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Abstract: Achieving sterilization by adopting proper practices is essential to ensure that surgical
instruments do not transmit microorganisms to patients. As the effectiveness of sterilization mandates
effective cleaning, it is necessary to verify the success of cleaning procedures. In this study, we
used the adenosine triphosphate (ATP) bioluminescence method for assessing the efficacy of the
manual cleaning procedure during the reprocessing of reusable surgical instruments. The ATP
bioluminescence assay was performed on 140 surgical instruments of 12 different types, both before
being cleaned (baseline) and after each of the cleaning procedures (i.e., decontamination, manual
washing, drying, and visual inspection). For each instrument, two swabs were used as follows:
one to sample the entire surface (test point 1) and the other to sample the most difficult part of
the surface to clean (test point 2). Overall, for each type of instrument, there was a decrease in
contamination ranging from 99.6 to >99.9% (log reduction from 2.40 to 3.76). Thus, in order to
standardize the assessment of cleanliness, it may be useful to introduce the bioluminescence method
into the daily routine or, at least, at regular time intervals as a complementary check combined with
visual inspection. This would allow real-time verification of the achievement of an adequate level
of cleanliness.

Keywords: healthcare-acquired infections; surgical site infection; reprocessing of surgical instruments

1. Introduction

Surgical procedures involve contact between a surgical instrument and a patient’s
sterile tissue, mucous membranes, or vascular system. This instrument must be sterile when
used as any microbial contamination could result in the introduction of microbes in the
surgical site, thus leading to infection. Therefore, achieving sterilization by adopting proper
practices is essential to ensure that surgical instruments do not transmit microorganisms
to patients. In order to be effective, sterilization must be preceded by thorough cleaning
to reduce the bioburden and to remove any foreign material, which interferes with the
sterilization process by acting as a barrier to the sterilizing agent [1], from the surfaces
of instruments. As the effectiveness of sterilization mandates effective cleaning, it is
necessary to verify the success of cleaning procedures. At present, the most commonly
used verification method relies on visual inspection, often with the aid of a magnifying
glass. This method has several limitations owing to the difficulty of detecting soil on
the internal surfaces of the instruments with lumens and, obviously, the subjectivity of
the outcome. Some investigators have described the degree of cleanliness of surgical
instruments after processing by visual inspection and microscopic examination using a
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photomicrographic system. On visual inspection, 90.6% of the instruments appeared to be
clean; however, microscopic examination revealed residual debris on 84.3% of these [2].

Methods used to verify the cleanliness of reusable surgical instruments during their
reprocessing should be easy to perform and objective, and the results should be available
in real time in order to allow timely corrective actions [3,4]. During the past few years,
data have been published describing the use of various tools and methods to evaluate the
effectiveness of environmental surface cleaning; in particular, among these, assays based on
the detection of adenosine triphosphate (ATP) through ATP-bioluminescence technology
may meet the requirements for ease of use and immediacy of results [5-17].

ATP is the major energy currency for all living organisms, from the simplest to the most
complex, and, therefore, its presence on environmental surfaces indicates the presence of
organic matter, including microbiological contamination. Bioluminescence tests are based
on the reaction of the enzyme luciferase, extracted from fireflies of the genus Photinus
(Photinus pyralis), with its substrate luciferin, as shown in the following equation:

Luciferase, Mg++
%

D-Luciferin + O, + ATP Oxyluciferin + CO; + AMP + PP; +hov (1)

In the presence of oxygen and magnesium ions, luciferin is oxidized to oxyluciferin and
ATP is converted to adenosine monophosphate (AMP) with the release of pyrophosphate
(PP;) and the emission of light (i.e. bioluminescence). The amount of light emitted in this
reaction is directly proportional to the amount of ATP present in the sample [18-20].

Owing to its ability to provide real-time results, the ATP bioluminescence method
has been widely used since the 1980s in the food industry to monitor the hygienic status
of production lines and verify the efficacy of cleaning procedures [6,10,12]. More recently,
some investigators have evaluated the application in healthcare settings of ATP biolu-
minescence assays for monitoring the effectiveness of cleaning procedures for operating
theatres, patient rooms, outpatient clinics, and during the reprocessing of medical devices
(e.g. endoscopes) [7,11,13,14,16,17,21-27]. However, to the best of our knowledge, few
studies have dealt with the evaluation of the cleanliness of surgical instruments prior to
terminal sterilization [3,4,15,28,29].

In this study, we used the ATP bioluminescence method to assess the efficacy of the
manual cleaning procedure during the reprocessing of reusable surgical instruments. The
aim of the present study was to find an objective technique that could be used (i) to validate
the manual cleaning procedure during the reprocessing of reusable surgical instruments;
and (ii) to enable, in real time, the material to be sent for terminal.

