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Beta-lactam antibiotics are highly unstable in aqueous media, which may lead to subclinical concentra-
tions, antimicrobial resistance and therapeutic failure. In previous work we demonstrated that a natural
deep eutectic solvent consisting of betaine and urea (BU) is capable of improving the stability of some
beta-lactams, including imipenem (IMP), the most unstable antibiotic of the family. Here, IMP-BU was
studied by selective protonic Nuclear Overhauser Effect Spectroscopy Magnetic Resonance (H1 NOESY
NMR) to gain insight into the mechanism by which BU protects IMP. The kinetics of IMP release and
its antibacterial activity were evaluated in diffusional, time-kill and antibiofilm assays. It was found that
BU is a protective matrix which allows a fast release of IMP, resulting in superior antibacterial activity
when compared to IMP in aqueous solution, both against bacteria growing in planktonic form and in bio-
films. Furthermore, it was shown that BU is nontoxic when evaluated in fibroblast primary cell cultures
and in organotypic skin cultures, and is not immunogenic when tested in vitro in macrophage cultures,
suggesting that BU has potential application as a biomaterial or excipient.

� 2022 Published by Elsevier B.V.
1. Introduction

Antibiotics are a precious resource without which we could not
conceive a vast number of health care practices. However, we are
experiencing a pronounced antibiotic shortage crisis due to the
accelerated emergence of antimicrobial resistance to existing
antibiotic molecules, which is not being counteracted by the devel-
opment of new antibiotics.

The World Health Organization and the World Bank have stated
that infections by resistant pathogens are a threat to our global
health and economic future, estimating an annual loss of 3.8 % of
the global gross domestic product (GDP) by 2050 [1].
Antibacterial efficacy and antibacterial resistance mechanisms
rely heavily on the accurate management of the pharmacokinetics
and pharmacodynamics parameters of the specific antibiotic mole-
cule [2]. Clinicians are highly focused on the refinement of every
single step of antibiotic therapy, aiming to provide the right con-
centration at the desired site of action and during the right time
of exposure, in order to avoid therapeutic failure and prevent
antibiotic resistance. Also, many in silico tools have been imple-
mented during recent years to optimize antibiotic treatments [3]
and to repurpose old antibiotics.

Beta-lactam antibiotics are old drugs but remain the most
successful antibiotic class for the majority of bacterial strains
[4]. Therefore, many strategies are being continuously applied
to maintain their usefulness. For example, in the investigational
field, they have been combined with adjuvant compounds, such
as potentiators and inhibitors of specific clearance molecules in
the biochemical route of antibiotic resistance [5 6]. In the
clinical field, considering that the efficacy of this group of
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antibiotics is time dependent and their clinical success depends
on the time its concentration remains above the minimal inhi-
bitory concentration [7], many strategies have been imple-
mented to achieve this goal, such as continuous infusion or
coadministration with drugs that inhibit their clearance. How-
ever, these two strategies have some limitations: the inherent
low physicochemical stability of beta-lactams, and a higher
probability of adverse reactions, respectively [8]. With the pur-
pose of improving efficacy, many extended release formulations
have been developed, and some of them have demonstrated
better clinical outcomes avoiding pharmacokinetics and anatom-
ical challenges, such as amoxicillin-clavulanate and azithromy-
cin, among others [9 10]. Nevertheless, to our knowledge,
extended release formulations have not been developed for car-
bapenems, the most unstable of the beta-lactam molecules. Car-
bapenems constitute a valuable group of beta-lactams, being
the best therapeutic option in many severe infections, with
the best outcomes in terms of survival and bacteriologic clear-
ance in critical clinical situations [11].

In our previous work, a new solvent formulation based on a
deep eutectic solvent composed of betaine:urea (BU) was designed
to enhance the stability of imipenem [12], which is the most unsta-
ble beta-lactam antibiotic molecule. The aim of the present work
was to evaluate if the enhanced stability attained with the new for-
mulation correlates with an improvement in effectiveness, evalu-
ating the antibacterial activity, the type of kinetics involved
during the release of IMP, and to ascertain how the BU components
interact with the drug to envision a possible mechanism of stabi-
lization. Furthermore, the biocompatibility of BU was also
evaluated.
2. Materials and methods

2.1. Drugs and reagents

Imipenem monohydrate (IMP) (USP Cat. N 1337809, Sigma-
Aldrich). For the preparation of BU solvent, 98% betaine monohy-
drate (Santa Cruz Biotechnology) and 98% urea (Merck) were used.
Ultrapure water was obtained with a Simplicity� (Millipore) purifi-
cation system.
2.2. Preparation of BU solvent

