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Both antibiotic-impregnated poly(methyl acrylate, methyl methacrylate)

(PMMA) and antibiotic-impregnated calcium sulfate have been successfully

used as local antibiotic delivery vehicles for the management of chronic

osteomyelitis. Here, we examined the antibiotic elution characteristics and

antibacterial properties of a composite drug delivery system consisting of

PMMA/calcium sulfate carrying vancomycin (dual carrier-v) against Staphy-

lococcus aureus, with PMMA loaded with vancomycin (PMMA-v) as a con-

trol. Vancomycin gradually degraded from dual carrier-v and PMMA-v up

to about 8 and 6 weeks, respectively. At different elution time points, the

inhibition zones of the dual carrier-v were larger than the inhibition zones of

the PMMA-v (P < 0.05). The colony inhibition rate of the dual carrier-v

was 95.57%, whereas it was 77.87% for PMMA-v. Scanning electron micro-

scopy was used to demonstrate biofilm formation on the surface of plates

treated with vancomycin-unloaded PMMA, whereas there was no biofilm

formation on the surface of plates treated with dual carrier-v or PMMA-v.

The dual carrier-v was more effective at antibacterial adhesion at each time

point after immersion in simulated body fluid as compared with PMMA-v

(P < 0.05). In conclusion, our results suggest that the dual carrier-v can

release higher concentrations of antibiotics and inhibit bacteria growth more

effectively in vitro as compared with PMMA-v. The dual carrier-v thus may

have potential as an alternative strategy for osteomyelitis management.

Chronic osteomyelitis, especially resulting from

multidrug-resistant bacteria, is still a refractory disease

and one of the major challenges for orthopedic sur-

geons, even though great progress has been made in sur-

gical treatment and antibiotics for chronic osteomyelitis

[1]. Local antibiotic-loaded delivery systems are com-

monly adapted as effective vehicles for chronic

osteomyelitis, to maintain antibiotics at a high level at

the local site of osteomyelitis [2,3]. Antibiotics-loaded

poly(methyl acrylate, methyl methacrylate) (PMMA)

was the effective antibiotic carrier system to control

chronic osteomyelitis, because it can provide the follow-

ing advantages: a high releasing level of antibiotics at

the local site of infection, synchronously eliminating the
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surgically debridement-derived dead space, low toxicity

and less in serum [2–4]. Although PMMA has been

widely studied, some of its disadvantages have been dis-

covered by many studies. The main drawback of antibi-

otics-loaded PMMA is the superfluous drugs at the

initial releasing stage, which thus contributed to a defi-

cient concentration for therapeutics at the later stage

[5,6]. Due to the nonbiodegradable property of PMMA,

the continuous reduction of antibiotics released by

PMMA may result in proliferation of bacteria at the

local sites and forming biofilms, which would be benefi-

cial for the production of resistant bacteria and the

recurrence of infection [7,8].

Given the disadvantages of antibiotics-loaded

PMMA, antibiotics-loaded calcium sulfate is one of

the top attractive absorbable delivery systems used for

chronic osteomyelitis [3,9]. Similar to PMMA, calcium

sulfate synchronously eliminates the surgically debride-

ment-derived dead space; in addition, it can completely

release antibiotics even after complete degradation and

does not provide matrix for the colonization of bacte-

ria. Antibiotics-loaded calcium sulfate can release

antibiotics via zero-order kinetics and layer-by-layer

surface degradation. Thus, calcium sulfate provides a

sustainable releasing rate of antibiotics and remains at

a therapeutic dose for extended periods, which is not

conducive to bacterial growth [10]. However, antibi-

otics-loaded calcium sulfate also has intrinsic draw-

backs, such as its deficient mechanical support for the

bone structure, which is a critical factor for chronic

osteomyelitis [11]. Due to the nondegradable charac-

teristics, antibiotics-loaded PMMA can provide imme-

diate or sustained mechanical stabilization for the

bone structure or is conducive to the stabilization

maintenance of the bone structure.

Vancomycin is one of glycol-peptide antibiotics that

are anti-gram-positive bacteria and is especially suitable

for fight against methicillin-resistant Staphylococcus au-

reus, which is the major pathogen of osteomyelitis [12].

In our previous clinical study, the composite drug deliv-

ery system of PMMA/calcium sulfate carried van-

comycin could gain more effectively clinical anti-

infection for chronic osteomyelitis [3]. However, further

research is needed to evaluate the antibiotic release char-

acteristics and the antibacterial properties of the com-

posite drug delivery system. Thus, this work aimed to

explore the antibiotic release characteristics and the

antibacterial properties of the composite drug delivery

system that consisted of PMMA/calcium sulfate carried

vancomycin [termed here as PMMA/calcium sulfate

carrying vancomycin (dual carrier-v)] in vitro compared

with PMMA loaded with vancomycin (PMMA-v).