2. Materials and Methods
2.1. Bioluminescence Assay

The ATP bioluminescence assay was performed using test devices (3M Clean-Trace
ATP System, 3M Italia Srl, Milan, Italy) that consist of specialized swabs for sampling
surfaces and ATP bioluminescence reaction cuvettes containing the test enzyme solution
(luciferin-luciferase), as well as a hand-held luminometer for detecting and recording the
amount of ATP present on swabs. After sampling, each swab was placed into an ATP
bioluminescence reaction cuvette and shaken rapidly from side-to-side for at least 5 seconds
to mix the sample and the reagent. During this time, the ATP collected reacted with luciferin
in the presence of luciferase with the release of energy in the form of light (bioluminescence).
The reaction cuvette was then placed in the luminometer, which provided a digital readout
of the amount of light, expressed as relative light units (RLUs). The greater the level of ATP
collected, the greater the amount of light generated by the test and, therefore, the higher
the RLU level produced.

2.2. Samples” Analysis

The study was conducted on freshly used surgical instruments awaiting reprocessing.
The structures of these instruments vary widely in complexity and, consequently, some
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are more difficult to clean than others. In particular, a total of 140 surgical instruments of
12 different types were sampled. According to the personnel charged with reprocessing,
99 were hard to clean and 41 were relatively easy to clean.

All instruments were subjected to analysis immediately after use; prior to manual
cleaning (baseline); and after each step of the cleaning procedure: decontamination (step 1),
manual washing (step 2), and drying and visual inspection prior to undergoing sterilization
(step 3). Every time, for each instrument, two specialized swabs were used as follows: one
to sample the entire surface (test point 1) and the other to sample the most difficult part of
the surface to clean (test point 2) (Table 1).

Table 1. Surgical instruments tested.

Instrument Type No. Classification  Test Point Swabbed Point
Dental root elevators 17 Easy ?; Enti]];elascllgface
Dental extraction forceps 17 Hard ?; E?;girsgife
Needle holders 15 Hard ?; Cri];::-tci;ssssus{cfr?::ion
Mouth mirrors 3 Easy :fé Entil\l;[ei:;face
Scissors 13 Hard E Bi?xﬁer?glf:;zs
Vascular clamps 7 Hard ¥§ GE?;;rjessu;ia;;
Ligature forceps 18 Hard ?; ggéljessusia;;
Klemmer forceps 5 Hard ¥§ Sgioljessuorrflatci;
Fhandle 10 Easy ¥§ Entir?r is;rface
Hohmann retractors 11 Easy ?; Entire’}er; race
Hemostatic forceps 8 Hard ¥§ Sgioljessusrflatci;
Dressing forceps 16 Hard ¥§ ég;rjessu;rflatci;

At baseline and at each step, the selected instrument was sampled at the same
test points.

Before sampling the test instruments, a blank swab (no sample) was run to establish
the background RLU level.

2.3. Statistical Analysis

Data were entered into Excel (Microsoft Office, Microsoft Corporation, Redmond, WA,
USA) and analyzed using the STATA software 16 (StatCorp., Austin, TX, USA) and MedCalc
(MedCalc Software Ltd, Ostend, Belgium). Data were summarized with absolute and
relative (percentages) frequencies, with mean, standard deviation, and median. Statistical
comparison for quantitative variables was performed with the Wilcoxon paired test. A
p-value less than 0.05 was considered statistically significant.

With regard to both the sampling points (namely, test point 1 and test point 2) of each
surgical instrument, the RLU value of the contamination level was detected at different
times (i.e., baseline, step 1, step 2, and step 3). At the end of each step, and of the entire
cleaning process, the logarithmic reduction (Log R) and the percentage of reduction (A%)
of the contamination were calculated.
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3. Results

Overall, 140 surgical instruments were sampled twice (test points 1 and 2) at baseline
and after each step of the cleaning procedure. A total of 1120 swabs were collected
(280 per step).

Table 2 shows, for each type of instrument, the average RLU values of the contamina-
tion at both test points before cleaning and immediately after each step, and the percentage
of reduction and the logarithmic (log) reduction of the same after each step and at the end
of the cleaning procedure.

Table 2. Results of determination of adenosine triphosphate (ATP) bioluminescence in surgical instruments before cleaning

and after each step: average relative light units (RLUs) values; logarithmic reduction (Log R); percentage of reduction (A%).