BU was prepared by the heating-mixing method, since natural
deep eutectic solvents (NADES) containing a known amount of
water may be obtained with this method [13]. BU was prepared
in the formulation B:U:W 1:1.5:1.25, where the final concentra-
tion of water was 9.8 % w/w, considering the water in the
betaine reagent and the 2 % added. Briefly, betaine and urea
were placed in a closed round bottom flask at a1:1.5 M ratio,
and heated in a water bath at 60 �C with agitation (200 rpm)
for 2 h until a clear liquid was obtained. Water was added at
2 % w/w, leading to a final molar ratio composition which has
been shown to be stable [12] Additionally, for IMP stability
assays, preparations with 5 % and 15 % w/w of added water were
obtained, leading to B:U:W formulations of 1:1.5:1.63 and
1:1.5:2.88.
2.3. Viscosity and water measurements

Dynamic viscosity was measured at 25 �C and 37 �C using a
rotational viscometer (Fungilab Viscolead series) connected to a
circulating water bath. Water titration was performed using an
831 KF Coulometer Metrohm�.
2

2.4. Stability of IMP in BU formulations with different water contents

A solution of IMP in water and in the B:U:W formulations of
1:1.5:1.25, 1:1.5:1.63 and 1:1.5:2.88 were prepared by mixing
the solvent and solutes for 20 min using a vortex, and the resulting
mixtures were kept at 25 �C +/- 2 �C for five days in a water bath
circulation system (PolyScience, USA). Samples were taken at 0,
1, 2 and 5 days and analyzed by high performance liquid chro-
matography (HPLC) as previously reported [12]. Quantitations
were made considering the areas of the chromatographic peaks
applying the following formula:

%remainingdrug ¼ Areat

Area0
� 100
2.5. Imipenem release

IMP was dissolved in BU by gently mixing the drug powder with
the liquid BU. Before starting the release experiment, the IMP-BU
mixture was allowed to reach equilibrium at room temperature
for 24 h.

Release of the drug was monitored in a diffusion experiment.
Samples containing 250 ll of 1 mg/ml BU-IMP were placed in a
bicameral device consisting of a well plate with inserts (8 lm pore)
used as permeable support (Transwell�). Five independent sam-
ples were allowed to diffuse from the upper compartment to the
lower compartment containing 1 ml of physiological phosphate
buffer pH 7,4. The system was kept at 37 �C, in agitation
(200 rpm) for 24 h. Samples of 100 ll were withdrawn from the
lower compartment at nine time intervals (0, 10, 20, 30, 40, 60,
120, 180, 360 and 1440 min), while maintaining sink conditions
adding the same volume of preheated buffer. The IMP content
was measured using a high-performance liquid chromatography
method previously developed in our laboratory [12].

Kinetics of release: in order to understand the kinetics associ-
ated to the release of IMP from BU, the semi-empirical model of
Peppas-Korsmeyer [14,15] was used applying the formula

Mt

M1
¼ Ktn

where Mt is the quantity of drug released at time t, M1 is the quan-
tity of drug released at equilibrium. Constants k and n are charac-
teristic of the solvent-polymer system. The n constant is the
diffusional parameter and depends on the geometry of the device
and on the mechanism of physical transport of the solute. Parame-
ter k incorporates BU characteristics of the system. Additionally, the
Hixon-Crowel model was applied [16] according to the formula:

Wt1=3 ¼ W1=3
0 � KHCt

where Wt is the amount of drug remaining at time t, W0 is the ini-
tial amount of drug (at time t = 0), and KHC represents the dissolu-
tion rate constant. Data were fit to the equation obtaining a plot of
the cubic root of the unreleased fraction of the drug (W0

1/3 - Wt 1/3)
versus time.

2.6. Nuclear Overhauser effect Spectroscopy Magnetic Resonance
(NOESY NMR)

Selective NOESY NMR measurements were recorded on a Bru-
ker Advance NEO 400 spectrometer (Bellerica, MA, USA) operating
at 400.13 MHz (1H) and 100.62 MHz (13C) at 27 �C. All samples
were prepared containing 100 ll of deuterated water to perform
solvent tuning. Selective NOESY was performed by integrating
those signals that did not show overlap. Each experiment was car-
ried out by varying the mixing time parameter (D8) in a range of
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0.2 to 1.0 s in order to study the rigidity of the system and the
speed by which the transfer of magnetization occurs. The 1H–1H
NOESY and 1H–1H ROESY (Rotating frame Overhauser Effect Spec-
troscopy) experiments were carried out once the best mixing time
was determined.