Materials and methods

Materials

Vancomycin (CAS No. 1404-93-9; molecular weight: 1486)

was purchased from Sigma-Aldrich (Shanghai, China).

Stimulan� calcium sulfate powder (Stimulan� kit) was

purchased from Biocomposites Ltd (Keele, Staffordshire,

UK). PMMA cement (PALACOS� MV) was purchased

from Heraeus Medical GmbH (Wehrheim, Germany).

S. aureus subsp. aureus (S. aureus, CICC �10301) was pur-

chased from China Center of Industrial Culture Collection

(Beijing, China).

Preparation of drug delivery systems

Vancomycin-loaded calcium sulfate pellets were obtained

according to the following instructions. In short, 1000 mg

vancomycin powders and 5 mL Stimulan� calcium sulfate

powders were added into 3 mL sterile water. After thor-

oughly mixing for about 30 s, a smooth paste was formed.

Then, a hemisphere at diameter of 3.0 mm was generated

by putting the aforementioned paste into a mold for about

15 min. Finally, the mold was discarded to drop hemi-

sphere after it cured completely (Fig. 1A).

PMMA-v was obtained according to the following pro-

cedures under sterile conditions. One sachet of 40 g PALA-

COS� MV containing 38.3 g PMMA and 2000 mg of

vancomycin powders was added into 20 mL of sterile liquid

provided by the manufacturer. After mixing thoroughly,

the mixed paste was then spread into a flexible rubber mold

to make a cuboid element at a length of 15.0 mm, width of

15.0 mm and height of 12.0 mm. Finally, the mold was dis-

carded to release elements after it cured completely

(Fig. 1B). The PMMA element’s lack of vancomycin was

also provided in the same way.

Four calcium sulfate cubes carried with vancomycin were

then embedded into one PMMA element to obtain the dual

carrier-v, which was constructed of PMMA/calcium sulfate

carried vancomycin (Fig. 1C).

Preparation of simulated body fluid

The simulated body fluid (SBF) was prepared through

NaHCO3 (0.355 g), NaCl (8.035 g); K2HP04�3H20

(0.231 g), MgCl2�6H2O (0.311 g), KCl (0.25 g), Tris

(6.118 g), Na2SO4 (0.072 g), CaCl2 (0.292 g) and 1.0 M

HCl (39 mL) dissolved in 1000 mL of distilled water (pH

7.4).

Antibiotic elution in vitro

The standard drug curve was first established by high-per-

formance liquid chromatography–mass spectrometry (the
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detection limit was 3.125 lg�mL�1). The HPLC analyses

were performed as described previously [13].

Samples of the dual carrier-v or the PMMA-v were

immersed in sterile polyethylene containers containing

10 mL SBF (pH 7.4) at 37 °C, respectively. The SBF solu-

tion was semiquantitatively refreshed at the following dif-

ferent times: 4 h, 12 h, 24 h, 48 h, 96 h, 1 week, 2 weeks,

3 weeks, 4 weeks, 5 weeks, 6 weeks, 7 weeks and 8 weeks

after samples immersed in SBF. The eluents were frozen at

�4° C for further analysis. The vancomycin concentration

in the sample eluents was determined through HPLC at the

above different time points, according to the standard

curve of vancomycin.

Bacteria and growth conditions

The S. aureus was inoculated in the nutritious gravy agar

(CICC No. 10301, Medium No. CM0002, China Center of

Industrial Culture Collection; peptone 5.0 g, beef extract

3.0 g, NaCl 5.0 g, agar 15.0 g, distilled water 1000 mL, pH

7.0–7.2; http://english.china-cicc.org/goods.php?id=125546)
at 37° C for 24 h and was retained for subsequent experi-

ments after morphological identification as a pure culture.

A single colony with good growth state was inoculated into

the nutrient broth (NB) medium and cultured for 48 h

under the same conditions, and the concentration of the

suspension was adjusted to 1 9 103, 1 9 105 and 1 9 108

colony-forming units (CFUs) per milliliter by using the

NB.

Antibacterial properties by inhibition zone

The filter paper discs with a diameter of 6 mm were pre-

pared and then sterilized with ethylene oxide. Five colonies

were selected from blood agar plates incubated for 24 h.