Surgical Instruments I:l(;ei:t Baliiléne S1RLU Lﬁg A% RSLZU Lﬁg A% RS&J Ll(;g A% E;Iglall{ FX;ZI
Dental root elevators 1 48,920.7 1145.1 1.63 97.7* 225.1 0.71 80.3 * 120.9 0.27 46.3* 2.61 99.8 *
2 605,685.3 8414.8 1.86 98.6*  600.7 115 929* 1943 0.49 67.7* 3.49 100 *

Dental extraction forceps 1 57,009.2 2772.3 1.31 95.1*  602.8 0.66 783* 2248 043 62.7* 2.4 99.6 *
2 723,971.2 35,042.9 1.32 952* 16148  1.34 95.4* 3309 0.69 79.5* 3.34 100 *

Needle holders 1 65,732.7 3246.3 1.31 95.1 % 493.7 0.82 84.8* 215.8 0.36 56.3 * 2.48 99.7 *

2 344,719.5 14,261.5 1.38 95.9 * 1184.3 1.08 91.7* 520.7 0.36 56 * 2.82 99.8 *

Mouth mirrors 1 52,249 706.3 1.87 98.6 99 0.85 86t 37.3 0.42 62.3 t 3.15 99.9

2 891,602 5421 222 99.4 t 1547 0.54 715t 2457 0.8 84.1t 3.56 100 +

Scissors 1 383,413.5 1463.8 2.42 99.6*  591.1 0.39 59.6*  186.7 0.5 68.4* 331 100 *

2 325,265.1 11,680.3 1.44 96.4 * 1249.5 0.97 89.3 * 93.2 1.13 92.5* 3.54 100 *

Vascular clamps 1 900,930.3 5865.1 2.19 99.3* 14926 059 74.6 633 0.37 57.6 3.15 99.9 *

2 664,129.1 23,273.3 146 96.5* 28466 091 87.8* 4104 0.84 85.6* 321 99.9 *

Ligature forceps 1 496,043.7 2331 2.33 99.5* 3441 0.83 85.2* 133 0.41 61.3* 357 100 *

2 521,503.3 19,476.8 143 96.3* 17547  1.05 91* 182.8 0.98 89.6* 3.46 100 *

Klemmer forceps 1 773,259.6 2365.4 251 99.7 t 360.2 0.82 84.8 t 89.6 0.6 7511 3.94 100 t

2 490,343.4 1.177.8 2.62 99.8 t 289.4 0.61 7541 52 0.75 82t 3.97 100 t

T-handle 1 130,234.8 620.7 2.32 99.5* 1473 0.62 76.3* 61.8 0.38 58 3.32 100 *

2 105,037.2 1362.5 1.89 987* 14151 —0.02 -39 158.6 0.95 88.8* 2.82 99.8 *

Hohmann retractors 1 1,004,571.4 3326 2.48 99.7* 11823 045 64.5* 3123 0.58 73.6 351 100 *
2 798,895.8 10,747.8 1.87 98.7 * 1613.3 0.82 85 * 544.1 0.47 66.3 3.17 99.9 *

Hemostatic forceps 1 776,224.3 25570 1.48 96.7 * 703 1.56 97.3 210.9 0.52 70* 3.57 100 *
2 798,215.9 7117.6 2.05 99.1* 11055  0.81 84.5* 1909 0.76 82.7* 3.62 100 *

Dressing forceps 1 780,619.2 1500.7 2.72 99.8* 25189 022 —679 5948 0.63 76.4* 3.12 99.9 *

2 430,548.6 11,187.6 1.59 974* 11105 1 90.1 74.7 1.17 93.3* 3.76 100 *

* p-value < 0.005; t p-value not calculated due to the small sample size.

The variation in the degree of contamination, expressed as log-transformed RLU
values, is shown in Figures 1 and 2.

Contamination (log)

Mbaseline Msl Ms2 Ms3

Figure 1. Test point 1: variation in degree of contamination in each cleaning step.
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Figure 2. Test point 2: variation in degree of contamination in each cleaning step.

Overall, the average values of the contamination of surgical instruments as received from
surgery, before being cleaned (baseline), varied widely between different types of instruments,
being between 1,004,571.36 and 48,920.65 RLUs (mean 455,767.35, DS + 376,671.26; median
439,728.56 RLUs) for swabs at test point 1 (tp1), and between 891,602 and 105,037.2 RLU
(mean 558,326.36 RLUs, DS =+ 232,592.1; median 563,594.31 RLU) for swabs at test point
2 (tp2); the dirtiest instruments were Hohmann retractors, hemostatic forceps, and vascular
clamps, while the least contaminated were T-handles. After step 1 (s1), decontamination,
RLUs decreased at both sampling points (test points 1 and 2) by more than 95%, ranging
from 95.1% to 99.8% depending on the type of instrument, expressing a log reduction
ranging from 1.31 to 2.72 log; the lowest efficacy of decontamination was observed in
dental extraction forceps and in needle holders at test point 1. A further reduction of the
contamination was almost always observed after manual washing (step 2) and after drying
(step 3). In some cases, between the sequential steps (after step 1, before step 2 and/or
after step 2, before step 3), the RLU values slightly increased rather than decreased. This
may have been caused by the handling of surgical instruments and/or by the presence of
organic material in the wash water. Comparing, for each type of instrument, the baseline
average value of contamination with the average final value (after step 3), there was a
decrease in contamination ranging from 99.6 to >99.9% (log reduction from 2.40 to 3.76),
without significant differences between the different types of instruments and, for each
instrument, between the test points 1 and 2.

