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Abstract

The use of local therapy with antibiotics in a suitable carrier is essential in the treatment and prevention of infections
in orthopedic surgery and traumatology. In our orthopedic surgery department, a synthetic calcium sulfate hemihydrate
(CaSO,-¥2H,0) is used as an antibiotic carrier, enabling the application of most types of intravenous antibiotics in the
form of powder and liquid. This type of carrier with antibiotics is prepared in the theater during the procedure. During a
surgical procedure, a small dead space is created (hand and foot area), which must be filled with an antibiotic carrier, and
the situations arise where a large amount of the carrier is not used and thrown away. Therefore, we verified the efficacy of
vancomycin in the pre-prepared carrier by an orientation microbiological method and by measuring the concentrations of
the vancomycin released in active form and its two crystalline degradation products. Based on the agar diffusion test, we did
not measure any difference in the effectiveness of the antibiotic in the carrier after its 12-day storage. Although vancomycin
concentrations decreased by approximately 32% at the end of 12 days of storage, the concentrations of the released active
form of vancomycin are many times higher than the minimum inhibitory concentrations for resistant strains of Staphylococ-
cus aureus. Thus, the calcium sulfate carrier with vancomycin can be prepared several days in advance before its application,

certainly up to 12 days.

Introduction

An early and sufficiently radical surgical approach is essen-
tial for managing infectious complications in orthopedics
and traumatology (Jahoda et al. 2006; 2008; Melicherc¢ik
2011; Metsemakers et al. 2020). It includes targeted
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intravenous antimicrobial therapy. Achieving high levels of
antibiotics directly at the site of the infectious complication
is crucial (Jahoda et al. 2006, 2008; Kurmis 2021; Marson
et al. 2018; Meani et al. 2007; Winkler et al. 2008). The avail-
ability of antibiotics administered intravenously is usually
insufficient at the site of ongoing osteomyelitis, especially in
joint replacement surgery. The application of local antibiot-
ics is beneficial especially in arthroplasty and necessary if
implants are utilized to prevent a rapid biofilm prevention
(Flierl et al 2017; Jahoda et al. 2006, 2008; Meani et al. 2007,
Melicherc¢ik 2011; Doub et al. 2021; Witso et al. 2000).
The most frequently used proven method of antibi-
otic application to the sites of musculoskeletal and joint
replacement infections is local carriers. Local carriers not
only deliver antibiotics in high concentrations directly to
the site of infection, but may also fill the dead space cre-
ated by surgery. There are several types of local antibiotic
carrier systems used in orthopedics. They can be divided
according to the composition of the material into synthetic
polymers (polymethyl methacrylate), natural polymers (col-
lagen), ceramics (hydroxyapatite, calcium sulfate, calcium
phosphate), composites (materials composed of ceramics

@ Springer


http://orcid.org/0000-0002-9903-5662
http://crossmark.crossref.org/dialog/?doi=10.1007/s12223-021-00916-7&domain=pdf

64

Folia Microbiologica (2022) 67:63-69

and polymers), and bone grafts. Furthermore, local carriers
can be divided according to the properties of the material
(biodegradation, osteoinduction, and osteoconduction).

Clinical practice has shown that the most suitable materi-
als used as local carriers of antibiotics in orthopedics appear
to be polymers with the property of biodegradation and oste-
oconduction. These properties are most often fulfilled by
ceramic material carriers (Meani et al. 2007; Melicherc¢ik
2011). Perhaps most importantly is the release of antibiot-
ics from the carrier in sufficiently high concentrations at the
site of infection long enough to eradicate the infection (for
2-3 weeks) (Howlin et al. 2015; Meani et al. 2007; Jiang
et al. 2021).

