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S U M M A R Y

Background: National and international guidelines recommend reprocessing of medical
instruments to commence as soon as possible post-surgery; furthermore, they recommend
that transport and storage of surgical instruments postoperatively occurs in a moist, humid
atmosphere. The concern is that a dry storage environment results in deterioration of
instruments.
Aim: To evaluate whether residual protein or corrosion is associated with storage envi-
ronment (dry or humid), holding time or number of treatment cycles.
Methods: The range of protein residue and corrosion were tested on surgical instruments
contaminated with human blood amended Enterococcus faecalis ATCC 29212. Sub-
sequently instruments were stored for 6, 12 and 24 h in dry or humid conditions. After one,
25 and 50 reprocessing cycles, instruments were examined for protein residues using the o-
phthaldialdehyde (OPA) method or corrosion using stereomicroscopy, scanning electron
microscopy and energy dispersive spectroscopy.
Findings: Protein residue found on instruments was 21.5e54.0 mg and corrosion corre-
sponded to 0e5% of the inspected area. No associations between storage environment and
protein residue (adjusted mean difference ¼ 0.48, 95% confidence interval: -0.42, 1.37,
P¼0.30) or corrosion (P¼0.20) were identified. Higher numbers of treatment cycles
showed higher amounts of corrosion (mean: 1cycle ¼ 0.06%, 25cycles ¼ 0.52% and 50cycles ¼
1.45%). In contrast, higher numbers of treatment cycles showed lower amounts of protein
residue (P<0.001). We found both lower protein residue concentration and lower corrosion
rating at 12 h compared with 6 and 24 h holding time.
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Conclusion: Cleanliness and durability of instruments before reprocessing seems not to be
affected by storage environment or holding time but instead by number of treatment
cycles.

ª 2022 The Authors. Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

According to national and international guidelines for
infection control, reprocessing of reusable medical equipment
is recommended to commence as soon as possible [1e3]. Fur-
thermore, it is recommended that surgical instruments are
transported and stored in a humid environment until reproc-
essing is commenced [1e3]. These recommendations are based
on expert opinions, scientific literature, legal requirements
and ‘best practice’. However, evidence-based knowledge from
systematic research is strongly warranted [1,2].

Reprocessing is recommended to start immediately after
surgery, by removing visible contamination by wiping with a
damp cloth and flushing cavities [1,2]. The aim is to prevent
drying of bio-contamination, such as blood and tissue residues
from the operation, on the instrument surface. In the drying
process when liquid evaporates, salts residues from the organic
material remains on the surface of the instruments. The drying
time is the most critical factor in influencing the quality of
instruments. The primary concern is the risk of corrosion and
thereby destruction of the instrument surface. Several studies
indicate that drying times beyond 15 min significantly reduces
the effect of subsequent cleaning to remove protein residues,
including prions. Furthermore, storing instruments in a humid
environment directly after use may reduce the amount of
protein/amyloid adsorption and enhance the effect of
reprocessing [4e6].

When instruments are exposed to high temperatures asso-
ciated with washing, disinfection and sterilization, and if
cleaning is ineffective, the bio-contamination can, over time
solidify in an insoluble biofilm that acts as a physical barrier
that compromises the sterilization process and thereby
threaten patient safety [7]. Biofilm consists of a thin layer of
micro-organisms that, together with the microbial poly-
saccharides adhere to surfaces [8]. Once a biofilm is formed
and allowed to dry, it is difficult to remove even with con-
ventional automated cleaning methods due to its adhesion to
the surface. At the same time, biofilm presence is difficult to
identify as there will only be a small number of active cells
present on the surface [9]. Costa et al., who demonstrated the
presence of biofilm on six of seven discarded instruments,
support this; however, no viable bacteria were detected after
steam sterilization [7].

Research supporting the recommendation for the storage of
instruments in a humid environment between theatres to
reprocessing sites is sparse and no research to date has been
identified that describes how transport and storage environ-
ment influence the occurrence of corrosion. Therefore, the
aim of the study was to test the hypothesis that storing post-
surgical instruments in a humid environment until reproces-
sing reduces the occurrence of corrosion, as well as the
occurrence and accumulation of biological material compared
with instruments stored in a dry environment.
Methods

To match real-life, both simple instruments such as forceps
and more complex instruments with cavities such as irrigation
needles were investigated. Forceps and needles were pro-
duced of stainless steel in accordance with ISO 7153-1 [10].
Furthermore, a solution of human blood and E. faecalis ATCC
29212 (final concentration: 1.5 � 108 cfu/mL) was used for
contamination to match real-life soiling in an operating site.

