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ABSTRACT 
The accepted standard from a regulatory perspec�ve for vaporized hydrogen peroxide (vH2O2) cycle 
valida�on is the use of biological indicators (BIs). Novel enzyma�c indicators (EIs) are gaining more 
importance in this field, relying on specific enzyma�c reac�ons for their func�onality. The aim of this 
work is to determine how enzyma�c indicators can contribute to the cycle development process. 
Emphasis was placed on the ini�al informa�ve study, the frac�onal kill �me study, which is a basis for 
future studies. The results indicate that enzyma�c indicators have the poten�al to facilitate further 
development of the cycle. This requires an analysis of the determined data, measured in rela�ve light 
units (RLU), and aligning it with the BI growth, resul�ng in Full Kill/ No Kill limits. The use of enzyma�c 
indicators for decontamina�on cycle development opens new perspec�ves and holds considerable 
poten�al for prac�cal use in the development and valida�on of decontamina�on processes. 

INTRODUCTION 
In the vH2O2 decontamina�on processes within barrier systems, recent developments are exploring 
the poten�al of enzyma�c indicators as a novel approach dis�nct from conven�onal biological 
indicators. EIs are used to measure enzyma�c deac�va�on through vH2O2 in rela�ve light units. The 
theore�cal basis relies on the Luciferin-Luciferase reac�on, a mechanism that has been elucidated in 
previous studies [1], [2]. The manufacturing process and composi�on have been described in other 
papers [3], [4]. For detec�on of light units, the EIs are placed in sample tubes in a luminometer.  
A study conducted within a sterility tes�ng isolator highlights the emerging role of EIs, in providing 
fast and quan�ta�ve evalua�on of vH2O2 decontamina�on cycles [5]. This innova�ve approach 
presents an opportunity to address the limita�ons associated with BIs and allowing real-�me 
adjustments for enhanced efficiency in pharmaceu�cal manufacturing. Furthermore, recent studies 
have demonstrated the efficacy of EIs in iden�fying cri�cal posi�ons within produc�on isolators. 
These inves�ga�ons, as documented in [6], substan�ate the prac�cal applica�on of EIs in large-scale 
pharmaceu�cal manufacturing environments. Moreover, other studies have employed EIs to compare 
them with BIs and establish correla�ons, further contribu�ng to the understanding and valida�on of 
a poten�al benefit of EIs in pharmaceu�cal manufacturing environments [7]. 

Recent developments demonstrate a growing interest in u�lizing EIs for decontamina�on cycle 
development. While these indicators offer promising quan�ta�ve results and a basis for future 
developments, their transla�on into prac�cal applica�on remains a challenge. In par�cular, the use in 
Frac�onal Kill Time studies (FKT), which determine the cycle �me point at which the BIs are 
inac�vated is of central interest. In a FKT study, the inves�ga�on focuses on determining the �me 
point when the biological indicators are eliminated, measured from the start of the gassing cycle. 
From the data to be determined, a sequence of eradica�on can be generated, providing insights into 
the speed at which inac�va�on occurs within the isolator. In other studies, FKT Studies have been 
conducted by removing indicators through methods such as mouseholes during the gassing cycle. 
Such an approach is not safe and o�en not feasible for produc�on isolators. 

This paper shows how combined FKTs with EIs and BIs can be performed in isolators. It demonstrates 
how the data obtained can be used to computa�onally determine a correla�on between the killing of 
BIs and the inac�va�on of EIs. A mathema�cal calcula�on has been developed to simply translate the 
difficult-to-imagine RLU values into a system-specific log reduc�on.  



Experimental Design 

All cycles were performed using the Sterility Test Isolator (STI 4, Franz Ziel GmbH). The isolator is 
equipped with a Biodecontamina�on System BDS 12/60 from Franz Ziel. The gassing parameters 
ensure the satura�on of the isolator with H2O2 followed by a 15-minute aera�on phase. 

The FKT studies with enzyma�c indicators were conducted concurrently with FKT studies using BIs. 
The underlying principle of this FKT study has been previously discussed [8] . For each �me point of 
the FKT, one EI was prepared. The exposure to vH2O2 was stopped by transferring the EIs using 
forceps into a Falcon tube containing 2 mL of dis�lled water to completely covered the EI by water at 
each �me point. The first FKT �me point commenced one minute a�er the gassing start, similar the 
procedure with BIs. A�er sealing the tubes, they remained in the isolator un�l the end of the cycle 
and were subsequently measured. Prior to the measurement, the EIs were retrieved from the water 
using forceps and placed in sample tubes for approximately five minutes. 

In the case of reverse FKT studies (RFKT), the EIs were atached to the inner side of Falcon Tube lids 
using masking tape and placed within the isolator. BIs were wrapped in aluminum foil. A�er three 
minutes of gassing and the atainment of satura�on phase, one Falcon Tube was opened every 
minute, exposing the EIs sequen�ally to the isolator environment. The opened EIs remained in the 
isolator un�l the end of the cycle and were subsequently read with the luminometer. Simultaneously, 
a similar procedure was applied to the BIs, with the aluminum foil being removed at each 
corresponding �me point. 

RESULTS 
The bars in figures 1 and 2 represent the mean standard devia�ons of RLU values from EIs, BI results 
are presented as blue squares. During both, FKT and RFKT, the results indicate that the EI inac�va�on 
has a sigmoidal curve. The rela�on between enzyme deac�va�on and BI inac�va�on can be used to 
establish cri�cal threshold ranges (No Kill and Full Kill limits) based on RLU measurements from 
enzyma�c indicators. These threshold ranges effec�vely categorize RLU values, indica�ng 
inadequately deac�vated (above No Kill limit) or adequately decontaminated (below Full Kill limit) 
condi�ons. The study reveals a transi�on zone between these limits, with specific exposure �mes 
influencing RLU values. Notably, the defined thresholds provide a clear dis�nc�on between 
decontamina�on efficacy, aiding in the interpreta�on of results and decision-making in 
pharmaceu�cal manufacturing processes. 



