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X-RAY STERILIZATION OF SINGLE-USE

BIOPROCESS EQUIPMENT
PART Il - REPRESENTATIVE QUALIFICATION DATA
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X-Ray: Representative Qualification Data

Temperature and Activation
Assessment
(45 polymer formulations)

Material Test Data &
Assessments

Component Test Data &
Assessment

Assembly Integrity

Next Steps

Table 1: Components and types of testing evaluated. (@) Testing completed with equivalent results for X-ray and gamma and
example daota included, | =) Testing completed with supplier statement of equivalent results,
() Testing in progress, (o) Testing not available at the time of this publication

Biocontainer

Flexsafe® bag (580 film)
Connector

Lynx® S25

AseptiQuik® AQG

Filter

Kleenpak™ EKV Capsule
Sensor

PendoTECH Single Use
Pressure Sensor™
Broadleylames pH Sensor

Tubing

Pumpsil®- Bioprene®-
Pureweld®
AdvantaFlex™ APAF
Liveo™ Pharma Tubing
C-Flex® 374 Tubing
SaniTech® Ultra-C Tubing

Primary MOC
PE’'s/EVOH

PsuU, sil
PC, PPSU, PE,
PES, Sil

PP, PES, EPDM
PsSU

Glass, PEEK,
EPDM, Si(Pt)

Si(Pt)-TPV-
TPE(SEBS)
TPE

Si(Pt)
TPE
Si(Pt)

Materials

Physical
]

Functional

Chemical

GG

Biological
®
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Arthur Charlesby * https://doi.org/10.1016/B978-1-4831-9776-0.50007-3 (1960!)

e https://doi.org/10.1016/j.radphyschem.2022.110702 (2023)



https://doi.org/10.1016/B978-1-4831-9776-0.50007-3
https://doi.org/10.1016/j.radphyschem.2022.110702

ASTM ES55/E61 Irradiation Workshop @

Radiation Processing for the Pharmaceutical and BioPharmaceutical Industries Training
Workshop, May 8-9, 2023

* The objective of this workshop is to enhance the knowledge and
understanding of the radiation process and critical requirements
needed for the sterilization of components and finished products
using radiation technologies

e Radiation Processing for the Pharmaceutical and BioPharmaceutical
Industries Training Workshop (eventscloud.com)

* This workshop is powered by the ASTM E61 International Workshop

ull’
on Radiation Processing but focused on and tailored for the individuals
supporting the pharmaceutical and biopharmaceutical industries ASTM INTERNATIONAL


https://na.eventscloud.com/website/51614/e55-e61-may-2023-radiation-processing-workshop/
https://na.eventscloud.com/website/51614/e55-e61-may-2023-radiation-processing-workshop/

BioPhorum Activities __..§3‘°Ph°'“m @

4 )
« Thereisa of individual companies interpreting and approaching the change and
submitting
\_ /
a )
* Physical, chemical, and biological impacts of the two irradiation methods are expected
to be to demonstrate equivalency based on physics and
material compatibility with Gamma
\_ /
4 )
* No to inform evaluation, qualification / validation and

documentation of the change

- J




;f BioPhorum (BPSA

BioPhorum Activities

Work as part of a program of 3 cross-Phorum teams addressing different aspects of implementation of X-Ray

C N
DS Holding Container Alternative to Gamma
Reg-X Supply Partner
(8 /
+ Developed Guidance to define Performed a Technical Risk Supply chain focus:
the BioPhorum approach to risk Assessment on the Change of developing an industry-wide
evaluation of X-Ray irradiation Sterilization (from Gamma to X-Ray validation package and change
for sterilization of SUS Radiation) of the Drug Substance notification process to introduce X-
+ defining key concepts and Holding Bag ray sterilization for SUS, alongside
providing tools/templates to gamma irradiation, acceptable to
simplify proceduralizing the The output will be published as regulators and customers. It is
BPSA approach and which can Appendix 3 to the Raw Material leveraging BioPhorum and BPSA
be adapted to reflect each paper best practice around change
organizations own local quality notification and regulatory QbD to
system procedures support best practice across the

industry.