The bacterial suspension was prepared using the above

colonies for inoculation. Then the bacterial concentration

of the bacterial suspension was adjusted to

3 9 108 CFUs�mL�1 (0.5 McFarland). The bacterial sus-

pension was taken up with a sterile cotton swab, and the

excess bacterial suspension in the cotton swab was squeezed

on the wall of the culture tube. The cotton swab bacteria

were coated on the surface of the entire Mueller-Hinton

(M-H) agar plate, and the plate was rotated by 90 degrees

each time to ensure uniform coating. The filter paper discs

with a diameter of 6 mm were impregnated with 30 lL
serial SBF eluents, which were semiquantitatively extracted

from SBF at the following different times: 4 h, 12 h, 24 h,

48 h, 96 h, 1 week, 2 weeks, 3 weeks, 4 weeks, 5 weeks,

6 weeks, 7 weeks and 8 weeks after samples immersed in

SBF. The vancomycin-unloaded PMMA (PMMA-n) was

immersed in SBF, and the extraction was used as a nega-

tive control in antibacterial properties. The filter paper

discs were placed on the earlier-mentioned coated bacteria

M-H agar, and the Petri plates were incubated for 24 h at

37° C. The diameters of the inhibition zones around the fil-

ter paper discs were measured with vernier calipers.

Antibacterial properties by colony inhibition

The samples of this colony inhibition experiment were

divided into three groups: PMMA-n, PMMA-v and dual

carrier-v. The NB suspension was prepared with

3 9 108 CFUs�mL�1 (0.5 McFarland) of the S. aureus.

Then 100 lL of the NB suspension was placed on the sur-

face of the different samples and covered with a cover glass

to uniformly distribute the bacterial liquid, and was cul-

tured in a constant temperature incubator at 37° C for

12 h. In the group of dual carrier-v, the NB suspension

was placed on the surface implanted with vancomycin-

loaded calcium sulfate pellets. The earlier-mentioned sam-

ples with the NB bacterial suspension were respectively

placed in the sterile NB liquid medium and then ultrasoni-

cally irradiated for 2 min at 40 kHz to elute the bacteria

Fig. 1. Different cargo carriers. (A) Vancomycin-loaded calcium sulfate pellets. (B) Vancomycin-loaded PMMA (PMMA-v). (C) Dual carrier

consisted of vancomycin-loaded PMMA/calcium sulfate (dual carrier-v).
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adhering to the surface of the samples. The bacterial

suspension obtained after ultrasonically irradiating was

diluted with sterilized physiological saline by a gradient

dilution method. Then, 100 lL of the earlier-diluted bacte-

rial suspension was added to the Petri dish containing

10.0 mL of nutrient agar at 37.0 � 1.0° C. The eluted bac-

teria suspension was effectively mixed with the nutrient

agar by rotating the dish. After the nutrient agar concret-

ing, the Petri dish was incubated for 24 h at 37° C and the

CFUs were counted. The antibacterial rate was evaluated

by the following formula: Antibacterial rate [14] = (CFUs

in the control group � CFUs in the experiment group)/

CFUs in the control group 9 100%.

Antibacterial adhesion evaluated by scanning

electron microscopy

Scanning electron microscopy (SEM) (VEGA3LMU; TES-

CAN, a.s., Shanghai, China) was used to evaluate the

impact of bacterial adhesion on the surface of the different

drug delivery samples at an accelerating voltage of 4.0 kV.

The samples of antibacterial adhesion were also divided

into three groups: PMMA-n, PMMA-v and dual carrier-v.

The samples of the PMMA-v and dual carrier-v were

immersed in sterile polyethylene containers containing

10 mL SBF (pH 7.4) at 37 °C, respectively. The SBF solu-

tion was semiquantitatively refreshed every 24 h after the

samples immersed in SBF. The drug delivery samples were

removed from the SBF after 0, 7 and 14 days of immersion

in the SBF. In the evaluation of antibacterial adhesion, the

PMMA-unloaded vancomycin was used as a blank control.

Then the three kinds of samples were immersed in 10 mL

of the bacterial suspension adjusted to 3 9 108 CFUs�mL�1

for 24 h at 37° C, respectively. After immersion for 24 h,

the samples were obtained and debrided twice with PBS to

remove bacteria that did not adhere to the surfaces of the

samples. Then the samples were immobilized in a 2.5%

aqueous solution of glutaraldehyde for 24 h and dehy-

drated for 10 min with different gradients of ethanol solu-

tion (30%, 50%, 70%, 90% and 100%). After the

sequential dehydration steps, the samples were dried over-

night at room temperature. The bacteria adhesion on the

sample surface was observed by SEM. For each sample,

imaging was carried out through SEM at five different ran-

dom locations. The average number of adherent bacteria at

the above five locations was obtained for evaluation of

antibacterial adhesion.

Statistical analysis

All data were reported as means � SD, unless otherwise

stated. Student’s t-test was performed between two groups,

and one-way analysis of variance (ANOVA) with Tukey’s

post hoc test was performed among multiple groups. Statis-

tical significance was built with a P-value <0.05.