One of the most promising carrier materials for effective
local antibiotic therapy is synthetic calcium sulfate hemi-
hydrates (CaSO,-%2H,0) with the product name Stimulan®.
An advantage of Stimulan® is the possibility of applying
intravenous antibiotics with this material, both in powder and
liquid form or in a combination of two types of antibiotics or
antifungals (Kanellakopoulou et al. 2009; Kurmis 2021; Noor
et al. 2018; Biocomposites 2020). The use of calcium sulfate
in orthopedics has been increasing, both as a bone void filler
and also as a delivery agent for antibiotics in arthroplasty,
chronic osteomyelitis, open fractures, and combat injuries
(Abosala et al. 2020; Somasundaram et al. 2013). This is
especially advantageous in cases where we already know
the cause of the infection. Stimulan® is a fully absorbable
material and allows predictable release of antibiotics at suf-
ficiently high local levels (Aiken et al. 2015; Cooper 2004;
Kallala et al. 2018; Lei et al. 2012; McPherson et al. 2013;
Biocomposites 2020), does not cause damage to surrounding
tissues and joint surfaces, and thus is useful for its appli-
cation both to joints and around joint replacements (Cowie
et al. 2016; Kallala et al. 2013; Lazarou et al. 2011; Lewicki
et al. 2017). It does not act as a nidus for the development of
infection (Howlin et al. 2015; Lazarou et al., 2011; Lei et al.
2007, 2012) and its drainage losses are minimal (Borrelli
et al. 2003; Gauland 2011; Helgeson et al. 2009; McKee et al.
2002; McPherson et al. 2013; Morley et al. 2016).

After application of this calcium sulfate carrier to
the area of joint replacements during reimplantation, no
increased incidence of heterotopic ossification was observed
(Kallala et al. 2018). Antibiotics (gentamicin, tobramycin,
and vancomycin) are released from this carrier in concen-
trations exceeding the minimum inhibitory concentration
(MIC) for at least 42 days (Howlin et al. 2015). The prepa-
ration of the Stimulan® carrier is performed in the operat-
ing theater during the operation. It can be applied either in
the form of a paste with a syringe or in the form of beads.
Beads can be prepared using a silicone bead mat in different
sizes with diameter 3.0, 4.8, and 6.0 mm (Biocomposites
2020). Stimulan kit is available in sizes of 5 cm® and 10 cm?
(Biocomposites 2020). The package size of the Stimulan®
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carrier is sufficient when it is used during the operation
where there is relatively large dead space; sometimes it is
even necessary to apply several packages at once. However,
in some cases, especially in the leg and hand, the dead space
after sequestrotomy is minimal. Therefore, only a small part
of the prepared carrier is used, and the rest of the material
is discarded. As a possible solution to reduce unnecessary
waste of the local carrier and antibiotics, would be to pre-
pare Stimulan® beads with antibiotics and store them in
the necessary amount for their subsequent use for various
patients within a few days of carrier preparation.

Studies working on the elution of antibiotics from Stimu-
lan® have been performed in model situations only as carrier
preparation during surgery (Howlin et al. 2015; Aiken et al.
2015; Morley et al. 2016). The data do not report whether
there is a change in the elution curve and the potency of
the antibiotic from the calcium sulfate carrier after several
days of storage of the prepared beads already containing the
antibiotic at room temperature (approx. 22 °C).

The aim of our study was (a) to measure the exact con-
centrations of the active form of vancomycin and its two
crystalline degradation products (CDP-M and CDP-m) after
release from Stimulan® beads by HPLC and to determine
the antibacterial activity in vitro to find out whether the
concentrations are higher than MIC for resistant bacterial
strains (Klapkova et al. 2020) and (b) to verify the activity
and stability of vancomycin by both methods after storage
of this carrier at room temperature for 12 days.

Ethics

This study was conducted according to the guidelines laid
down in the 1964 Declaration of Helsinki and its later
amendments.

Material and methods
Preparation of the materials

Under sterile conditions, we prepared Stimulan® beads
(synthetic semi-hydrated form of calcium sulfate, Biocom-
posites, Ltd., Keele, UK) with vancomycin (diameter 3.0 and
6.0 mm) according to the manufacturer’s recommended pro-
cedure. We added 1 g of vancomycin (Vancomycin Mylan
1 g) to 20 g of pharmaceutical-grade calcium sulfate hemi-
hydrate powder (10cm? kit, Stimulan®). The powder was
mixed, and then after curing, i.e., after dehydration of the
support, we prepared samples so that in one there was a
carrier weighing 0.5 g, which corresponds to three 6.0-mm
beads and one 4.8-mm beads.
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Microbiological method

An agar diffusion test (an orientation bacteriological
method) was used to verify the stability of vancomycin in
the synthetic semi-hydrated form of calcium sulfate as an
antibiotic carrier. One antibiotic bead (6 mm diameter) pre-
pared by the method described above was immersed in a
solid medium (Mueller—Hinton agar from Oxoid). Then the
agar surface was overlaid with a suspension of the reference
strain Staphylococcus aureus CCM 4223 (ATCC 29,213) in
cell concentration with a turbidity of 0.5 according to the
McFarland standard. The diameter of the inhibition zone
formed around the test sample was evaluated for six samples
after 18 h of incubation at a temperature of 37 °C. The same
test was performed with another six samples of the same size
after storage for 12 days at laboratory temperature (22 °C).