2.7. Microbiological sensitivity assays

2.7.1. Time kill assay
An inoculum of Pseudomonas aeruginosa (ATCC-27853 strain)

was adjusted to 0.5 McFarland turbidity from a fresh overnight
growing broth, and then diluted to 1 � 106 CFU/ml in Mueller Hin-
ton broth. One milliliter of this suspension was incubated at 37 �C
with agitation (200 rpm). Each well of a 24 well-plate was fitted
with diffusion inserts (Transwell� 8 lm pore) and 100 ll of either
BU-IMP (1 lg/ml), IMP (aqueous) (1 lg/ml) or Urea/Betaine
(47.2/61.4 mg/ml) were placed on the inserts. Samples of the liquid
culture were withdrawn at 6 and 24 h and bacteria were counted
by flow cytometry. Briefly, 50 ll samples were diluted three logs
in PBS and stained with SYTO BC� green/propidium iodide (fluores-
cent nucleic acid stains) with the addition of fluorescent beads and
data were acquired in a Cyan Dako cytometer.

Stability analyses of imipenem under the killing test conditions
were performed in a parallel plate incubated under the same con-
ditions. Samples of the medium were taken at ten minutes, and 2,
4, 6, 8 and 24 h of incubation, filtered through 0.22 lm membrane
filters and 50 ll aliquots were injected into the HPLC system as
previously reported [12].

2.7.2. Anti biofilm assay
P. aeruginosa biofilms were grown on a collagen gel matrix as

previously described [17] with some modifications. Briefly, 50 ll
of collagen gel were prepared in a 96 well plate by mixing a
3 mg/ml solution of rat-tail tendon collagen (Sigma-Aldrich) in
PBS buffer with a 0.1 N sodium hydroxide solution to achieve
crosslinking. The collagen matrix obtained was inoculated with
25 ll of a P. aeruginosa suspension adjusted to 1 � 106 CFU/ml in
LB broth and incubated 24 h at 37 �C. Six replicates of 24-hour bio-
films were then treated with 50 ll of i) IMP-BU, ii) 32 lg/ml IMP
(aqueous solution), iii) 47.2 mg/ml betaine and 61,4 mg/ml urea,
and iv) PBS (control) for 24 h. Bacterial counting was performed
by flow cytometry of stained live and dead bacteria using 1 ll
SytoBC� and 1 ll propidium iodide, after dispersal of the biofilm
by incubating the collagen matrix in a 500 lg/ml collagenase solu-
tion (Gibco� Collagenase Type I) for 90 min at 37 �C, with vortexing
every 30 min as previously reported [18].

2.8. BU biocompatibility

2.8.1. Cytotoxicity assays
The BU cytotoxicity was evaluated in vitro using ATCC� Normal

Human Primary Dermal Fibroblasts from neonatal foreskin. Cells
were cultured in DMEM (Dulbecco’s modified Eagle’s medium,
Lonza, Belgium) supplemented with 10% heat-inactivated FBS (fe-
tal bovine serum, Gibco, UK) and maintained in T-flasks incubated
in a humidified atmosphere with 5% CO2 at 37 �C. 5 � 104 cells
were seeded in 500 ll-well plates until they reached confluency.
Their viability was then examined indirectly throughout 24 h of
exposure to different concentrations of BU with the CellTiter-
Blue� (Promega) mitochondrial function assay following the man-
ufacturer’s instructions.

2.8.2. Immunogenicity test
The BU immunogenicity was evaluated in vitro using the human

monocyte cell line THP-1. For this, 4 � 105 THP-1 cells were cul-
tured in 24-well plates under previously reported conditions
3

[19]. Cells were differentiated to a macrophage phenotype by add-
ing 25 nM of phorbol 12-myristate 13-acetate (PMA), incubating
for 48 h and then for an additional 24 h in fresh complete medium.
Once the phenotype changed to that of adherent cells, they were
activated by incubation with lipopolysaccharide (LPS) at 0.01 and
1 lg/ml for 24 h (positive control), or with 0.96 and 2.1 mg/ml
BU doses. Total RNA was then purified using Trizol (Invitrogen).
One microgram of total RNA was used to perform reverse tran-
scription with MMLV reverse transcriptase (Invitrogen) and oligo
dT primers. Real-time PCR reactions were performed to amplify
the cDNA of pro-inflammatory cytokines IL6, IL8 and TNF-a using
a Light-Cycler 1.5 thermocycler (Roche, Indianapolis, IN) as previ-
ously reported [20]. Relative quantifications were performed by
the DDCT method. Data were normalized against the housekeep-
ing gene GAPDH and expressed as folds change compared to con-
trol (untreated) cells.

