in 
central retinal thickness of~ 100 µm by OCT, a loss of;?: 5 
EIDRS letters in conjunction with recurrent fluid by OCT, 
persistent fluid as indicated by OCT, new onset classic neo­
vascularization, new or persistent leak on FA or new macular 
subretinal hemorrhage. 

Patients initially treated with 2.0 or 0.5 mg ofVEGF Trap­
Eye monthly achieved mean improvements of 9.0 (p < 0.0001) 
and 5.4 (p < 0.085) ETDRS letters with 29 and 19% gaining, 
respectively, ;?: 15 ETDRS letters at 52 weeks. During the 
p.r.n . dosing period, patients initially dosed on a 2.0 mg 
monthly schedule received an average of 1.6 more injections 
and those initially dosed on a 0.5 mg monthly schedule 
received an average of 2.5 injections. The median time to first 
reinjection in all groups was 110 days and 19% of patients 
required no more injections at week 52. Patients in these two 
monthly dosing groups also displayed mean decreases in 

retinal thickness versus baseline of 143 µm (p < 0.0001) in the 
2.0 mg group and 125 µrn (p < 0.0001) in the 0.5 mg group 
at 52 weeks as measured by OCT [45). 

Patients in the three quarterly dosing groups also showed 
mean improvements in BCVA and retinal thickness; how­
ever, they were generally not as profound as the monthly 
injection group [45], 

2.6.3 Phase Ill 
A two part Phase ill trial ofVEGF Trap-Eye was initiated in 
August of 2007. The first part, VIEW 1 (VEGF Trap: 
Investigation of Efficacy and safety in Wet age-related macular 
degeneration) [4G] will enroll - 1200 patients with neovascu­
lar AMD in the US and Canada. This non-inferiority study 
will evaluate the safety and efficacy of intravitreal VEGF 
Trap-Eye at doses of 0.5 and 2.0 mg administered at 4-week 
dosing intervals and 2.0 mg at an 8 week dosing interval 
(following three monthly doses), compared with 0.5 mg of 
ranibizumab administered every 4 weeks. After the first year 
of the study, patients will enter a second year of p.r.n. dosing 
evaluation. The VIEW 2 [47) study has a similar study design 
and is currently enrolling patients in Europe, Asia Pacific, 
Japan and Latin America. In both trials, the primary out­
come will be the proportion of patients who maintain vision 
at week 52 (de.fined as a loss of< 15 ETDRS letters). 

2.1 Safety and tolerability 
Based on Phase II study data. VEGF Trap-Eye seems to be 
generally well tolerated with no serious drug-related adverse 
events. In the 157 patients enrolled in CLEAR-IT 2 trial, 
there was one reported case of culture-negative endophthal­
mitis not deemed to be related to the study drug. There 
were also two deaths (one from pre-existing pulmonary 
hypertension and one from pancreatic carcinoma) and one 
arterial thromboembolic event (in a patient with a history of 
previous stroke) that occurred during the study period, but 
no serious systemic adverse events were deemed related to 
VEGF Trap-Eye administration. The most common adverse 
events reported in the study included conjunctiva! hemor­
rhage (38.2%), transient increased intraocular pressure 
(18.5%) , refraction disorder (15.9%), retinal hemorrhage 
(14.6%), subjective visual acuity loss (13.4%), vitreous 
detachment (11.5%) and eye pain (9.6%) [45), 

3. Conclusion 

Anti-VEGF therapy has vastly improved the treatment of 
neovascular AMO in terms of both safety and efficacy. The 
ANCHOR [26] and MARINA (27,28] trials have established 
ranibizumab as an effective therapy when dosed monthly. It 
has been shown to stabilize vision in 94% of patients and in 
almost 40% of patients vision will actually improve by 3 or 
more lines. However, the monthly dosing schedules used in 
these trials present a financial and time burden to patients 
and healthcare practitioners. The more recent PIER [30] and 
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PrONTO (29] trials have shown that ranibizumab is less 
effective when dosed quarterly, but it may be possible to 
extend the time between injections when patients are 
followed closely with frequent examinations and ancillary 
testing. The most effective dosing regimen and monitoring 
program for anti-VEGF therapy has yet to be firmly estab­
lished but new treatments are aimed at extending and 
improving on the efficacy of ranibizumab. VEGF Trap-Eye 
differs from established anti-VEGF therapies in its higher 
binding affinity for VEGF-A and its blockage of placental 
growth factors-} and -2. Phase I data demonstrated accept­
able safety and tolerability of VEGF Trap-Eye in the treat­
ment of neovascular AMD. In Phase II study data, patients 
dosed in a similar fashion to the PrONTO trial demon­
strated stabilization of their vision that was similar to previ­
ous studies of ranibizumab at 1 year. Of the greatest interest, 
patients dosed at 2.0 mg during the initial monthly dosing 
period required 1.6 injections on average during the p.r.n. 
dosing phase. While this number is difficult to compare 
directly to the number of injections required during the 
p.r.n. phase of the PrONTO ranibizumab study; it is prom­
ising. A direct comparison of the efficacy ofVEGF Trap-Eye 
versus ranibizumab will be possible with the completion of 
two Phase III trials, the VIEW-1 and -2 studies. 