Pending publication: industry
position statement to influence other
reg authorities to follow
FDA/EMA/PDMA standpoint on the
introduction of x-ray.


https://www.biophorum.com/the-four-steps-for-registering-innovative-and-complex-raw-materials/
https://www.biophorum.com/the-four-steps-for-registering-innovative-and-complex-raw-materials/

} Biophorum (BPSA

BioPhorum Activities

TEAM DEVELOPED A METHOD FOR GLOBAL
ASSESSMENT OF THE IMPLEMENTATION

e )
« Guidance on how to evaluate and categorize risk for SUS subject to the
change from Gamma to X-Ray plus a spreadsheet with flexible, adaptable
tools for documenting the evaluation and subsequent mitigations.

- /
~
 Defining key concepts and providing tools/templates to simplify
proceduralizing the BPSA approach and which can be adapted to reflect each
organizations own local quality system procedures
/

 Harmonized industry approach — mitigating risk of
different approaches being reported to regulatory authorities




Development of Guidance & Tools § BioPhorum

Established implementation cycle Established flowchart/decision tree Developed tools & templates

4 Step 7: CLOSE h
Close change notification per

Step 1: TRIGGER
Receipt of the Supplier Change

Functionalized hydrocarbons.

Stainless Steel 316L
Pharmaceutical Glass

Notification o internal ™~ local procedure. Notify vendor
transition plan for identification \ of outcome, Implementation
of assembly and processes W of the change might be
impacted dependent on regulatory
s N activities (outside of the scope [Pr—.
f this document) ey
Step 2: DATA REVIEW L ° J

Collect8. review data from
supplier, Create/maintain the
Material Risk Matrix

o y
e — \
/ N
R ) EE—
Step 6: UPDATE MATRIX
With acquired knowledge Step 3: CATEGORIZE
through evaluation and Initial Evaluation - Impact
additional testing, update categorization [coresery = Feerences
material risk matrix —
~ / ~ < e TS0 7241, ASTHM D599, EN 12266, 150
X-Ray implementation
cycle
\ i
- N H
Step 5: MITIGATE
Perform mitigation activities Step 4: EVALUATE lFunctons
based on outcome of perform Evalust ot
evaluation (addtional esting erform Exalustion inconte
might be required for unique PP
conditions) - Sty £ rcms
\ /S \ / N
2 [ooen
5 [reosmory




X-ray Capacity for Pallet-Scale Irradiation @

Switzerland Daniken X—G-Eb 2010

Netherlands Venlo X-G 2022 9
Thailand Chonburi  X-G 2023 (Summer) 9
USA Libertyville X-G 2023 (Sept/Oct)

USA Chester X—G—-Eb 2024

USA Ontario X—G—-Eb 2024

Germany Radeberg X (2025)

China Suzhou X (2025)



Demand, Capacity & Implementation @

< Integrators Pre-change Notification Issued

Contract Irradiation Capacity Bottle-Neck for Single-Use

Gamma-irradiation
demand for SUT

¢ Change Notifications Issued

Market demand significantly )
exceeds supply Capacitygap ~© Pandemic changed SUS landscape

4
.3

7 widens

- 7 ¢ Implementation Targets
\\ ,l

(R
o
~

00

Gamma Source (MCi)

(o3}

Gamma-irradiation
* capacity for suT*

2 N
O © 'S ;
SUT Demand BISUT Capacity
0 O
2018 2019 202 2021 2022 2023 | 2024 2025 2026 2027 2028
Industry workgroups created We are here
O

2021 BPSA White Paper. X-ray Sterilization of Single-Use Bioprocess

. Equipment: Part | — Industry Need, Requirements, and Risk Evaluation.