2.8.3. Human skin explants
Human skin explants were generated from fresh skin obtained

from patients undergoing elective cosmetic surgery who signed a
written informed consent (Protocol N� 171002003, PUC Ethics
Committee). The skin of one donor was cleaned from underlying
fat, and full-thickness skin sections were obtained with a 6 mm
biopsy punch as previously reported [21]. Skin pieces were cul-
tured in a dermal-side down position using a Transwell� (8 lm
pore) insert as tissue support allowing contact with 500 ll of cul-
ture medium in 24-well plates, while the epidermis remained
above the medium/air interface. The culture medium, which con-
sisted of DMEM (Sigma Aldrich) supplemented with 10% FBS,
0.2% gentamicin and 0.2% Primocin�, was maintained at 37 �C in
a humidified atmosphere of 5% CO2. 50 ll of BU were applied on
the epidermis explants, while a control group was treated with
PBS. However, given that the test samples are liquid, they also
came into direct contact with the sub epidermis tissue. Cultures
were maintained for 24 and 48 h. Sample sections were then fixed
in 4% paraformaldehyde, embedded in paraffin, cut to a thickness
of four microns and stained with hematoxylin and eosin. Signs of
damage were evaluated and ranked in a severity score of 0 (not
present) to 4 (markedly present) by a specialized pathologist. The
statistical analysis was made using the paired two tailed Wilcoxon
signed rank test. A p < 0.05 was considered significant.

2.9. Statistical analyses

Statistical analyses were performed using GraphPad Prism (San
Diego, CA). Data are expressed as means ± SEM. The normal distri-
bution verification was tested using the Shapiro–Wilk test. For nor-
mally distributed data, one-way or two-way analysis of variance
(ANOVA) was used followed by a Fisher post test. When only
two groups were compared, statistical significance was determined
by Student’s t-test. A p < 0.05 was considered indicative of statisti-
cal significance.
3. Results and discussion

3.1. IMP stability is diminished by water content

BU is a network resulting from strong hydrogen bonds between
betaine and urea, with a dynamic viscosity of 41.04 mPa.s at 25 �C
and 17.21 mPa.s at 37 �C.

In our previous work we analyzed the effect of water content in
the continuity of the BU network by 1H NMR and 13C NMR. We
reported that, with increasing water content, a disruption in the
betaine-urea engagement is accompanied by an increase in the
dynamic behavior of the molecules and a decrease in viscosity



Fig. 1. Stability of imipenem in BU formulations having different water content.
The concentration of the remaining drug was determined by HPLC. Data are
presented as the mean ± SEM of three independent replicates. Significant
differences between formulations differing in their water content were observed
on the fifth day as determined with a one-way ANOVA test.
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[12]. Consequently, it is expected that the higher the dynamic
behaviour of urea and water molecules, the higher their nucle-
ophilic character, affecting IMP stability. This is in agreement with
the effect observed in the stability assay shown in Fig. 1. As the
water content of the B:U:W formulation increases from 1.25 to
1.63 to 2.88, the amount of IMP remaining on the fifth day is
increasingly less, 73 (SEM ± 0.36), 55 (SEM ± 1.0) and 50
(SEM ± 0.07) % w/w of the initial drug concentration respectively.

3.2. The release of imipenem from BU is a Case II type process

BU could be consider a noncovalent or supramolecular polymer
resulting from the network of strong hydrogen bonds between
betaine and urea [22]. Given its potential as a novel solvent system
for an antibiotic it is of interest to study the mechanism by which
the drug is released from the BU matrix. With that purpose, we
evaluated the kinetics of the release of IMP from the BU matrix
using a vertical diffusion cell system, which is the most recom-
mended approach for viscous fluids [23 24].