4. Expert opinion 

The advent of anti-VEGF therapy for treatment of neovascu­
lar AMD has revolutionized therapy for a common blinding 
disease. Before the development of pegaptanib, ranibizumab 
and bevacizumab, the diagnosis of neovascular AMO por­
tended a prognosis of nearly universal decline in vision, and 
frequently loss of useful vision in the affected eye. 

Current treatment regimens with either ranibizumab or 
bevacizumab now afford stabilization of vision in > 90% 
of patients, with significant vision gain in one-third of all 
patients treated. There have been no significant, proven 
adverse systemic effects with the intraocular use of either 
drug. However, limitations of current therapy include the 
need for frequent intraocular injections, as often as 
monthly, without a defined stopping point. Each injection 
subjects patients to risks of cataract, intraocular inflamma­
tion, retinal detachment and endophthalmitis. A signifi­
cant time and financial burden falls on patients during 
their treatment course. 

Desirable attributes for emerging therapies for neovascular 
AMD include higher visual improvement rates and decreased 
dosing intervals. For other indications, time-rdease delivery 
methods have met with some success, including the follow­
ing agents: intraocular steroids, including polymeric fluoci­
nolone and dexamethasone, lasting 3 years and 6 months, 
respectively (48-50] , and for a single biologically active 
cytokine, ciliary neurotrophic factor, which is released for a 
period greater than 1 year by encapsulated, bioengineered, 
implanted cells (51). While efforts are underway to devdop 
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encapsulated cell technology for sustained-rdease anti-VEGF 
therapy, no investigational drugs or devices have progressed 
yet to clinical trial enrollment. 

VEGF Trap-Eye represenu the most promising anti-VEGF 
investigational drug that is currently in Phase Ill trial. VEGF 
Trap-Eye, a decoy VEGF receptor protein, binds all isoforms 
of free VEGF with high affinity, in addition to placental 
growth factor. In contrast to current anti-VEGF antibodies, 
which are rapidly cleared, the VEGF-VEGF Trap complex 
is rdativdy inert, and is degraded more slowly. Due to its 
high binding affinity and the ability to safely inject high 
doses into the eye, VEGF Trap-Eye may have longer dura­
tion of effect in the eye. Two Phase III studies in wet AMD, 
VIEW 1 and VIEW 2, are currently under way and seek to 
compare monthly ranibizumab to monthly or bimonthly 
VEGF Trap-Eye. 

Data from the Phase II study with VEGF Trap-Eye were 
positive and the results from the non-inferiority Phase ill 
trials will establish its efficacy versus ranibizumab. Its adop­
tion into clinical practice will depend on efficacy at 4 and 
8 week intervals. If effective at 4 week intervals only; VEGF 
Trap-Eye will be adopted into clinical practice if it offers a 
competitive price advantage over ranibizumab. If effective at 
8 week intervals, VEGF Trap-Eye offers the opportunity to 
significantly reduce treatment burden on patients and physi­
cians, and would probably find wide acceptance. The second 
p.r.n. dosing stage of the Phase III trial will also provide 
insight into whether VEGF Trap-Eye offers longer duration 
of treatment effectiveness than ranibizumab. 

Data from the VIEW-1 and VIEW-2 trials will need to 
be interpreted by clinicians in the context of emerging adju­
vant therapies that may extend the time between anti-VEGF 
therapy injections. Many clinicians now treat patients with 
anti-VEGF therapies in combination with verteporfin PDT. 
Randomized, open-label srudies and one large retrospective 
case series database seem to indicate lower retreatment rates 
and improved. visual outcomes when compared with mono­
therapy [52-55]. As a result, at least two prospective, randomized 
trials are currently underway to further examine combination 
verteporfin PDT and anti-VEGF treatments l56,57J. An extra 

combination treatment currently under study is the use of 
epiretinal brachytherapy with Strontium-90 combined with 
bcvacizumab. A recently published small pilot study showed 
good safety and efficacy with a single application of epiretinal 
radiation and two bevacizumab injections after 12 months [58J. 

A larger, multi-center Phase III trial is underway [59]. 