Regulatory Perspectives & Feedback

v' WHO. Cross Industry Team including BPSA members,
BioPhorum members, BARDA, and SMEs

v FDA ETT (CDER led including active observers from CBER and EMA)
v EMA QIG (including observers from FDA)
v PMDA (Japan)

v' WHAT. Engagement with Regulators to Align Expectations
for X-ray Implementation

v" Advocate for the tenets published in the 1t BPSA paper
v Share examples of representative data

v Risk assessment & implementation strategy for post-approval
changes

v" Understand any additional regulatory concerns

Qualification of X-Ray Sterilization for Single Use Systems
in Pharmaceutical Processing

SARTORILS

£: Fermilab

wwcn @) cytiva

janssen)’

ailability of VN"'"%



Post-Approval Change Reporting Categories

Gorsay

Impact on
quality

Japan

uUs

EU

High

Moderate

Partial change
Application

(prior approval for
change)

Major change
(Prior approval
supplement)

Type Il variation
(Application for approval of
variation)

Minor change
Notification

(within 30 days after
implementation or

shipping)

Moderate change
1)Supplement-

changes being
effected (CBE) in 30 days

2)Supplement-
changes being
effected (CBE)

Type 1B variation

(Notification before
implementation and MAHs
must wait a period of 30 days)

Type A, variation
(Immediate notification)

Low

(Non-approved
matters)

Minor change
(Annual report)

-

Type |A variation
(Notification within 12 months
after implementation)

Hlm Pharmaceuticals and Medical Devices Agency

https://www.pmda.go.jp/files/000215714.pdf



Key Alignment with Agencies & Industry

v’ Specific Topics Addressed:
v’ Sterility assurance may be addressed via SO 11137

v/ Categorization of Changes. Post approval changes deemed
to be low risk per the biomanufacturers, assessment may
be seen as low risk on quality

U What if gamma is mentioned in filing

v" USP <665> Moderate level testing may be acceptable to e s
verify equivalence e

v No outstanding concerns

v" Annex 12 (EMA specific): wording not impeding
implementation

v’ Debriefs, Executive Summary, and Minutes Shared =




Prior Knowledge, Language &

Communication

® P ri O r Kn OW | e d ge ICH Q10 Enablers: Knowledge Management and Quality Risk Management (1.6)

Use of knmowledge management and quality risk management will enable a company to
implement ICH Q10 effectively and successfully. These enablers will facilitate achievement of
the objectives described in section I1.D (1.5) above by providing the means for science- and nsk-
based decisions related to product quality.

[ ]
La n g u a g e I Knowledge Management (1.6.1)
¢ M Od d I |ty VS “TECh no I Ogy” Product and process knowledge should be managed from development through the commercial

life of the product up to and including product discontinuation. For example, development

° G amma vs "I on izi Nn g ra d i atio n’ ’ activities using scientific ;_Jppmuches p.rm'ide knowledge Fur product upd process understanding.
Knowledge management 1s a systematic approach to acquiring, analyzing, storing, and
disseminating information related to products, manufacturing processes, and components.

BPSA (ﬂ_gllbjj Y Sources of knowledge include, but are not limited to, prior knowledge (public domain or
= i’ AAMI
BPE

internally documented); pharmaceutical development studies; technology transfer activities;
process validation studies over the product lifecycle; manufacturing experience; innovation;
continual improvement; and change management activities.

* Communication
* Radiation physics = Materials Impact =2 SUS Impact = DS/DP Quality Impact

“Photons deliver the dose” “there is no energy dependent difference between
gamma, e-beam, and X-ray for radiation sterilization”

“Electrons get the job done!”




Prior Knowledge, Language &

Communication

Thomas Kroc

Applications Physicist for Technology Development at Fermilab

= |ARC Medical Device Sterilization Workshop Organizer

Medical Device Sterilization:

Medical Device S| »rilizoti‘on:

Continuing the Conversation

From Pessibilities to Practice

September 21-23, 2022 S o

= Technical reviewer and Consultant for BPSA paper and
regulator engagements

= Author of key publication on physics of gamma and X-ray

Radiation Physics and Chemistry

Volume 204, March 2023, 110702

Monte Carlo simulations demonstrating
physics of equivalency of gamma,
electron-beam, and X-ray for radiation
sterilization

Thomas K. Kroc =




n y U.S. DEPARTMENT OF Ofﬁce Of
# Fermllab s ENERGY Science

The Physics of Sterilization by Radiation

Thomas K. Kroc, PhD

10t BPSA International Single-Use Summit
12 July 2023

FERMILAB-SLIDES-23-162-ETD
This work was produced by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the U.S. Department of Energy.