Fig. 2A depicts the concentration versus time profile obtained.
Data were fit to the Peppas-Korsmeyer equation (Fig. 2B) from
which a diffusion constant that indicates the type of kinetic release
may be calculated [14]. We chose this model because it is a general
one, applicable to a vast number of matrices and solute types, and
especially because it does not assume concentration dependencies.
To our knowledge, this is the first time that the release of a drug
from a NADES is described, so the Peppas-Korsmeyer model is suit-
able as a first approach to elucidate if the IMP release from BU fol-
lows a Fickian or non-Fickian diffusion model.

The extent and rate of release of a drug are considered a combi-
nation of diffusion and Case II transport of drug molecules through
the matrix they are inserted in. Diffusion is governed by Fick’s law
while Case II transport reflects the influence of polymer relaxation
on the movement of the matrix molecules [25]. At the same time,
drug transport is an overall dynamic process which follows a series
of staged processes during release. At time zero, the external buffer
causes a counter current flow, during which the drug migrates
from the interior to the exterior of the BU matrix. It is during this
first stage that the greatest release of the drug is observed (Fig. 1A).
In fact, the release starts to reach equilibrium after the first hour of
experimentation. The diffusional constant value of 1.16, obtained
through the Peppas Korsmeyer equation, indicates that, in this sys-
tem, the release of IMP behaves as a Case II transport. This type of
transport is characterized by a sharp diffusion front, in which the
penetrating buffer substantially swells the polymer [26]. Hence,
the release could be taking place while the BU microstructure suf-
fers a disentanglement and erosion by the water molecules. The
high diffusional constant value suggests that the release of IMP
involves multiple processes, with a mechanism of relaxation of
the noncovalent chains and the breaking of the matrix being pre-
dominant. Thus, it turns out that the release mechanism is mostly
driven by a process of erosion controlled by the surrounding sol-
vent molecules, and the material loss of the bulk of the matrix.

Additionally, the analysis based on the Hixson-Crowell model,
capable of elucidating if the release depends on the shape param-
eters of the matrix rather than corresponding to a Fickian diffusion
process [27] , had a high coefficient of determination R2 (Fig. 2C).
This goodness of fit to the model supports a release mechanism
mostly based on the morphology or shape and thus reinforces
the Case II type release obtained with the Peppas Korsmeyer
model.

Another important aspect of BU is that it constitutes a com-
pletely biodegradable and bioerodible system, without enzymatic
action needed. This sets a big difference when compared to other
covalent urea inclusion systems such as nonbiodegradable polyur-
ethanes [28].
4

3.3. Imipenem is preferentially solvated by betaine

NOESY is a nonroutine technique which represents a useful
strategy that takes advantage of viscous solvents to perform anal-
yses of solutes in the mixture [29 30]. Thus, as BU represents a vis-
cous solvent for IMP, we applied this technique to analyze a
possible solvation arrangement.

NOESY experiments usually require prior study of the system to
be characterized. Among the most important parameters to be
optimized is the mixing time (D8). This parameter refers to the
speed by which the transfer of magnetization occurs through
space. A fast transfer and small D8 value is related to a system
where mobility is low and therefore relaxation becomes efficient.
Conversely, a system in which a large D8 is required implies that
the excited groups must take more time to meet spatially before
energy transfer can take place. Thus, large D8 values correlate with
highly mobile systems, in which there is not efficient energy trans-
fer between the excited groups. Usually, the mixing times used in
NOESY experiments range from 0.1 to 1.0 s. To have a clear cer-
tainty of the best mixing parameter, a sweep in the recommended
range of D8 was carried out to establish how mobile the system is,
to set the best response to the interaction. In order to obtain a
truthful answer against possible magnetization transfers, selective
NOESY experiments were carried out. In this way, it is possible to
minimize the errors that may be introduced by the high concentra-
tion of the BU components compared to the concentration of the
drug. A selective experiment allows the excitation of specific pro-
tons in the sample, resulting in that only those protons which they
interact with, giving them magnetization, appear in the spectrum.

During the modification of the D8 parameter, it was found that
the best magnetization transfer responses occur at D8 of<0.6 s.
These results can be explained by the strong hydrogen bonding
interactions generated between betaine and urea. In other words,
the drug molecules dissolve in BU and become trapped within
the compact matrix. Thus, when a proton of the drug is excited,
it can quickly deliver this energy to betaine or urea.

