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Background: Temocillin plasma protein binding (PPB) in healthy individuals is reported to be ∼85% but had not
been studied in patients.

Objectives: To obtain normative data on temocillin PPB in patients in relation to infection and impact of
co-medications widely used in ICU.

Methods: Plasma was obtained from healthy individuals (Group #1), non-ICU patients with UTI (Group #2), ICU
patients with suspected/confirmed ventriculitis (Group #3) or with sepsis/septic shock (Group #4). Total and un-
bound temocillin concentrations were measured in spiked samples from temocillin-naive donors (in vitro) or in
plasma from temocillin-treated subjects (in vivo). The impact of diluting plasma, using pharmaceutical albumin,
or adding drugs potentially competing for PPB was tested in spiked samples. Data were analysed using a modi-
fied Hill–Langmuir equation taking ligand depletion into account.

Results: Temocillin PPB was saturable in all groups, both in vitro and in vivo. Maximal binding capacity (Bmax)
was 1.2–2-fold lower in patients. At 20 and 200 mg/L (total concentrations), the unbound fraction reached
12%–29%, 23%–42% and 32%–52% in Groups #2, #3, #4. The unbound fraction was inversely correlated
with albumin and C-reactive protein concentrations. Binding to albumin was 2–3-fold lower than in plasma
and non-saturable. Drugs with high PPB but active at lower molar concentrations than temocillin caused min-
imal displacement, while fluconazole (low PPB but similar plasma concentrations to temocillin) increased up to
2-fold its unbound fraction.

Conclusions: Temocillin PPB is saturable, 2–4-fold lowered in infected patients in relation to disease severity (ICU
admission, hypoalbuminaemia, inflammation) and only partially reproducible with albumin. Competition with
other drugs must be considered for therapeutic concentrations to be meaningful.

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com
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Introduction
Temocillin, a β-lactam originally described as showing stability
to many β-lactamases, is a useful carbapenem-sparing drug
in the context of widening ESBL-mediated resistance in
Enterobacterales.1 It shows high plasma protein binding
(PPB; 80%–85%), a prolonged half-life (∼4 h), adequate pene-
tration and activity in extravascular spaces.2–4 Its high and
self-saturable PPB at clinically achievable concentrations,5,6

however, complicates dose optimization based on pharmaco-
kinetic/pharmacodynamic (PK/PD) concepts, as only the un-
bound forms of β-lactams are generally considered active.7

The high PPB reported for temocillin, however, came from a
single study with healthy volunteers,2 while clinical studies
with ICU patients documented much lower mean values (ap-
proximately 45%) but high interpatient variability.8,9 This situ-
ation is shared by flucloxacillin, another β-lactam with high
PPB.10

Our aim was therefore to characterize temocillin PPB in
detail and to contribute to establishing the reasons for inter-
patient variability. To reach this goal, we analysed samples
from healthy subjects and patients with infections of in-
creasing severity. We developed an equation for estimating
drug-binding parameters that takes ligand depletion into ac-
count.11–14 We then used it to describe temocillin PPB in our
samples, in relation to the degree of infection severity and
inflammation of the subjects. We also examined the poten-
tial impact on temocillin-binding parameters of other drugs
frequently administered to ICU patients and with variable
degrees of PPB. In a nutshell, we found that (i) the binding
capacity of temocillin is markedly decreased in infected pa-
tients, probably due to inflammation and ensuing hypoalbu-
minaemia; (ii) pharmaceutical albumin does not allow
reproduction of the saturable character of temocillin binding
in plasma; and (iii) drugs with high PPB cause only minimal
displacement when tested at their clinically relevant concen-
trations if these are lower than those of temocillin.

Materials and methods
Drugs and reagents
Temocillin was provided by EUMEDICA S.A. (Manage, Belgium) as
Negaban®.15 All other drugs or reagents were of suitable quality and ob-
tained from traceable origins (see details in the Supplementary Materials
and methods, available as Supplementary data at JAC Online).

Collection of samples
Samples were collected from healthy individuals (Group #1), patients
with urinary tract infection (UTI) hospitalized in common wards
[Group #2; Algemeen Ziekenhuis Delta (AZ-Delta), Roeselare, Belgium]
and ICU patients (Cliniques universitaires St-Luc, Brussels, Belgium)
with documented/suspected brain ventriculitis (Group #3) or with sep-
sis/septic shock (SOFA score >6;16 Group #4). Biological parameters are
shown in Table 1 and Table S1. Half of the samples were obtained from
temocillin-naive donors [used for spiking studies (in vitro)], and the
other half from 14 volunteers (8 participating in a previous temocillin
PK study;6 6 recruited in Austria with authorization from the ethical
committee) or from temocillin-treated patients (see Figure S1 for doses
and schedules).