Beads weighing 0.5 g were put into 72 sterile tubes and
stored in the dark at laboratory temperature for different time
intervals (0, 24, 48, 72, 96, 120, 144, 168, 192, 216, 240,
264, and 288 h). After each defined interval, 10 mL of phos-
phate buffer (95 mL of 0.2 mol/L NaH,PO,-H,0, 405 mL
of 0.2 mol/L Na,HPO,-7 H,0, and 500 mL of water cor-
rected to pH 7.4) was added to the sample in the test tube.
Six samples were prepared each time. The test tubes were
then placed in an incubator controlled by a thermostat. After
6 h at controlled temperature (37 °C), 200 pL of phosphate
buffer from each test tube was taken for determination of
vancomycin concentration.

HPLC analysis

The concentrations of vancomycin and its crystalline deg-
radation products were measured by using an Agilent 1260
system equipped with a diode array detector, quaternary
pump system, column thermostat, and an auto sampler
(Agilent Technologies, USA). Separation was performed by
column Zorbax Sb-Ag (4.6 X250 mm, particle size 5 pm)
(Agilent Technologies, USA). The column was maintained
at a temperature 22 °C. A gradient of mobile phases A and B
was used. Mobile phase A consisted of 910 mL of phosphate
buffer (2.14 g K,HPO, and 11.94 g KH,PO, dissolved in
2 L of distilled water, pH 7.4), 50 mL of acetonitrile, and
40 mL of methanol. Mobile phase B consisted of 840 mL
of the same phosphate buffer, 80 mL of acetonitrile, and
80 mL of methanol. Flow rate was set at 1.5 mL/min and
resulted in a pressure of 23 MPa. Total run time per sam-
ple was 28 min. Retention times of vancomycin, CDP-m,
CDP-M, and cefazolin were 11 min, 5.0 min, 7.0 min, and
17 min, respectively (Fig. 1). Quantification was based on
the peak area ratio of each analyte to the internal standard.
Detector wavelength was set at 210 nm and injected vol-
ume of sample was 50 pL. The cefazolin was selected as an
internal standard in concentration 100 mg/L. The chromato-
grams were processed by OpenLab (Agilent Technologies).
The recovery of SPE columns was 79-87%. The calibra-
tion curves of vancomycin and its crystalline degradation
products were constructed by measuring eight calibration
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Fig. 1 HPLC chromatogram of vancomycin and it’s crystalline degradation products

@ Springer



66

Folia Microbiologica (2022) 67:63-69

standards: for vancomycin—1, 10, 30, 60, 100, 200, 400,
and 600 mg/L; for CDP-M—1.08, 10.8, 32.3, 64.6, 100, 200,
400, and 769 mg/L; and for CDP-m—0.3, 3.2, 9.7, 19.4,
30, 60, 120.1, 231 mg/L. The assays were linear across the
whole range of concentrations with mean correlation coef-
ficients R* of 0.9999 for all calibrated analytes. Two levels
of vancomycin control samples were prepared at concentra-
tions of 15 and 100 mg/L, and two crystalline degradation
product control samples were prepared at concentrations of
CDP-M—50 and 100 mg/L and CDP-m—15 and 30 mg/L.
The entire HPLC method and its validation parameters are
described in a paper written by Klapkova et al. (2020).

Statistics

The statistical evaluation was done using GraphPad Prism
8.0.1. The data obtained were tested using the Games-
Howell’s multiple comparisons test. All the variance anal-
ysis was performed at a 95% confidence level. Value of
p <0.05 was considered to be significant.

Results

Verification of the stability of vancomycin in the calcium
sulfate carrier by an orientation bacteriological method (agar
diffusion test) is shown in Fig. 2. The diameter of the inhibi-
tion zones in the vancomycin samples was the same in all
cases, i.e., 27 mm. This suggests that vancomycin activity
remained unchanged over the times. As a control, the anti-
biotic-free Stimulan® bead showed no antibacterial activity.

