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In the ﬁeld of nanomedicine, nanoparticles are developed to target antibiotics to sites of bacterial infection thus
enabling adequate drug exposure and decrease development of resistant bacteria. In the present study, we investigated the encapsulation of two antibiotics with diﬀerent polarity into diﬀerent PEGylated polymeric nanoparticles based on aliphatic polyesters, to obtain a better understanding of critical factors determining encapsulation and release. The nanoparticles were prepared from diblock copolymers comprising of a poly
(ethylene glycol) block attached to an aliphatic polyester block of varying polarity: poly(lactic-co-glycolic acid)
(mPEG-PLGA), poly(lactic-co-hydroxymethyl glycolic acid) (mPEG-PLHMGA) and poly(lactic-co-benzyloxymethyl glycolic acid) (mPEG-PLBMGA). Hydrophobic bedaquiline and hydrophilic vancomycin were encapsulated via single and double-emulsion solvent evaporation techniques, respectively. Encapsulation, degradation and release studies at physiological simulating conditions were performed. Drug polarity and
preparation techniques inﬂuenced encapsulation eﬃciency into polymer nanoparticles, giving almost complete
encapsulation of bedaquiline and approx. 30% for vancomycin independent of the polymer type. The nonpolar
bedaquiline showed a predominantly diﬀusion-controlled release independent of polymer composition.
However, polar vancomycin was released by a combination of diﬀusion and polymer degradation, which was
signiﬁcantly aﬀected by polymer composition, the most hydrophilic polymer displaying the fastest release.

1. Introduction
Since the introduction of the ﬁrst eﬀective antibiotics in 1937, development of bacterial resistance mechanisms has diminished the eﬃcacy of antimicrobial drugs administered to patients (Alekshun and
Levy, 2007). Nowadays, increases in antibiotic resistance are raising
concerns worldwide. With the exception of clinical misuse and patient
noncompliance, poor clinical eﬃcacy of antimicrobial agents and development of resistance are typically correlated with inadequate drug
exposure at the infection foci due to poor pharmacokinetic properties
and narrow therapeutic indexes of antibiotics (DeRyke et al., 2006;
Yılmaz and Özcengiz, 2017).
In the ﬁeld of nanomedicine, nanosized drug delivery systems are
being developed to improve the therapeutic index of antimicrobial
drugs by modifying the pharmacokinetics and tissue distribution of
antimicrobials to the infections foci (Huh and Kwon, 2011). The use of
polymeric nanoparticles is highly attractive due to their high structural
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integrity, stability, ease of preparation, functionalization and drug
loading, and controlled release capabilities (Kamaly et al., 2016). Drug
encapsulation and drug release from polymeric nanoparticles is inﬂuenced by the composition of the polymeric nanoparticles and by the
physico-chemical properties of the loaded active pharmaceutical ingredient (Blanco and Alonso, 1998; Fredenberg et al., 2011; Fu and
Kao, 2010). However, the relationship between drug polarity, polarity
of polymeric nanoparticle matrix, and encapsulation and release has
not yet been systematically addressed.
The aim of this study was to investigate whether polarity of the
polymeric nanoparticle matrix plays a role in the loading and controlled
release of a hydrophobic and a hydrophilic antibiotic drug. Three different PEGylated polymeric nanoparticles were included in this study,
i.e. prepared from diﬀerent diblock copolymers comprising of a ωmethoxy-poly(ethylene glycol) (mPEG) block, and an aliphatic polyesters block with varying hydrophobicity: poly(lactic-co-glycolic acid)
(mPEG-PLGA), poly(lactic-co-hydroxymethyl glycolic acid) (mPEG-
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2. Materials and methods