Preparation and handling of samples; biochemical assays
Plasma was collected after blood centrifugation and frozen at −80°C.
After thawing, its pH was at or very close to 7.2. For in vitro studies,
samples from donors were mixed with small volumes (≤3% of total)
of concentrated temocillin solutions (plus a competing drug in dedi-
cated studies) to reach the desired final concentrations and incu-
bated at 37°C for 30 min before assay. Sample preparation for
experiments looking at matrix dilution effects is explained in the
Supplementary Materials and methods. Validated automated
methods (see details in Supplementary Materials and methods)
were used for the assay of total proteins, albumin or C-reactive pro-
tein (CRP).

Determination of total, unbound and bound temocillin
concentrations
Total and unbound temocillin concentrations were measured after pro-
tein precipitation with methanol and on centrifuge-generated ultrafil-
trates (exclusion: 30 kDa), respectively, using a previously validated
HPLC-MS/MS method for analysis in serum18 or plasma6 samples. All
temocillin-spiked samples were incubated at 37°C for 30 min (a time suf-
ficient to reach equilibrium of drug PPB11 and used in most studies).19

Lack of binding of temocillin to surfaces of the ultrafiltration devices
and negligible influence of temperature during the centrifugation step
[at 25°C (as in all published studies with temocillin PPB) versus 37°C (often
selected in PPB studies for other drugs)] were demonstrated using matrix
analysis approaches (see Supplementary Materials and methods,
Table S2 and Figure S2A–C). Bound concentrations were calculated as
the difference between total and unbound concentrations, and the un-
bound fraction as the ratio between the unbound and the total
concentrations.5,13

Impact of drugs with high PPB, and of tacrolimus and
fluconazole, on temocillin PPB
Diazepam, midazolam, propofol and pantoprazole, all reported as high-
ly protein bound [>95%; low dissociation constant (<10−4 M); see
Table S3], were selected based on their frequent use in patients hospi-
talized in ICU (based on local hospital pharmacy data). Tacrolimus was
added because of reported interferences with anti-infective therapy,
and fluconazole as a drug with lower PPB (see Table S3 for additional
details). To ensure clinical significance, drugs were added at their clin-
ically pertinent concentration20 to plasma from Group #1 donors to-
gether with temocillin (see Supplementary Materials and methods for
more details).

Model for the study of temocillin binding
The Hill–Langmuir equation (H–Le), used in most ligand–receptor studies
undertaken in a molecular pharmacology context, plots the bound and
unbound ligand concentrations as dependent and independent variables.
It assumes that binding is minimal and that the free concentration is al-
most equal to the total concentrations.21 None of these conditions are
met in temocillin PPB studies. First, the H–Le is invalid in situations of lig-
and depletion, which takes place when binding is not minimal and when
the unbound concentration becomes much lower than the total concen-
tration, a situation known as ligand depletion. Second, the bound concen-
trations of drugs are never measured in drug PPB studies and the
difference between the total and unbound concentrations is used as a
surrogate. Inspired by previous pharmacological studies,22 we developed
an explicit form of the H–Le in which the temocillin bound concentration
remains the dependent variable but is expressed as a function of its total
concentration (Equation 1):
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y =
−(Kd + x + Bmax) +

���������������������������������������
((Kd + x + Bmax)

2 − (4 × x × Bmax))
√( )

−2
(1)

where y is the concentration of bound temocillin, x is the measured total
temocillin concentration of each sample, and Kd and Bmax are the binding
parameters. This equation will be referred to as the ‘saturation binding
curve accounting for ligand depletion’ (SBCALD); its slope factor (Hill coef-
ficient) was set to 1, as in the starting H–Le (see Appendix in the
Supplementary data for details of its construction and performance).

Data and statistical analysis
All datasets (and their transformants, if suitable) were checked for distri-
bution normality before performing parametric statistics or regressions
and curve-fitting analyses (details in Supplementary Materials andmeth-
ods). Non-parametric statistics were used for analysis of non-normal dis-
tributions or in the case of uncertainties. Differences were considered as
significant for P values of <0.05. Prism version 9.2/9.4 (GraphPad
Software, San Diego, CA, USA) was used throughout.

Ethical approval and study registration
The ad hoc authority of each clinical institution approved and registered
the study protocol [AZ Delta: Commissie medische ethiek (no.
B403201938914); CU St-Luc: Comité d’Ethique hospitalo-facultaire (no.
1737/2015); Medical University of Vienna: Ethic Committee (no. 1737/
2015)], whichwas thenglobally approvedandgivenauniqueBelgian regis-
tration no. (B403201629439) by the Comité d’Ethique hospitalo-facultaire
of the Health Sciences Sector of the Université catholique de Louvain. The
study protocols were registered at ClinicalTrials.gov (NCT03440216 and
NCT03557840) and EudraCT (number 2015-003457-18).