Contamination was measured on 108 irrigation needles and
108 forceps. The forceps were contaminated by opening and
closing them five times in a solution of human blood containing
E. faecalis and the needles were flushed with the solution five
times. Subsequently the instruments were stored for 6, 12 and
24 h at room temperature before reprocessing. Half of the
items were stored dry and the other half in a humid environ-
ment. Instruments were re-contaminated before each repro-
cessing cycle. Each instrument had the same holding time and
storage environment for up to 50 reprocessing cycles. After
one, 25 and 50 cycles, six instruments of each type, holding
time and storage environment were removed after washing,
but before disinfection, and examined for contamination, i.e.,
six instruments for each measuring point. One positive and one
negative control were also included in the study for each
instrument type. The positive control was contaminated but
not washed and the negative control was washed but not
contaminated. Contamination from bacteria and blood was
measured as protein residue using the o-phthaldialdehyde
(OPA) method [11].

The same procedure was followed when testing for corro-
sion, where 108 forceps were contaminated in a similar so-
lution of human blood containing E. faecalis and stored for 6,
12 and 24 h at room temperature before reprocessing.
Respectively, 54 forceps were stored in an open and dry envi-
ronment and 54 forceps were stored in a closed humid envi-
ronment. After one, 25 and 50 reprocessing cycles, six
instruments of each holding time and storage environment
were examined for corrosion by visual inspection (stereo-
microscopy) and scanning electron microscopy (SEM) [12].

All instruments were washed in the washer-disinfector using
the standard protocol for the Sterile Centre at Aalborg Uni-
versity Hospital, Denmark (see Supplementary data).

No clear definition of how to create a humid environment for
transport and storage of instruments between theatres and
reprocessing sites exists today. Some theatres imitate a humid
environment by using transport boxes covered with lightly
humidified cotton gauze, while others immerse instruments in
water with added detergent or spray them with various pre-
soaking products. In order to achieve reliability in this pro-
ject, the humid transport and storage environment was the
same throughout the trial period. This was accomplished by
covering instruments in each closed transport box with the
same amount of cotton gauze wetted with the same amount of

http://creativecommons.org/licenses/by/4.0/


Table I

Corrosion adjustment scale

Area of corrosion, A (%) Rating, Rp (-)

No defects* 10
0 <A �0.1 9
0.1 <A �0.25 8
0.25 <A �0.5 7
0.5 <A �1.0 6
1.0 <A �2.5 5
2.5 <A �5.0 4
5.0 <A �10 3
10 <A �25 2
25 <A �50 1
50 <A 0

* According to DS/EN ISO 10289:2001 if A �0.046416% then the hae-
mostat is rated as a 10.
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sterile water. Dry environment is defined as instruments
packed in open transport boxes without cover.

OPA analysis

The OPA analysis was based on EN-ISO 15883-1: 2009 [11].
The forceps were eluted with 10 mL 1% SDS in stomacher bags.
Items were sonicated at 40 kHz for 5 min at 30e35 �C in a
degassed sonication bath (Branson 2800). The items then res-
ted for 20 min at 23 �C, after which the eluate was transferred
to 15-mL pipes and exposed to vortexing for 5 s prior to transfer
of 3 � 100 mL to a 96-well microtiter plate.

The irrigation needles were also eluted in 10 mL 1% SDS. The
needles were rinsed using a 3-mL syringe, filling and emptying it
five times. Items were placed in sterile stomacher bags and
sonicated at 40 kHz for 5 min at 30e35 �C (Branson 2800). The
items then rested for 20 min at 23 �C, after which they were
rinsed additionally five times. Finally, the eluatewas transferred
to 15-mL pipes and exposed to vortexing for 5 s prior to transfer
of 3 � 100 mL to a 96-well microtiter plate. One dummy, con-
sisting of 10 mL 1% SDS in a stomacher bag processed the same
way as the test instruments, was also included in the analysis. In
Denmark, the consensus acceptable level for surface protein
residues is a maximum of 100 mg/instrument [13].

