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Abstract. Plasma protein binding of antimicrobial agents is considered to be a key characteristic of
antibiotics as it affects both their pharmacokinetics and pharmacodynamics. However, up to the present,
no standard methods for measuring protein binding or for quantification of the influence of protein
binding on antimicrobial activity exist. This short-coming has previously led to conflicting results on
antibacterial activity of highly protein-bound antibiotics. The present review, therefore, set out to
summarize (1) methods for quantification of protein binding, (2) microbiological growth media used for
determination of the impact of protein binding on antimicrobial activity of antibiotics, and (3) different
pharmacodynamic in vitro studies that are used in this context. The advantages and disadvantages of a
wide range of different approaches are discussed and compared. The urgent call for international
standardization by microbiological societies and laboratories may be considered as a logical consequence

of the presented data.
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INTRODUCTION

The importance of protein binding (PB) on the pharma-
cokinetics (PK) of antibiotics is well-documented and accept-
ed (1,2). In contrast, no general consensus has been reached,
whether PB also pharmacodynamically impacts antimicrobial
activity by reducing the free, i.e., nonprotein-bound, fraction
of an antibiotic (3,4). The unfavorable effect of PB on
bacterial killing is generally accepted for p-lactams (5,6),
whereas doubts about the usefulness of extrapolation of
findings from B-lactams to other antimicrobial classes, such
as fluoroquinolones, persist (3,4). There is currently no
standardization of in vitro pharmacodynamic (PD) models,
which account for the impact of PB of antimicrobials (7).
Instead, the use of different investigational media containing
variable amounts of protein has previously led to diverging
results (8,9). There is thus a need to review and standardize
currently used methodologies which investigate the impact of
protein binding in in vitro PD models.

In order to evaluate the influence of PB on the PD of an
antibiotic, it is necessary to measure the free antibiotic
fraction precisely. For this purpose, different approaches are
described in the literature. The present review, therefore,
starts with a short overview on the most commonly used
methods for the determination of PB. The implications of PB
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on the antimicrobial efficacy of an antibiotic shall be outlined
and the current position of PB in in vitro PD models of
antibiotics will be discussed. As extensive reviews on impact
of PB on PK of drugs are available, the present work will not
go into details on this topic (3,10-14).

PRINCIPLES OF PLASMA PROTEIN BINDING
OF ANTIBIOTICS

Since over 30 years, the important influence of PB on the
antibacterial activity of 3-lactam antibiotics in vitro is known
and was proven in early studies by Kunin or Merriken
(15,16). The relevance of PB on PKs and the microbiological
efficacy of an antibiotic were considered clinically important
in case of highly bound agents (17). It is well-established that
only the protein unbound fraction of a drug in plasma can
readily penetrate into and equilibrate with the extravascular
space (3). Sufficient tissue penetration of drugs is, in turn, a
prerequisite for successful treatment of the majority of
bacterial infections, which occur in the interstitial fluid (ISF)
rather than in the blood (18). PB also affects drug clearance
from the body. For renaly eliminated antibiotics excreted by
glomerular filtration, high PB is associated with a decreased
elimination rate, since only the free drug is filtered (19). On
the contrary, if a drug is eliminated by tubular secretion or
undergoes hepatic metabolism, plasma protein binding (PPB)
may promote drug elimination by retaining the drug in the
bloodstream for delivery to the excretory system.

Mathematical models have been developed to character-
ize drug—protein interactions and to estimate PB parameters
(2). In brief, the fraction of drug bound to plasma proteins is a
function of unbound drug concentration (Cy), protein
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concentration (P), the number of binding sites (n), and the
equilibrium association constant (K,), which describes the
affinity of the drug—protein association. High K values (10°
to 10’ L/mol) are associated with high degrees of binding
(90% to 99.9%) (2):

HPKACU

CB:1+KACU'

1)

Nowadays, computer-based models are often applied for
estimating binding parameters (2). Mathematical models have
also been previously used to describe the impact of PBB on
the pharmacodynamics of antimicrobials. In this context, data
obtained from a number of in vitro experiments can be used
to estimate the impact of PPB on antimicrobial killing for
various antibiotics and bacteria (20).

Certain antibiotics, such as aminoglycosides and (-
lactams (1,21-23), have been shown to display saturable,
concentration-dependent, serum protein binding within the
concentration range that can result from a normal therapeutic
dose (1). As the concentration of a drug in plasma increases,
binding sites on proteins are increasingly saturated, resulting
in higher percentages of unbound drug in plasma, such is the
case for ceftriaxone (22). This may allow for more rapid
excretion and may increase free tissue concentrations.