Results
Unbound temocillin in plasma: in vitro and in vivo studies
We first measured the concentration of unbound temocillin as a
function of its total concentration in plasma samples obtained
from (i) donors and spiked with temocillin (in vitro studies); and
(ii) subjects having received temocillin prior to collection (in vivo
studies). All samples were stratified into four groups, based on
their health status (from healthy to critically ill patients; see

Table 1. Plasma total protein, plasma albumin and CRP concentrations in study populations

Parameter

Study populations

Healthy individuals General ward patientsa ICU patientsa

Group #1 Group #2 Group #3 Group #4

Proteins
Donors (unexposed to temocillin; samples used for spiking experiments)
Number 14 7 9 7
Plasma total protein (g/L)b 77.1±4.58 (A;a) 63.3± .28 (B;a) 63.8±4.65 (B;a) 37.7±5.10 (C;a)
Plasma albumin (g/L)c 47.42±3.547 (A;a) 33.7±3.49 (B;a) 34.8±2.89 (B;a) 17.9±1.90 (C;a)

Subjects [having received temocillin (healthy volunteers) or treated with temocillin (patients)]
Number 14d 12 7 14
Plasma total protein (g/L)b 70.9±3.04 (A;b) 64.7±6.59 (B;a) 64.5±4.35 (B;a) 48.9±8.90 (C;b)
Plasma albumin (g/L)c 43.9±2.51 (A;b) 31.1±4.26 (B;a) 32.6±4.52 (B;a) 19.1±3.98 (C;a)

CRP
Number e 11 7 14
Median (min–max) 82.4 (13.5–328) 74.0 (14.7–131) 179 (50.9–550)
log10 mean±SD (mg/L)f 1.86±0.358 (B) 1.73±0.31 (B) 2.23±0.339 (C)

Statistical analysis by row: comparing all values, unpaired ordinary analysis of variance [ANOVA (with P value at the end of each row)] followed by post
hoc Tukey’smultiple comparison test [values with different upper-case letters (A, B, C) are significantly different fromeach other (P<0.001)]; if with the
same letter, the difference is not significant (P>0.05). In Table 1, A is always given to the data in the left column. Statistical analysis by column: un-
paired t-test comparing in vitro and in vivo data. Values with different lower-case letters (a, b) are significantly different from each other (highest
P value observed: <0.02); if with the same letter, the difference is not significant (P>0.05). In Table 1, a is always given to the data closest to the
top of the table.
aPatients with documented UTI hospitalized in the Department of Urology of the AZ Delta Ziekenhuis (Group #2); patients hospitalized in ICU at
Cliniques universitaires St-Luc with suspected/documented ventricular infection (Group #3); or sepsis/septic shock (Group #4) (see Table S1).
bLocal normal values: 64–83 g/L (Cliniques universitaires St-Luc).
cLocal normal values: 35–52 g/L (Cliniques universitaires St-Luc).
dThis includes the eight volunteers enrolled in a pharmacokinetic study6 plus six volunteers recruited in Austria (with suitablemodification of the proto-
col accepted by the Ethical Committee).
eNo assay was made for healthy individuals but local normal and published values17 are <5 mg/L.
fUntransformed values showed inconsistent results in test for normality of distribution. Log-transformed data showed normality and were therefore
used for further statistical analysis.
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Table 1 and Table S1 for details). Results are shown graphically in
Figure 1 (numerical data and analyses in Table 2 and Table S4.1).

In vitro [Figure 1(a–c)], unbound temocillin concentration
could be related to its total concentration using a quadratic poly-
nomial function, demonstrating a saturable character of temocil-
lin PPB in spiked samples from all four groups (Figure 1a).
Unbound temocillin concentration increased stepwise from
Groups #1 to #4, with statistically significant and consistent in-
creases of the regression parameters of the fitted quadratic func-
tions (Table S4.1.A.1). The temocillin unbound fraction increased
linearly as a function of its total concentration (Figure 1b). Slopes
(B1 parameter) were close to each other, but offset values (B0
parameter; starting at a total concentration of 20 mg/L) in-
creased in a statistically significant, stepwise and consistent

fashion from Group #1 to #4 (Table S4.1.B.1), with unbound frac-
tions reaching, respectively, 5%–18%, 18%–35%, 25%–45% and
35%–58% for Groups #1, #2, #3 and #4, for 20–200 mg/L total
concentrations. Figure 1c shows the fitting of the proposed
SBCALD function to the data from each group (Table 2.a1 for cal-
culated binding parameters). Kdwas increased 1.4–2.2-fold in pa-
tients compared with healthy individuals but with no relation to
the type of infection. Conversely, Bmax consistently decreased
from 294 mg/L in Group #1 to 240, 179 and 108 mg/L in
Groups #2, #3 and #4, with statistically significant differences be-
tween each group.

In vivo [Figure 1(d–f)], similar observations weremade, name-
ly (i) saturation of temocillin PPB in samples from all four groups;
(ii) stepwise and consistent increases of the unbound temocillin