4. Discussion

The role of external risk factors in the pathogenesis of surgical site infection (SSI), a
major complication following surgery and now among the most common and the most
costly of all hospital-acquired infections, is well recognized [30-33]. External risk factors
for SSI include inadequate sterilization of surgical instruments [30,33]. Several cases and
outbreaks of infections associated with this condition are reported in the literature [30,34].

Furthermore, great attention must also be paid to the risk of transmission of prions
through contaminated surgical instruments. Prions are extremely resistant to conven-
tional chemical and physical decontamination and sterilization procedures and have high
binding affinity to and tenacity on steel surfaces [35-37]. Therefore, specific procedures
are mandatory for the reprocessing of non-disposable instruments used on patients with
Creutzfeldt-Jakob disease (CJD) or those with a recognizable risk of the same [35,38—40].
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Such procedures, however, are not commonly practiced for the routine maintenance of
surgical instruments used on patients without a recognizable risk of CJD (e.g., during the
preclinical phase).

In all surgical procedures, it is of the utmost importance to avoid the transmission
of infectious diseases via surgical instruments. When reusable instruments are utilized,
to guarantee their sterility, it is necessary to ensure that the sterilization process has been
carried out effectively. The sterilization process is considered a “special process”, because
its output, product sterility, cannot be verified retrospectively by testing the product before
use. The only guarantee of proper sterilization is the scrupulous execution of all steps of
the process itself. In particular, it is of crucial importance to adhere to the proper cleaning
procedure to have a successful outcome of the sterilization process as the “dirt” that remains
on the surfaces of instruments interferes with the sterilization agent, thereby compromising
the outcome [1]. “You can’t sterilize dirt” is in fact an axiom often employed to signify
the critical importance of the cleaning stage in the reprocessing of reusable devices [4].
Furthermore, accurate routine cleaning of reusable surgical instruments by reducing the
presence of dirt could also reduce, in principle, the potential risk of prion transmission.

Currently, the most-frequently used method of assessing cleanliness relies on visual
inspection, which has many limitations as it does not enable the detection of dirt on internal
surfaces and, obviously, the outcome is subjective and can be influenced by the fatigue level
of the person performing the inspection (time spent working, number of instruments, and
so on). In a few cases, methods based on microbiological control or on the determination
of residues of blood or protein are used. However, these methods have considerable
disadvantages, mainly, (i) the results of microbial tests are not immediately available;
(ii) some microorganisms require specific growth conditions and a long cultivation period,
and thus are missed by routine microbiological methods; and (iii) the interpretation of the
results of residual protein tests is highly subjective as it usually requires comparison with a
color chart [3,4,15].

In this work, we used an ATP bioluminescence-based method to assay, through the
detection of residual dirt, the effectiveness of manual cleaning during the reprocessing of
surgical instruments. The measurement of residual dirt, carried out in each step of the
cleaning process, quickly showed in all the types of surgical instruments examined, also
at their most critical points and despite high initial levels of dirt, a reduction in the initial
(baseline) contamination which was higher than 95% already following the first step and a
total or almost total reduction at the end of the process. Indeed, if objectively inadequately-
cleaned instruments are identified, corrective actions (re-cleaning) can be promptly carried
out, thereby avoiding ineffective sterilization and possible damage to patients. Moreover,
in addition to objectively validating the cleaning procedure adopted, this system, by virtue
of its ability to store data, makes it possible to have documentation certifying the result.
This aspect should not be underestimated, firstly because it attests that the checks have
been carried out and gives their results, which could be useful in cases of dispute, and
secondly because documentation of the outcome could be a useful element in the training
programs of the personnel tasked with cleaning surgical instruments. We believe that
this system constitutes an effective tool for assessing the quality of the cleaning process
preliminary to sterilization. Therefore, in order to standardize the assessment of cleanliness,
it may be useful to incorporate the bioluminescence method into daily routine or, at least,
to perform it at regular time intervals as a complementary check combined with visual
inspection. This would allow real-time verification that an adequate level of cleanliness has
been achieved. Such a level of cleanliness is an essential prerequisite for ensuring effective
sterilant activity, as requested in the CDC Guidelines for Disinfection and Sterilization in
Healthcare Facilities. These guidelines state that, “although the effectiveness of high-level
disinfection and sterilization mandates effective cleaning, no “real-time” tests exist that
can be employed in a clinical setting to verify cleaning. If such tests were commercially
available they could be used to ensure an adequate level of cleaning” [1].
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With this in mind, in the absence of benchmark threshold RLU values for surgical
instruments after manual cleaning (to the best of our knowledge, there are some indications
only for the washer-disinfector step, but not for the manual cleaning step), the method
adopted in the absence of automatic washers and often recommended for delicate and/or
complex instruments, starting from the average RLU values found at the end of the cleaning
process (after step 3) resulting from a reduction in baseline contamination ranging from
99.6 to >99.9%, we propose a pass value <200 RLU. This value expresses the median of
residual contamination values found on the clean instruments.