Numerous physiological conditions such as age (e.g., in
neonates), body temperature, plasma pH, or a variety of
diseases like uremia, hepatitis, hypoalbuminemia, acute viral
hepatitis, cirrhosis, nephrotic syndrome, and epilepsy may
lead to significant decreases in PB (1,2,24). Furthermore,
drug—drug interactions can lead to changes of unbound
fractions of protein-bound drugs (25). The mechanism may
be either competitive, meaning that drugs bind to the same
site, or noncompetitive, with one drug causing a conforma-
tional change in the protein molecule, which, in turn, inhibits
the binding of the other drug (19). Drugs interacting for
binding sites on plasma proteins often additionally interact at
the level of metabolism and excretion, resulting in a
potentiation effect (19). However, although changes in PPB
can have an important influence on individual PK parame-
ters, it was shown that changes in PPB will usually not
influence the clinical exposure of a patient to the drug (24).
As a consequence, no adjustments in dosing regimens is
considered necessary except in rare cases when a drug with
narrow therapeutic index that is given parenterally or a drug
with a narrow therapeutic index that is given orally and has a
very rapid PK-PD equilibration time. Likewise, in case drugs
with a narrow therapeutic range and a high degree of PB
(>80%) are administered to critically ill patients with reduced
organ function, monitoring of the free drug may become
necessary (25).

METHODS FOR DETERMINING PLASMA PROTEIN
BINDING OF ANTIBIOTICS

Different approaches for the determination of PB are
described in the literature. In the following, we will give a
short overview on the most commonly used methods. Table I
provides an overview on the advantages as well as the short-
comings of different approaches for measuring the protein-
bound fraction of a drug in vitro and in vivo (1,2,26-44). In
the following, we will discuss only the two currently most
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relevant and frequently used methods of determining PPB,
equilibrium dialysis (ED) and ultrafiltration (UF). In addi-
tion, in vivo microdialysis will be introduced as it represents
the only method of measuring the protein unbound fraction
of a drug in vivo.

Equilibrium Dialysis

Although there is no standard method for PB measure-
ments, ED is often regarded as the “reference method” for
determining the PB profile of a drug (1,28). It is generally
easily practicable, inexpensive, and precise (30). Dialysis cell
consist of two reservoirs, separated by a semipermeable
dialysis membrane, available in various molecular weight
cutoffs (2,29). Plasma and buffer are placed in their respective
reservoirs and free drug diffuses from the plasma into the
protein-free buffer until equilibrium has been reached. Figure 1
shows a schematic representation of an ED cell. The concen-
tration of free drug (Cy) is directly measured in the buffer
solution (28). The concentration of bound drug (Cg) is obtained
by means of Eq. 2:

Cg=Cr—Cy (2)

where Cris the total drug concentration measured in the plasma
compartment.

However, there are numerous variables that must be
controlled in an ED experiment. Most notably, a temperature
of 37°C and a physiological pH should be maintained in order
to mimic the in vivo situation (26,30). The time to reach
equilibrium should be determined in the course of prelimi-
nary experiments by analyzing buffer and plasma concen-
trations at increasing time periods (2). Equilibrium has been
reached when no change is detected in plasma and buffer
concentrations within several time points. Long equilibration
periods of up to 20 h are considered a disadvantage of ED
and require beforehand measurement of chemical stability of
the respective drug over time (1,2).

A further limitation of ED is that, due to volume shifts
from buffer to the plasma compartment, the final drug
concentration in the plasma compartment is lower than the
initial plasma concentration (2). Oncotic pressure exerted by
plasma protein is the driving force of this phenomenon.
Dextran may be added to improve the isotonicity of the
buffer or mathematical correction factors may be used to
compensate for fluid shifts. Furthermore, a rigid dialyzing
system may be used which allows for compensation of oncotic
activity by an adequate pressure within the protein-containing
compartment (26).

In addition, for drugs displaying concentration-depen-
dent PB, Cy at the end of the experiment may differ from
the initial Cy values. In order to assess the actual value of
the initial free drug concentration, the experimental
measurements must be corrected mathematically (29).
Finally, part of the drug administered to an ED system
may be adsorbed to the dialysis membrane, depending on
the membrane material, the drug concentration, and the
degree of ionization (26). However, nonspecific drug
adsorption can be determined and corrected for in the
final calculation of the free drug ratio (29). Silanization of
container membranes and/or the addition of blank plasma
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Fig. 1. Schematic representation of an ED cell. Unbound drug diffuses from plasma into protein-free
buffer, separated by a semipermeable membrane, until equilibrium is reached

into the buffer container are further possibilities to reduce
this error source (27).

Ultrafiltration

A UF unit consists of two reservoirs, separated by a
semipermeable filter, which retains plasma proteins and large
molecules, while plasma water and low-molecular-weight
compounds are collected in the ultrafiltrate. Centrifugal
forces usually represent the driving force for the passage of
plasma water across the filter membrane. After a short UF
period of 10-15 min, Cy can be directly determined in the
ultrafiltrate. Similar to ED, UF is a simple and reliable
procedure for measuring the protein unbound fraction of a
drug in plasma. Figure 2 shows a schematic representation of
a centrifugational UF system.