PLHMGA) and poly(lactic-co-benzyloxymethyl glycolic acid) (mPEGPLBMGA). The use of amphiphilic diblock copolymers consisting of a
polyethylene glycol (PEG) block allows the preparation of nanoparticles
with long circulation in the bloodstream due to a hydrophilic shell that
it creates at the particle surface (Jokerst et al., 2011; Ghassemi et al.,
2010; Suk et al., 2016). This is important for targeting of drug loaded
nanoparticles via intravenous administration, to eﬃciently utilize the
increased permeability of the vasculature often observed within infected and other inﬂamed sites (a targeting mechanism often referred to
as passive targeting) (Schiﬀelers et al., 2000; Ghassemi et al., 2010;
Schiﬀelers et al., 2001). PLGA is a well-studied aliphatic polyester,
which has been widely applied as a drug delivery system for decades
(Danhier et al., 2012; Ghassemi et al., 2010; Makadia and Siegel, 2011).
PLGA has favorable properties for pharmaceutical and medical application owing to its biodegradability and biocompatibility, but the tailorability of degradation and release characteristics is limited
(Leemhuis et al., 2007). PLHMGA, a novel aliphatic polyester with
pendant hydroxyl groups, was utilized because it allows improved tailorability of degradation and release (Ghassemi et al., 2012, 2010;
Ghassemi et al., 2009; Leemhuis et al., 2007, 2006; Samadi et al., 2013,
2014). The pendant hydroxyl groups of PLHMGA enhance water absorbing capacity and hydrolysis rates, thereby increasing degradation
kinetics and release rates. Its synthetic precursor, PLBMGA, an aliphatic
polyester with pendant benzoyl group, was investigated here for the
ﬁrst time as a drug delivery system. In comparison to PLGA and
PLHMGA, the relative increased hydrophobicity of PLBMGA lowers
water penetrating capacity and hydrolysis, which confers to lower degradation rates and release kinetics.
Two antimicrobial compounds with diﬀerent polarity, bedaquiline
and vancomycin, were selected for encapsulation in order to get a
deeper understanding of the critical factors determining encapsulation
and release: Bedaquiline is a hydrophobic diarylquinoline that kills
Mycobacterium tuberculosis by speciﬁcally inhibiting the ATP synthase
enzyme for bacterial energy production. Bedaquiline has shown many
adverse eﬀects in tuberculosis patients after orally administration in
clinical trials (Mase et al., 2013). Encapsulation and controlled release
of bedaquiline could improve lung disposition and reduce (systemic)
adverse eﬀects. Vancomycin, a hydrophilic glycopeptide and inhibitor
of the bacterial cell wall peptidoglycan synthesis, has exhibited poor
pharmacokinetic properties in patients with methicillin-resistant Staphylococcus aureus (MRSA) infections, such as fast renal clearance and
short half-life (Rybak et al., 2009). Increased exposure time of this
concentration independent (time dependent) antibiotic via encapsulation of vancomycin could improve the therapy of patients with MRSA
bacteremia.
As a consequence of the diﬀerence in polarity of both antibiotics,
polymeric nanoparticles were formulated using single and double
emulsion solvent evaporation techniques for bedaquiline and vancomycin, respectively. The encapsulation (eﬃciency) of both drugs into
the diﬀerent PEGylated polymeric nanoparticles based on aliphatic
polyesters allowed us to investigate the eﬀect of polymer composition,
physico-chemical characteristics of the antibiotics and the drug concentration on the nanoparticle characteristics. The inﬂuence of polymer
composition and drug characteristics on the release was studied in vitro
by simulating physiological (sink) conditions. The diﬀerences in release
behavior were supported by in vitro degradation studies of the nanoparticles. Results of this study provides deeper insights into the appropriate selection of physico-chemical properties of the antibiotic and
composition of the polymeric matrix, to improve antimicrobial therapies targeting speciﬁc infectious disease, bacterial strains and drug
delivery problems.