Corrosion analysis

The manufacturer reported the surgical forceps to have a
chromium content of 12e14%.

The visual inspection included examining each forceps
gripping area on both sides at 25� magnification. Detected
corrosion and other defects such as discolouration or
mechanical damage were documented through imaging at a
representative magnification. The surface of each forceps was
examined in three areas using SEM. All three areas were
examined with a magnification of 500� for irregularities or
corrosion attacks. For each area, a section was also examined
using a 2000�magnification (Keyence VHX-6000). Irregularities
or corrosion were examined with an appropriate magnification
or with chemical analysis using energy dispersive spectroscopy
(EDS) [12]. The degree of corrosion was assessed according to
the DS/EN ISO 10289:2001 and each corroded area was meas-
ured and summed up to calculate the percentage of area of
defects (Table I) [12].

The Danish Technological Institute conducted the protein
residue and corrosion analyses.

Data analysis

The association between storage environment and protein
residue was analysed using linear regression, adjusted for type
of instrument, number of cycles and holding time. Sensitivity
analyses using bootstrap as well as ManneWhitney U-test were
carried out in case of non-normality and heteroscedasticity.
Further, the amount of protein residue was compared for one,
25 and 50 cycles as well as for 6, 12 and 24 h, respectively, using
linear regression, adjusted for type of instrument, storage
environment as well as number of cycles or holding time as
appropriate. A boxplot was provided to visualize the dis-
tribution of protein residue and of ratings for corrosion. The
latter was then compared using Fishers exact test between dry
and humid storage environment, one, 25 and 50 cycles as well
as for 6, 12 and 24 h of holding time, respectively.

Results

Twenty-five and 50 reprocessing cycles were performed,
however, a tight schedule at the reprocessing site resulted in a
reduced number of cycles ranging from 21 to 24 cycles for
instruments planned for 25 cycles, and 46e49 cycles for
instruments planned for 50 reprocessing cycles. This caused
some instruments to have a longer holding time than planned,
however the prolonged holding time was the same for both
storage environments. The room temperature in the Sterile
Centre during the trial fluctuated from 22.3 to 24.8 �C, with the
lowest temperatures on Mondays and the highest temperatures
on Fridays. Humidity in the room where instruments were
stored dry ranged from 9% to 55.1% (mean: 26.7%, standard
deviation (SD): 10.8%). Humidity in humid storage increased
from 92.8% to 95.2% (15 mine24 h). The gauze was equally wet
after 6, 12 and 24 h, where no difference in weight was
observed. Furthermore, instruments with holding times of 6, 12
and 24 h were packed separately, and the boxes remained
closed until reprocessing.

Protein residue

In total, protein residue from 108 irrigation needles and 108
forceps was quantified using the OPA method. Each 96-well
microtiter plate contained eluate from 18 instruments, two
controls (negative and positive) and two blanks (dummy and 1%
SDS). All samples were analysed in triplicate.

Protein residue concentration was calculated using linear
regression based on a standard series of nine different con-
centrations. Protein residue on the instruments was in general
low. Across storage environment, holding time and number of
reprocessing cycles, protein residue ranged from 21.8 to
28.1 mg (mean: 24.4 mg, SD: 1.3 mg) on the forceps and 21.5 to
54.0 mg (mean: 26.7 mg, SD: 4.9 mg) on the needles.

The negative control showed low levels of protein residue
(mean: 24.5 mg, SD: 1.8 mg, N ¼ 2) below or comparable to the
test instruments (Figure 1) whereas the positive control
showed a high degree of protein residue (mean: 2899.2 mg, SD:
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Figure 1. Protein residues on forceps and needles combined for number of reprocessing cycles (left) or holding time (right) visualized for
dry and humid storage environment.
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380 mg, N ¼ 2). Both 1% SDS (mean: 21.3 mg, N ¼ 1) and the
dummy (mean: 22.2 mg, N ¼ 1) showed lower levels of protein
residue compared with the negative control. Mean concen-
tration of protein residue was found to be 25.3 mg (SD: 3.2 mg)
and 25.8 mg (SD: 4.3 mg) for dry and humid storage environ-
ment, respectively. No association between storage environ-
ment and the amount of protein residue was found (Table II).