During the first measurement of six samples, we meas-
ured the average concentration of vancomycin 710.5 mg/L,
CDP-M 20.5 mg/L, and CDP-m 9.4 mg/L. In other time
intervals with increasing storage time of the carrier, we

noticed, with the exception of small oscillations during
the first five measurements, a decrease in the average con-
centrations of both the active form of vancomycin and its
two crystalline degradation products. The highest average
concentrations of vancomycin and its thermodegradation
products (780.9 mg/L, 20.4 mg/L, and 8.0 mg/L, respec-
tively) were reached after 120 h of storage while the lowest
concentrations of vancomycin, CDP-M, and CDP-m were
measured after 12 days of storage (479.9 mg/L, 13.1 mg/L,
and 5.6 mg/L, respectively). Statistical evaluation of the data
showed no statistically significant differences by comparing
the following two concentrations (Table 1). However, if we
compare the data to the first value, which is the concentra-
tion of freshly prepared carrier released to the phosphate
buffer, a statistically significant decrease is observed for
vancomycin after 174 h of storage (day 7, p=0.0427). A
more significant decrease was evaluated after 246 h of stor-
age (day 10, p=0.002). No statistically significant difference
for CDP-M was observed until the tenth day of storage, for
CDP-m until the end of experiment.

Discussion

Local antibiotic therapy using carriers is now commonly
used in orthopedics and traumatology for the successful
eradication of infections. The benefits of synthetic calcium
sulfate hemihydrate antibiotic carriers are already mentioned
in the “Introduction” section. This type of material has also
been shown to be effective in the treatment of small defects
and osteomyelitis in the foot area in diabetics (Morley et al.
2016). For these reasons, we focused in this work on com-
mercially available calcium sulfate carrier with the product
name Stimulan®.

Fig.2 Orientation bacteriological method, agar diffusion test; the
diameter of the inhibition zone after 18 h of incubation in a thermo-
stat at 37 °C. A Vancomycin carrier bead applied immediately after
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processing; diameter=27 mm. B Vancomycin carrier bead applied
12 days after its preparation; diameter=27 mm. C Control sample,
Stimulan® bead without antibiotic; no zone
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Table 1 Average concentrations

Vancomycin p value CDP-M CDP-M p value

CDP-m CDP-m p value

(mg/L) (%) (mg/L) (%)

and percentages of vancomycin Time  Vancomycin

and its thermodegradation @ (me/L) %

products; p values related to the 0 710.5 100

first measurefl conc§ntration 1 7501 777

of vancomycin and its

thermodegradation products; 2 675.7 734

measured by using HPLC 3 643.7 59.6

(see “Material and methods” 4 780.9 85.1

section) 5 613.7 77.7
6 549.3 88.3
7 546.9 79.8
8 615.1 76.6
9 514.0 75.5
10 510.4 60.6
11 537.0 64.9
12 479.9 59.6

- 205 29 - 94 1.3 -
>0.05 19.8 2.8 >0.05 7.3 1.0 >0.05
>0.05 19.3 2.7 >0.05 6.9 1.0 >0.05
>0.05 164 2.3 >0.05 5.6 0.8 >0.05
>0.05 20.4 29 >0.05 8.0 1.1 >0.05
>0.05 19.6 2.8 >0.05 7.3 1.0 >0.05
>0.05 19.6 2.8 >0.05 8.3 1.2 >0.05
0.0427 18.4 2.6 >0.05 7.5 1.1 >0.05
>0.05 23.1 33 >0.05 7.2 1.0 >0.05
>0.05 19.2 2.7 >0.05 7.1 1.0 >0.05
0.002 13.6 1.9 <0.0001 5.7 0.8 >0.05
0.00215.0 2.1 0.005 6.1 0.9 >0.05
0.0008 13.1 1.8 0.0001 5.6 0.8 >0.05

We chose vancomycin as the antibiotic. Vancomycin is
very often used in combination with other antibiotics. In
case that we already know the cause of the infection, we
use calcium sulfate mixed with vancomycin only, especially
for the treatment of multidrug-resistant infections caused
by Gram-positive bacteria (MRSA, MRSE) (Miihlberg et al.
2020). The second reason why we decided to test the sta-
bility of vancomycin in the prepared material was the fact
that vancomycin breaks down over time to form crystalline
degradation products at a temperature of 20-25 °C. Further-
more, we did not want to effect the release kinetics of vanco-
mycin by another antibiotic. In addition, local vancomycin
concentrations up to 1000 mg/L have a minimal negative
effect on bone cells (Edin et al. 1996).

