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Abstract

Background: The level of bacteremia in patients with sepsis and septic shock
is a predictor of complications and mortality, regardless of the type of bacteria.
Devices for bacteria, endotoxin and cytokines removal by adsorption have been
recently developed. Thus, extracorporeal blood purification therapies have been
proposed as adjunctive therapy in sepsis in combination with drugs. Some poten-
tially useful drugs, however, are precluded due to their organ or metabolic toxic-
ity. The present study represents a preliminary report on the in vitro effect of a
sorbent device (minimodule with HA380 beads, Jafron medical, Zhuhai, China)
in which the particles have been functionalized with vancomycin on the surface.
The impact of the surface-modified beads on circulating bacteria (Staphylococcus
aureus) has been tested in a simulated in vitro circulation.

Methods: In vitro experiments were carried out with 800 mL of blood enriched
with S. aureus species. Blood was circulated in the vancomycin-functionalized
and non-functionalized mini-module cartridges in hemoadsorption setup
(300mL each) and the bactericidal effect was assessed. Also, 200 mL of blood was
used as a control.

Results: A significant increase in the time to positivity of blood cultures was
observed after 60min and also after 120min of therapy with the mini-module
functionalized with vancomycin as opposed to the non-functionalized cartridge.
Conclusions: These results suggest a possible way of treating sepsis by using
drug- or antibiotic-functionalized cartridges without worrying about pharmaco-
logical toxicity. The prolongation of the time to bacterial culture positivity to S.
aureus after a passage through a column packed with beads functionalized with
vancomycin represents a proof of concept.
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SORBENT FUNCTIONALIZATION WITH VANCOMYCIN
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1 | INTRODUCTION

Sepsis affects approximately 1.7 million adults in the
United States and 3.4 million in Europe each year, caus-
ing almost 700000 deaths yearly." In patients with sepsis
and septic shock, the total bacterial burden and the dura-
tion of bacteremia affect the outcome of patients, and the
amount of bacterial DNA in blood correlates with mortal-
ity. The time to positivity of blood cultures is an indicator
of pathogen load and a strong predictor of complications
due to Staphylococcus aureus bacteremia.* S. aureus bac-
teremia remains a common condition in bloodstream
infection with an increasing incidence due to the use of
invasive procedures and central venous catheters. In these
conditions, a mortality rate of 20%-60% is observed de-
spite effective antibacterial therapies and source control
strategies.”® In some cases, specific drugs could represent
a solution but their utilization is precluded due to their
metabolic or organ toxicity.

Extracorporeal blood purification therapies have been
proposed as adjunctive therapy to manage immune-
dysregulation and complications in sepsis. They are
mostly based on the principle of removal of endotoxin, in-
flammatory mediators or toxins (cytokines, chemokines,
DAMPs, PAMPs), aiming to modulate the exaggerated
inflammatory response. Removal of circulating patho-
gens with specific devices has also been proposed in the
attempt to decrease the trigger of the immune cascade and
the subsequent cytokine storm or to manage bacteremia
due to drug-resistant pathogens.” The idea of removing
pathogens with adsorption is not new and it is possible to
find successful in vitro reports using activated charcoal or
bendable nanowires.* ' New devices that focus on these
targets in extracorporeal blood purification therapies in
sepsis are being developed; some of them are

« The Seraph® 100 Microbind® Affinity Blood Filter
(ExThera Medical, Martinez, CA, USA): a hemoper-
fusion device whose functional core utilizes heparin,
mimics a naturally mammalian cell surface, and ad-
sorbs bacteria and viruses*!

« GARNET® Hemofilter (BOA™ Biomedical, Cambridge,
MA, USA): a device of hollow polysulfone fibers coated
with Fc-mannose-binding lectin with the properties of
removing pathogens from the blood.’

« Hemopurifier® (Aethlon Medical, San Diego, CA, USA):
a plasma filter with the ability to adsorb viruses in its
extra capillary space via immobilized lectin proteins.’