Results

The antibiotic release profiles in vitro

Figure 2 shows the vancomycin release profiles of the

dual carrier-v and PMMA-v. Vancomycin was gradu-

ally released from dual carrier-v and PMMA-v up to

about 8 and 6 weeks, respectively. During the releasing

time, the concentration of vancomycin released from

the dual carrier-v was higher than the concentration of

vancomycin released by PMMA-v (P < 0.05). In addi-

tion, there was a recoil releasing of vancomycin at day

1 from dual carrier-v.

Antibacterial properties evaluated by inhibition

zone

Figure 3 shows the inhibition zone of vancomycin at

different elution time points against bacteria on M-H

agar plate. The inhibition zones were measured sur-

rounding the filter paper discs impregnated with serial

vancomycin SBF eluents at different time points. In

each assay at different elution time points, the inhibi-

tion zone of the dual carrier-v was larger than the

inhibition zone of the PMMA-v (P < 0.05). In this

experiment, no growth inhibition zone was observed

from the PMMA-n.

Antibacterial properties evaluated by colony

inhibition

Figure 4 shows the colony inhibition of vancomycin

elution at different time points against bacteria on the

M-H agar plate. The average CFUs of PMMA-n,

PMMA-v and dual carrier-v were 610, 135 and 27,

Fig. 2. Characterization of vancomycin release kinetics from the

dual carrier-v and PMMA-v. N = 5; mean � SD; Student’s t-test,

*P < 0.05.
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respectively (P < 0.001). The inhibition rate of the

dual carrier-v was 95.57%, whereas that of the

PMMA-v was 77.87%.

Antibacterial adhesion evaluated by SEM

To better observe the antibacterial adhesion of the

PMMA-n, PMMA-v and dual carrier-v at different

time points, we applied SEM. Figure 5 shows that bio-

film had formed on the PMMA-n surface, whereas no

biofilm formed on the PMMA-v and dual carrier-v

surfaces. Due to the biofilm formation, the exact

amount of bacterial adhesion could not be obtained

on the surface of the PMMA-n. The PMMA-v without

immersion in SBF had detectable bacterial adhesion,

and the amount of bacterial adhesion was observed to

increase with increasing immersion time from 28 to

110 cells (P < 0.05), whereas dual carrier-v did not

show a significant increase of bacterial adhesion with

increasing immersion time within 14 days (P > 0.05;

Table 1). More importantly, the dual carrier-v was

shown to be more antibacterial effective at each time

point after 0, 7 and 14 days of immersion into the

SBF compared with PMMA-v (P < 0.05; Table 1).

Fig. 3. Representative images and statistics of inhibition zones of S. aureus (mm) at different time points. (A) PMMA-v. (B) Dual carrier-v.

n = 5; mean � SD; Student’s t-test, *P < 0.05.

Fig. 4. Representative images and statistics of CFUs of S. aureus.

n = 5; mean � SD; one-way ANOVA with Tukey’s post hoc test,

***P < 0.001, ###P < 0.001.
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Discussion

The elution and antibacterial effects of massive proper-

ties of PMMA, calcium sulfate or other local antibiotic

loadings were well studied. However, few studies have

reported antibiotic release properties and antibacterial

properties of composite drug delivery system consisting

of dual carrier-v. In our previous clinical study, the

dual carrier-v could gain more effectively clinical con-

trol of infection for osteomyelitis [3]. However, we did

not know the antibiotic release and antibacterial

effects of dual carrier-v. Thus, this study aimed to

explore the antibiotic release characteristics and the

antibacterial properties of the dual carrier-v, with

PMMA-v as control. In this study, the dual carrier-v

showed several merits, and it can play a synergistic

antibacterial effect as compared with PMMA-v.

Compared with PMMA-v, the vancomycin elution of

dual carrier-v was much higher and gained long-lasting

effective antibiotic concentration during the study, espe-

cially in the early stages of drug release experiments.

Antibiotic-loaded PMMA was most commonly used for

chronic osteomyelitis management because of its local-

ized antibiotic-releasing effects, and has been tradition-

ally used for preventative and treatment strategies for

orthopedic-related infections. Different from the par-

enteral/oral administration of antibiotics, the PMMA

can be easily loaded antibiotics from the bulk to the sur-

face at the site of infection [15]. However, the major

problem of PMMA is the antibiotic resistance caused

by the transitory peak releasing at the very beginning

[16], and only up to 10% of drugs will be eluted [17].