One advantage of the UF method is undoubtedly
given by the simplicity and short duration of the proce-
dure. UF experiments are performed with small sample
volumes of less than 1 mL without the need of employing
unphysiological buffer solution. As is the case for ED,
samples should be kept at a physiological and constant pH
and a constant temperature of 37°C. Adsorption of drug to
ultrafiltrate membranes as well as leakage of drug through
the filter have been described, but can be compensated for
by conducting preliminary UF experiments in a protein-
free medium (2,29,36). As the protein concentration in the
plasma sample is concentrated, as plasma water is filtered,
only a small volume of ultrafiltrate (maximum 40% of the
initial plasma sample) should be collected, since the
protein concentration in the upper reservoir rises during
UF.

Microdialysis

In vivo microdialysis (MD) is most commonly used for
determining unbound drug concentrations in the ISF of

various tissues (31) but may be used alternatively in order
to determine PPB in the blood compartment (34). MD is
based on the diffusion of compounds along their concentra-
tion gradient from tissue into dialysate (31). Figure 3 shows a
schematic representation of a MD probe. For the purpose of
defining PPB, a MD probe containing a dialysis membrane is
surgically implanted into a blood vessel (2). Dialysate buffer
is then pumped through the probe and the unbound drug in
plasma diffuses across the membrane into the probe. Accord-
ing to the molecular weight cut-off of the semipermeable
membrane, large molecules like proteins will be retained by
the membrane (33). Microdialysate samples can then be
collected over time for subsequent analysis of Cy (34). In
order to determine Cr, plasma samples must be collected and
analyzed separately (2).

As a result of the continuous perfusion of the MD probe,
equilibrium between plasma and the recovered dialysate is
incomplete, therefore, Cyy> Cgiarysate (33). The factor by which
the concentration has to be interrelated is termed relative
recovery. The appropriate correction factor is obtained
during an in vivo calibration procedure like the retrodialysis
procedure (45). The principle of this method relies on the fact
that the diffusion process through the semipermeable mem-
brane is quantitatively equal in both directions. Thus, the
probe is perfused with a fluid containing a known concentra-
tion (Cperfusate) Of the drug of interest and its “disappearance
rate” through the membrane is determined. The in vivo
recovery value is thus calculated as:

Recovery (%) = 100 — (100 x Cgiatysate / Cperfusae) -~ (3)

Consecutively, concentrations of the unbound drug in
plasma will be calculated by the use of the recovery value:

Cu = 100 x (Caiatysaie /Recovery).

MD offers the advantages of in vivo measurement of Cy
and a constant binding equilibrium due to the absence of fluid
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Fig. 2. Schematic representation of a centrifugational UF system. Plasma water and unbound drug is forced
through a semipermeable filter (by means of centrifugal forces), retaining protein-drug complexes
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shifts and concentration effects during the collection of the
individual samples. Nevertheless, several disadvantages are
referred to the method. Firstly, the dialysis probe must
remain inserted in a blood vessel for the duration of the
experiment, which may be inconvenient for the individuals
(2). Furthermore, as dialysate is collected over time, drug
concentrations may change during the collection interval.
Finally, only small volumes of dialysate are collected in each
sample. This means that relatively sensitive analytical tech-
niques are required to measure drug concentrations in MD
experiments (1).

PROTEIN BINDING IN IN VITRO STUDIES
OF ANTIMICROBIAL ACTIVITY

In vitro studies are commonly used to determine the
antimicrobial potency of an antibiotic or, alternatively, a
combination of antibiotics against distinct pathogens. How-
ever, in order to allow for predictions on the efficacy of an
antibiotic in humans or animals, in vitro studies must be set
out to acknowledge various aspects of in vivo conditions. PB
is one of several factors which can substantially influence the
PDs of an antibiotic (9,46-48). Similar extents of PB have
been shown to differentially affect the antimicrobial activity
of highly protein-bound antibiotics (7,9,49,50) and impair-
ment of antimicrobial activity in protein-rich medium may
differ between gram-positive and gram-negative pathogens
(9). Therefore, the effect of PB on individual pathogens has to
be investigated for antibiotics on a case by case base. Table 11
shows a summary of in vitro studies conducted in the last
13 years (as published on the PubMed U.S. National Library of
Medicine database from January 1995 until March 2008),
which were aimed at investigating the influence of PB on the
activity of different classes of antibiotics (7-9,46-49,51,52).
Data depicted in Table IT indicate that (1) various media and
(2) different microbiological methods are used to investigate
the impact of PB and (3) results and interpretations of data are
highly variable. Together, these data clearly demonstrate that a
standard for the determination of the impact of PB on
antimicrobial killing is currently missing.

To mimic in vivo conditions as close as possible, an ideal
test medium would achieve a level of PB comparable to that
of pure serum. On the other hand, the chosen test medium
should not influence bacterial growth, when compared to
protein-free broth growth media, to allow for quantification
of the effect of PB independent from other factors. Table III
lists the advantages and limitations of different media for
determining antimicrobial activity of protein-bound antibiot-
ics in vitro.