2.1. Materials
Benzyloxymethyl methyl glycolide (BMMG) was synthesized and
characterized as described by Leemhuis et al. (Leemhuis et al., 2006).
Polyvinyl alcohol (PVA; Mw 30,00–70,000 g/mol, 88% hydrolyzed),
deuterated dimethyl sulfoxide (d6-DMSO), stannous(II) 2-ethylhexanoate, vancomycin hydrochloride, polyethylene glycol monomethyl
ether (mPEG, Mw 2000 g/mol), Hyﬂo® Super-Cel®, lithium chloride,
formic acid, potassium phosphate monobasic, potassium phosphate
monobasic, sodium chloride, palladium on carbon (Pd/C, 10 wt. %
loading, matrix activated carbon support), HEPES, vancomycin hydrochloride chemical standard (product number 94747) and HPLC columns for LC–MS/MS (Ascentis Express) were obtained from Sigma Aldrich (Germany). D,L-lactide and glycolide were purchased from
Corbion Purac (Gorinchem, the Netherlands). Polyethylene glycol
(PEG) standards were purchased from PSS Polymer Standards Service
GmbH (Mainz, Germany). Chloroform, dichloromethane (DCM), methanol, tetrahydrofuran (THF), N,N-dimethylformamide (DMF), and
acetonitril were purchased from Biosolve (Valkenswaard, the Netherlands) and HoneywellFluka (USA). Bedaquiline (99%) was purchased
from Advanced ChemBlocks Inc (USA). Fetal bovine serum was purchased from Lonza (USA). Formvar/Carbon on 400 Mesh Copper grids
were obtained from Agar scientiﬁc (UK). Deuterated bedaquiline (bedaquiline-d6) was purchased from Toronto Research Chemicals (Canada). Deuterated vancomycin (vancomycin-d12, product number
C3831) was purchased from Alsachim (France). Centrifugal ultraﬁltration devices (Vivacon 500, 30 kDa Mw cut-oﬀ) were obtained from
Sartorius (Germany).
2.2. Methods
2.2.1. Polymer synthesis
The random copolymer of D,L-lactide and benzyloxymethyl methyl
glycolide (BMMG) was synthesized via ring-opening polymerization in
the melt (130 ºC) using polyethylene glycol monomethyl ether (mPEG,
Mn 2000 Da) as initiator and stannous octoate as catalyst. In detail, D,Llactide, BMMG and mPEG, were loaded into a schlenk tube and dried
overnight under vacuum conditions. D,L -lactide and BMMG were fed in
a molar ratio of 65/35. The molar feed ratio of monomers to initiator
was 300:1 mol/mol. The loaded Schlenk tube was transferred to an oil
bath of 130º Celsius and incubated for 30 min to remove residual water.
Polymerization was initiated by the addition of the catalyst, stannous
(II) 2-ethylhexanoate (monomer to catalyst molar ratio of 600:1 mol/
mol). The polymerization continued overnight at 130º Celsius under
nitrogen atmosphere. The crude product was cooled to room temperature, dissolved in a small volume of chloroform and precipitated into a
50-fold excess of methanol to remove unreacted monomer.
Precipitation was repeated two times and the obtained diblock copolymer PEG-PLBMGA was dried under vacuum overnight. PEG-PLGA
was synthesized with the identical method using D,L-lactide and glycolide at a monomer ratio of 50:50 mol/mol. PEG-PLHMGA was obtained by removal of the protecting benzyl groups of PEG-PLBMGA via
hydrogenation (rubber balloon ﬁlled with H2) overnight in dry THF
using Pd/C as catalyst (BMMG to Pd/C ratio of 1:2 (w/w)) (Leemhuis
et al., 2006). The Pd/C was removed by ﬁltration using Hyﬂo® SuperCel® and subsequent centrifugation of the ﬁltrate at 20,000 × g. Next,
the polymer solution was concentrated by partly evaporating THF
under vacuum. The PEG-PLHMGA was precipitated in cold methanol
and dried overnight under vacuum.
2.2.2. Polymer characterization
2.2.2.1. NMR spectroscopy. An Agilent 400-MR DD2 equipped with a
OneNMR probe (Agilent Technologies., USA) was used to conduct 1HNMR measurements. All 1D NMR experiments were carried out
2
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2.2.3. Nanoparticle preparation
Vancomycin-loaded nanoparticles were prepared using a doubleemulsion solvent evaporation method. In detail, a solution of vancomycin (200 μL, feed ratio of 1:10, 1:5 and 1:2% (w/w) vancomycin to
polymer) was emulsiﬁed in a 5% (w/v) polymer solution in dichloromethane (DCM, 2 mL) using a Sonopuls HD 2200 ultrasonic
homogenizer ﬁtted with a MS73 micro tip (BANDELIN electronic GmbH
& Co. KG, Germany) for 1 min at 10% amplitude. This primary waterin-oil (W1/O) phase was transferred drop-wise to a 20 mL 1% PVA
solution (ﬁltered through a membrane with 0.2 μm pore size). A second
sonication with a TT13 ﬂat tip for 2 min at 40% amplitude formed the
water-in-oil-in-water (W1/O/W2) emulsion. DCM was evaporated at RT
under stirring conditions for three hours.
Bedaquiline-loaded nanoparticles were prepared using a singleemulsion solvent evaporation method. Brieﬂy, bedaquiline was dissolved in a 5% (w/v) solution of polymer in 2 mL DCM (feed ratio of
1:10, 1:5 and 1:2 w/w bedaquiline to polymer) and this solution was
emulsiﬁed in 20 mL 1% PVA solution (ﬁltered through 0.2 μm membrane) using sonication with a TT13 ﬂat tip for 2 min at 40% amplitude.
DCM was evaporated at RT under stirring conditions for three hours.
Solidiﬁed nanoparticles were recovered by ultracentrifugation at
20,000 × g and washed twice with 20 mL reverse osmosis (RO) water.
Empty nanoparticles were prepared according to the same methods (i.e.
O/W or W1/O/W2) without the addition of vancomycin and bedaquiline.
After a last centrifugation step, the washed nanoparticles were resuspended in 5 mL RO water. The nanosuspensions were either directly
used for nanoparticle characterization, release and degradation studies,
or lyophilized as 1 mL aliquots in weighed Eppendorf tubes (in triplo) to
establish dry particle mass of the suspension and drug load. A Chris
Alpha 1–2 freeze-drier (Osterode am Harz, Germany) was used to lyophilize nanoparticles overnight at -40ºC at 1 mBar.