For verification of the stability, i.e., the efficacy of van-
comycin in the calcium phosphate carrier after its storage
for 12 days at laboratory temperature, a diffusion agar test
was used. This microbiological method is considered indic-
ative, but is fully sufficient for this model. Based on the
measurements, there was no difference in the effectiveness
of vancomycin applied as a carrier to the agar immediately
after preparation compared to the application of the car-
rier with the antibiotic after its 12-day storage at laboratory
temperature. However, it is important to realize that van-
comycin undergoes crystalline thermal degradation even at
body temperature. This results in the formation of crystal-
line degradation products (CDP-1), which consists of two
conformational isomers—major CDP-M and minor CDP-m.
These products are formed by hydrolytic cleavage of ammo-
nia. Although they are structurally similar to vancomycin,
they lack antibiotic efficacy. This is mainly the case with the
accumulation of vancomycin in the body, frequently occur-
ring in patients with renal insufficiency. These degradation
products can then accumulate in the body and contribute to
treatment failure and to the development of resistance. In

addition, in most immunochemical assays, it is impossible to
distinguish these products from vancomycin, and therefore,
the assay has falsely elevated results (Backes et al. 1998;
Ghassempour et al. 2005; Klapkova et al. 2020; Melicherc¢ik
2011; Melichercik et al. 2012, 2014; Somerville et al. 1999).
For this reason, we measured the concentration of released
vancomycin and its two degradation products by HPLC.

The concentrations of antibiotic released from the carrier
into the phosphate buffer were measured after 6 h at a ther-
mostatically controlled temperature of 37 °C. Our previous
measurements and data from the literature showed that the
maximum vancomycin concentrations were reached on the
first or second day after its application (Aiken et al. 2015;
Klapkova et al. 2020; Melichercik 2011; Melichercik et al.
2012, 2014). This demonstrates that a sufficiently high con-
centrations of vancomycin suitable for comparison of stor-
age time will be achieved after 6 h of incubation. From the
total amount of vancomycin contained in the beads, we can
conclude that approximately 30% of the antibiotic retained
in the material. Aiken et al. reported that in the case of the
calcium sulfate carrier, vancomycin concentrations are suffi-
ciently high even after 42 days (Aiken et al. 2015). However,
our work was not focused on the elution curve of vancomy-
cin from the carrier used.

We observed a decrease of both vancomycin and crystal-
line degradation products average concentrations. Due to the
fact that all measured forms of vancomycin changed approx-
imately proportionally in the same way, it can be said that
during storage for 12 days in sterile test tubes at a laboratory
temperature and in the dark there was no increase in crystal-
line thermal degradation of vancomycin caused by storage
time. Although vancomycin concentrations decreased by
approximately 32% at the end of 12 days of storage, concen-
trations of the released active form of vancomycin are many
times higher than the minimum inhibitory concentrations for
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resistant strains of Staphylococcus aureus (MIC > 16 mg/L)
(Appelbaum 2007) without increasing the toxic risk for sur-
rounding tissues (local levels of vancomycin <1000 mg/L
have little or no effect on osteoblast replication) (Cowie et al.
2016). Vancomycin could be converted into its crystalline
degradation products but we should also take into account
that other low molecular by-products are created from van-
comycin. Cao et al. (2018) studied metabolism and degrada-
tion of vancomycin in vitro in four systems. They identified
four novel degradation products, where three of them were
found in the phosphate buffer system and two of them in the
pure water system (Cao et al. 2018).

Conclusions

Based on our results, maintaining the correct procedure
according to the carrier manufacturer (Stimulan®, Biocom-
posites) and ensuring sterile conditions during preparation,
it could be recommended to prepare a calcium sulfate carrier
with vancomycin a few days before its application, certainly
at least within 12 days. Thanks to this procedure, it is pos-
sible to reduce the waste of the carrier and the antibiotic in
cases where this antibiotic carrier is used in smaller cavities,
for example, dead spaces of hand and foot. This procedure
will lead to the optimization of ecological and economic
impacts. Furthermore, in this way, it is also possible to save
time during the operation, which eliminates the prepara-
tion of the carrier in the operating room and thus reduces
the risks for the patient resulting from a longer period of
anesthesia.
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