Because of these shortcomings from antibiotic-loaded

PMMA, alternatives to PMMA for more sustained and

A

B

C C C

B B

Fig. 5. Scanning electron micrograph of

antibacterial adhesion at the indicated

times after application. (A) PMMA-n. (B)

PMMA-v. (C) Dual carrier-v. Scale bar:

5 lm.

Table 1. Adherent bacteria on the surface of PMMA-v and dual

carrier-v (n = 5).

Groups

CFUs of adherent bacteria

Day 0 Day 7 Day 14

Dual

carrier-v

12 � 5.43* 18 � 5.86* 20 � 5.68*

PMMA-v 28 � 8.82**,*** 46 � 7.16**,*** 110 � 7.48**,***

*P > 0.05 (one-way ANOVA with Tukey’s post hoc test) among the

different time points in the dual carrier-v group; **P < 0.05 (one-

way ANOVA with Tukey’s post hoc test) among the different time

points in the PMMA-v group; ***P < 0.05 (Student’s t-test)

between groups in the same time point.
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higher concentrations of antibiotic delivery are sug-

gested. A calcium sulfate-based cargo carrier has been

launched for its long-lasting release and biocapacity

over PMMA. More importantly, the low gradual drug

release rate of calcium sulfate helps prevent the occur-

rence of antibiotic resistance. In this study, the concen-

tration of vancomycin elution from the dual carrier-v

was much higher than that from PMMA-v. This may be

related to the absorbable properties and gradual degra-

dation characteristics of calcium sulfate. In addition,

absorbable calcium sulfate is preferred to PMMA for

the treatment of dead space infection, especially elution

kinetics of antibiotics [18,19].

Our results of inhibition zone and colony inhibition

recognized that the dual carrier-v was optimal to inhibit

the S. aureus growth with significant statistical differ-

ence as compared with PMMA-v (P < 0.05). Due to the

absolute degradation and complete elution of the cal-

cium sulfate cubes, greater inhibition zone was achieved

in the dual carrier-v than PMMA-v. As a standard

treatment of chronic osteomyelitis, PMMA-v showed

some drawbacks because of its release kinetics, in par-

ticular to the abruptly eluted antibiotics, then declined

gradually [8]. Substantially, biofilm formation will occur

because of the colonization formed by the bacteria,

which antibiotics normally find hard to penetrate [20],

and thus the chronic infection will recover. However,

dual carrier-v can overcome this deficiency. The long-

term releasing effects of dual carrier-v can be achieved

and maintained through its structure. In each assay at

different time points, the inhibition zone of the dual car-

rier-v was larger than the inhibition zone of the

PMMA-v (P < 0.05). It may be related to the effective

release of antibiotics for a longer period in the former.

Due to the protection against antibiotic penetration

of bacterial biofilm for bacteria, managing chronic

osteomyelitis is still a big challenge [21,22]. The biofilm

formation is a continuous process. It involves several

distinct stages, including initial adhesion, adsorption

and proliferation between cells, biofilm maturation

and bacterial dispersal processes [23,24]. The bacteria

must first adhere to the surface of the solid to form a

mature biofilm. Therefore, attachment from free single

bacteria to the surface of the attachment is a critical

stage in biofilm formation [25]. In this study, biofilm

was detectable on the PMMA-n and was not observed

on either PMMA-v or the dual carrier-v. Crucially, as

well as eliminating or preventing bacterial biofilm for-

mation, the dual carrier-v demonstrated a significant

reduction in bacterial colonization on its surface as

compared with PMMA-v. The amount of bacterial

adhesion and colonization on the PMMA-v surface

was significantly aggrandized with increasing

immersion time within 14 days. However, it did not

significantly increase on the surface of the dual carrier-

v. This result may be related to the effective increase

and an extension of the release of vancomycin from

the dual carrier-v, which was accomplished through

implanting calcium sulfate cubes containing van-

comycin into the PMMA spacer. Bacteria can easily

attach and adhere on the plain PMMA when there are

insufficient antibiotics [26], which results from the

insufficient elution kinetics rather than other materials

[27]. In contrast, adequate concentrations of antibiotics

are key factors because of the sublethal concentration

effects [28]. Thus, researchers have improved the ingre-

dients of PMMA to make better pharmacokinetics

[29,30]. In this work, compared with the PMMA-v, the

dual carrier-v can optimize the vancomycin release,

especially in the early stages of drug release experi-

ments. Calcium sulfate-based antibiotic carriers have

presented its antibiofilm formation because of its long-

lasting antibacterial capacity [31]. More importantly,

the dual carrier-v can yield synergistic roles. Because

of its inherently nonbiodegradable properties, PMMA

itself not only lasts the time of degradation but also

supports the bone structure during osteomyelitis man-

agement [32,33]. Antibiotic-loaded calcium sulfate can

offer an effective concentration of antibiotics in the

infection during degradation [34,35]. However, calcium

sulfate is not a structural supporter because the rapid

occurrence of calcium sulfate absorption ex vitro

would impair the mechanical strength [36,37]; there-

fore, a deep infection would be a substantial harmful

consequence [38].