Figure 1. Binding of temocillin in plasma samples. (a–c) In vitro studies (spiked samples); data are shown asmean±SD (number of individuals=14, 7,
9 and 7). (d–f) In vivo studies (samples from subjects or patients having received temocillin). Each data point corresponds to a unique sample, but
samples obtained from individuals in each of the four groups (n=14, 12, 7 and 14) share the same symbol and colour. Abscissa: total temocillin con-
centration; ordinate: (a) and (d): unbound temocillin concentration (measured); (b) and (e): unbound fraction (percent of total); (c) and (f): bound
temocillin concentration calculated from the difference between the respective total [for each series of replicates (c) or for each sample (f)] and un-
bound concentrations (for each data point). Data were used to fit by non-linear regression analysis: (i) in (a) and (d), a quadratic (second order) poly-
nomial function; (ii) in (b) and (e), a linear function; and (iii) in (c) and (f), the SBCALD equation. (b), (c), (e) and (f) curves are shown with 95% CI;
(f) dotted lines are extrapolations beyond the last experimental point up to an abscissa value of 350 mg/L. For (b) and (e), data corresponding to
an abscissa value <20 mg/Lwere not used because the low values compared with background yielded unreliable data for foolproof curve-fitting ana-
lysis. Values of the best-fit parameters and pertinent statistical analyses: see Table 2 and Table S4. This figure appears in colour in the online version of
JAC and in black and white in the printed version of JAC.
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concentrations when moving successively from Group #1 to #2,
#3 and #4 (Figure 1d); and (iii) linear increase of the unbound
fraction as a function of the total temocillin concentration with

values close to those measured in vitro (Figure 1e), again with
similar slopes among the three groups of patients but stepwise
and statistically significant increases of the offset values of the

Table 2. Parameters of temocillin PPB based on assay of unbound and total temocillin

Parametera

Healthy individuals General ward patients ICU patients

(Group #1)b (Group #2)b (Group #3)b (Group #4)b

(a1) Binding in spiked plasma samples from donors not exposed to temocillin (in vitro)c (analysis of data from Figure 1c)
R2 (fit goodness) 0.998 (n=126) 0.986 (n=42) 0.961 (n=63) 0.919 (n=49)
Kd
d (mg/L)±sSDe

(95% aCI)f
26.7±1.31 (A;a;α)

(24.2–29.4)
58.6±9.91 (B;a;α)

(42.0–83.7)
57.6±9.35 (B;a;α)

(42.0–79.8)
39.1±8.41 (C;a;α)

(25.6–58.7)
Bmax
g (mg/L)±sSD
(95% aCI)

294±4.46 (A;a;α)
(285–305)

240±15.5 (B;a;α)
(215–280)

179±10.1 (C;a;α)
(161–202)

108±5.90 (D;a;α)
(97.2–120)

Mean molar Bmax/[albumin] ratioh 1.00 1.13 0.83 0.96
(a2) Binding in plasma samples from subjects having received temocillin (in vivo)i (analysis of data from Figure 1f)
R2 (fit goodness) 0.993 (n=145) 0.9650 (n=84) 0.950 (n=65) 0.792 (n=146)
Kd (mg/L)±sSD

(95% aCI)
23.0±2.72 (A;b)

(18.5–29.2)
33.9±6.29 (A;b)

(23.0–49.6)
77.8±22.0 (B;b)

(47.4–156)
84.9±15.3 (B;b)

(59.5–124)
Bmax (mg/L)±sSD

(95% aCI)
351±17.5 (A;b)

(322–392)
221±17.8 (B;a)

(193–268)
231±39.5 (B;a)

(176–372)
170±14.7 (C;b)

(141–206)
Mean molar Bmax/[albumin] ratio 1.15 1.13 1.17 1.37

(b) Binding in diluted spiked plasma samples from healthy donors not exposed to temocillin (in vivo study)j (analysis of data from Figure 3c)
Plasma from healthy individuals

undiluted diluted

[Total protein]/[albumin] (g/L) 81/48.0 57/34.8 52/30.6 40/23.5
R2 (fit goodness) 0.998 (n=27) 0.997 (n=27) 0.996 (n=27) 0.992 (n=27)
Kd (mg/L)±sSD

(95% aCI)
32.3±3.72 (A;β)

(26.6–44.3)
43.8±4.30 (B;β)

(35.9–53.8)
55.4±5.82 (C;α)

(44.9–69.2)
106±16.0 (D;β)
(73.89–148.5)

Bmax (mg/L)±sSD
(95% aCI)

312±13.3 (A;α)
(288–344)

266±9.83 (B;β)
(248–289)

257±11.0 (B;β)
(236–285)

275±21.7 (B;β)
(238–332)