The spectrum of the selective NOESY NMR experiment of IMP
dissolved in BU (Fig. 2) indicates that there is a preferential energy
exchange between the protons of the IMP methyl groups and the
protons of the betaine methyl and methylene groups. This finding
is related to the closeness of betaine to IMP in a possible solvation
arrangement. The spectrum also shows urea protons, receiving
magnetization energy from IMP decay, but conversely the energy



Fig. 2. A) Cumulative profile of IMP released from a BU matrix containing 1 mg/ml of IMP. Concentrations in the bathing medium were determined by HPLC. Data are
presented as the mean ± SEM of three replicates. B) Analysis of the release process according to the Peppas Korsmeyer equation. The data fit a line where the slope
corresponds to the n diffusional constant. C) Analysis of the release process according to the Hixson-Crowel equation. The coefficient of determination R2 indicates the
goodness of fit to the model.
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interchange is of a lower magnitude. Fig. 2A shows that as the mix-
ing time D8 increases, the intensity of the signals is lost. This phe-
nomenon denotes that the system relaxes quickly through energy
transfer, which is characteristic of a rigid system. In other words,
the hydrogen bonding interactions generate a compact matrix,
where the closeness of the molecules allows the rapid relaxation
of the system. Fig. 2B shows the NOESY spectrum obtained using
a D8 of 0.2 s. The interactions with the protons of betaine (3.9
and 3.3 ppm) and urea (6.0 ppm) are clearly observed. The signal
corresponding to the interaction with urea is less intense, which
denotes a lower preference compared to betaine.

Something interesting that should be highlighted is that when
studying the urea signal, a tremendously strong association was
found with the deuterated water used as solvent to do the tuning.
This can be confirmed by observing that when the excitation of the
urea signal occurs, so does the deuterated water signal and vice
versa. It should be mentioned that both signals do not appear in
the same range of chemical displacement, discarding an overlap-
ping effect. This event seems to be more closely related to an enor-
mous affinity between the two molecules, preventing urea and
water from interacting with imipenem. In fact, when deuterated
water is excited, it does not present any interaction with the IMP
molecules.

3.4. IMP-BU shows enhanced antimicrobial activity towards
planktonic bacteria

The antibiotic activity test chosen to evaluate the antimicrobial
activity of IMP-BU was a time kill assay based on a growing inocu-
lum of planktonic P. aeruginosa. In it, a dynamic condition allows
the in vitro antimicrobial activity to be evaluated considering the
multivariate kinetic changes: antibiotic concentration, IMP release
and bacterial growth in a shaking broth at 37 �C h. The IMP dose of
1 lg/ml was the MIC determined previously in a sensitivity test of
5

microdilution, a static condition, for the same microorganism (data
not shown). This drug concentration was not inhibitory under the
killing dynamic condition, which was evident in the bacterial
count profile shown in Fig. 3A. These results are in agreement with
those reported previously for P. aeruginosa with the same antibi-
otic dose [27]. Fig. 3A also indicates that the IMP-BU formulation
is superior in its antibacterial activity when compared to IMP in
aqueous solution, throughout the entire evaluation period, show-
ing a significant reduction in the living bacterial count after 6
and 24 h of exposure. This finding is probably related to the BU
capacity to continue releasing fresh antibiotic molecules from its
protective matrix to the broth medium, leading to longer exposure
to the antibiotic. Fig. 3B depicts the concentration of remaining
IMP throughout the test. It can be seen that IMP-BU takes an hour
to reach total drug concentration exposure, in accordance with the
delivery profile determined previously (section 3.1). Then, the
drug concentration drops at the end of the experiment because
of the progressive disassembling of BU and the progressive contact
with the threatening medium conditions. Thus, the encapsulated
IMP-BU gives higher levels of drug while the BU matrix remains
assembled, allowing the preferential protective solvation by
betaine molecules, as was observed through the selective NOESY
experiments (section 3.3). Indeed, there were no reductions in
the IMP concentration up to four hours after IMP-BU treatment
(two-way ANOVA, p > 0.05), while it does diminish significantly
from the beginning when dissolved in aqueous solution (two-
way ANOVA, p < 0.05).

The evidence of IMP instability concomitant with the loss of
activity, has been previously reported in the same broth medium
[31 32], in serum during in vitro studies [33] and in vivowhen eval-
uated during pharmacokinetics studies. Moreover, in vivo reports
recognize that there is an extra renal drug clearance effect medi-
ated by the IMP instability phenomenon, leading to antibiotic
effectiveness being inferior to that expected [34].