Anti-VEGF agents are currently only approved for the 
treatment of exudative AMD. The multifactorial nature of 
DME, including non-VEGF mediated causes such as peri­
cyte and endothdial cell damage and tractional mecha­
nisms, has made treatment of this condition difficult using 
current modalities. Clinical studies are underway with anti­
VEGF agents in DME and retinal vein occlusion. VEGF 
Trap-Eye is under Phase II investigation in DME and 
Phase III investigation in central retinal vein occlusion. The 

Expert Opin. lnvestig. Drugs (2009) 18(10) 1577 

Regeneron Exhibit 1033.089 



VEGF Trap-Eye 

FDA approval ofVEGF Trap-Eye fur these indications would 
significantly add to the ophthalmologists' armamentarium for 
treatment of retinal vascular disease. 

promising investigational drug that, if approved, will improve 
ophthalmologists' ability to treat neovascular AMD. 

Eventually, injectable agents targeting the VEGF pathway 
may be supplanted by implantable devices thar deliver polymer­
bound drug or manufuctw:e the protein in vivo. Further thera­
pies for ncovascular AMD such as targeted radiation may confer 
extra treatment benefit. In the meantime, VEGF Trap-Eye is a 
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Background: Age-related macular degeneration (AMD) affects> 14 million individuals 

worldwide. Although 90% of patients with AMD have the dry form, neovascular AMD accounts 

for the vast majority of patients who develop legal blindness. Until recently, few treatment 

options existed for treatment of neovascular AMD. The advent of anti -VEGF therapy has 

significantly improved the safe and effective treatment of neovascular AMD. In addition to two 

anti-VEGF drugs currently in widespread use, ranibizumab and bevacizumab, a number of 

medications that interrupt angiogenesis are currently under investigation. One promising new 

drug is aflibercept (VEGF Trap-Eye), a fusion protein that blocks all isoforms of VEGF-A and 

placental growth factors-1 and -2. Objective: To review the current literature and clinical trial 

data rega rding VEGF Trap-Eye for the treatment of neovascular AMD. Methods. Literatu re 

review. Results/conclusion: VEGF Trap-Eye is a novel anti-VEGF therapy, with Phase I and II trial 

data indicating safety, tolerability and efficacy for the treatment of neovascular AMD. Two 

Phase Ill clinical trials (VIEW-1 and VIEW-2) comparing VEGF Trap-Eye to ranibizumab are 

currentlv continuing- and will orovide vital insieht into the clini cal aoo!icabilitv of this drue. 
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How to Overcome Retinal Neuropathy: The Fight against Angiogenesis­
related Blindness 
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The retina consists of neuronal cells of high metabolic activity that are supplied by an abun­
dant vasculatm·e. It is a main theme of ophthalmologic research, because retinopathies are 
common causes of blindness in all age groups: age-related macular degeneration in the eld­
erly, diabetic retinopathy in the middle aged, and retinopatby of prematurity and retinoblas­
toma in children. Interestingly, angiogenesis underlies the pathogenesis of all these diseases, 
and breakdown of the blood-1·etinal barrier is also thought to play an important role before 
and throughout the process of new vessel formation. However so far, most treatments have 
targeted angiogenesis only, especially vascular endothelial growth factor. Consideration of the 
restoration of the blood-retinal barrier should be required. In this review, we discuss the clin­
ical manifestation, pathogenesis, and current treatment options fo1· angiogenesis-related 
blindness. In addition, because of the recent introduction of novel strategies, we describe 
pathogenesis-based treatment options to trea angiogenesis-related blindness. 

Key words: Angiogenesis-related blindness, Age-related macular degeneration, Diabetic ret­
inopathy, Retinoblastoma, Retinopathy of prematurity 

INTRODUCTION 

The vertebrate retina is a 10-layered structure that 
includes 3 layers of nucleated cells and 2 plexiform 
layers. In the retina photoreceptor cells and ganglion 
cells synapse with bipolar, horizontal, and amacrine 
cells, and through these synapses the responses to 
light by cone and rod cells are converted to electrical 
signals that are passed on to the brain via the optic 
nerve ('l'ian, 2004). 'fhe light-induced activation of 
photoreceptor cells is transmitted to bipolar and 
horizontal cells whose nuclei are in the inner nuclear 
layer and whose denchites are in the outer plexiform 
layer. The other synaptic interactions occur in the 
inner plex:iform layer between ganglion cells, amacrine 
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cells, and bipolar cells. In this point of view retinal 
diseases are due to damage to the neuronal cells and 
their synapses, and therefore, can be considered as 
neuronal diseases. 