Consequently, with the purpose of expanding the appli-
cation of these therapies in sepsis, our group is now propos-
ing the use of surface-modified and drug-functionalized
adsorption cartridges in order to reduce the level of

circulating bacteria. The concept consists in the possibil-
ity to immobilize a potentially toxic bactericidal drug on
the surface of the sorbent beads and treat the patient while
avoiding the systemic administration of the drug. This
approach might contribute to antibiotic therapy and re-
suscitation of critically ill patients while reducing pharma-
cological toxicity and related complications. We recently
demonstrated that HA380 cartridges (Jafron, Zhuhai City,
China) adsorb significant amounts of vancomycin when
perfused with a vancomycin-enriched solution.'*

This study aims to test in vitro the HA380 cartridge's po-
tential for removing and killing bacteria (S. aureus) through
adsorption with functionalized beads with vancomycin.

2 | MATERIALS AND METHODS

The study used an in vitro hemoadsorption model to char-
acterize the effect performed by an HA380 mini-module
on a circulating bacterial load inoculated in blood.

2.1 | HAS380 cartridge

HA380 contains neutro-meso/macroporous resin made
of the styrene-divinylbenzene copolymer. The average
diameter of the resin beads is 0.80mm, ranging from
0.60 to 1.18 mm. The pore size distribution of the resin is
500 Da-60kDa."*

2.2 | Functionalized the cartridge

A saline solution enriched with 600 mg of vancomycin was
circulated in hemoperfusion in the mini-module HA380
cartridge at 250 mL/min for 30 min. After this time, the
antibiotic was adsorbed in the beads. Vancomycin values
at the end of the process were measured using the QMS
assay (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) in ILab 650 platform (Instrumentation Laboratory,
Milan, Italy) to report the concentration of vancomycin in
the circuit reservoir.

2.3 | Determining the S. aureus
concentration and reservoirs preparation

The S. aureus ATCC® 25923™ (MSSA) strain was cho-
sen as a model for the experiment. Following the analy-
sis of the growth on the blood agar plates (Tryptone Soy
Agar +5% mutton blood, B19423 MEUS S.r.l.) for vari-
ous concentrations between 3 x10* and 3 x10®CFU/
mL, it was decided to use the concentration of 0.5 x10°
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SORBENT FUNCTIONALIZATION WITH VANCOMYCIN

for inoculation in 800 mL of blood and incubated at 37°C.
The choice to use the concentration of 0.5 x 10° CFU/mL
for the experiments is in line with the study conducted by
Jacobs et al.'® This study shows that bacterial concentra-
tions of 10° CFU/mL, especially for the S. aureus species,
correspond to the most critical evolutions of the septic
process, with moderately severe or severe shock reactions
requiring extracorporeal therapies.

After 24 h, blood was partitioned into three reservoirs:
200mL was maintained as a negative control (CTR);
300mL was circulated in the functionalized cartridge (FC)
and the remaining 300 mL was circulated in another car-
tridge without antibiotic (NFC).

2.4 | Preparation and
testing of the circuit

The model involves the passage of the two reservoirs of
300mL of heparinized (10000IU heparin/L) blood with
bacterial load in a functionalized cartridge (with vancomy-
cin) and in a non-functionalized cartridge. The in vitro cir-
culation was performed using a dedicated testing platform
developed in our institute (Galileo), equipped with pres-
sure sensors and peristaltic pumps. A scaled closed-loops
HA circuits were setup as described in Figure 1. In order to
evaluate the resin adsorption capacity towards bacteria, two
customized cartridges were built assembling sorbent mini-
modules (25% of the regular size HA380 cartridge) contain-
ing 75g of wet resin (approximately 25g of dry resin).

The devices were primed according to the instructions
for use. Peristaltic pump was set at 250 mL/min and the
circuits were operated in recirculation mode using a fixed

Non-funcionalized
cartridge

£3
-

S. aureus

GALILEO
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volume of blood solution (300mL each reservoir). The
solutions were warmed, maintained at 37°C, and mixed
with a magnetic hotplate stirrer during the experiments.
The circulations were performed simultaneously for 2h.
Samples (from the two circuits reservoirs and the negative
control reservoir) were drawn at baseline (TO0), after one
hour (T1) and two hours (T2) of circulation. All the sam-
ples were cultured on DB Bacter bottles to estimate the
time after which the bacteria replication reached the pre-
determined growth threshold (time to positivity, TTP) and
samples T2 were plated on blood agar plates with semi-
quantitative techniques to assess bacterial growth, plates
were incubated for 24 h at 37°C and 5% CO.,.

The experiments using FC and NFC were repeated in
three opportunities.