according to the s2pul.c standard program with a spectral width of
24,038.5 Hz and an acquisition time of 1.363 s. Polymers were
dissolved in deuterated DMSO at a ∼5 mg/mL concentration. Data
were analyzed using Mnova NMR software (Mestrelab Research).
Polymeric composition, number-average molecular weight and PEG
content were determined with the following equations:
∫ Lactic acid, ∫∫ glycolic acid, ∫ benzyloxymethyl glycolic acid, ∫ hydroxymethyl glycolic acid and ∫ mPEG are the integrals per proton at the indicated peak
shifts (∫ number in ppm):
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The number-average molecular weight (Mn) of the diblock copolymers was calculated from the NMR integrals and molecular weights
(MW) of the comonomers with the following formulas:
∫ mPEG = ∫ 3.5 / 182
∫ Lactic acid, ∫ ∫ glycolic acid, ∫ benzyloxymethyl glycolic acid,
∫ hydroxymethyl glycolic acid and ∫ mPEG are the integrals per proton
at the indicated peak shifts (∫ number in ppm):
Mn PEG-PLGA = 2000 + (∫ Lactic acid/∫ mPEG x MW lactic acid) + (∫ glycolic acid
/∫ mPEG x MW glycolic acid)
MnPEG-PLBMGA = 2000 + (∫ Lactic
loxymethyl glycolic acid/∫ mPEG x MW

acid/∫ mPEG x

MW

lactic acid)

+ (∫

benzy-

+ (∫
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2.2.4. Nanoparticle characterization
2.2.4.1. Dynamic light scattering (DLS). The hydrodynamic size of the
nanoparticles was measured by dynamic light scattering with an ALVCGS-3 system (Malvern Instruments, UK) ﬁtted with a JDS Uniphase
22 mW He-Ne laser operating at 632.8 nm and digital LV/LSE-5003
correlator. Measurements were performed at 25 ºC and 90° angle at a
ﬁnal nanoparticle concentration of ∼10 μg/mL in 10 mM HEPES pH
7.4 buﬀer. Data were analyzed using DTS software.

benzyloxymethyl glycolic acid)

MnPEG-PLHMGA = 2000 + (∫ Lactic acid/∫ mPEG x MW lactic
xymethyl glycolic acid/∫ mPEG x MW hydroxymethyl glycolic acid)

acid)

2.2.2.2. Gel permeation chromatography (GPC). Molecular weight
(number and weight average molecular weight) and molecular weight
distribution (polydispersity) of the synthesized polymers were
determined using a Waters Alliance System (Waters, USA). The
system consisted of a Waters 2695 separating module and Waters
2414 refractive index detector. Two PL-gel 5 mM mixed-D columns
(Polymer Laboratories) were ﬁtted with a guard column and DMF
containing 10 mM LiCl was used as an eluent at the ﬂow rate of 1 mL/
min. Polyethylene glycol (PEG) standards and the synthesized polymers
were dissolved in DMF with 10 mM LiCl at 37 ºC for 30 min and
complete dissolution proceeded via overnight incubation at room
temperature. Fifty μL samples were injected into the column with a
total run time of 30 min. The results were analyzed using Empower
software (Waters, USA).

2.2.4.2. Zeta-potential. The zeta-potential (ζ) was measured by a
Zetasizer Nano-Z (Malvern Instruments, UK) at 25 ºC using folded
capillary cells. Nanoparticles were diluted in 10 mM HEPES pH 7.4
buﬀer to a ﬁnal concentration of ∼10 μg/mL. Data were analyzed using
DTS software.
2.2.4.3. Transmission electron microscopy. Size and morphology were
investigated by transmission electron microscopy (TEM) using FE
Tecnai 10/12 (Philips, USA) and analyzed by MearuseIT software
(Olympus). A single droplet of nanosupension (20 μL; ∼0.1 μg NPs
per mL RO water) was deposited on paraﬁlm. Glow discharged Formvar
carbon ﬁlm on copper grids were placed on top of the droplets. The
grids were removed after 2 min incubation and any residual water was
removed from the grids by ﬁlter paper. Subsequently, the grid was
placed onto a droplet of 20 μL 2% uranyl acetate. After 2 min, any
residual uranyl acetate was removed by ﬁlter paper and the grids were
air-dried for 5 min.

2.2.2.3. Diﬀerential scanning calorimetry (DSC). Diﬀerential scanning
calorimetry analysis was performed using Discovery DSC (TA
instrument, USA). Approximately 4–10 mg polymer was loaded into
an aluminum Tzero low mass pan and lid (TA instrument, USA), and
heated from room temperature to 120 ºC (5 ºC/min). Afterwards, the
pan was cooled down to −50 ºC (2 ºC/min) and heated to 120 ºC (1 ºC
modulation, 1 ºC/min). The glass transition temperature was
determined in the second modulated heating run from the reversing
heat ﬂow graph.