There are many conditions that affect the retina: 
infection, ischemia, oxygen tension, tumors, and aging. 
Retinal diseases cause direct damage to visual signal­
ing, and ultimately can induce blindness, and there­
fore, they are the main themes of much ophthalmo­
logic research. The most common causes of blindness 
are retinopathies in all age groups: age-related macular 
degeneration (AMD) in the elderly, diabetic retinop­
athy (DR) in middle aged adults, and retinopathy of 
prematurity (ROP) and retinoblastoma in children 
(Aiello et al., 1994· Abramson and Schefler, 2004). 
These most important retinal diseases have two major 
characteristics in common. First, pathologic angioge­
nesis lies at the pathogenesis of each of these diseases. 
Angiogenesis is a process that forms new blood vessels 
via sprouting from existing vessels (Folkman, 2006), 
and pathologic neovascularization leads to bleeding, 
exudate formation, and fibrovascular proliferation 
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Fig. 1. The common causes of blindness have retinal neuro­
pathies in common. and are due to angiogenesis and break­
down of inner or outer blood-retinal barriers. AMD, age­
related macular degeneration; BRB, blood-retinal barrier; 
DR diabetic retinopathy; GCL, ganglion cell layer; INL, 
inner nuclear layer; IPL, inner plexiform layer; ONL, outer 
nuclear layer- OPL, outer plexiform layer; RBL, retino­
blastoma- ROP, retinopathy of prematuxity; RPE, retinal 
pigment epithelium. 

(Gariano and Gardner, 2005). Second, the disruption 
of the blood-retinal barrier (BRB) plays an important 
role before and throughout the process of new vessel 
formation (Kim et al., 2006). The ERB, a kind of 
blood-neural barrier, functions as a selective barrier 
between the central nervous and circulatory systems. 
In the retina, there are two kind of BRBs: the inner 
BRB consisting of endothelial cells of the retinal blood 
vessels, and the outer BRB formed by the retinal 
pigment epithelial (RPE) cells {Cunha-Vaz, 1976) (Fig. 
1). 

Although we have uncovered more about the detail­
ed mechanisms of retinal neuropathies, cmrent treat­
ment has targeted angiogenesis only, especially vas­
cular endothelial growth factor (VEGF). In this review, 
we discussed the clinical manifestation, pathogenesis, 
and current treatment options of angiogenesis-related 
blindness (ARB). In addition, because of the introduc­
tion of novel strategies, we discuss pathogenesis-based 
treatment options to treat ARB. 

CLINICAL MANIFESTATIONS OF ANGIO­
GENESIS-RELATED BLINDNESS 

Age-related macular degeneration 
AMD is the leading cause of visual loss in the 

elderly (Gehrs et al., 2006). In the United States, 
approximately 1.75 million individuals are thought to 
suffer from AMD, and the overall prevalence of ad­
vanced AMD is estimated to be about 1.5% in the 
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population over 40 years old (Friedman et al. 2004). 
AMD is divided into non-neovascular AMD and neo­
vascular AMD depending on the presence of choroidal 
neovascularization (Jager et al. , 2008). Neovascular 
AMD represents only 10 to 15% of total AMD· however, 
most cases with severe visual loss result from Neo­
vascular AMD (Ferris et al., 1984; Friedman et al., 
2004). A review of epidemiologic studies from many 
countries indicated that age and family history are 
the most important risk fact.ors for AMD. Smoking 
and hypertension were also associated with advanced 
AMD (Klein et al., 2004). 

Choroidal neovascularization (CNV), a pathogno­
monic finding of neovascular AMD, becomes proble­
matic after disruption of the RPE and Bruch's mem­
brane, that is, after breakdown of the outer BRB. 
CNV invades into the subretinal space through the 
break in Bruch's membrane (de Jong, 2006). If left 
untreated, over days or several months, it advances to 
the formation of a fibrous scar, which is irreversible 
damage to the retinal neurons (Gehrs et al., 2006) . 

Diabetic retinopathy 
Diabetic retinopathy (DR) is one of the most fre­

quent microvascular complications of diabetes and the 
leading cause of blindness of middle aged individuals 
in both developed and developing countries (Frank, 
2004) . Diabetes affects about 7% of the US population, 
and the estimated prevalence of diabetic retinopathy 
is approximately 40% in adults with diabetes who are 
40 years or older. Diabetes itself is the most important 
risk factor in DR, and roughly 50% of patients with 
DM for 25 years are finally afflicted by DR (Kempen 
et al. 2004). 

Like AMD and depending on the presence of neo­
vascularization, DR is divided into two groups: non­
proliferative diabetic retinopathy (NPDR) and proli­
ferative diabetic retinopathy (PDR). PDR is a condi­
tion in which new vessels form, and these new vessels 
are weak, and apt to burst out into the vitreous humor?, 
which causes vitreous hemorrhage. More, fibrous pro­
liferation of retinal cells, which is a sign of advanced 
PDR, can cause traction-induced retinal detachment 
(Penn et al., 2008). 