2.5 | Statistical analysis

We used the ANOVA test with Bonferroni correction to
compare the results of each time point at certain hemoad-
sorption times between the experiments with and without
functionalized vancomycin cartridges. A p-value less than
0.05 was considered for significant differences. All analy-
ses were conducted using the SPSS 25 program.

3 | RESULTS
3.1 | Functionalization of the cartridge

After passing a solution enriched with vancomycin into
the mini-modules, a total of 540mg of vancomycin on

Functionalized
cartridge

&3
| 4

S. aureus

FIGURE 1 Invitro experimental setup. Customized extracorporeal circuits with HA380 mini-modules were applied to the Galileo

testing platform. The reservoirs with blood containing Staphylococcus aureus were positioned on magnetic hotplate stirrers.
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average has been adsorbed. As can be highlighted from
the studies by Godi et al. and de Cal et al.,'>' this interval
is sufficient for the cartridge to adsorb 99.2% +0.6% of the
vancomycin present in the solution. We were able to ad-
sorb 85% of vancomycin.

3.2 | Reduction capacity of circulating
bacteria in the HA380 cartridge

At the basal time of the experiment, a mean blood culture
positivity time of 85+ 5min was observed, representing
the basal homogeneity of the reservoirs.

Subsequently, we evaluated the adsorption of circulat-
ing bacteria by the HA380 mini-module (FC vs. NFC). A

300
250 FC
200

150

Minutes

100 CTR NFC CTR

T0 T1

significant increase in the TTP of blood cultures was observed
in samples collected at two different times (T1 and T2) with
the FC with vancomycin as opposed to the NFC and the CTR
reservoirs. At T1, 232+163min in the FC vs 85+ 5min in the
NFC vs 85+ 5min in the CTR were observed (p=0.034). TTP
at T2 251+198min in the FC vs 84+ 5min in the NFC vs
88+ 7min in the CTR were observed (p=0.037). (Figure 2).

Regarding S. aureus in the blood agar plates, after 24 h
of incubation a growth lower than 50% in the sample
T2 was obtained in the FC versus the NFC and the CTR
reservoirs (1 x10°CFU vs 2 x10°CFU vs 2 x10°CFU)
(Figure 3).

Vancomycin levels obtained at the end of each proce-
dure in the FC reservoir were 5.9+0.38 mg/L; no desorp-
tion phenomena were observed.

FC

NFC
FIGURE 2 Time to bacterial
culture positivity. TO is the sample
taken before blood was partitioned in
the three reservoirs. CTR, control; FC,
functionalized cartridge; NFC, non-
T2 functionalized cartridge.

CTR | NFC FC

2 x 10°CFU

2 x 10° CFU

1 x 108 CFU

FIGURE 3 Colony-forming unit of samples T2 in plates after 24 h of incubation at 37°C and 5% CO,. CFU, colony-forming unit; CTR,

control; FC, functionalized cartridge; NFC, non-functionalized cartridge.
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4 | DISCUSSION/CONCLUSION

In the present study, we demonstrate that a significant
amount of S. aureus was removed from inoculated blood
on passage through a column packed with beads func-
tionalized with vancomycin, represented by changes in
time to bacterial culture positivity and in the number of
CFUs on the plates after 120min. A functionalized car-
tridge could have an enhanced therapeutic capacity: in
addition to its immunomodulated effect of adsorbing in-
flammation factors, it could support the immune system
reducing the bacteremia thanks to the bound antibiotic.'’
The concept of an extracorporeal treatment for infections
is relatively new and has been developed with cartridges
such as Seraph® 100 and SARS-CoV-2, showing lower
mortality compared to controls, as well as in the treatment
of malaria and babesiosis with apheresis when the patho-
gen burden is high. However, different mass transfer or
adsorption mechanisms are involved in the latter, as we
mentioned p1reviously.18’19

Time to bacterial culture positivity defined as the
time from the start of incubation to the preliminary
positive result of blood culture, provides indirect in-
formation about bacteremia load and the microbial
growth rate in the blood sample and is helpful in pre-
dicting patient outcomes. Several studies have shown
that shorter TTP is associated with significantly higher
mortality risk in patients with bacteremia caused by
several bacterial species, like Escherichia coli, S. aureus,
Klebsiella pneumoniae and Pseudomonas aeruginosa and
this corresponds to the hypothesis that short TTP might
be correlated to higher bacterial load and greater dis-
ease severity.”’>* In the present work, after 60 min and
120 min, we observed a prolongation in the TTP of the
blood cultures. This TTP prolongation is reinforced by
a significant decrease in the number of CFUs on Blood
Agar plates after 120 min (similar results in a previous
study of our group with saline instead of blood).'* This
is essential because this reduction in the mass of bacte-
ria could potentially improve the prognosis of patients
with sepsis and septic shock while waiting for the an-
tibiotics to start their effect. In the case of vancomycin,
the time-killing, dependent on time and concentration,
confers a slow bactericidal effect.?