Statistical analysis by row: ordinary one-way ANOVA with Tukey multiple comparison test (assuming equal standard deviations); similar results were
obtained using Brown–Forsythe ANOVA orWelch’s ANOVAwith Dunnett’smultiple comparison post hoc test (not assuming equal standard deviations)
except for Kd in samples from individuals having received temocillin where values different from each other are flagged with different upper-case let-
ters (P<0.05). In Table 2, the data in the left column always received a letter A, the next (from left to right)with a significant difference received a B, and
so on. Statistical analysis by column: unpaired two-tailed t-test comparing in vitro versus in vivo data and values with the same lower-case letter (a or
b) are not significantly different fromeach other. The same test was also used to compare in vitrodata fromdonors in each group [#1, #2, #3 or #4]with
in vitro data generated by spiking temocillin in undiluted or diluted plasma obtained from donors of Group #1. The comparison is based on similar
albumin concentrations between plasma of donors of Group #1 versus undiluted plasma (47.42 versus 48 g/L), Group #2 and diluted plasma (33.7
versus 34.8 g/L); Group #3 and diluted plasma (34.8 versus 30.6 g/L); Group #4 and diluted plasma (17.9 versus 23.5 g/L), and values with the
same lower-case Greek letter (α or β) are not significantly different.
aDetermined by fitting Equation 1 (SBCALD) to the data using non-linear regression (least squares; no handling of potential outliers, no weighing of the
data; convergence criteria: five iterations in a row changing the sum of squares by <0.0001%; each replicate (n=3) considered as an individual point).
Raw data (unbound versus total concentrations) are those shown in Figure 1 (a–c and d–f: in vitro and in vivo studies, respectively).
bSee Table 1 for description of Groups #1 to #4.
cNumber of concentrations tested: 6–9; number of replicates for each concentration: 7–14; degrees of freedom: 40–138.
dDrug plasma protein dissociation constant.
eMeans±symmetrical standard deviation (sSD); representing the effect of unsystematic errors.
fAsymmetrical 95% CI (aCI95); profile likelihood; addressing the combined effect of unsystematic errors and systematic bias, calculated using a con-
sistency standard error and an agreement standard error.23
gMaximal binding capacity.
hCalculated using a molecular weight of 66.5 kDa for albumin and concentration values from Table 1.
iNumber of data points: 55–145; no replicate (all independent) degrees of freedom: 53–143.
jNumber of concentrations tested: 9; number of replicates for each concentration: 3; degrees of freedom: 25.
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fitted functions when moving successively from Group #1 to #2,
#3 and #4 (Table S4.1.A2 and S4.1.B2). Unbound fractions
reached, respectively, 4%–13%, 12%–29%, 23%–42% and
32%–52% for the four groups for 20–200 mg/L total concentra-
tions. A high correlation was noticed between slopes and offset
values from in vitro and in vivo samples [r: 1.000 and 0.979, re-
spectively (Pearson’s correlation coefficients); P values <0.05
and 0.01]. Lastly, in vivodata could be successfully used for fitting
the SBCALD function (Figure 1f). Table 2.a2 shows that Bmax para-
meters for Groups #1 (351 mg/L) and #4 (170 mg/L) were signifi-
cantly the highest and the lowest, while the values for Groups #2
(221 mg/L) and #3 (231 mg/L) were intermediate but not signifi-
cantly different from each other. Conversely, changes in Kd were
more consistent, with stepwise, statistically significant increases
when moving from Group #1 (23 mg/L) to #2 (34 mg/L), #3
(78 mg/L) and #4 (85 mg/L). The in vitro and in vivo data were,
however, not fully superimposable; when comparing binding
parameters, we observed that Bmax was significantly more ele-
vated for in vivo samples from Groups #1 and #4 only, while Kd
values were significantly different for all groups and significantly
more elevated for Groups #3 and #4. Nevertheless, simulation
studies (Figure S3A) showed that the observed changes in Bmax

could account for the bulk of the differences in temocillin PPB
seen between groups in vivo, while those observed for Kd had
only a minor impact, yielding a global message similar (though
not entirely identical) to that obtained from the analysis of the
in vitro data. Of note, the molar ratio Bmax/[albumin] was close
to 1 in all groups for both in vitro and in vivo samples.

CRP concentration, hypoalbuminaemia and temocillin
unbound fraction
No difference was evidenced in total plasma proteins, albumin
and CRP concentrations between samples from donors and sub-
jects (Table 1). There was amajor and progressive decrease in to-
tal proteins in samples from Group #1 (>70 g/L) to Groups #2 and
#3 (∼64 g/L) and then to Group #4 (<50 g/L), essentially due to
decreases in albumin concentration. CRP levels were globally ele-
vated in patients with a statistically significant difference be-
tween Groups #2 and #3 taken together versus Group #4, but
with an important overlap.

The relationship between albuminaemia, CRP concentration
and temocillin unbound fraction is shown in Figure 2 for in vivo
samples. Based on clinical scoring of hypoalbuminaemia related
tomortality,24,25 all patients in Group #4 had both severe hypoal-
buminaemia (<25 g/L) and the most elevated mean CRP level
(>200 mg/L; left panel). Conversely, albuminaemia remained
within normal limits in all subjects of Group #1. The largest pro-
portion of patients from Groups #2 and #3 hadmild hypoalbumi-
naemia (<35 g/L) and moderate CRP levels (<200 mg/L), with
some spread to the other two categories. There was a highly sig-
nificant correlation between the decrease of albumin level and
the increase of temocillin unbound fraction (right panel).