2.2.5. Encapsulation eﬃciency and drug load
Lyophilized nanoparticles were dissolved in acetonitrile and incubated for 1 h. Bedaquiline and vancomycin were extracted by the
addition of a 10-fold excess of methanol or potassium phosphate
monobasic (pH 2.8), respectively. The obtained samples were centrifuged at 20,000 × g for 5 min to remove precipitated polymer or any
3
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used as internal standard for quantiﬁcation. The mobile phase was run
at 0.3 mL/min and comprised an isocratic loading in 100% eluent A
from 0 to 2 min, then a gradient of eluent B from 0% to 50% from 2 to
2.2 min, then an isocratic elution at 50% eluent B until 3 min, followed
by equilibration back to 100% eluent A. Mass detection was in positive
ESI mode (Agilent Jetstream) quantiﬁed in MRM mode with transitions
m/z 725.5 to 144.2 and 725.5 to 100. The deuterated standard was
quantiﬁed in MRM mode with transitions m/z 731.5–144.2 and
731.5–100 (all doubly charged precursor ions). The cumulative release
of bedaquiline and vancomycin is reported relative to the determined
loading% and dry particle mass of the nanosuspensions.

possible impurities. The concentration of vancomycin and bedaquiline
was determined by UPLC. The UPLC system comprised an Aquity UPLC
System equipped with a photodiode array detector (Waters, USA) ﬁtted
with an Acquity UPLC BEH C18 (2.1 × 50 mm, 1.7 μm) column.
The isocratic method for vancomycin analysis was modiﬁed following a reported study and run at a ﬂow rate of 0.8 mL/min in a
mobile phase containing 50 mM KH2PO4 pH 4/ACN (92:8 v/v) at 35 °C
(Shah et al., 2014). A gradient method was run for bedaquiline. Eluent
A: ACN/ 25 mM ammonium acetate pH 6.6 10/90% (v/v) with Eluent
B: 100% ACN. The gradient was run at a ﬂow rate of 0.8 mL/min from
100% eluent A to 90% Eluent B from 0.2–1 min followed by equilibration with 100% eluent A. Absorbance of vancomycin and bedaquiline were monitored at a wavelength of 274 and 333 nm, respectively.
Both methods were evaluated by analysing drug recovery of samples
consisting of a mixture of accurately weighed polymer and antibiotic
powders (recovery ≥ 98%). The results were analysed using Empower
software (Waters, USA). The concentration of bedaquiline and vancomycin was calculated with the standard concentrations (10–120 ppm).
Encapsulation eﬃciency and drug load of bedaquiline and vancomycin
was calculated with the following formulas:

Drug encapsulation efficiency =

Drug Loading =

2.2.7. In vitro degradation of nanoparticles
Empty nanoparticles were dispersed in PBS buﬀer pH 7.4 (ﬁnal
composition: 0.033 M NaH2PO4, 0.066 M Na2HPO4, 0.056 M NaCl) at a
concentration of 5–15 mg/mL, aliquoted (1 mL) into weighed
Eppendorf tubes and incubated at 37 ºC under mild agitation conditions. At appropriate time points, three samples were collected by
centrifugation at 20,000 × at 4 ºC and washed twice with RO water.
After lyophilization of the samples, the dry weight of the lyophilized

actual weight antibiotic per weight nanoparticles
× 100%
theoretical weight of antibiotic per weight nanoparticles

nanoparticles or insoluble residues was determined. The molecular
weight of the lyophilized samples was measured with GPC, as previously described in Section 2.2.2.2.

weight of antibiotic in the nanoparticles
× 100%
gross weight of the nanoparticles

2.3. Statistical analysis

2.2.6. In vitro drug release
2.2.6.1. Cumulative release study. Bedaquiline-loaded and vancomycinloaded nanoparticles were resuspended in PBS buﬀer pH 7.4 (0.033 M
NaH2PO4, 0.066 M Na2HPO4, 0.056 M NaCl) containing 10% fetal
bovine serum at a ﬁnal bedaquiline concentration of 1–15 μg/mL and
vancomycin concentration of 100–150 μg/mL. The ﬁnal drug
concentrations were chosen diﬀerently to ensure sink-conditions in
order to eﬀect proper dissolution of both drugs into the medium.
Sodium azide (0.06%) was added to all media to prevent antimicrobial
growth. The resuspended nanosuspensions were aliquoted (1 mL
volume) in triplo and incubated at 37 °C under mild agitation
conditions. At appropriate intervals, nanosuspensions were
centrifuged at 20,000 × for 25 min. Three-quarter of supernatant
was collected and analysed for drug content. Fresh medium was
added in return, the particles were resuspended by vortex and
incubated for another time interval.
For bedaquiline analysis, protein from the release medium was
precipitated with acetone (90% acetone in ﬁnal dilution) prior to
analysis. Deuterated bedaquiline was used as internal standard for
quantiﬁcation. The amount of bedaquiline and vancomycin in the supernatants was quantitatively analysed by mass spectrometry using LCQqQ-MS/MS, equipped with an Agilent 1290 HPLC system coupled to
an Agilent 6490 triple quadrupole mass spectrometer. The HPLC
column was an Ascentis Express C8 column (75 × 2.1 mm, 2.7 μm
particles size with a 5 × 2.1 mm guard column of the same material
(both Sigma). Eluent A was 25 mM formic acid and eluent B was methanol. The mobile phase was run at 0.4 mL/min and comprised an
isocratic loading in 100% eluent A from 0–1 min, then a gradient of
eluent B from 0% to 75% from 1–2 min, followed by equilibration back
to 100% eluent A. Mass detection was in positive ESI mode (Agilent
Jetstream) quantiﬁed in multiple reaction monitoring (MRM) mode
with transitions m/z 556.5–58.1 and 556.5–42. The deuterated standard was quantiﬁed in MRM mode with transitions m/z 563.2–64.1.
For vancomycin analysis, samples were 100 × diluted in water and
serum protein was removed by ultraﬁltration prior to analysis (Vivacon
centrifugal ﬁlters, 14,000 × for 15 min). Deuterated vancomycin was