Retinopathy of prematurity 
ROP is the leading cause of blindness in neonatal 

infants and between 10 and 18% of blindness are due 
to ROP in the developed world (Gilbert et al., 1997; 
Quiram and Capone, 2007). About 10% of infants are 
born preterm, and the incidence of ROP is approxi­
mately 70% among infants who are born weighing less 
than 1251 g. Generally, low birth weight and gesta-
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tional age have been related to the severity and the 
occurrence of ROP. Data from two large clinical trials 
were very similar in the incidence and the risk factors 
for ROP, despite the fact that they were conducted 
about 20 years apart (Palmer et al., 1991; Good et al. 
2005). 

ROP is considered to be a biphasic disease: an initial 
phase of vessel loss and a subsequent phase of new 
vessel proliferation. From birth to a postmenstrual 
age of 30-32 weeks, vascular growth slows or ceases 
and leads to nonvascularization of peripheral retina. 
The second phase of ROP begins around 32-34 weeks 
postmenstrual age, and is distinct from the first phase 
in that retinal neovascularization takes place (Chen 
and Smith, 2007). 

Retinoblastoma 
Retinoblastoma is the most common intraocular 

malignancy in childhood, affecting 1 in 15,000 chil­
dren (Abramson and Schefler, 2004). Via the break of 
the inner BRB and adjacent tissues, the tumor in­
vades the choroid, the optic nerve, the optic cmasm, 
and the vessel, and metastasizes hematogenously to 
bone and bone marrow (Shields et al., 1993, 1994). In 
retinoblastoma, tumor angiogenesis is thought to 
begin in central regions of tumors, and spread to the 
tumor periphery (Pina et al., 2009). 

PATHOGENESIS OF ANGIOGENESIS-RE­
LATED BLINDNESS 

Pathogenesis of angiogenesis, barriergenesis, 
and neurogenesis 

Four major retinal diseases share common charac­
teristics. First, angiogenesis occm·s during disease 
progression. Of course there are spatial discrepancies 
between diseases. ROP and DR affect retinal vessels 
tha supply the inner layers of the retina (Sapieha et 
al., 2010), whereas, AMD affects choroidal vessels that 
supply the outer layers of the retina and the choroid. 
In retinoblastoma, angiogenesis within and adjacent 
to the tumors is important (Pina et al., 2009). Second, 
the BRB breakdown plays an important role in the 
course of the diseases. Because the BRB serves critical 
functions in the homeostasis of the retina, the break­
down of the inner and outer BRBs results in damage 
to the retina. Inner BRB breakdown occm·s in the 
process of DR, ROP and retinoblastoma development, 
and the breakage of the outer BRB is a distinctive 
feature in the progression of neovascular AMD (Kim 
et al., 2009a). Thil:d, these 4 diseases finally cause 
damage to the neuronal cells via direct and indirect 
pathways (Abramson and Schefler, 2004; Gehrs et al., 

1559 

2006; Chen and Smith, 2007; Davidson et al., 2007). 
In this view, ARB occurs due to abnormalities in three 
important processes for maintenance of physiologic 
status of the retina: angiogenesis, barriergenesis, and 
neurogenesis. 

The roles of VEGF in angiogenesis-related 
blindness 

VEGF not only induces angiogenesis, but also, it 
causes vascular permeability (Weis and Cheresb, 
2005). That is, VEGF is involved in both angiogenesis 
and breakdown of the blood-retinal barrier. We 
repeatedly observed VEGF-induced increases in tube 
formation, migration (Kim et al., 2009a, 2009b), and 
permeability of retinal endothelial cells (Kim et al., 
2009a, 2010). VEGF-mediated inner BRB breakdown 
might be mediated by VEGFR-2 activation (Kim et al., 
2009a). 

Many in uiuo studies that analyzed ocular fluid or 
tissues showed that the levels ofVEGF are elevated in 
ARB (Aiello et al., 1994; Kvanta et al., 1996; Lopez et 
al., 1996; Kliffen et al., 1997; Stitt et al., 1998; Funatsu 
et al., 2002; Sato et al., 2009). 

The increased expre sion of VEG F is regulated by 
hypoxia-inducible factor lo. (HIF-lo.), a transcription 
factor that binds to the hypoxia responsive element in 
the 5' region of the VEGF gene under hypoxic con­
ditions (Pugh and Ratcliffe, 2003; Schofield and 
Ratcliffe, 2004). According to our previous reports, 
downregulation and destabilization of HIF-lo. protein 
induced decreases in expression of the VEGF gene 
(Kim et al., 2001; Oh et al. , 2007), leading to inhibition 
of retinal and choroidal neovascularization (Kim et al. , 
2008, 2009b). 