Temocillin binding in diluted plasma and pharmaceutical
albumin
Figure 3 shows the results of additional experiments using spiked
specimens made (i) in diluted plasma from Group #1 donors

[Figure 3(a–c)] or (ii) in pharmaceutical albumin [Figure 3(d–f);
see Table 2b, Table S4.2 and Figure S3B for numerical data and
additional analyses]. Together with undiluted plasma, this
yielded four binding curves, ordered so as to compare each of
them with one of the four curves observed for donors of Groups
#1, #2, #3 and #4 spiked with temocillin [compare Figure 1(a–c)
and Figure 3(a–c)]. This showed total concentration-dependent
saturation together with stepwise increase of unbound temocillin
concentrations when moving from undiluted to increasingly di-
luted plasma (Figure 3a), a linear relationship between temocillin
unbound fraction and total concentration (Figure 3b) and ad-
equate fitting of data describing binding in diluted plasma to
the SBCALD function (Figure 3c). Simulation studies suggested
here that changes in both Kd and Bmax parameters played a crit-
ical role (Figure S3B). Dilution of plasma to mimic the changes in
albumin concentrations seen in samples from the different
groups failed to fully reproduce the changes in unbound temocil-
lin concentrations, and all values were systematically lower
(Figure S4). Replacing plasma by pharmaceutical albumin re-
sulted in still less temocillin binding and in a loss of saturation
(Figure 3d). The SBCALD function could not be fitted to the
data, a linear relationship being observed between total and
bound concentration in this matrix all over the range of investi-
gated concentrations (Figure 3f). A linear relationship was also
maintained between unbound and total concentrations, but
with slopesmuch lower and offset valuesmuch higher than in di-
luted plasma (Figure 3e versus 3b; Table S4.2.B and Table S4.3.B).

Impact of combining drugs with high PPB on temocillin
PPB
Figure 4 (with additional analyses in Figure S5) shows that the ef-
fects of all competitor drugs on temocillin binding were minimal,
with fluconazole causing a larger increase of unbound temocillin
concentration than any of the other drugs, although it was the
drug showing the lowest PPB among those tested here. This
change in unbound fraction can be predicted using a modified
SBCALD equation taking into account the dissociation constant
of each drug fromplasma proteins (Figure S6). Simulation studies
also showed that this unexpected ranking observed when com-
paring diazepam with fluconazole was essentially due to differ-
ences in concentration ratios of the two drugs to temocillin
when used at the clinically relevant plasma concentrations
(Figure S7).

Discussion
Temocillin shows high PPB, calling for attention to individual and/
or local unbound concentration when attempting to optimize its
activity. However, the scarce and often disparate studies pub-
lished so far do not provide the basic data that are needed to ap-
prehend the clinical importance of this binding. We therefore
addressed several key questions in a progressive but comprehen-
sive fashion, including the characterization of the saturation of
temocillin PPB in infected patients, the impact of inflammation
and ensuing hypoalbuminaemia, the reproducibility of plasma
data with pure albumin, or potential interferences of co-
medications with high PPB. By using a combination of in vitro
and in vivo approaches, and enrolling homogeneous classes of
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patients with respect to the severity of their infection and a co-
hort of healthy volunteers as control, we were able to make
key observations that may pave the way for future research.

First, we showed that the binding capacity of plasma proteins
for temocillin (Bmax) is reduced in patients, in a proportion that is
directly correlated with the increase in CRP and inversely corre-
lated with the concentration of plasma albumin, two markers
of inflammation and of increasing mortality risk.24–26 This infor-
mation may be of critical importance to clinicians who need to
adapt dosing regimens accordingly. Decreased temocillin PPB in
infected patients had been noted but was either not studied8,9

or was considered in infected patients as a single heterogeneous
group, leading to incomplete and therefore suboptimal informa-
tion.27 The design of our study, with objective stratification of pa-
tients into three cohorts with increasing severity of infection and

little overlap between them, and a cohort of healthy volunteers,
allowed us to mitigate this issue. Group #1 (healthy volunteers)
was missing in the recent flucloxacillin PPB study,27 for which
the model also excluded critically ill patients,28 but was import-
ant for providing needed baselines (regrettably missing for our
CRP assays). A decrease in plasma albumin is a well-known fea-
ture of infection29 and clinical categories of hypoalbuminaemia
are associated with major differences in mortality.24,25

Infection triggers inflammation, which is thought to cause albu-
min escape through increased capillary permeability30 and to
also shorten its half-life,31 providing a rational, though probably
incomplete, explanation for infection-associated hypoalbumi-
naemia.32 Although causality remains to be documented, the
available data clearly point to hypoalbuminaemia as the rational
link between infection severity and decreased temocillin PPB. Yet,