A possible explanation for the binding of vancomy-
cin to bacteria via adsorption mechanisms is presented
below. Vancomycin is active against a wide range of
Gram-positive bacteria, particularly staphylococci and
enterococci. Their activity arises from their ability to bind
peptidoglycan precursors terminating in the sequence
-Lys-D-Ala-D-Ala (- -KdAdA).** Several studies have shown
the possibility of adsorbing antibiotics through cell-wall
analogs immobilized on solid supports to form affinity
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adsorbents for the antibiotics, therefore, by immobilizing
D-Ala-D-Ala on a surface, vancomycin was selectively ad-
sorbed via electrostatic, hydrogen-bond and hydrophobic
interactions with the cell-wall analogs.”>*® Vancomycin
has a molecular mass of 1448 Da and it carries positive
charges; therefore, it may interact with the negatively
charged surface of styrene copolymer, and its Einstein-
Stoke radius could limit its passage through the pores of
the sorbent. Resin adsorption is achieved through ionic
bonds, van der Waal forces, and hydrophobic bonds.'® In a
previous work, we confirmed how the binding of bacteria
to the beads occurs exclusively on their surface and not in-
side the pores, so functionalizing this surface accentuates
this adsorption process.*

Recently, our group demonstrated the possibility of
reducing the circulating bacterial load by adsorption
using neutral meso/macropores styrene-divinylbenzene
copolymer beads, functionalized and non-functionalized
with vancomycin in an in vitro model with saline (0.9%
NaCl) instead of blood. However, as it is carried out in
saline, elements that could interfere with the bacterial
and vancomycin adsorption such as the Vroman effect
are not considered.'? The Vroman effect is exhibited by
protein adsorption to a surface by blood serum proteins.
The small plasma proteins, which have the highest mo-
bility, generally arrive first and are later replaced by
larger, less mobile proteins with a higher affinity to the
surface.'® This phenomenon does not occur in a saline
solution. A reason of using blood was to evaluate these
interferences in the adsorption process with respect to
various plasma proteins, which in the case of the func-
tionalization of the beads, could maintain this specific
adsorption effect, thus explaining the difference be-
tween the FC and the NFC with respect to the previous
study with saline solution.

Vancomycin binds to the beads in an extremely strong
way. In a similar experiment with functionalization of a
cartridge with vancomycin, we evaluated the possibility of
desorption."? Dosages performed on the supernatant after
centrifugation of the bead showed a concentration equal
to 0 pg/mL, so the possibility of desorption is negligible.'?
One potential concern is increased release of vancomycin
from increased blood flow. Studies carried out by our team
on the fluid dynamics of the cartridges confirmed that from
200mL/min, the pressure drop increases,”’ being a point
of greatest potential stress within the cartridge. Given the
above, not observing deadsorption with 250mL/min is
a safety point to consider for future therapies with func-
tionalized cartridges. The extremely low concentration of
vancomycin in the functionalized cartridge's reservoir dis-
cards the option of a bolus antibiotic effect on the bacteria
and demonstrates that the only active vancomycin was the
one adsorbed by the functionalized cartridge.
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In conclusion, these results suggest a possible way of
treating sepsis by using antibiotic-functionalized car-
tridges. The effects are represented in a prolongation of
the time to bacterial culture positivity and a reduction of
the CFU of S. aureus, while awaiting the onset of antibi-
otic action. The study highlights the possible utilization
of toxic drugs in sepsis immobilizing them on the sorbent
matrix while maintaining their clinical action. One of
the limitations of our work is the treatment time. Future
studies should evaluate whether a greater prolongation of
the TTP would be achieved by prolonging the adsorption
time. This is a preliminary report that requires further val-
idation and clinical studies to confirm the results obtained
in vitro, its effectiveness and safety and further expand the
knowledge on the use of extracorporeal therapies as a sup-
plement to counteract the septic process.
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