The roles of cytokines and growth factors be­
sides VEGF in angiogenesis-related blindness 

Other growth factors besides VEGF have received 
interest because VEGF inhibition can only lead to 
attenuation of new vessel growth, not regression of 
neovascularization (Brown et al., 2006· Tolentino, 
2009). The growth factors that have attracted much 
attention are platelet-derived growth factor (PDGF) 
and placenta growth factor (PlGF). PDGF, which 
binds to PDGF receptors (PDGFR)-a and -b, is known 
to be involved in recruiting pericytes and smooth 
muscle cells, leading to vessel development and matur­
ation (Hellberg et al., 2010). PlGF, one member of the 
VEGF family, binds to the VEGF receptor-I, and in­
hibition of PlGF reduced the response to VEGF, lead­
ing to impaired angiogenesis (Carmeliet et al., 2001). 
Activa ion of the PlGFNEGF receptor-I pathway led 
to alterations in RPE barrier function, indicating that 
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PlGF might also play a role in outer BRB mainten­
ance (Miyamoto et al., 2008) . 

In ROP, limited transport of insulin-like growth 
factor-1 (IGF-1) and omega-3 polyunsaturated fatty 
acids (co-3 PUFA) from the mother due to premature 
delivery leads to increased vulnerability to oxygen 
toxicity and subsequent hypoxia (Heidai-y et al., 2009). 
IGF-1 and ro-3 PUFA are well-known protective factors 
in developing retinal vasculatures (Hellstrom et al., 
2001; Connor et al., 2007). In DR patients, hyper­
glycemia induces the formation of reactive oxygen 
species (ROS), leading to disturbed ocular hemodyna­
mics (Abran et al., 1995), direct vascular damage 
(Sapieha et al., 2010), and increased production of 
vascular endothelial growth factor (VEGF) (El-Remessy 
et al., 2003). 

Inflammation also contributed to the pathogenesis 
of retinal diseases leading to ARB. In DR, the levels of 
multiple inflammatory cytokines, including IL-1~, IL-
6 IL-8, and TNF-a, were reported to be elevated 
(Sapieha et al., 2010). 11-1~ is considered to be involv­
ed in the survival of retinal neurons and in angio­
genesis via HIF-la activation (Jung et al., 2003; 
Abcouwer et al., 2008). T F-a is also thought to play 
an important role in DR by inducing apoptosis of 
endothelial cells, which constitutes eru·ly vascular 
damage in the pathogenesis of DR (Joussen et al., 
2009). In AMD, activation of the complement system 
seems to be associated with the integrity of RPE cells 
(Thurman et al., 2009), and this conclusion has come 
from genetic studies of patients with AMD which 
showed mutations in the complement factor H gene 
(Edwards et al., 2005). 

CURRENT TREATMENT OPTIONS OF AN­
GIOGENESIS-RELATED BLINDNESS 

Current treatment options for ARB are surgery, 
focal treatment such as laser photocoagulation, cryo­
therapy, thermotherapy, radiation therapy, and medi­
cal treatment (Table I). All of these treatment options 
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have a limitation in that only angiogenesis is targeted. 

Surgical treatment 
Surgery is done for complications of neovasculari­

zation such as vitreous hemorrhage and tractional 
retinal detachment from AMD, DR, and ROP. Vitrec­
tomy is aimed at removal of media opacities, relief of 
tractional adhesions, and subsequent decreases in 
angiogenic cytokines and growth factor (Smiddy and 
Flynn, 1999; Haller et al., 2010). Scleral buckling is 
done to reattach the retina (Repka et al., 2006). 
Reattachment rates have been variable (range: 33 to 
90%; Hubbard, 2008). 

Retinoblastoma is an intraocular malignant tumor, 
so surgical treatment should be considered in the 
context of the removal of the primary tum01·. Enuclea­
tion, en bloc removal of the eyeball, and substitution 
of a prosthesis for the eyeball, is the treatment of 
choice for localized retinoblastoma without invasion 
into adjacent tissues (Kim et al., 2004). 

Focal treatment 
Of focal treatments in ARB, laser photocoagulation 

is the mainstay option. Destruction of neuronal cells 
by high-energy laser beams reduced the need for a 
vascular supply to the peripheral retina, leading to 
the regression of neovascularization. With the same 
strategy, peripheral retinal ablation by cryotherapy 
has been done for ROP (Mantagos et al., 2009). Photo­
dynamic therapy, another focal treatment for AMD, 
consists of intravenous injection of a photosensitizer 
verteporfm dye and projection of a low-energy laser 
(Bressler, 2001). As for retinoblastoma, radiation ther­
apy, cryotherapy, laser photocoagulation thermother­
apy, and brachytherapy form the focal treatment 
options (Lin and O'Brien, 2009). 