Figure 2. Albumin plasma levels versus CRP concentration and correlation between plasma albumin levels and temocillin unbound fraction in the dif-
ferent groups of samples. Left panel: samples from subjects of Group #1 (healthy individuals; green symbols) and from subjects of Groups #2, #3 and
#4 (patients; black, blue and red symbols, respectively) were taken for routine measurement of albumin and CRP within the first 24 h of enrolment
(Group #1) or of hospitalization (Groups #2, #3 and #4). Results are shown as a bubble graphwhere each circle represents one individual and is centred
on coordinates respective to its albumin level (ordinate) and CRP concentration [abscissa; logarithmic scale (see Table 1 footnote e)] while the area of
each circle is proportional to the CRP concentration of that sample. CRP and albumin concentrations were single determinations. For CRP, no sampling
of healthy subjects was made; a value of 4 mg/L [international and local normal values: <5 mg/L; vertical dotted line] was attributed for graphing
purposes. Right panel: correlation between albumin level (abscissa) in the same samples and the unbound temocillin fraction (ordinate). The graph
shows the correlation parameters as determined using non-parametric (Spearman) statistics. Since temocillin binding was saturable, each value of
unbound concentration was recalculated for a common total temocillin concentration of 200 mg/L using the SBCALD function fitted to the data of
in vivo samples (Figure 1f) and the corresponding binding parameters of each group (see Table 2), allowing comparable unbound fractions for all in-
dividuals included in the analysis to be obtained. For both panels, each sample was also categorized according to the degree of hypoalbuminaemia
into three groups (severe: <25 g/L; mild: from 25 to <35 g/L; or normal: 35 g/L or more) using the criteria proposed to clinicians to assess themortality
risks of patients experiencing hypoalbuminaemia.24,25
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amaximal load of about onemolecule of temocillin permolecule
of albumin is maintained, as previously decribed.33,34 Similar cor-
relations have already been described for other antibiotics with
large PPB.35–37 Cirrhosis and ensuing hypoalbuminaemia have
also been associated with decreased PPB of many highly protein-
bound antibiotics.38 Here, we also show bymultilinear regression
analysis that albumin decrease and CRP increase account for
most of the observed effect.

It is commonly accepted that the unbound concentration pre-
vailing at the infected site is critical for activity and therapeutic
success of most antibiotics including β-lactams,39 although

clinical evidence remains scarce.40,41 Infected sites are most of-
ten extravascular,42 but measuring unbound concentrations in
tissues or extravascular fluids is not a routine investigation in clin-
ical practice. The unbound plasma concentration of antibiotics is
often used as a surrogate for predicting activity at the infection
site.43–45 There is much evidence that this concept fully applies
to β-lactams,46–48 as these drugs do not accumulate in deep
compartments.49,50 A rapid equilibrium of the unbound concen-
trations of temocillin between plasma and extracellular sites is
indeed expected to occur, with the bound drug acting as a reser-
voir favouring the diffusion of the antibiotic to the site of

Figure 3. Binding of temocillin in diluted plasma and pure albumin. (a–f) Spiked samples from healthy subjects. (a–c) Spiking in undiluted and diluted
plasma. (d–f) Spiking in undiluted and diluted pharmaceutical albumin (ALBUREX®). The dotted lines above and below each solid line show the con-
fidence band (95% CI) of each of the corresponding fitted functions. Abscissa: total temocillin concentration; ordinate: (a) and (d): unbound temocillin
concentration (measured; raw data); (b) and (e): calculated unbound temocillin fraction (percent of total); (c) and (f): bound temocillin concentration,
calculated as difference between total (common to each series of replicates) and unbound (specific to each replicate) concentrations. For (b) and (e),
data corresponding to an abscissa value≤20 mg/Lwere not used to avoid fooling the curve-fitting analyseswith intrinsically unreliable data due to low
experimental readings. Data are shown as means±SD of three (plasma) or four (albumin) replicates for each total concentration. (a) A second-order
polynomial (quadratic) equation was fitted to the data. (c) The SBCALD function was fitted to the data. (f) The SBCALD function could not reliably be
fitted to the data and linear functionswere used for fitting. This figure appears in colour in the online version of JAC and in black andwhite in the printed
version of JAC.
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infection,51 as was originally proposed for and observed with
temocillin.4,52,53 We know that it is the time during which the un-
bound concentration remains above the MIC of the causative or-
ganism (%fT>MIC)

54 that predicts β-lactam activity55–57 and
prevents the emergence of resistance.58 However, the impact
of protein binding on PK/PD is complex.59 For example, increasing
the unbound-to-bound ratio of a protein-bound drug will also
cause an increase in its volume of distribution (Vd). As a conse-
quence, its unbound concentration in the plasma will decrease.
This adverse effect will be all the more important in patients
with severe infections due to their hypoalbuminaemia.35

Moreover, increasing the unbound fraction of a drug will also en-
hance its renal clearance.60,61 Altogether, these factors might
cause a decrease rather than an increase in %fT>MIC. This is likely
to occur in the absence of therapeutic drug monitoring
(TDM)-based dose adjustments. Further documentation of the
relationship between infection severity and increase in unbound
temocillin concentrations will be essential, as it may help to de-
sign predictive diagnostic tools needed for optimal initiation of
the therapy.56