Fig. 3. (A) Variation of the D8 parameter on the NOE for the IMP methyl groups (B) Protonic NOESY selective spectrum for the methyl groups of IMP. Data were
recorded using a D8 of 0.2 s. Signals of a) urea, b) deuterated water, c) betaine methyl groups, d) betaine methylene groups, and e) IMP methyl group pulses.
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3.5. IMP-BU shows enhanced antibiofilm activity

Bacteria growing in biofilms represent one of the most chal-
lenging conditions for antimicrobial activity [35]. Biofilms have
additional mechanisms that lead bacteria to tolerate high drug
doses. The biofilm mode of growing represents a challenging con-
dition, both for the time that the nondegraded drug must be pre-
sent at the site of bacterial growth, and for the capacity of the
antibiotic molecules to penetrate the biofilm matrix to reach the
bacteria. Those mechanisms result in a large part of the biofilm
cells being able to escape from the attack of both antibiotics drugs
and the immune system [35]. In this context, our comparative
antimicrobial experiment considered the maximum dose of the
specified compendial range for imipenem sensitivity testing [36],
which is exposure of a 24 h mature P. aeruginosa biofilm to
32 lg/ml of IMP. The IMP-BU formulation showed superior anti-
biofilm activity when compared to IMP dissolved in water, exerting
a 70% reduction in the viable bacterial count after 24 h of exposure
(Fig. 4). The bacterial viability results measured for that same IMP
concentration are similar to or slightly higher than those reported
by other authors [37], probably because of the use of the collagen
fibers matrix, which represents an additional interphase between
bacteria and drug. Moreover, the limited access to oxygen turns
the intricate biofilm into a more metabolically inactive entity,
and thus less susceptible to the action of IMP [38]. However, the
higher antibacterial activity of the IMP-BU formulation in this P.
aeruginosa biofilm system may be explained by the enhanced
Fig. 4. A) Killing curves of planktonic Pseudomonas aeruginosa. Viable bacterial count
with IMP. Data are presented as the mean ± SEM of three independent replicates. A two-w
aqueous solution (7.5 � 109). B) Stability profile of IMP dissolved in water and in BU in
presented as the mean ± SEM of three replicates. A two-way ANOVA test indicated signifi
aqueous solution during the first 8 h of treatment.
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stability of IMP when is in the protective betaine solvation pro-
vided by the BU matrix (see section 3.3) together with BU acting
as a permeability enhancement agent. The latter capacity is mainly
based on the power of urea to change the properties of the water
that surrounds proteins and modify the permeability through the
collagen fibers [39 40].

3.6. BU has an IC50 in the molar concentration range and is not
immunogenic

The biocompatibility of BU was evaluated in a cytotoxicity test
and in an in vitro immunogenic test on primary cells in culture.
There are many studies on the cytotoxicity of NADES performed
in mammalian immortalized cells in culture [41 42], but to our
knowledge, this is the first study on primary cell cultures, which
can give a more realistic approximation to normal cell metabolism.
Primary cultures of human skin fibroblasts were chosen because
this cell type is abundant in the conjunctive tissues, relevant for
future topical applications. BU was expected to have a good cyto-
toxic dose index because it is an ammonium based NADES, a class
which has been declared of low toxicity compared to phosphonium
based counterparts [41]. Surprisingly, however, the calculated IC50
value for BU was 75 mg/ml (95% CI 67.7–84.8) (Fig. 5A), a thousand
times higher than that of other ammonium based NADES having
choline chloride as the hydrogen acceptor, for which there are
reports in the micromolar or millimolar range on immortalized cell
lines [43 41,44].
performed by flow cytometry after SytoBC�/PI staining at 6 and 24 h of incubation
ay ANOVA test indicated significant differences between IMP-BU (5.8 x108) and IMP
Muller Hinton broth. The levels of remaining IMP were measured by HPLC. Data are
cant differences between the concentration of remaining IMP from IMP-BU and IMP



Fig. 5. Bacterial viability in a P. aeruginosa biofilm determined by flow cytometry
after 24 h of exposure to IMP using SytoBC� and propidium iodide staining. Data are
presented as the mean ± SEM of three independent replicates. A one-way ANOVA
test indicated significant differences at 24 h of exposure.
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On the other hand, the lower cytotoxicity of NADES compared
with that of ionic liquids (IL) has been well documented [45,46].
The main reason leading to this observation is the strong cationic
nature of IL, which can interact with cell membranes in a surfac-
tant manner [47 48]. Other authors have also referred to this catio-
nic character as the toxicophore in cholinium based NADES when
tested in cell lines [41]. Conversely, BU lacks ionic character: in
betaine, the hydrogen bond acceptor is a zwitterionic molecule,
and urea, the hydrogen bond donor (HBD), is a neutral molecule.
Thus, this is probably the main reason for its low toxicity. The same
conclusion has been reached by Ventura et al., who have compared
the ecotoxicity of zwitterionic versus ionic liquids [49].