Medical treatment 
As previously discussed, increased VEGF expression 

is involved in angiogenesis and BRB breakdown, and 
therefore has been regarded as the main target of 

Table I . Current treatment options for age-related macular degeneration (AMD), diabetic retinopathy (DR) retinopathy 
of prematurity (ROP) and retinoblastoma 

AMD DR ROP 

Surgery Scleral buckling, vitrectomy Scleral buckling vitrectomy Scleral buckling vitrectomy 

Focal Laser photocoagulation, 
treatment PDT 

Laser photocoagulation, 
cryotherapy 

Medical Intravitreal injection of anti- Intravitreal injection of anti­
treatment VEGF antibody and steroid VEGF antibody and steroid 

Laser photocoagu]ation 
cryotherapy 

Intravitreal injection of 
anti-VEGF antibody 

PDT, photodynamic therapy; VEGF, vascular endothelial growth factor. 

Retinoblastoma 

Enucleation 

Radiation, laser 
phot.ocoagu]ation, 

cryotherapy, thermotherapy 

Systemic chemotherapy 
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medical treatment for ocular neovascular diseases. 
Currently used anti-VEGF antibodies in ophthalmology 
are pegatanib sodium (Macugen®, Eyetech Inc.), rani­
bizumab (Lucentis®, Genetech Inc.) and bevacizumab 
(Avastin®, Genetech Inc.). The former 2 were approv­
ed for intravitreal injection, and the latter has been 
used off-label. However many reports have shown 
significant efficacy of all three drugs (Ozkiris, 2010). 
In infants with ROP, the use of anti-VEGF antibody is 
restricted to therapy for aggressive and vascularly 
active forms of ROP (Rishi et al. , 2009; Mintz-Hittner, 
2010). In the context of tumor angiogenesis, there are 
few reports using anti-VEGF antibody in cell cultures 
or xenograft models (Lee et al., 2008). There have been 
no reports or ongoing trials in humans. 

NOVEL STRATEGIES TO ANGIOGENESIS­
RELATED BLINDNESS 

So far, we have been able to treat only the condi­
tions that aresult from angiogenesis by surgical or 
focal treatment. Anti-VEGF antibody has the same 
limitation in that it can only treat neovascularization, 
but it cannot prevent it. With the introduction of vari­
ous novel strategies on development of ocular dis­
eases pathogenesis-guided treatments beyond anti­
VEGF antibody have been suggested (Table II). 

Using VEGF-dependent pathways 
Inhibition of VEGF or VEGF receptors (VEGFR) are 

the popular mechanisms of drugs for ARB. VEGF 
Trap-Eye (Regeneron Pharmaceuticals Inc.) is a recom­
binant fusion protein combining binding sites of 
VEGFRl and VEGFR2, and can bind to both VEGF 
and PlGF. A Phase ill trial for A.MD showed signifi­
cant efficacy (Dixon et al., 2009· Kaiser, 2009). Drugs 
using RNA interference attracted attention. Small 
interfering RNAs (siRNA) inhibiting expression of 
VEGF (Bevasiranib, OPKO Health, Inc.) and VEGFR 
(Sirna-027, Allergan, Inc.) were developed, and phase 
ill and II trials are ongoing, respectively (Shen et al., 
2006; Beutel et al., 2009; Singerman, 2009). 

There are also emerging drugs for targeting intra­
cellular signal transduction, namely, inhibitors of re­
ceptor tyrosine kinase. PTK787 (Novaxtis) and Pazo­
panib (GlaxoSimthKline plc.) are inhibitors ofVEGFR 
and PDGFR, and TG 100801 (TargeGen, Inc.) is known 
to inhibit VEGFR, PDGFR, and fibroblast growth 
factor inhibitor. All 3 drugs are now in phase II clini­
cal trials (Doukas et al., 2008; Mousa and Mousa, 
2010). 
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Using VEGF independent pathway 
Other growth factors and cytokines except VEGF 

1ne also targets of novel strategies. As for comple­
ment, cyclic peptide POT-4 (Potentia Pharmaceuti­
cals, Inc.) and anti-C5 aptamer ARC1905 (Ophthotech 
Corp.) were developed and have undexgone phase I 
trials (Ni and Hui, 2009) . Inflammatory cytokines are 
utilized for development of new drugs as well. Human 
monoclonal antibody to IL-lS, ACZ885 (Novartis), is a 
drug widely used in rheum.atologic diseases. To assess 
safety and tolerability in A.MD, a multicenter phase I 
study started and is in progress. Infliximab (Centocor 
Ortho Biotech Inc.), an inhibitor of TNF-a, showed ef­
ficacy with intravenous infusion in xeducing macular 
edema for patients with type 2 diabetes in a pilot study 
of 4 patients (Sfikalcis et al., 2005), and this agent is 
part of another pilot study on intravitreal injection. 
Anti-PDGF aptamer E10030 (Ophthotech Corp.) i in 
a phase I study to establish the safety, tolerability, 
and pharmacokinetic profile of the drug. 