Conclusions

In this study, the dual poly(methyl acrylate, methyl

methacrylate) (PMMA)/calcium sulfate carrier of van-

comycin (dual carrier-v) is more effective than

PMMA-vancomycin (PMMA-v) at inhibiting Staphy-

lococcus aureus growth in vitro. Further research on

the usage of this material may be necessary for ortho-

pedic infection.

Acknowledgements

This work was financially supported by the Medicine

& Health Program of the Health Commission of

Guangxi Zhuang Autonomous Region, China (Grant

No. Z20170955).

Conflict of interest

The authors declare no conflict of interest.

558 FEBS Open Bio 10 (2020) 552–560 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

A dual PMMA/calcium sulfate carrier of vancomycin S. Luo et al.



Author contributions

Shanchao L, CZ and Shixing L conceived and

designed the project. Shancao L, TJ, Long L, YY and

XY acquired the data. Luo L, JL and ZC analyzed

and interpreted the data. Shanchao L and TJ wrote

the paper.

References

1 Marti-Carvajal AJ and Agreda-Perez LH (2019)

Antibiotics for treating osteomyelitis in people with

sickle cell disease. Cochrane Database Syst Rev 10,

CD007175.

2 Cyphert EL, Learn GD, Hurley SK, Lu CY and von

Recum HA (2018) An additive to PMMA bone cement

enables postimplantation drug refilling, broadens range

of compatible antibiotics, and prolongs antimicrobial

therapy. Adv Healthc Mater 7, e1800812.

3 Luo S, Jiang T, Yang Y, Yang X and Zhao J (2016)

Combination therapy with vancomycin-loaded calcium

sulfate and vancomycin-loaded PMMA in the treatment

of chronic osteomyelitis. BMC Musculoskelet Disord 17,

502.

4 Kurebayashi L, de Melo AT, Andrade-Silva FB,

Kojima KE and Silva JDS (2019) Clinical evaluation of

patients with vancomycin spacer retained for more than

12 months. Acta Ortop Bras 27, 55–58.
5 Lewis G (2009) Properties of antibiotic-loaded acrylic

bone cements for use in cemented arthroplasties: a

state-of-the-art review. J Biomed Mater Res B Appl

Biomater 89, 558–574.
6 Sathya S, Murthy PS, Devi VG, Das A, Anandkumar

B, Sathyaseelan VS, Doble M and Venugopalan VP

(2019) Antibacterial and cytotoxic assessment of poly

(methyl methacrylate) based hybrid nanocomposites.

Mater Sci Eng C Mater Biol Appl 100, 886–896.
7 Dusane DH, Diamond SM, Knecht CS, Farrar NR,

Peters CW, Howlin RP, Swearingen MC, Calhoun JH,

Plaut RD, Nocera TM et al. (2017) Effects of loading

concentration, blood and synovial fluid on antibiotic

release and anti-biofilm activity of bone cement beads. J

Control Release 248, 24–32.
8 Kluin OS, van der Mei HC, Busscher HJ and Neut D

(2013) Biodegradable vs non-biodegradable antibiotic

delivery devices in the treatment of osteomyelitis.

Expert Opin Drug Deliv 10, 341–351.
9 Jiang N, Liu GQ, Yang JJ, Lin QR, Hu YJ and Yu B

(2019) Is hypercalcemia a frequent complication

following local use of calcium sulfate with antibiotics

for the treatment of extremity posttraumatic

osteomyelitis? A Preliminary Study. BioMed Res Int

2019, 7315486.

10 Giotikas D, Tarazi N, Spalding L, Nabergoj M and

Krkovic M (2019) Results of the induced membrane

technique in the management of traumatic bone loss in

the lower limb: a cohort study. J Orthop Trauma 33,

131–136.
11 Jia WT, Luo SH, Zhang CQ and Wang JQ (2010) In

vitro and in vivo efficacies of teicoplanin-loaded calcium

sulfate for treatment of chronic methicillin-resistant

Staphylococcus aureus osteomyelitis. Antimicrob Agents

Chemother 54, 170–176.
12 DeRonde KJ, Girotto JE and Nicolau DP (2018)

Management of pediatric acute hematogenous

osteomyelitis, Part II: a focus on methicillin-resistant

Staphylococcus aureus, current and emerging therapies.