Finally, some limitations and strengths of the study should be emphasized. In partic-
ular, the small variety of surgical instruments evaluated calls for further study to obtain
more data on how the method performs even with much more complex instruments. Nev-
ertheless, the reduction in RLUs, which was statistically significant between baseline and
S3, suggests the validity of this objective and user-friendly method.

5. Conclusions

Adequate sterilization of surgical instruments is a fundamental aspect in the preven-
tion of healthcare-acquired infections. As such, it is essential to ensure that all reprocessing
steps are appropriate. Consequently, for sterilization to be effective, it must be preceded by
adequate cleaning.

Our study involved the use of the ATP bioluminescence method to validate the manual
cleaning procedure during the reprocessing of reusable surgical instruments. Overall, the
method allowed easy, objective, and real-time assessment of the degree of reduction of the
contamination level. Therefore, the authors believe that this method may be considered as
part of routine reprocessing activities or, at least, on a periodic basis.

Author Contributions: Conceptualization, M.D.M., A.P. (Andrea Piana), and P.C.; Data curation,
M.DM., M.D,, L.A,, AP. (Alessandra Palmieri), A.A. (Antonella Arghittu), and P.C.; Formal analysis,
M.D.M. and P.C,; Investigation, M.D.M., M.D., GM.D.,S.B., L.A., and A.A. (Antonio Azara); Method-
ology, M.D.M., GM.D., A A. (Antonio Azara), A.P. (Andrea Piana), and A.P. (Alessandra Palmieri);
Software, P.C.; Supervision, P.C.; Validation, M.D.M.; Writing—original draft, M.D.M., M.D., GM.D.,
S.B.,L.A., A.A. (Antonio Azara), A.P. (Andrea Piana), A.P. (Alessandra Palmieri), A.A. (Antonella
Arghittu), and P.C.; Writing—review & editing, M.D.M., M.D., and P.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by “Fondo di Ateneo per la Ricerca 2020”, University of Sassari.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: The authors would like to thank Emma Dempsey for the English language revision.

Conflicts of Interest: The authors declare no conflict of interest.

1. Rutala, W.A.; Weber, D.J. The Healthcare Infection Control Practices Advisory Committee (HICPAC). Guideline for Disinfection
and Sterilization in Healthcare Facilities. 2008; Update May 2019. Available online: https://www.cdc.gov/infectioncontrol/pdf/
guidelines/disinfection-guidelines-H.pdf (accessed on 22 January 2021).

2. Descoteaux, J.G.; Poulin, E.C.; Julien, M.; Guidoin, R. Residual organic debris on processed surgical instruments. AORN J. 1995,

62,23-30. [CrossRef]

3. Hansen, D,; Hilgenhoner, M.; Popp, W. ATP Bioluminescence—For kitchen hygiene and cleaning control of surgical instruments.
Int. J. Infect. Control 2008, 4. [CrossRef]

4. Bommarito, M.; Witcher, K.; Thornhill, G. The Utility of an ATP System for Monitoring the Cleanliness of Surgical Instru-
ments. Available online: https://multimedia.3m.com/mws/media/7206760 / utility-of-an-atp-system-for-monitoring-surgical-
instruments.pdf (accessed on 22 January 2021).