The most commonly determined PD parameter for
bacterial susceptibility to an antibiotic is the minimum
inhibitory concentration (MIC). In this context, Mueller
Hinton broth (MHB) is a standard broth, which the Clinical
and Laboratory Standards Institute recommends for suscep-
tibility testing of the majority of aerobic and facultative
anaerobic bacteria (54). MHB is a liquid medium containing
beef infusion solids (4 g/L), starch (1.5 g/L), and casein
hydrolysate (17.5 g/L) and exhibits a pH of 7.4+0.2 at 37°C.
Standard broth, such as MHB, provides optimum conditions
required for bacterial growth. In contrast, some protein- or
serum-rich media cause impairment of bacterial growth due
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to the presence of antibacterial-acting substances. Because
MHB is widely used for determining bacterial susceptibility,
results of in vitro simulations in MHB can be easily compared
and interpreted. Although it is an artificial medium, MHB
more closely resembles human serum in terms of pH, Na*,
K", and CI” content and osmolality than other broths (53).

Due to the absence of protein, in vitro PD studies using
MHB as a test medium cannot usually account for the
influence of PB on antimicrobial activity. Therefore, to
investigate the impact of PB of bacterial killing of antibiotics,
bacterial susceptibility is often determined in MHB and MICs
are consecutively compared to those determined in a protein-
rich medium (9,47,48). An alternatively used approach to
assess the influence of PPB calculates the protein-free
concentration of an antibiotic in serum or growth medium
with addition of albumin and simulates antimicrobial activity
of the total and the calculated free fraction in MHB (47).
However, this approach does not account for reversible PPB
and differences of influence of PPB for gram-positive/gram-
negative bacteria, i.e., it may overestimate the influence of
PPB.

As serum can be considered to represent PB in vivo,
serum-containing medium is frequently used for incorporat-
ing PB into in vitro studies of antimicrobial activity. Although
animal serum has previously been used for this purpose (68),
serum proteins from animal species have been shown to
exhibit different binding characteristics compared to human
serum (65). Therefore, only human serum might be consid-
ered appropriate for mimicking in vivo PB in men. Human
serum for admixture may be obtained from volunteers on site
or are acquired by purchase. In the serum-manufacturing
process, whole blood is collected aseptically and allowed to
clot. In the case of purchased serum, the serum of hundreds
of individuals is then pooled, meaning that variability
between lots can be widely excluded.

Using 100% serum for antimicrobial testing would best
mimic in vivo conditions, including pH and protein concen-
tration. However, human serum on the one hand is less
optimal for bacterial growth than microbiological standard
media and on the other hand contains substances that possess
antibacterial activity. Growth rates of Staphylococcus aureus,
for instance, have been shown to be reduced in media
containing human serum (61). Furthermore, when bacterial
strains are exposed to antibiotics in active serum, even
subinhibitory antibiotic concentrations can exert a bactericid-
al effect due to the synergistic effect of antibiotics and serum
on bacterial growth (7,57,59). There have been attempts to
acclimate test strains to growth in human serum (61). Indeed,
during these experiments, the tested organisms adapted to
conditions in serum, despite the presence of antibacterial
molecules. However, they again lost their serum resistance
after several passages in microbiological media, precluding
their use as reference strains.

A wide variety of serum concentrations in test medium,
ranging from 20% to 100% serum, have been used by different
investigators in studies examining changes in antimicrobial
activity in relation to PB (50,52,55,56,58,60,62-64). In order to
minimize the growth-inhibiting effects of serum on bacterial
growth, most studies have limited the human serum concen-
tration in test media to 70%. Nevertheless, no cut-off value for
the impairment of bacterial growth by the addition of serum



bials

1miCro

Protein Binding of Ant

1<

43

8y

6

8y

o

Ly

L00T

L00¢

L661

000C

00T

800C

00T

S661

L00T

VSUN Pue VSSAl Isutede pioe dIpisny
JO ANIADOR [ePIOLIgNORq OY) SOONPAI
Apueoygrusis (9,05) JH Jo ouasaid

GHIN 01 paredwod uoym ‘VSYN

pue ySSIA surede wrdepor jo £j1anoe

[epIdLIgORq Oy} 9oNpal A[juedyIudis
jou $00p (9%0S) dH JO 90uasal

y1o1q a1nd o0y paredwod

uoym ‘suogoyjed oanisod-urerd

suteSe 6£08-c1 AV Jo Lianoe

[epoLIo)oRq oY) 20npal Apuedsyrusis jou
$20P (%0L PUE %07) SH JO 20UasaI]

gHIN 03 paredwos uoym

1702 77 pue ‘aviuowmnuad *§ ‘Snainy ‘g

jsurege uoexogoIdod pue ‘UDBXOJRAOI)