Moreover, BU has a reduced toxicity profile when compared to
other betaine-NADES bearing acids acting as HBD [44 50]. This may
also be related to the nonacidic character of urea, leading to less
Fig. 6. A): Viability of human dermal fibroblasts after 24 h of exposure assessed by mit
mean ± SEM of three independent replicates. B) Expression of cytokine genes in M1 ma
RT-qPCR of the proinflammatory cytokines IL-6, IL-8 and TNF-a. LPS (1 mg/ml and 0.1 m
against the housekeeping gene GAPDH and expressed as folds change compared to con
expression between control and exposure to BU. Data are presented as the mean ± SEM
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charge transfer between components. In conclusion, only partial
charge interchanges in the hydrogen bond network are present
in BU. Thus, this could be the main cause of the good cytotoxic pro-
file observed in our study.

Another important aspect in the biocompatibility evaluation of
new materials is their potential to generate an immune response.
Based on considerations of BU as a supramolecular polymer that
could emulate an immunogenic pattern, we evaluated its immuno-
genicity in a human macrophage cell culture system. THP-1 cells
stimulated by PMA are commonly used to assess the ability of dif-
ferent compounds to modulate macrophage activity through mea-
surements of the induction of the expression of genes encoding
inflammatory cytokines [51] . Our results showed no activation
after BU exposure compared to the control cells (Fig. 5B). Con-
versely, incubation of macrophages with LPS, as a classical
immunogenic stimulus, induced a robust increase in the mRNA
levels of proinflammatory cytokines in a dose dependent way
(Fig. 5B).
3.7. BU is nontoxic when applied on an organotypic culture of human
skin explants

Finally, in order to get closer to an in vivo situation, BU toxicity
was evaluated in human skin explants as described in the methods
section. This model has been described as the most useful to test
biomaterials due to the three dimensional structure of intact skin,
allowing the evaluation of cell to BU interactions, while maintain-
ing the cross-communication at the dermis/epidermis interface
[52]. Under this ex vivo model dermis and epidermis were in
contact with BU for 24 and 48 h. As may be seen in Fig. 7, all spec-
imens, including those treated with BU and untreated specimens,
maintained a very similar dermal and epidermal architecture at
the two times of evaluation, while the histopathological analysis
did not find differences (p > 0.05) in the signs of damage assessed.
These results complement the biocompatibility profile, giving
information on the topical effect of BU under a pure, direct and
assembled condition of contact with tissue cells.

It has been reported that urea in concentrations above 20% can
cause some irritant effects in the skin [53]. However, despite the
high urea content in BU (almost 40% w/w), the absence of adverse
signs may be explained by the strong betaine urea interaction
unveiled during the NMR experiments (see section 3.2 and
Fig. 2C), resulting in less availability of free urea.
ochondrial activity determination using Cell Titer Blue�. Data are presented as the
crophages derived from THP-1 monocyte cells. mRNA levels were determined by
g/ml) was used as positive control of macrophage activation. Data were normalized
trol (untreated) cells. A two-tailed t-test indicated no differences in cytokine gene
of three independent replicates.



Fig. 7. Histological analysis of sections of human skin explants: (A) Data table of three explants per experimental condition showing signs and level of damage in
histological sections of full thickness skin after BU or PBS (control) application. B) Representative histological sections, fixed and stained with hematoxylin-eosin, obtained
from explants treated for 24 h with BU (B1) or PBS (B2). The scale bar represents 200 mm.
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4. Conclusions

The experiments performed in this work revealed that the
improved stability of imipenem in the BU NADES formulation cor-
relates with an improvement in the antibacterial effectiveness of
this drug. This finding is mainly supported by the arrangement of
the BU in the solvation sphere of the drug, providing a close rela-
tion with betaine, the protective component. Added to this, the
type of release unveiled by the kinetic analysis imprints a nonre-
stricted and fast drug release, promoting the observed improve-
ment in the antibiotic activity against bacteria growing in
planktonic and biofilm conditions. Furthermore, the favourable
biosafety results presented herein for BU should promote further
investigation on biomedical applications of carbapenem
antibiotics.
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