Figure 1: Evaluation of RFKT Studies. The x-axis indicates the time points at which the EIs were exposed to the environment 
of the isolator. The primary y-axis is representing the mean Relative Light Units of the Eis (n=4). The secondary y-axis displays 
the percentage of positive Biological Indicators (n=3). 

Figure 2: Evaluation of FKT Studies. The x-axis represents the time during which the EIs were exposed to the environment of 
the isolator. The primary y-axis is representing the mean Relative Light Units of the EIs (n=4). The secondary y-axis displays 
the percentage of positive Biological Indicators (n=3). 

The obtained data result in a correlation of enzymatic activity and BI inactivation for this specific 
barrier system and decontamination method. It can be used to create a formula for calcula�on of log 
reduc�on for both, RFKT and FKT studies. The previously defined boundaries, Limit Full Kill and Limit 
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No Kill, were determined as a 6-log reduc�on and 4-log reduc�on, respec�vely. Based on these 
determina�ons, constants for the following formula were calculated. 

Example calcula�on of log reduc�on: Formula FKT: 

𝐿𝐿𝐿𝐿𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑥𝑥 − 𝑦𝑦 ∙ ln(𝑅𝑅𝑅𝑅𝑅𝑅)                                   (1) 
        6 = 𝑥𝑥 − 𝑦𝑦 · ln(420000) 
        4 = 𝑥𝑥 − 𝑦𝑦 · ln(1000000) 
6 − 4 = 𝑥𝑥 − 𝑥𝑥 − 𝑦𝑦 · ln(420000) + 𝑦𝑦 · ln(1000000) 
⟺  2 = 𝑦𝑦 · ln(1000000) − 𝑦𝑦 · ln(420000) 

⟺ 𝑦𝑦 =
2

ln(1000000) − ln(420000) 

⟺ 𝑦𝑦 = 2,3055 
⟺ 𝑥𝑥 = 35,815 

The following formula results from the FKT studies taking into account the u�lized system and 
methodology:  

𝐿𝐿𝐿𝐿𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 35,815 − 2,3055 ∙ ln(𝑅𝑅𝑅𝑅𝑅𝑅)           (2) 

The following formula results from the RFKT studies considering u�lized system and methodology: 

𝐿𝐿𝐿𝐿𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 24,389 − 1,314 ∙ ln(𝑅𝑅𝑅𝑅𝑅𝑅)  (3) 

These formulas are specific not only for RFKT and FKT studies, but for every barrier system, BI lot, EI 
lot, decontamina�on system. The system specific formula can be determined during the gassing cycle 
development based on FKT data. 

DISCUSSION
The results show the development of two different safe methods of frac�onal studies, which could in 
principle be used in different barrier systems if handling via gloves inside the system is possible. 

Evalua�ng the RLU values of both studies should be approached differently, given the lower RLU 
baseline in the FKT studies compared to the RFKT studies. This difference can be atributed to the 
impact of water on the indicators, which slightly reduced RLUs by par�ally washing out enzymes. 
Nevertheless, the EIs remained analyzable and dis�nguishable, enabling quan�ta�ve conclusions 
about the reduc�ons in FKT studies. 

For RFKT studies, the determina�on of the transi�on zone's lower boundary faces challenges due to 
its fluid nature. The transi�on points of FKT studies are more dis�nguishable than those in RFKT 
studies, par�cularly concerning the Full Kill threshold. The transi�on in the RFKT studies is less clear, 
especially in the �me points 5 to 8. 

The theore�cal feasibility of applying FKT studies cannot be transferred to a prac�cal applicability. 
This method can determine the Full Kill / No Kill limits but only at lower RLU levels. Usually, the EIs 
are not further treated or transferred into water a�er a decontamina�on cycle. Thus, the 
determina�on of the limits for EIs transferred into water is s�ll to be improved. The adapta�on 
required for water reduc�on is not straigh�orward and may vary across steriliza�on systems, 



isolators, EI lots, and BI batches. The adapta�on is further complicated by the logarithmic nature of 
the EI reduc�on curve. 

The adaption of the formulas based on collected data is a promising consideration for practical 
application. This step is vital for fast recogni�on and interpreta�on of results. During the cycle 
development the focus lies on developing a cycle, that is as short as possible and inactivates all 
positions, so operates on the border of successful decontamina�on. An addi�onal safety margin is 
added in a final step to cover process and star�ng condi�on varia�ons leading to ‘overkill’ 
parameters.  

In summary, the prac�cal u�liza�on of enzyma�c indicators in the cycle development stage via RFKT 
is promising. Conduc�ng RFKT studies is crucial for establishing the Full Kill / No Kill limits for each 
isolator and interpre�ng future RLU results. EIs allow for a quantitative determination of inactivation 
at posi�ons compared to tradi�onal cycle development, with a focus on harder-to-deac�vate 
posi�ons. The advantages of EIs lie in gathering immediate results, and enhanced informa�on 
acquisi�on resul�ng in the poten�al to revolu�onize cycle development. However, the use of BIs 
remains indispensable, serving as the gold standard necessary to validate EI results. The avoidance of 
viable spores using EIs offers prac�cal benefits, especially during regular requalifica�on. The 
combined use of EIs and BIs could gain significance in the future, represen�ng a significant 
advancement in the field of biodecontamina�on. 
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