‘uexogIxouw Jo AJIANOR [EPIOLIJOR]
oy} 9onpal ApuedYIuSIS 10U SI0p

(%08 PUE ‘%0¢ ‘%0T) VH JO 2duasaid
gHIA Ul UDBXOPIXOW JO UOTORI)
9213 9y} JO AJIAIOR [EPIOLISIORQ OY) O}
spuodso1109 sy, "gHIA 0} paredwod
UQYM ‘snaunp °§ JSureSe UexXopIXow
JO ANIAIIOR [EPIOLISIORQ ) SIINPAX

Apueoyrudis (9,4) VH JO 20udsald
GHIN 01 paredwod uoym ‘vsourdniov g
jsurege jou jnq ‘snanp °§ jsurege
souojournbolony yjoq jo Aanoe

[epILIgORq 9y} Seonpal Ajpuedoyrudis

(SH %001 se umexopgixour pue
upexogeaon 10y Aoedes g4 owes
ay) sey yorym) (%21) VH Jo 2ouasalg

dGHIA Ut sonolqiue

)oq JO uondeIy 931j 9y} Jo ANANOR

[epLIa)d.q 9y} 0} spuodsariod sIyf,

‘gHIN 0} paredwoo uoym ‘snany

'g 1surede urexo ‘uroidue jo

AJIAIOE [BPIOLIOORQ ) SOONPAX
Apuesyrudis (%) VH JO 9ouasald

GHIA Ul SWIXEJOJD PUB ‘QUIPIZE)JD

‘oundojes ‘ouoxerjed o) pareduwod

QUM ‘S1anp °g JSurese SUOXBLIJed

JO AVNIADOR [ePIOLIgNORq O} SOONPAI
Apueoyrugis (%) VH JO 20uasaigd

GHIA Ul U210)IPJad JO UONIRIY

9913 91} JO AJAIIOR [EPIOLIdOR] AY) O}

spuodso1100 Sy, "gHIN 03 poredwod

uoym ‘aviuownuad -g ysurede

UQ10)IPJad JO AJIANOR [ePIOLINORq

soonpal Appuedyrusis (906)

SH J0u 1nq (%¥) VH Jo 20udsald

OIN

OIN

OIN

O3L

JIN ‘OML

O3L

OIN DML

O3IL

DAL

(%L6 ‘PIo® OIPISNy) SINJeIAN] WOl
Py Inq ‘pawrrojrad JON

(9%¢6 ‘wirdeldr) oInjerol woy
paIo Inq ‘pourrojrad JON

(%0€-1'9C “6£08-C1 AVE)
SH %001 Ul pauLiojrog

powroyrad JoN

(%97 ‘UBXOPIXOW) 2INJRIN WOIJ
paIo Inq ‘pourrojrad JON

(9% /[ ‘UIOBXOPBAOI] 9, Q¢ ‘UIDBXOPIXOW)
WNIPaW 1S3 Ul PAULIOJIS]

(%¥6-09 ‘urexo
9,07 ‘uroidure) 2InjeIANI| WOoIj
paIw Inq ‘pauriojrod JoN

powrojrad J0N

(%88 ‘UQI0)IPJad) QINJLI] WOIJ
paId Inq ‘pawrojrad joN

dH %0S+dHIN

dH %0S+dHIN

SH %0L+1io1g
SH %0c+yiolg

(%0S PU® ‘%0¢ ‘%01) VH+IHIN

onolquue Jo uonoely
991y pajenored+gHIN
VH 1P/ p+dHIN

(%0L-07) SH+dHIN
(IP/3 TI-¥) VH+AHIN

onoIquue Jo uornoeIy
991 pare[nofed+gHIA
VH 1P/3 $+dHIN

VH "IP/8 +dHIN parudwo[ddng

onoiqnue Jo uonoery
931) pajendeI+gHIN
VH 1P/ #+dHIN

SH %06+IHIN

pIOE IpISN.|

wrdey

suojournboiony,y

suojoumboionyy

Juojoumboionyg

suojournboiony,y

wepe -4

urrodsoreyda)

urrodsoreyda)

QOUIIJIY

Ie9K

UOISN[OU0))

[opowr o314 Uy

(% gd) wnipaw )s9) Ul gd JO UONRUNUINJ

wnipsjy

SSE d10IqNUY

(8007 Y2IBIN-S661 ATenuer) sonoiqnuy Jo SIsSe[) JUINI JO ANANDY [RIQOIIWUNUY 9} U0 SuIpulg UId)0Id JO 90UINYU] Y} UO SAIpNIS 04114 U] *I dqeL



yroxg uojury I[N gHN

. BD 91 suor Jo 2ouasaid uo
juopuadop Ayoedes gq
ununqe uewny
JO 1500 Y31y A[oAne[oy
wnros 0} paredwod
‘Kioedes ggq poyury
urnqe uey} Ioyjo
surojord wnIos Jo 9ouasqy
WnIds
wewny Jo A)Iqe[leAe pajrur|
pue s3s00 Y31y A[eAne[oy
SI01ES1SOAUT JUIISFIIP
£Q JUQJUOD WINIAS JO AJOLIBA
IMOI3 [e119}0Bq
s1odwey wnies Jo