5. Seeger, K.; Griffiths, M.W. Adenosine Triphosphate Bioluminescence for Hygiene Monitoring in Health Care Institutions. J. Food
Prot. 1994, 57, 509-513. [CrossRef] [PubMed]


https://www.cdc.gov/infectioncontrol/pdf/guidelines/disinfection-guidelines-H.pdf
https://www.cdc.gov/infectioncontrol/pdf/guidelines/disinfection-guidelines-H.pdf
http://doi.org/10.1016/S0001-2092(06)63680-6
http://doi.org/10.3396/ijic.V4i1.010.08
https://multimedia.3m.com/mws/media/720676O/utility-of-an-atp-system-for-monitoring-surgical-instruments.pdf
https://multimedia.3m.com/mws/media/720676O/utility-of-an-atp-system-for-monitoring-surgical-instruments.pdf
http://doi.org/10.4315/0362-028X-57.6.509
http://www.ncbi.nlm.nih.gov/pubmed/31121651

Healthcare 2021, 9, 352 80f9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

Davidson, C.A.; Griffith, C.J.; Peters, A.C.; Fielding, L.M. Evaluation of two methods for monitoring surface cleanliness-ATP
bioluminescence and traditional hygiene swabbing. Luminescence 1999, 14, 33-38. [CrossRef]

Griffith, C.J.; Cooper, R.A.; Gilmore, J.; Davies, C.; Lewis, M. An Evaluation of hospital cleaning regimes and standards. . Hosp.
Infect. 2000, 45, 19-28. [CrossRef] [PubMed]

Moore, G.; Griffith, C.; Fielding, L. A Comparison of Traditional and Recently Developed Methods for Monitoring Surface
Hygiene within the Food Industry: A Laboratory Study. Dairy Food Environ. Sanit. 2001, 21, 478-488.

Aycicek, H.; Oguz, U.; Karci, K. Comparison of results of ATP bioluminescence and traditional hygiene swabbing methods for
the determination of surface cleanliness at a hospital kitchen. Int. . Hyg. Environ. Health 2006, 209, 203-206. [CrossRef]

Chen, F,; Godwin, S.L. Comparison of a Rapid ATP Bioluminescence Assay and Standard Plate Count Methods for Assessing
Microbial Contamination of Consumers” Refrigerators. . Food Prot. 2006, 69, 2534-2538. [CrossRef] [PubMed]

Sherlock, O.; O’Connell, N.; Creamer, E.; Humphreys, H. Is it really clean? An evaluation of the efficacy of four methods for
determining hospital cleanliness. J. Hosp. Infect. 2009, 72, 140-146. [CrossRef] [PubMed]

Carrascosa, C.; Saavedra, P; Millan, R.; Jaber, J.R.; Pérez, E.; Grau, R.; Raposo, A.; Mauricio, C.; Sanjudn, E. Monitoring of
cleanliness and disinfection in dairies: Comparison of traditional microbiological and ATP bioluminescence methods. Food
Control 2010, 28, 368-373. [CrossRef]

Fushimi, R.; Takashina, M.; Yoshikawa, H.; Kobayashi, H.; Okubo, T.; Nakata, S.; Kaku, M. Comparison of adenosine triphosphate,
microbiological load, and residual protein as indicators for assessing the cleanliness of flexible gastrointestinal endoscopes. Am. J.
Infect. Control 2013, 41, 161-164. [CrossRef]

Luick, L.; Thompson, P.A.; Loock, M.H.; Vetter, S.L.; Cook, J.; Guerrero, D.M. Diagnostic assessment of different environmental
cleaning monitoring methods. Am. |. Infect. Control. 2013, 41, 751-752. [CrossRef] [PubMed]

Veiga-Malta, 1. Preventing Healthcare-Associated Infections by Monitoring the Cleanliness of Medical Devices and Other Critical
Points in a Sterilization Service. Biomed. Instrum. Technol. 2016, 50, 45-52. [CrossRef]

Casini, B.; Tuvo, B.; Totaro, M.; Aquino, F.; Baggiani, A.; Privitera, G. Evaluation of the Cleaning Procedure Efficacy in Prevention
of Nosocomial Infections in Healthcare Facilities Using Cultural Method Associated with High Sensitivity Luminometer for ATP
Detection. Pathogens 2018, 7, 71. [CrossRef] [PubMed]

Sanna, T.; Dallolio, L.; Raggi, A.; Mazzetti, M.; Lorusso, G.; Zanni, A.; Farruggia, P.; Leoni, E. ATP bioluminescence assay for
evaluating cleaning practices in operating theatres: Applicability and limitations. BMC Infect. Dis. 2018, 18, 583. [CrossRef]
[PubMed]

Hawronskyj, ].M.; Holah, J. ATP: A universal hygiene monitor. Trends Food Sci. Technol. 1997, 8, 79-84. [CrossRef]

Shama, G.; Malik, D.J. The uses and abuses of rapid bioluminescence-based ATP assays. Int. |. Hyg. Environ. Health 2013, 216,
115-125. [CrossRef]

Amodio, E.; Dino, C. Use of ATP bioluminescence for assessing the cleanliness of hospital surfaces: A review of the published
literature (1990-2012). |. Infect. Public Health 2014, 7, 92-98. [CrossRef]

Hansen, D.; Benner, D.; Hilgenhoner, M.; Leisebein, T.; Brauksiepe, A.; Popp, W. ATP measurement as method to monitor the
quality of reprocessing flexible endoscopes. Ger. Med. Sci. 2004, 2, Doc04.