Pharmacotherapy 38, 1021–1037.
13 Sarigol E, Bozdag Pehlivan S, Ekizoglu M, Sagiroglu

M and Calis S (2017) Design and evaluation of gamma-

sterilized vancomycin hydrochloride-loaded poly

(varepsilon-caprolactone) microspheres for the

treatment of biofilm-based medical device-related

osteomyelitis. Pharm Dev Technol 22, 706–714.
14 Qin Y, Chen LL, Pu W, Liu P, Liu SX, Li Y, Liu X-L,

Lu Z-X, Zheng L-Y and Cao Q-E (2019) A hydrogel

directly assembled from a copper metal-organic

polyhedron for antimicrobial application. Chem

Commun 55, 2206–2209.
15 Hanssen AD (2005) Local antibiotic delivery vehicles in

the treatment of musculoskeletal infection. Clin Orthop

Relat Res 437, 91–96.
16 Neut D, van de Belt H, van Horn JR, van der Mei HC

and Busscher HJ (2003) Residual gentamicin-release from

antibiotic-loaded polymethylmethacrylate beads after 5

years of implantation. Biomaterials 24, 1829–1831.
17 Inzana JA, Schwarz EM, Kates SL and Awad HA

(2015) A novel murine model of established

Staphylococcal bone infection in the presence of a

fracture fixation plate to study therapies utilizing

antibiotic-laden spacers after revision surgery. Bone 72,

128–136.
18 McConoughey SJ, Howlin RP, Wiseman J, Stoodley P

and Calhoun JH (2015) Comparing PMMA and

calcium sulfate as carriers for the local delivery of

antibiotics to infected surgical sites. J Biomed Mater

Res B Appl Biomater 103, 870–877.
19 Howlin RP, Brayford MJ, Webb JS, Cooper JJ, Aiken

SS and Stoodley P (2015) Antibiotic-loaded synthetic

calcium sulfate beads for prevention of bacterial

colonization and biofilm formation in periprosthetic

infections. Antimicrob Agents Chemother 59, 111–120.
20 McLaren AC (2004) Alternative materials to acrylic

bone cement for delivery of depot antibiotics in

orthopaedic infections. Clin Orthop Relat Res 427, 101–
106.

21 Urish KL, DeMuth PW, Craft DW, Haider H and

Davis CM 3rd (2014) Pulse lavage is inadequate at

removal of biofilm from the surface of total knee

arthroplasty materials. J Arthroplasty 29, 1128–1132.

559FEBS Open Bio 10 (2020) 552–560 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

S. Luo et al. A dual PMMA/calcium sulfate carrier of vancomycin



22 Urish KL, DeMuth PW, Kwan BW, Craft DW, Ma D,

Haider H, Tuan RS, Wood TK and Davis CM (2016)

Antibiotic-tolerant Staphylococcus aureus biofilm

persists on arthroplasty materials. Clin Orthop Relat

Res 474, 1649–1656.
23 Becker K, Heilmann C and Peters G (2014) Coagulase-

negative staphylococci. Clin Microbiol Rev 27, 870–926.
24 Brambilla E, Ionescu A, Gagliani M, Cochis A, Arciola

CR and Rimondini L (2012) Biofilm formation on

composite resins for dental restorations: an in situ study

on the effect of chlorhexidine mouthrinses. Int J Artif

Organs 35, 792–799.
25 Arciola CR, Campoccia D, Speziale P, Montanaro L

and Costerton JW (2012) Biofilm formation in

Staphylococcus implant infections. A review of

molecular mechanisms and implications for biofilm-

resistant materials. Biomaterials 33, 5967–5982.
26 Giavaresi G, Bertazzoni Minelli E, Sartori M, Benini A,

Della Bora T, Sambri V, Gaibani P, Borsari V,

Salamanna F, Martini L et al. (2012) Microbiological

and pharmacological tests on new antibiotic-loaded

PMMA-based composites for the treatment of

osteomyelitis. J Orthop Res 30, 348–355.
27 Webb JC and Spencer RF (2007) The role of

polymethylmethacrylate bone cement in modern

orthopaedic surgery. J Bone Joint Surg Br 89, 851–857.
28 Brauner A, Fridman O, Gefen O and Balaban NQ

(2016) Distinguishing between resistance, tolerance and

persistence to antibiotic treatment. Nat Rev Microbiol

14, 320–330.
29 Rasyid HN, van der Mei HC, Frijlink HW, Soegijoko S,

van Horn JR, Busscher HJ J and Neut D (2009) Concepts

for increasing gentamicin release from handmade bone

cement beads. Acta Orthop 80, 508–513.
30 Schmidt-Malan SM, Greenwood-Quaintance KE,

Berglund LJ, Mandrekar J and Patel R (2019)

Oritavancin polymethylmethacrylate (PMMA)-

compressive strength testing and in vitro elution. J

Orthop Surg Res 14, 43.