Integrins are known to play a role in angiogenesis, 
and two a5Sl integrin inhibitors were developed: 
chimeric antibody for a5~1 integrin (Voloci.ximab, 
Ophthotech Corp.) and a small peptide a5IH integrin 
inhibitor, JSM6427 (Jerini AG). These drugs showed 
efficacy in preclinical studies, and phase I clinical 
trials are in progress (Ricart et al. , 2008; Zahn et al. 
2009). 

Miscellaneous drugs are also under investigation. 
Anecortave acetate (Retaane®, Alcon Inc.) is manufac­
tured by modification of steroids, and presumably 
exerts its effect by decreasing extracellular matrix 
breakdown and inhibition of endothelial cell migra­
tion. It showed efficacy in a phase II study, and a 
phase IlI clinical trial is on the way (Slakter, 2006). 

CONCLUSIONS AND FUTURE DIREC­
TIONS 

ARB is the most common cause of blindness in all 
age groups, and creates a great economic burden in 
both developed and developing countries. Although 
both angiogenesis and breakdown of BRB bring about 
ARB, cmrent treatment only targets angiogenesis, 
especially the VEGF pathway. Surgical and focal treat­
ment are aimed at relief of complications from angio­
genesis and reduction of the need for neovasculari­
zation. Anti-VEGF antibody also has same limitations 
in that it can only affect events after angiogenesis, not 
before new vessel formation. 

As we have uncovered the pathogenesis of ARB, our 
treatment options have become more various: com­
bination methods rmxing conventional therapy with 
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Table II. Novel strategies to angiogenesis-related blindness 

Molecular target or Drug 
Agent Company Structure mechanism of action development 

stage 

Using VEGF dependent pathway 

VEGF Trap-Eye 
Regeneron Pharmaceuticals 

Fusion protein All forms ofVEGF-A and PIGF Phase III Inc., Tarrytown, NY, USA 

Bevasiranib OPKO Health, Inc., Miami, FL, 
siR A VEGF-AmRNA Phase III (Cand5) USA 

Sirna-027 Allergan, Inc., Irvine, 
sill A VEGF-Rl mRNA Phase II 

(AGN211745) CA, USA 

PTK787 ovartis, Basel, Switzerland Enzyme inhibitor 
VEG FR and PDGFR; receptor 

Phase II tyl.·o ine kinase inhibitor 

TG100801 
Tru:geGen, Inc., San Diego, CA, Small molecule kinase Receptor tyrosine kinase 

Phase II USA inhibitor inhibitor 

Pazopanib GlaxoSmithKline plc., Small molecule kinase VEGFR and PDGRF; receptoi-
Phase II Middlesex, United Kingdom inhibitor tyl.·osine kinase inhibitor 

Using VEGF independent pathway 

Anecortave acetate AJcon Inc., Hunenberg, 
Decreasing ECM breakdown 

(Retaane®) Switzerland 
Modification from steroid and inhibiting endothelial cell Phase ill 

migration (?) 

Pfizer Inc, ewYork, NY, 
PF-04523655 USA; Quark Pharmaceuticals, siRNA RTP-801 gene Phase II 

Fremont, CA, USA 

POT-4 Potentia Pharmaceuticals, Inc., Cyclic peptide Complement inhibitor Phase I Louisville, KY, USA 

ARC1905 
Ophthotech Corp., 

Anti-CS aptamer Complement C5 Phase I Princeton, NJ, USA 

ACZ885 ovartis Human monoclonal antibody Interleukin-I~ Phase I 

Intliximab 
Centocor Ortho Biotech, Inc. Humanized monoclonal TNF-a Phase I Horsham,PA, USA antibody 

E10030 Ophthotech Corp. Anti-PDGF aptamer PDGF Phase I 

onepcizumab Lpath, Inc., San Diego, Humanized monoclonal Sphingosine-1-phosphate Phase I (LT1009) CA, USA antibody 

AdGVPDEF 
GenVec, Inc., Gaithersburg, Adenovirus vector Increased expression of 

Phase I MD, USA PEDF 

Volociximab Ophthotech Corp. Chimeric monoclonal 
a5~1 integrin Phase I antibody 

JSM6427 Jerini AG, Berlin, Germany Small peptide a5~1 integrin Phase I 

ECM, e:id;racellular matrix; siR A, small interfering RNA; VEGF, vascular endothelial growth factor- VEGFR, VEGF 
receptor; PEDF, pigment epithelium-derived factor; PlGF, Placental growth factor. 

new drugs are extensively under clinical trials, and 
more target-specific treatments are being developed 
as monotherapy. As discussed in the Novel Strategies 
section, future therapy will target mechanisms up­
stream or downstream of the VEGFNEGFR pathway, 
or other pathways, including growth factors other 
than VEGF and other inflammatory cytokines. And 
consideration of the restoration of blood-retinal barrier 

hould be required. The development of more target­
specific and pathogenesis-based treatments can pro­
vide additions to our treatment options, and even 
measures to prevent ARB. 
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