Second, we show that pharmaceutical albumin binds temocil-
lin but to a lesser extent than anticipated and, most intriguingly,
fails to show saturation. Our study, however, did not provide new
information on the mechanisms responsible for temocillin PPB.
We noticed that the dissociation constant Kd tends to increase
for in vivo samples from ICU patients versus volunteers or non-
severely ill patients. We cannot exclude a lower affinity of albu-
min from ICU patients,62 but our modelling studies (Figure S3)
suggest that the overall binding of temocillin is essentially influ-
enced by the Bmax values. The lack of quantitative similarity of the
effects exerted by a decrease in plasma albumin caused by

infection versusmere plasma dilution, and the fact that replacing
plasma albumin by pharmaceutical albumin yielded amuch low-
er and non-saturable binding, suggest a role for other proteins or
plasma constituents. It is also possible that diluting plasma with
0.9% NaCl introduced changes in albumin-binding properties.
Moreover, we cannot rule out that the pharmaceutical albumin
used here did notmaintain all key properties critical for drug bind-
ing.63–67 In this context, differences between brands could ex-
plain why clinical trials examining the improvements in organ
function brought by albumin supplementation in severely ill pa-
tients yielded confusing results, leading to variable clinical re-
commendations.68–71

Third, we document that the co-administered drugs with high
PPB only causemarginal increases in unbound temocillin concen-
tration if from a class for which activity develops at lower molar
concentrations than temocillin. Conversely, drugs with low PPB
may trigger interferences if their active concentration is similar
to that of temocillin. This can probably not be ascribed to a differ-
ence in the binding site between temocillin and competitors,
since benzodiazepines or propofol bind to the drug binding site
I of albumin, but pantoprazole, as well as some β-lactams, to
its drug binding site II.72 The simplest alternative explanation is
that we tested these drugs widely used in ICU at the concentra-
tions at which they exert their pharmacological effect, which are,
on a molar basis, much lower than those of temocillin.
Conversely, our data with fluconazole may warn clinicians about
unanticipated effects of drugs with low protein binding if these
require therapeutic plasma concentrations to reach values close
to those of temocillin.

Beside its direct impact for the better appraisal of the para-
meters affecting protein binding and its consequence in the

Figure 4. Impact of co-medications on the binding of temocillin to plasma proteins. (a–f) Spiked plasma samples fromhealthy subjects. Abscissa: total
temocillin concentration; ordinate: (a) unbound temocillin concentration (measured); (b) unbound temocillin fraction (percent of total); (c) bound
temocillin concentration, calculated from the difference between the respective total and unbound concentrations. Data are shown as mean±SD
(not visible if smaller than the symbols) of replicates (three for each experimental point). Data were used to fit a quadratic polynomial function (a);
a linear function (b); the SBCALD function (c). The dotted lines above and below each solid line in (b) and (c) show the confidence band (95% CI) of
each of the corresponding functions. For (b), data were filtered to exclude those with an abscissa value <20 mg/L from the analysis to avoid fooling
the curve-fitting analyses with intrinsically unreliable data due to low experimental readings. This figure appears in colour in the online version of JAC
and in black and white in the printed version of JAC.
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clinics, this work also offered us the opportunity to reassess the
H–Le equation and its applicability in the context of ligand deple-
tion often seen in pharmacological situations. Many studies, in-
cluding recent ones,4,14,27,28,60 use the H–Le equation forgetting
that it was developed for ligand–receptor studies run under con-
ditions of minimal binding, but not for conditions of high ligand
concentrations causing substrate depletion. This condition invali-
dates the H–Le equation and all similar functions,73,74 and is spe-
cifically not recommended if the unbound ligand concentration is
<90% of its total concentration,23 which was the case here.
Moreover, bound drug concentrations (i.e. the dependent vari-
able in H–Le) were notmeasured. In general, these are calculated
as the difference between total and unbound concentrations.
However, the H–Le would become implicit in these conditions, re-
quiring both specific calculationmethods and providing initial va-
lues for the parameters to be determined by curve-fitting
analysis.23 Based on previous work addressing the ligand deple-
tion issue in pharmacological studies,22 and on previous studies
with ceftriaxone13 and temocillin,75 we developed an explicit
equation that takes ligand depletion into account and uses the
total temocillin concentration as independent variable. Of note,
both the total and unbound concentrations are experimentally
measured in clinical samples (and thus both accompanied by
an experimental error), while total concentration is known in in
vitro samples. This may possibly contribute an explanation for
the higher variability observed in binding parameters calculated
for in vivo versus in vitro samples.

In conclusion, our data show that PPB of temocillin is lower
in infected patients than in healthy subjects, the difference
being correlated with the degree of severity of their infection
and commensurate decrease in plasma protein levels. In a
broader context, it suggests the importance of studying drug
PPB in the target patient populations. Because in vivo temocillin
PPB could not be fully reproduced in vitro, our study highlights
the importance of monitoring the unbound concentration
in vivo. We also show that studying the potential interactions
of any drug with temocillin PPB should focus on therapeutical-
ly pertinent concentrations in order to ensure clinical rele-
vance. Our data also warn against indiscriminate use of pure
albumin or plasma from healthy volunteers in the study of
PPB of drugs.

In a broader context, this comprehensive work of temocillin
PPBmay be considered as a normative study, which not only pro-
vides a pharmacological model to estimate bound concentra-
tions based on total concentrations and binding parameters,
but also highlights for the clinician some key parameters to
take into account to establish rational dosing for highly protein-
bound drugs, as well as to select optimal conditions for treat-
ment in the clinic, especially when TDM is performed.76
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