Lewis, T.; Griffith, C.; Gallo, M.; Weinbren, M. A modified ATP benchmark for evaluating the cleaning of some hospital
environmental surfaces. J. Hosp. Infect. 2008, 69, 156-163. [CrossRef]

Boyce, ].M.; Havill, N.L.; Dumigan, D.G.; Golebiewski, M.; Balogun, O.; Rizvani, R. Monitoring the effectiveness of hospital
cleaning practices by use of an adenosine triphosphate bioluminescence assay. Infect. Control Hosp. Epidemiol. 2009, 30, 678—-684.
[CrossRef] [PubMed]

Moore, G.; Smyth, D.; Singleton, J.; Wilson, P. The use of adenosine triphosphate bioluminescence to assess the efficacy of a
modified cleaning program implemented within an intensive care setting. Am. |. Infect. Control 2010, 38, 617-622. [CrossRef]
[PubMed]

Alfa, M.].; Fatima, I.; Olson, N. The adenosine triphosphate test is a rapid and reliable audit tool to assess manual cleaning
adequacy of flexible endoscope channels. Am. J. Infect. Control 2013, 41, 249-253. [CrossRef] [PubMed]

Branch-Elliman, W.; Robillard, E.; Mccarthy, G.J.R.; Gupta, K. Direct feedback with the ATP luminometer as a process improvement
tool for terminal cleaning of patient rooms. Am. |. Infect. Control 2014, 42, 195-197. [CrossRef] [PubMed]

Fernando, G.; Collignon, P.; Beckingham, W. ATP bioluminescence to validate the decontamination process of gastrointestinal
endoscopes. Healthc. Infect. 2014, 19, 59-64. [CrossRef]

Takashina, M. Application of a bioluminescent method for checking cleaning results. Zentr. Steril. 2001, 9, 248-258.

Heathcote, R.; Stadelmann, B. Measuring of ATP bioluminescence as a means of assessing washer disinfector performance and
potentially as a means of validating the decontamination process. Healthc. Infect. 2009, 14, 147-151. [CrossRef]

Mangram, A.J.; Horan, T.C.; Pearson, M.L,; Silver, L.C.; Jarvis, W.R. The Hospital Infection Control Practices Advisory Committee.
Guideline for Prevention of Surgical Site Infection, 1999. Am. J. Infect. Control 1999, 27, 97-134. [CrossRef]

Anderson, D.J.; Podgorny, K.; Berrios-Torres, S.I.; Bratzler, D.W.; Dellinger, E.P,; Greene, L.; Kaye, K.S. Strategies to prevent
surgical site infections in acute care hospitals: 2014 Update. Infect. Control Hosp. Epidemiol. 2014, 35, 605-627. [CrossRef]

World Health Organization. Global Guidelines on the Prevention of Surgical Site Infection. 2016. Available online: https:
/ /www.who.int/gpsc/ssi-guidelines/en/ (accessed on 22 January 2021).


http://doi.org/10.1002/(SICI)1522-7243(199901/02)14:1&lt;33::AID-BIO514&gt;3.0.CO;2-I
http://doi.org/10.1053/jhin.1999.0717
http://www.ncbi.nlm.nih.gov/pubmed/10833340
http://doi.org/10.1016/j.ijheh.2005.09.007
http://doi.org/10.4315/0362-028X-69.10.2534
http://www.ncbi.nlm.nih.gov/pubmed/17066941
http://doi.org/10.1016/j.jhin.2009.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19321226
http://doi.org/10.1016/j.foodcont.2012.05.001
http://doi.org/10.1016/j.ajic.2012.02.030
http://doi.org/10.1016/j.ajic.2012.09.019
http://www.ncbi.nlm.nih.gov/pubmed/23380380
http://doi.org/10.2345/0899-8205-50.s3.45
http://doi.org/10.3390/pathogens7030071
http://www.ncbi.nlm.nih.gov/pubmed/30200291
http://doi.org/10.1186/s12879-018-3505-y
http://www.ncbi.nlm.nih.gov/pubmed/30453892
http://doi.org/10.1016/S0924-2244(97)01009-1
http://doi.org/10.1016/j.ijheh.2012.03.009
http://doi.org/10.1016/j.jiph.2013.09.005
http://doi.org/10.1016/j.jhin.2008.03.013
http://doi.org/10.1086/598243
http://www.ncbi.nlm.nih.gov/pubmed/19489715
http://doi.org/10.1016/j.ajic.2010.02.011
http://www.ncbi.nlm.nih.gov/pubmed/20605265
http://doi.org/10.1016/j.ajic.2012.03.015
http://www.ncbi.nlm.nih.gov/pubmed/22975364
http://doi.org/10.1016/j.ajic.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/24485376
http://doi.org/10.1071/HI13034
http://doi.org/10.1071/HI09019
http://doi.org/10.1016/S0196-6553(99)70088-X
http://doi.org/10.1086/676022
https://www.who.int/gpsc/ssi-guidelines/en/
https://www.who.int/gpsc/ssi-guidelines/en/