Distribution of protein residue for reprocessing cycles and
holding time were visualized in Figure 1. We found a negative
association and a statistically significant difference in amount
of protein residues when comparing one, 25 and 50 cycles
(Table II; Figure 1, left). A different pattern was seen for
holding time and protein residue, where a lower mean protein
concentration was observed at 12 h for both dry and humid
storage environment compared with 6 and 24 h (Table II;
Figure 1, right).
Corrosion

In total, 108 forceps were analysed and rated using visual
inspection, SEM and EDS. Stereomicroscopy showed areas with
corrosion corresponding to 0e5% of the investigated surface
area. The forceps with one reprocessing cycle were used as
reference instruments. The surface examination of the forceps
using SEM revealed pitting corrosion in random areas, these
results were not involved in the overall corrosion rating. In
several of the analysed locations, EDS revealed particles mostly
consisting of silicon (Si), calcium (Ca) and/or aluminium (Al).
These particles were evaluated to be present due to the metal
composition of the instruments and not caused by corrosion.
Dark spots on the instrument surfaces were also observed by
electron microscopy. EDS showed that these spots contained
high amounts of carbon (C) or sodium (Na) and chlorine (Cl).
The dark spots were assessed to originate from the con-
tamination or sterilization procedure and hence not as results
of corrosion attacks.

No statistically significant difference was found in the dis-
tribution of corrosion ratings for dry compared with humid
storage environments (P¼0.20). Stereomicroscopy inspection
of instruments showed corrosion ranging from 0 to 0.25%
(mean: 0.06%), 0.25 to 5.0% (mean: 0.52%) and 0.25 to 5.0%
(mean: 1.45%) of the inspected surface area for one, 25 and 50
cycles, respectively. We found a negative association between
occurrence of corrosion and number of cycles (P<0.001). The
same association was found for both environments (Figure 2,
left). We found no association between holding time and the
occurrence of corrosion (P¼0.47). Ratings in the two environ-
ments followed the same pattern (Figure 2, right).

When investigated at high magnification, forceps showed
defects around the area of the teeth as illustrated in Figure 3.
However, these defects were observed on instruments across
all reprocessing cycles.
Discussion

National and international guidelines for reprocessing of
sterilizable medical equipment recommend that surgical
instruments are transported and stored in a humid environment



Table II

Associations and differences between storage environment, reprocessing cycles and holding time and the amount of protein residue

Storage environment

Dry Humid P (Wald*) N
Crude mean difference (CI) Ref** 0.48 (-0.54, 1.49) 0.36 216
Adjusted*** mean difference (CI) Ref 0.48 (-0.42, 1.37) 0.30 216

Reprocessing cycles

1 Cycle 25 cycles 50 cycles P (Wald) N
Crude mean difference (CI) Ref -1.86 (-3.03, -0.68) -2.94 (-4.11, -1.76) <0.001 216
Adjusted mean difference (CI) Ref -1.86 (-2.96, -0.75) -2.94 (-4.04, -1.83) <0.001 216

Holding time

6 h 12 h 24 h P (Wald) N
Crude mean difference (CI) Ref -1.46 (-2.69, -0.24) 0.05 (-1.17, 1.27) 0.023 216
Adjusted mean difference (CI) Ref -1.46 (-2.56, -0.36) 0.05 (-1.05, 1.15) <0.001 216