L9996V LY'6'L

Beer, Wagner and Zeitlinger

gHIA 2ind 03 [enba yimoi3 [eLojoeg
199JJ9 [ELI9JORQIIUE JISULIUI JO 0UASqY

poo[q d[oym jo

Koedes gq soyewnrxordde

wni1as %0071 Jo Aoedes gq
(Hd Surpnpur)

/3 ¥ J0
uonenuaduod e 1k (qHN 89)

10Iq 0} POXIWPE SI UNUNA[Y

(wnds 9,001 01 %07
wol1j Surduelr) SUONBIIUADUOD
JUOIOHIP J& WNIPAW 1S9}

ununqre Y gHIN

G9—G6GTS0S‘L J09JJ0 [BLIdJORQNUE JISULIIUT SUONIPUOD 0dlA Ul JO KIDIWIA 0} POXIWPE SI WILIAS UBWINE] wnas QM geN
eL19108q 2AnIsod-urelsd
JoAneSou-wels 10y g4 jo
QOUANUI JO SAOUIIIJIP
I0J JUNOJJE JOU SA0(]
dd 9[qISIoAdI (pasn A[opim) synsax on0IqIUE UE JO
10J JUNOJJE JOU SA0(] jo Aypiqeredwos [[e10A0 POOLD) satpmys A)piqudoosns arjoiquue 10§ uoneNUIDUOD da1j-urejord
PSESY LT6 surajoid Jo douesqy ImoI3 [eLrdjoeq Jo juowredwr oN posn wnipaw pmbiy e st gHN paje[nores ay) Ym gHIN
SQOUIAJIY suoneIwI | saSejueApy

0411 U] SONOIqIIUY PUNOg-urajoid Jo AJNANOY [BIqOIIWUNUY AU} SUIUILINIS( J0] BIPIJA JUSISJJI(] JO SUONBIWIT pue sagejueApy °III qeL

QAIND [[I—oWN) DY/ ‘UONBIUDUOD AIONQIYUI [BWIUIW Dy ‘wnidanf
7 JUBISISOI-UDAWOIURA JH ¥ A ‘SN24np *§ JUR)SISAI-UI[DIYIOW Sy ‘Snainp S o[qndoosns-urorgiow y§syy ‘ewse[d uewny J77 ‘INIdS UBWNY §77 ‘Ununqe Uewny }/77 ‘4ioiq Uojury JO[onN gH N

JHYA pue

VS isurese uoiwoldep jo £j1anoe

[epIdLIa)o.q Oy} 99Npal ApuedyIuSIs Jou
soop Inq ‘skefop (Ip/3 ) VH JO 2ouasaig

(9%0G) wnos
JO Qouasaxd oy} ur P[OJom) PISLIIIAP

pue (Ip/3 ¢) urungye jo 2oudsaId oy ur
PIOj1YSIo 01 p[ojom) paseaIdur JYA pue

onoIqIUE JO UOORIY
9013 parenored+gHIN

(%S6-T6 ‘upAwoidep) amjeIon woiy

SH %0S+dHIN

L 00T VSYIA 1surede upAwoidep jo sanfea DA DOIN ‘O3L P91 Inq ‘pawrojrad 0N VH 1p/3 ++9HIN uAwoldeq
winopf 7 isurede unAwoldep Jo A1anoe o1joIqIue Jo uoroRly
[epLIg)dEq 9y} 29Npal Apuedyrudis 9013 pare[noed+gHIN
jou soop Inq ‘ske[op Appueogrugis (%/'16 ‘uAwoldep) arnjeray woiy VH TP/3 t+dHIN
6y Looe (%06) SH pue ('Ip/3 ) VH Jo 2oussald DL pald 1nq ‘pawioprad 10N SH %06+dHIN unfwoldeq
VSYIN PuB VSSIA Isurede
uAwoouea pue urue[doord) Jo AjAnoe (%66 ‘urAwoouea
[epLIgIORq 9} 99NpaI APuedyIusIs £9%06 ‘urue[dooro)) Injerd| woij
1< L00T jou s20p (9%0S) dH JO 2ouasaid DIN pa3o Inq ‘pauriojrad JoN dH %0S+9HIN opndadooA|n
QUAIJYY  IBOX uoIsnOuUo)) [opowr o414 uf (% dd) wnipow 1s9) Ul g JO UOHRUILIOIO sse[o dnoIqnuy

(ponunuod) Iy dqex,



Protein Binding of Antimicrobials

could be defined so far, as serum may inhibit bacterial growth
even at concentrations of <50% (61).