The Atom An Electron-lon Pair

lonization = Dose (Energy/Mass)
2¢ Fermilab

20 7/12/2023 Kroc | 10th BPSA Summit



How does lonization lead to Sterilization?

Why is ionization important?

— ChemiStry © Hydrogen

. © Oxygen

Chemical (molecular) bonds are made by the electrons @ Nitrogen
© Carbon

In living organisms, we want to disrupt cellular processes
Destroy DNA, disrupt membranes and signaling pathways

— All these can lead to cell
death

© Phosphorus

Pyrimidines Purines ]

2% Fermilab

21 7/12/2023 Kroc | 10th BPSA Summit



What is lonizing Radiation?

* |onizing radiation is a form of energy that acts by removing
electrons from atoms and molecules of materials that include air,
water, and living tissue. (def from CDC website)

2% Fermilab

22 7/12/2023 Kroc | 10th BPSA Summit



lonizing Radiation

e Alpha « Beta * (Photons)
He2+ Gamma
Very Shallow Penetration depends X-ray
on energy 10s of cm in H,0

10 MeV, 5cm in H,0 (UV light)

I 9?:‘;:’ I X-rays IN",:VV':""| I m:;ayrsed I radar IFMI shortwavvl

10 102?10 _10% =7 10® ~. 10" 107 1 Wavelength (m)
10® 10° .. 10° 107 1 10° T 10* < 10° 10-8 Energy (eV)
s Visible Light 00 0TS~L_

Wavelength (nanometers)

2% Fermilab

23 7/12/2023 Kroc | 10th BPSA Summit



How do we create lonization?

. Electrons

— But how do we get from gamma and x-rays to electrons?
 Outline

— Photon Creation — Gamma Rays & X-rays
— Going from Photons to Electrons
— How equivalent are electrons from Gamma Rays & X-rays?

2% Fermilab

24 7/12/2023 Kroc | 10th BPSA Summit



Or Days, or Months,
Or Years




Cobalt-60

 All natural cobalt is Cobalt-59

* Produced in reactors

« 18 — 36 months, converts ~5% of Co-59 to Co-60
« 5.27 year half-life

* 12% loss per year

* Needs to be replaced at some regular interval

2% Fermilab

26 7/12/2023 Kroc | 10th BPSA Summit



X-rays

(Protons and

N Neutrons) -
. ( W Bre
- /hsst
c > "ok,
n
< g’\/‘fe
V
The Atom

2% Fermilab

27 7/12/2023 Kroc | 10th BPSA Summit



Energy Spectra for each

28

10.0000

1.0000

—"—
-
-
4

0.1000

0.0100

_______________________
——————
_______
-~
S~
-
~
-~
~
Ss
~

Energy Spectra

0.0010

0.0001
0.010

7/12/2023 Kroc | 10th BPSA Summit

----- 7.5 MeV X-ray

—Co0-60 Gamma
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Energy (MeV)
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2% Fermilab



lonizing Radiation

e Alpha - Beta * (Photons)

He2+ .

Very Shallow
10s of cm in H,0

on energy

10 MeV, S5em in H,0 (UV light)

"‘:‘3;"“' I "‘:?;:" I radar IFMI shon'wavvl
10 102?10 _10% =7 10® ~. 10" 107 1 Wavelength (m)
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Wavelength (nanometers)

2% Fermilab
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Photon Interactions with Atoms

COMPTON EFFECT PHOTOELECTRIC EFFECT
(&)

. Vacancy
N, in k-shell
Compton electron = 0.5 MeV . '[ i
~ J G i 7 s 1N =
=~ 500,000 eV ’, peident photon 7,\’;4«‘,\”!‘
, L )
A 2> )