Healthcare 2021, 9, 352 90f9

33.

34.

35.

36.

37.

38.

39.

40.

Ban, K.A.; Minei, ].P; Laronga, C.; Harbrecht, B.G.; Jensen, E.H.; Fry, D.E,; Itani, KM.E,; Dellinger, E.P.; Ko, C.Y.; Duane, T.M.
American College of Surgeons and Surgical Infection Society: Surgical Site Infection Guidelines, 2016 Update. J. Am. Coll. Surg.
2017, 224, 59-74. [CrossRef]

Southworth, PM. Infections and exposures: Reported incidents associated with unsuccessful decontamination of reusable surgical
instruments. J. Hosp. Infect. 2014, 88, 127-131. [CrossRef] [PubMed]

World Health Organization. Infection Control Guidelines for Transmissible Spongiform Encephalopathies. Report
of a WHO Consultation, Geneva Switzerland, 23-26 March 1999. WHO/CDS/CSR/APH/2000/3. Available online:
https:/ /apps.who.int/iris /bitstream /handle /10665/66707 /WHO_CDS_CSR_APH_2000.3.pdf;jsessionid=2D73687453BED5
FAFA7062CCAF14AEB1?sequence=1 (accessed on 22 January 2021).

Lemmer, K.; Mielke, M.; Pauli, G.; Beekes, M. Decontamination of surgical instruments from prion proteins: In vitro studies on
the detachment, destabilization and degradation of PrPSc bound to steel surfaces. J. Gen. Virol. 2004, 85, 3805-3816. [CrossRef]
[PubMed]

Murdoch, H.; Taylor, D.; Dickinson, J.; Walker, J.T.; Perrett, D.; Raven, N.D.H.; Sutton, .M. Surface decontamination of surgical
instruments: An ongoing dilemma. J. Hosp. Infect. 2006, 63, 432-438. [CrossRef] [PubMed]

National Institute for Health and Clinical Excellence. Patient Safety and Reduction of Risk of Transmission of Creutzfeldt-
Jakob Disease (CJD) via Interventional Procedures. Interventional Procedures Guidance [IPG196]. 2006. Available online:
www.nice.org.uk/IPG196 (accessed on 22 January 2021).

National Institute for Health and Clinical Excellence. Reducing the Risk of Transmission of Creutzfeldt-Jakob Disease (CJD)
from Surgical Instruments Used for Interventional Procedures on High-Risk Tissues. Interventional Procedures Guidance. 2020.
Available online: www.nice.org.uk/guidance/ipg666 (accessed on 22 January 2021).

Advisory Committee on Dangerous Pathogens—Transmissible Spongiform Encephalopathy Agents. Safe Working and the
Prevention of Infection: Annex C. 2015. Available online: https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/427855/ Annex_C_v3.0.pdf (accessed on 22 January 2021).


http://doi.org/10.1016/j.jamcollsurg.2016.10.029
http://doi.org/10.1016/j.jhin.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25287950
https://apps.who.int/iris/bitstream/handle/10665/66707/WHO_CDS_CSR_APH_2000.3.pdf;jsessionid=2D73687453BED5F4FA7062CCAF14AEB1?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/66707/WHO_CDS_CSR_APH_2000.3.pdf;jsessionid=2D73687453BED5F4FA7062CCAF14AEB1?sequence=1
http://doi.org/10.1099/vir.0.80346-0
http://www.ncbi.nlm.nih.gov/pubmed/15557254
http://doi.org/10.1016/j.jhin.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16759745
www.nice.org.uk/IPG196
www.nice.org.uk/guidance/ipg666
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/427855/Annex_C_v3.0.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/427855/Annex_C_v3.0.pdf

	Introduction 
	Materials and Methods 
	Bioluminescence Assay 
	Samples’ Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