The two sample t-test and one-way analysis of variance (ANOVA)
were performed using IBM SPSS Statistics 24. T-test was utilized comparison between two groups. One-way analysis of variance (ANOVA)
(followed by a modiﬁed t-test) was used when more than 2 groups were
compared. P ≪ 0.05 was regarded as statistically signiﬁcant. Diagrams
and ﬁgures show means and SDs unless indicated otherwise.
3. Results and discussion
3.1. Polymer synthesis and characterization
In this study, three diﬀerent poly(ethylene glycol)-polyester diblock
copolymers were synthesized with varying hydrophobicity of the aliphatic polyester block by diﬀerent copolymer compositions, i.e. the
relatively hydrophobic PLBMGA, intermediate PLGA, and the relatively
hydrophilic PLHMGA (Fig. 1). First, random copolymers of D,L-lactide
and benzyloxymethyl methyl glycolide (BMMG) (molar feed ratio of
65:35) were synthesized via ring-opening polymerization using poly
(ethylene glycol)-monomethyl ether (mPEG, 2000 Da) as initiator and
stannous octoate (Sn(Oct)2) in the melt at 130 ºC to obtain PEGPLBMGA (Fig. 1). Catalytic removal of the pendent benzyl groups from
mPEG-PLBMGA yielded mPEG-PLHMGA with pendent hydroxyl
groups. mPEG-PLGA diblock copolymer was synthesized by the same
method using D,L-lactide and glycolide as monomer units. These diblock
copolymers, mPEG-PLGA, mPEG-PLBMGA and mPEG-PLHMGA, were
obtained in high yields of 93, 95 and 87%, respectively. Similar yields
were reported before for similar polymers. (Leemhuis et al., 2006;
Rahimian et al., 2015a, b).
The monomer composition was conﬁrmed by 1H-NMR spectroscopy
(Supporting Information (S.I.), Supplementary Fig. 1). Peak integrals at
peak shifts are representative of the protons of the composing units,
mPEG, D,L-lactide, glycolide and BMMG. 1H-NMR analysis (S.I., Supplementary Table 2) showed that mPEG-PLGA was composed of D,Llactic acid and glycolic acid with a molar ratio of 50:50, which was
4
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Fig. 1. Synthesis of mPEG-PLGA, mPEG-PLBMGA and
mPEG-PLHMGA.

1

similar to the feed ratio (50:50). Since the BMMG monomer is a cyclic
dimer of D,L-lactic acid (LA) and benzyloxymethyl glycolic acid
(BMGA), the corresponding monomer feed ratio of 65:35 should result
in a ratio of 82.5:17.5 LA/BMGA in the polymer mPEG-PLBMGA. We
found a molar ratio of 82:18 – the equivalent to the lactide and BMMG
molar ratio of 65:36 –, which is in good agreement with the feed ratio.
This ratio of monomers (LA/HMGA) remained similar after removal of
the benzoyl groups. Similar results were previously reported (Leemhuis
et al., 2006; Rahimian et al., 2015a,b).
1
H-NMR was not only used to calculate the composition of the
polymers, but also the total number of monomer units attached to each
mPEG chain, giving the total number average molecular weight, by
relating the monomer integrals to the PEG integral per proton of each
unit. The number average molecular weight of mPEG-PLGA and mPEGPLBMGA were in good agreement with the theoretical molecular
weight, while the molecular weights of mPEG-PLHMGA was signiﬁcantly higher than expected. After hydrogenation and extensive
puriﬁcation of the polymer via precipitation, ﬁltration or centrifugation, unreacted PEG chains or diblock copolymers with relatively small
and hydrophilic polyester blocks may have been removed, thus increasing the polyester content and providing higher than expected
molecular weights.
Number and weight average molecular weights and the polydispersity were also determined with gel permeation chromatography
(GPC) using PEG reference standards and 10 mM LiCL in DMF as eluent.
GPC analyses (S.I., Supplementary Table 2) showed similar polydispersities of 1.4–1.5 for all polymers, but apparent diﬀerences between molecular weights (Mw and Mn) are observed in comparison to

H-NMR and theoretical values. These diﬀerences are obtained, since
the hydrodynamic size of polymer chains, as determined by GPC, depend on the extend of solvation of the entire polymer. Diﬀerent degrees
of solvation of PEG standard and diblock copolymers result in diﬀerences between theoretical and analyzed molecular weights (Rahimian,
Samadi (Rahimian et al., 2015a,b; Samadi et al., 2013, 2014)).
DSC analysis showed that the obtained diblock copolymers were
fully amorphous (S.I., Supplementary Fig. 3). The glass transition
temperatures (Tg) are reported in S.I., Supplementary Table 2. The increase of the glass transition after removal of the protected benzyl
group of mPEG-PLBMGA is in agreement with previous ﬁndings
(Rahimian et al., 2015a,b; Samadi et al., 2014). Polar groups such as
eOH tend to raise the glass transition (more than non-polar groups),
because of polar interactions (Cowie and McEwen, 1982; Pizzirani
et al., 1971).