31 Howlin RP, Winnard C, Frapwell CJ, Webb JS,

Cooper JJ, Aiken SS, Stoodley P (2016) Biofilm

prevention of gram-negative bacterial pathogens

involved in periprosthetic infection by antibiotic-loaded

calcium sulfate beads in vitro. Biomed Mater 12,

015002.

32 Jaeblon T (2010) Polymethylmethacrylate: properties

and contemporary uses in orthopaedics. J Am Acad

Orthop Surg 18, 297–305.
33 Konig DP, Schierholz JM, Hilgers RD, Bertram C,

Perdreau-Remington F and Rutt J (2001) In vitro

adherence and accumulation of Staphylococcus

epidermidis RP 62 A and Staphylococcus epidermidis M7

on four different bone cements. Langenbecks Arch Surg

386, 328–332.
34 Thomas MV, Puleo DA and Al-Sabbagh M (2005)

Calcium sulfate: a review. J Long Term Eff Med

Implants 15, 599–607.
35 Beardmore AA, Brooks DE, Wenke JC and Thomas

DB (2005) Effectiveness of local antibiotic delivery with

an osteoinductive and osteoconductive bone-graft

substitute. J Bone Joint Surg Am 87, 107–112.
36 Rauschmann MA, Wichelhaus TA, Stirnal V,

Dingeldein E, Zichner L, Schnettler R and Alt V (2005)

Nanocrystalline hydroxyapatite and calcium sulphate as

biodegradable composite carrier material for local

delivery of antibiotics in bone infections. Biomaterials

26, 2677–2684.
37 Chang W, Colangeli M, Colangeli S, Di Bella C, Gozzi

E and Donati D (2007) Adult osteomyelitis:

debridement versus debridement plus Osteoset T pellets.

Acta Orthop Belg 73, 238–243.
38 Zilberman M and Elsner JJ (2008) Antibiotic-eluting

medical devices for various applications. J Control

Release 130, 202–215.

560 FEBS Open Bio 10 (2020) 552–560 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

A dual PMMA/calcium sulfate carrier of vancomycin S. Luo et al.


	Outline placeholder
	feb412809-aff-0001
	feb412809-aff-0002
	feb412809-aff-0003
	feb412809-aff-0004

	 Mate�ri�als and meth�ods
	 Mate�ri�als
	 Prepa�ra�tion of drug deliv�ery sys�tems
	 Prepa�ra�tion of sim�u�lated body fluid
	 Antibi�otic elu�tion in&thinsp;vitro
	 Bac�te�ria and growth con�di�tions
	 Antibac�te�rial prop�er�ties by inhi�bi�tion zone
	 Antibac�te�rial prop�er�ties by colony inhi�bi�tion
	feb412809-fig-0001
	 Antibac�te�rial adhe�sion eval�u�ated by scan�ning elec�tron microscopy
	 Sta�tis�ti�cal anal�y�sis

	 Results
	 The antibi�otic release pro�files in&thinsp;vitro
	 Antibac�te�rial prop�er�ties eval�u�ated by inhi�bi�tion zone
	 Antibac�te�rial prop�er�ties eval�u�ated by colony inhi�bi�tion
	feb412809-fig-0002
	 Antibac�te�rial adhe�sion eval�u�ated by SEM
	feb412809-fig-0003
	feb412809-fig-0004

	 Dis�cus�sion
	feb412809-fig-0005
	feb412809-tbl-0001

	 Con�clu�sions
	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	feb412809-bib-0001
	feb412809-bib-0002
	feb412809-bib-0003
	feb412809-bib-0004
	feb412809-bib-0005
	feb412809-bib-0006
	feb412809-bib-0007
	feb412809-bib-0008
	feb412809-bib-0009
	feb412809-bib-0010
	feb412809-bib-0011
	feb412809-bib-0012
	feb412809-bib-0013
	feb412809-bib-0014
	feb412809-bib-0015
	feb412809-bib-0016
	feb412809-bib-0017
	feb412809-bib-0018
	feb412809-bib-0019
	feb412809-bib-0020
	feb412809-bib-0021
	feb412809-bib-0022
	feb412809-bib-0023
	feb412809-bib-0024
	feb412809-bib-0025
	feb412809-bib-0026
	feb412809-bib-0027
	feb412809-bib-0028
	feb412809-bib-0029
	feb412809-bib-0030
	feb412809-bib-0031
	feb412809-bib-0032
	feb412809-bib-0033
	feb412809-bib-0034
	feb412809-bib-0035
	feb412809-bib-0036
	feb412809-bib-0037
	feb412809-bib-0038