Alternatively to using serum, broth containing human
albumin as a protein supplement is utilized (7,48). In this
approach, concentrations of albumin usually around 5% are
used, which widely excludes factors hampering bacterial
growth (9). Similar to serum, due to interspecies differences
in binding affinities for antibiotics, human albumin appears
most representative for human in vivo conditions (66). An
albumin concentration of 4 g/dL is widely used, as this is
equivalent to the albumin concentration in human serum
(7,46,47,49,62,67). However, a major limitation of this ap-
proach is that, due to the possibility of binding to serum
proteins beside albumin, this approach does not necessarily
provide the same PB capacity as human serum (9). In this
context, a recently conducted study tried to develop a more
appropriate test medium with regard to PB capacity by up-
titrating the concentration of albumin until a PB level equal
to that in pure serum was achieved (9). MHB containing 12%
albumin (corresponding to 114 g/L albumin) was shown to
have the same PB capacity for two fluoroquinolones as pure
serum, but did not, at the same time, impair bacterial growth
of S. aureus and Pseudomonas aeruginosa over a period of
24 h when compared with pure MHB.

Besides serum and albumin, other body fluids have
previously been used for testing antimicrobial activity with
regard to impairment of antimicrobial activity, such as
cerebrospinal fluid (69), prostatic extract (70), urine (70,71),
and pus (8). The presence of (50%) pus in broth did not
result in a significant reduction of bactericidal activity of
trovafloxacin, moxifloxacin, and ciprofloxacin against S.
aureus, both under aerobic and anaerobic conditions.

In addition to different media, two main PD approaches
for determining the effect of PPB on bacterial killing in vitro
can be distinguished: those based on the MIC and those
based on a kill curve approach (72). The MIC is obtained by
making twofold dilutions of the test antibiotic in a liquid
culture medium containing or lacking proteins, inoculating it
with 5x10° cfu/mL microorganisms, and incubating it at 35—
37°C for 18-24 h. The smallest amount of antibiotic that
inhibits visible growth of the microorganism represents the
MIC. The MICy, is defined as the antibiotic concentration at
which 90% of the tested pathogens do not show visible
growth over a period of 18-24 h. Determination of the
minimum bactericidal concentration (MBC) can additionally
be determined for antibiotic substances which induce
bacterial death (bactericidal antibiotics). For this purpose,
the same procedure used to determine the MIC is repeated.
After 18-24 h of incubation, plates in which no visible growth
is detectable are used to make subcultures in an antibiotic-
free medium. These are reincubated for an additional 18-
24 h. The MBC is defined as the concentration of an
antibiotic that either totally eradicated bacteria or results in
a >99.9% decrease in the initial inoculum (i.e., a 3—logl0
reduction in colony forming units per milliliter).

In time-kill curves (TKC), the change of bacterial
counts, measured in colony forming units per milliliter,
represents the monitored PD parameter. Colony forming
units per milliliter are plotted against time in the presence of
different antibiotic concentrations (48,72,73). For the deter-
mination of the impact of PPB, bacterial counts at different

time points are commonly obtained as follows: Culture tubes
containing the medium and desired concentration of protein
and antibiotic are kept in a water bath at 37°C to allow for PB to
take place. Subsequently, tubes are inoculated with strains of a
microorganism at a standardized inoculum of 5x10° cfu/mL. At
predefined time points, samples are removed and serially
diluted with 0.9% sodium chloride and plated onto agar plates,
which are incubated for 24 h at 37°C. The colonies are then
counted and backextrapolated to the original volume to
determine colony forming units per milliliter. For a more
realistic simulation of in vivo PK, changing antibiotic
concentrations in culture tubes for dynamic pharmacokinetic/
pharmacodynamic studies may be applied (74,75). This can
either be provided by continuous adjustment or by means of a
dynamic circulation model.

Table IV provides a comparison on the advantages and
short-comings of the MIC and the TKC approach. The MIC
of an antibiotic for different bacterial strains can be easily
determined in different investigational media. One major
advantage of MIC is that it provides a fast way of screening
for the presence of an influence of PB on bacterial killing.
However, in this approach, antibiotic concentrations are not
increased continuously, but in twofold dilution steps. In
addition, MIC does only detect visible growth, i.e., increase
of bacterial counts to approximately 1x10” cfu/mL after 18—
24 h of incubation, but cannot distinguish between less
pronounced growth and bacterial killing. Therefore, the
MIC does not account for distinct differences in bacterial
killing between protein-free and protein-containing media
and may be considered inappropriate for the investigation of
antibiotics displaying moderate PB (of less than 50%). TKC,
on the other hand, provides information about the interaction
between bacteria and anti-infectives as a function of
concentration and time (48,73) and allow for the exact
determination of colony forming units per milliliter. The
main disadvantage of the TKC approach lies in the more
elaborate procedure compared to the MIC method.