3.2. Nanoparticle preparation and characterization
To study the inﬂuence of polymer composition and drug characteristics on the encapsulation of antibiotics, two model antibiotics of
diﬀerent hydrophobicity/hydrophilicity were encapsulated utilizing the
synthesized diblock polymers: the polar vancomycin, a complex relatively large hydrophilic molecule with negative calculated logD, and
apolar bedaquiline, a hydrophobic antibiotic with a highly positive
calculated LogD (Table 1). These diﬀerences in physico-chemical
properties required the use of diﬀerent encapsulation approaches.
Vancomycin-loaded PEG-polyester nanoparticles were prepared using a
double-emulsion solvent evaporation method, whereas bedaquiline was
5
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Table 1
Physico-chemical properties of vancomycin and bedaquiline.
Property

Vancomycin

Bedaquiline

1449
−4.8
Freely soluble, 225 g/L

555
6.17
Insoluble, 192 μg/L

Structural formula

MW (g/mol)
ACD logD (pH 7.4)
Est. solubility in water at 25 ºC (ALOGPS)

water and organic solvents destroy the integrity of the formed nanoparticles.
S.I., Supplementary Table 5 shows the results obtained with vancomycin-loaded mPEG-PLGA nanoparticles prepared via the doubleemulsion solvent evaporation method. In this case, the hydrodynamic
particle size, polydispersity index and zeta-potential of vancomycinloaded nanoparticles did not diﬀer with diﬀerent vancomycin feed. The
relative amount of loaded vancomycin increased with increasing drug
to polymer feed from 3.5% to 8.6%, although the encapsulation eﬃciencies slightly reduced from 38% to 26% (both p ≪ 0.05, one-way
ANOVA). Non-loaded vancomycin is removed during the washing
procedures, as the compound is well soluble in water. Therefore, the
measured vancomycin is likely entrapped inside the nanoparticles or
perhaps partially bound at the interface via electrostatic interactions.
Encapsulation eﬃciencies are relatively low as compared to bedaquiline. Indeed, polar substances have a tendency of migrating towards the
external aqueous phase during preparation of the nanoparticles (Astete
and Sabliov, 2006).
Nanoparticles with the other two diblock copolymers (mPEGPLBMGA and mPEG-PLHMGA) were prepared with comparable drug
load (∼ 9% wt%) of bedaquiline and vancomycin (using 1:10% (w/w)
and 1:2% (w/w) drug to polymer feed, respectively), to rule out the
inﬂuence of signiﬁcant diﬀerences in drug load on the nanoparticle
characteristics. The nanoparticles were obtained in good yields (approx.
65–70%). The characteristics of the loaded nanoparticles based on these
diﬀerent aliphatic polyesters are shown and compared with the corresponding ones from PEG-PLGA in Table 2 and Fig. 2.
Bedaquiline-loaded nanoparticles based on mPEG-PLGA, mPEGPLBMGA and mPEG-PLHMGA diblock copolymers had similar hydrodynamic size (241–264 nm range) and high encapsulation eﬃciencies
of 95.0–99.1%. Hydrophobic small molecules owing to their inherently
high logP, usually have a high encapsulation eﬃciency due to drug