Characteristic x-rays

Incident photon

Positron electron pair

2% Fermilab

30 7/12/2023 Kroc | 10th BPSA Summit



Photon Interactions with Atoms

Y W\Jm) PE
Ly fo Yve
Y \f\/\PfE\e.o PE
o
Y TLA
o
C
o B
o

E
ge
A - Positron Annihilation, B - Bremsstrahlung,

C - Compton Scattering,
PE - Photoelectric Effect, PP - Pair Production

o Spur:0-100 eV, “65%
@ B|ob: 100 — 500 eV, ~15%
B short track: 500 — 5000 eV, ~20%

2% Fermilab

31 7/12/2023 Kroc | 10th BPSA Summit



The Photon-Electron Cascade

 Photons Produce Electrons  Electrons Produce Photons

Compton Scattering Bremsstrahlung
Photo-electric Effect Positron Annihilation
Pair Production Electron X-rays

Photon Auger Fluorescence

 Electrons Produce Electrons
« Electron Auger
« Delta Rays (Knock-on)

32 7/12/2023 Presenter | Presentation Title or Meeting Title

2% Fermilab



Simulated Geometry

33
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2% Fermilab



Electrons
In Tote 1
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Monte Carlo simulations demonstrating
000001 Electron Energy (MeV) 010 physics of equivalency of gamma, electron-
beam, and X-ray for radiation sterilization
Thomas K. Kroc &
Show more ~
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2% Fermilab
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Fundamentally, A Photon is A Photon is A Photon

A
©)
¥ N
A
0?‘\‘7

35 7/12/2023 Kroc | 10th BPSA Summit
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BPSA X-ray Workshop Feedback

X-ray Qualification Discussion Board

Number of participants 25
Number of ideas 7

Number of questions 0



Have you finalized your supporting qualification datasets for X-ray?

Yes (at least one complete
dataset)

25% In progress
$ 19% MNo

® 25% Mot applicable




| feel confident current datasets, coupled with the irradiation physics
understanding, demonstrate X-ray and gamma exhibit equivalent
impact?

87% Yes



| feel confident in understanding the types of supplier testing needed
to support X-ray qualification?

B6% Yes



| feel confident that regulators will accept X-ray?

The science is pretty compelling

Still unsure on this one. ... | do think regulators are slowly
coming around on this though

Initial feedback is positive, but it is still largely
unknown what data/justification/filing updates

that might be required for ROW

| feel like we have done our due diligence and followed
the guidelines of the BPSA. However, | am not familiar

enough with regulators to gauge their response

2023 Bio-Process Systems Alliance | bpsalliance.org @



| have a clear understanding of what supplier components and SUS are
being qualified for X-ray?

General understanding, but specifica are unclear

| find it straight forward knowing how and where to access qualification
data?

550 Yes
18%  No
® 18%  Not applicable
® 9% What data? There's data?



What should be the ongoing meeting cadence for the BPSA working
team?

Biweekly 0%
Monthly 88%
Every 6 weeks [ 1395

Quarterly [ 13%

Why are we still here? 0%



Is there a specific topic we need to revisit/discuss during the
workshop?

Feed-back on first registration.Missing
data.

What level of qualification testing is required for
gamma and X-ray for any

new materials launched?
ASTM E55/E61 Irradiation Workshop (arsa)

Radiation Processing for the Pharmaceutical and BioPharmaceutical Industries Training
Workshop, May 8-9, 2023

* The abjective of this workshop is to enhance the knowledge and

understanding of the radiation process and critical requirements
needed for the sterilization of components and finished products
using radiation technologies

* Radiation Processing for the Pharmaceutical and BioPharmaceutical
Industries Training Workshop (eventscloud.com)

* This workshop is powered by the ASTM EB1 International Workshop | u I I
on Radiation Processing but focused on and tailored for the individuals
supporting the pharmaceutical and biopharmaceutical industries ASTM INTERNATIONAL



| or someone from my company would attend an ASTM E55/E61
irradiation training workshop?

ASTM E61 (Radiation Processing) occasionally conducts highly-regarded training workshops on
irradiation sterilization requirements, and is considering a future workshop in conjunction with E55
( Biopharmaceutical Products)

Yes 43%p

Unsure 43%

No ] 14%
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