CI, confidence interval.
* P-value was calculated using Wald test.
** Reference group.
***The calculation was adjusted for instrument type, environment, reprocessing cycles and holding time as appropriate.
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[1,2] due to the concern that contamination may dry out and
thereby increase the risk of corrosion and destruction of the
instrument surface. However, based on the findings in this
study we challenge this recommendation. Our results found no
association between either storage environment and the
amount of protein residue, or between storage environment
and corrosion on any of the tested instruments.
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Figure 3. Example showing mechanical damage and corrosion. Forceps stored in a humid environment, 6 h holding time and 25
reprocessing cycles. Photo: Danish Technological Institute, Aarhus, Denmark.
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across holding time and number of cycles. However, one may
question whether other forms of humidified environments such
as, for example, choosing an enzymatic pre-soaking agent
would have affected the result? The effects of using pre-
soaking agents were examined by Aasim et al. [14], who
showed that pre-soaking in an enzymatic cleaner prior to
ultrasonic cleaning had no significant effect on the cleanliness
of endodontic files. In comparison, Lipscomb et al. demon-
strated an up to 96% reduction in prion-infected tissue con-
tamination after application of different commercially
available pre-soak solutions [4]. The different results may be
connected to what kind of soiling the instruments have been
submitted to. In our study the reference strain of E. faecalis
commonly used in laboratory studies was chosen because of its
well documented ability to form biofilm, and in connection
with the human blood, the soiling is comparable to real-life
circumstances in an operating site [15]. In this study, we
examined instruments after they were washed and not before
as in, for example, Percin et al. [16] and Mohite et al. [17]
where a bacterial count was included. As a result of the quality
of the washing procedures, we considered it unrealistic to
detect any viable bacteria after washing. We amended the
human blood with bacteria as we expected they would con-
tribute to an increased soil adhesion on the instrument surface.
The instruments were then analysed for protein which was
residue from both blood and bacteria. Lopes et al. found that
once biofilm is formed and allowed to dry out on the instru-
ment, it is difficult to remove even with conventional auto-
mated cleaning methods due to its adhesion to the surface [9].
In concordance, Roberts showed that biofilm formation can be
controlled by prompt device cleaning and reprocessing [18].
Our study showed low or no difference in protein residues on
instruments stored dry compared with instruments stored in a
humid environment. This could be a result of the quality of our
reprocessing procedures.

We detected statistically significant associations between
holding time and protein residue, and between number of
cycles and protein residue. However, these associations are not
considered to be clinically relevant as even the highest con-
centration of protein residue of 54.0 mg is below the accepted
threshold of 100 mg [12]. The increased concentration of pro-
tein residues on the instruments with one reprocessing cycle
compared with 25 and 50 reprocessing cycles (Figure 1) may be
explained by the fact that instruments with only one cycle
along with the negative control were used directly from the
manufactures packaging. Hence, protein residue from pro-
duction would be added on top of the result from the con-
tamination as the instruments with one reprocessing cycle
were washed but not disinfected or sterilized before being
contaminated [19]. However, the amount of protein residue
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added from production would be low as the negative control
was also washed but not disinfected or sterilized before
entering the study (Figure 1). As a result, the difference
between protein residue at one, 25 and 50 cycles may be
overestimated. However, this has no effect on the overall
conclusion, the results would thereby show no association
compared to a declining association.

The findings of pitting corrosion in random areas and par-
ticles consisting of Si, Ca and/or Al embedded in the metal of
the forceps across storage environment, holding time and
number of reprocessing cycles are comparable to the findings
by Bundgaard et al. [20]. Both pitting and embedding of par-
ticles in the surface can be argued to be due to the composition
of the metal rather than a result of storage environment,
holding time or number of reprocessing cycles. The forceps in
our study contained 12e14% chromium which is comparable to
the surgical scissors examined by Bundgaard et al. containing
12.5% chromium [20]. Pitting, embeddings, teeth marks and
scratches were equally observed on forceps across storage
environment, holding time and number of reprocessing cycles.
The question is whether these congenital damages in the metal
impose a risk to patient safety in terms of transferring bio-
contamination from one patient to another.

In our study we observed that the amount of corrosion
increased by number of reprocessing cycles. However, we do
not know whether corrosion residues from the instruments are
transferred to the patient during surgery. Furthermore, we do
not know whether (or which amount of) corrosion left inside
the patient during surgery poses a health risk for the patient.
Two recent studies showed a likely causality between the
occurrence of corrosion on bone lengthening nails and serious
adverse events such as pain, osteolysis, periosteal reaction and
cortical hypertrophy [21,22]. Knowledge in this subject area is
sparse and research is strongly warranted.

The main finding of this study challenges the recom-
mendation of preferring a humid storage environment before
reprocessing compared with a dry storage environment, as we
found no evidence that a humid storage environment increases
patient safety or instrument durability. Thus, the cleanliness
and durability of the instruments seems not to be affected by
storage environment but instead by number of treatment cycles.
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