Some authors have previously presented results which
disagree with the theory that only the free concentration of a
drug exhibits antimicrobial activity. In an in vitro experiment
on the antimicrobial activity of daptomycin against Entero-
coccus faecium, total drug concentrations in MHB containing
physiological albumin concentration (4 g/dL) were sufficient
to achieve bactericidal activity, whereas no bactericidal
activity was determined for the unbound fraction of dapto-
mycin in MHB (49). In another paper, it has been shown that
whereas the time to achieve bactericidal activity of daptomy-
cin was delayed in the presence of albumin, the extent of
overall kill was generally unchanged, when compared to
results in MHB (7). The lack of effect of albumin despite the
high PB of above 90% was ascribed to the hypothesized
reversibility in the PB of daptomycin (47). Analogous effects
were found for dicloxacillin where PB reduced bacterial
killing during the first 6 h but not after 24 h (76). Attempts
to interpret cefditoren activity against Streptococcus pneumo-
niae on the basis of the calculated free drug fraction were
shown to result in underestimation of antimicrobial activity
(47). However, there are several possible methodological
pitfalls of in vitro simulation models used to investigate the
impact of PB on antimicrobial killing (9). For most experi-
ments which failed to detect decreased bactericidal activity of
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Table IV. Advantages and Limitations of the MIC and the TKC approach

Advantages Limitations References
MIC Easy to perform Static approach, which 61,72
Currently the most widely used does not account for
pharmacodynamic parameter dynamic pharmacokinetics
for pharmacokinetic/ Implies subjective assessment
pharmacodynamic modeling of turbidity changes
of antibiotic Only twofold dilution steps,
MBC can be determined small changes might be overseen
Permits easy analyzing of effects No information on “killing-kinetics”
of drug combinations on For visible growth colony forming
bacterial growth units per milliliter of 107
necessary, i.e., less pronounced
growth is overseen
TKC Microbial killing and growth is Elaborate technique 48,72,73

observed as a function of both
time at a given antibiotic
concentration, i.e., “killing-
kinetics” is depicted
Curves in the presence (kill curves)
and absence (growth curves) of
antibiotic can be compared
Antibiotic concentrations can either
be held constant or changed to
mimic an in vivo concentration profile
Exact determination of colony forming
units per milliliter

Commonly only static approach,
which does not account for
dynamic pharmacokinetics

The MIC is obtained by making twofold dilutions of the test antibiotic in a liquid culture medium, inoculating it with 5x10° cfu/mL of bacteria,
and incubating it at 35-37°C for 18-24 h. The smallest amount of antibiotic that inhibits visible growth of the microorganism represents the
MIC. The TKC is obtained by plotting bacterial growth against time in the presence of chosen antibiotic concentrations. Bacterial counts are
obtained as by predefined time points, samples are removed from the culture tubes, serially diluted, and plated onto agar plates, which are
incubated for 24 h at 37°C. The colonies are then counted and backextrapolated to the original volume to determine colony forming units per

milliliter
MIC Minimal inhibitory concentration, TKC Time Kill Curve

highly bound antibiotics in protein-rich medium, PB had not
been determined in the particular test medium but PB values
were estimated from literature. Furthermore, the albumin
concentration of 4 g/dL applied in most of the experiments
may not achieve PB levels comparable to serum in case of
highly protein-bound antibiotics. Although pure serum and
MHB containing 4% albumin were shown to contain identical
amounts of albumin, the PB capacity for fluoroquinolones in
4% albumin broth was considerably lower than that of pure
serum (8.6% in 4% albumin versus 38% in pure serum and
36.8% in 4% albumin versus 77.1% in pure serum for
moxifloxacin and trovafloxacin, respectively). This finding
was explained by binding of fluoroquinolones to serum
proteins other than albumin or by differences in the binding
potency of albumin within these environments (9). Thus, it
cannot be excluded that methodological errors lead to those
results that neglect the impact of PB on antimicrobial activity.

When determining PB, inappropriately performed meth-
ods may easily lead to overestimation or underestimation of
the extent of protein binding in a given medium. Likewise,
differences between the medium used for the determination
of PBB and the microbiological medium used for the
determination of antimicrobial action may lead to differences

in the actual percentage of bound antibiotic and, consecu-
tively, misinterpretation of data. Therefore, every effort
should be made to use identical media for the determination
of PB and bacterial killing, ideally both representing in vivo
conditions as close as possible.

CONCLUSION

Currently, no standard method for the investigation of
the impact of PB on antimicrobial killing of antibiotics exists.
This might explain somewhat contradictory results obtained
from different studies. In this context, international microbi-
ological societies are called upon to develop appropriate
standards. However, it may not be possible to find standard
mediums and test conditions which are appropriate for all
antibiotics. In this case, it is recommended to carefully choose
both test medium and PD model on a case by case base. An
individual, multiple-step approach, depending on the antibi-
otic under investigation as well as on the bacterial strains
tested, may be most appropriate. Measurement of PB in the
finally chosen medium as well as determination of bacterial
growth compared to standard growth media is considered
mandatory.
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