encapsulated with the single-emulsion solvent evaporation method. The
nanoparticles were obtained in good yields (∼65–70%).
To determine the maximum drug load for each antibiotic and the
eﬀect of drug to polymer ratio (w/w) on the preparation and encapsulation, the hydrodynamic size, size distribution (PDI), zeta-potential and drug encapsulation eﬃciency were studied for mPEG-PLGA
nanoparticles prepared with increasing drug to polymer ratio (1:10, 1:5
to 1:2% (w/w)).
The nanoparticle properties of the antibiotic-loaded mPEG-PLGA
NPs are summarized in S.I., Supplementary Table 4. Increasing the
bedaquiline to polymer feed (from 1:10 to 1:2), yielded nanoparticles
with a slightly higher mean hydrodynamic size and polydispersity:
241 ± 5 nm (PDI = 0.134) to 290 ± 12 nm (PDI = 0.251). The bedaquiline load of the NPs increased with increasing drug to polymer
ratio (p ≪ 0.05, one-way ANOVA). The increase in particle size can be
attributed to the increased drug content in the emulsion nanodroplets
or increased viscosity of the organic phase (Mao et al., 2008). The encapsulation eﬃciency was almost complete (99%) when the drug to
polymer feed was increased from 1:10 to 1:5% (w/w) (p ≫ > 0.05, two
sample t-test). A slight decrease of the encapsulation eﬃciency (to 81%)
was observed upon a further feed increase from 1:5 to 1:2% (w/w)
(p ≪ 0.05, two sample t-test). The loss of bedaquiline was visually
evident due to the presence of ﬂoating, crystalline-like aggregates
during the collection of nanoparticles by centrifugation of the NPs.
Apparently, a maximum amount of bedaquiline can be incorporated
with a given amount of polymer.
The zeta-potential of bedaquiline-loaded nanoparticles slightly increased from –5.8 ± 0.7 to −2.8 ± 1.5 mV with increasing drug feed
(p ≪ 0.05, two sample t-test). The increase in zeta-potential compared
to empty nanoparticles suggest that cationic bedaquiline is (partially)
located on the surface of the nanoparticles. Surface-bound bedaquiline
cannot be removed via washing steps, as bedaquiline is insoluble in

Table 2
Characteristics of PEG-PLGA, PEG-PLBMGA and PEG-PLHMGA nanoparticles loaded with bedaquiline and vancomycin. (n = 3).
Antibiotic

Polymer

Drug to Polymer ratio (w/w)

Size (nm)

PDI

Zeta potential (mV)

Drug load (wt%)

Encapsulation eﬃciency (%)

Bedaquiline

PEG-PLHMGA
PEG-PLGA
PEG-PLBMGA

1:10

254 ± 8
241 ± 5
265 ± 10

0.140 ± 0.20
0.134 ± 0.01
0.211 ± 0.04

−20.6 ± 2.3
−5.8 ± 0.7
−11.0 ± 2.6

8.9 ± 0.9
9.0 ± 0.2
8.6 ± 0.4

98.6 ± 1.0
99.1 ± 1.1
95.0 ± 2.4

Vancomycin

PEG-PLHMGA
PEG-PLGA
PEG-PLBMGA

1:2

261 ± 11
242 ± 12
250 ± 7

0.105 ± 0.03
0.148 ± 0.07
0.090 ± 0.02

−11.0 ± 4.9
-6.2 ± 2.0
-12.9 ± 1.3

11 ± 1.0
8.9 ± 1.6
9.1 ± 0.4

32.0 ± 3.1
26.8 ± 4.8
27.4 ± 1.2
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Fig. 2. TEM Pictures of (A) bedaquiline-loaded and (B) vancomycin-loaded mPEG-PLGA (left), mPEG-PLBMGA (middle) and mPEG-PLHMGA (right) nanoparticles.

increased by ∼3 mV. These ﬁndings suggest that vancomycin is probably located at the surface to a higher extent for the mPEG-PLHMGA
nanoparticles which could correspond to the higher drug load.

partitioning towards the organic phase using the single emulsion solvent evaporation method (Mittal et al., 2007). Although drug load can
also be aﬀected by the drug-polymer interactions and the drug miscibility with the polymer, our ﬁndings show that polymer composition
had essentially no eﬀect on the drug partioning and miscibility during
formation of the o/w nanoemulsion and consolidation of the nanoparticles via extraction and evaporation of DCM (Blanco and Alonso,
1998; Desai et al., 2010; Katou et al., 2008; Panyam et al., 2004).
Fig. 2a depicts transmission electron microscopy (TEM) pictures of
all nanoparticles, showing spherical particles for all polymers. The
particles appear smaller compared to the hydrodynamic size obtained
by DLS analysis. Such artifacts are caused due nanoparticle shrinkage
through drying of the TEM samples. Loaded polymeric nanoparticles
(Table 2) have slightly less negative zeta-potentials (diﬀerences of
∼+4 mV; p ≪ 0.05, two-tailed t-test) as compared to the corresponding empty ones (−25, −9 and −15 mV for empty PEG-PLHMGA,
PEG-PLGA and PEG-PLBGMA, respectively), which again suggests
partly located (resorbed) bedaquiline on the surface of the nanoparticles.
Preparation of vancomycin-loaded nanoparticles also yielded spherical nanoparticles of comparable hydrodynamic size and drug load for
all three polymer matrixes (Table 2 and Fig. 2b). Apparently, the
polymer composition of the diﬀerent nanoparticle matrices does not
inﬂuence encapsulation of vancomycin, and polar vancomycin is likely
incorporated in the internal hydrophilic water pockets of the W/O/W
emulsion. The drug load into the most hydrophilic mPEG-PLHMGA NPs
could be considered slightly higher compared to the other polymeric
nanoparticles. The zeta-potential of mPEG-PLHMGA increased by
∼11 mV compared to the empty counterpart, while the zeta-potential
of vancomycin-loaded mPEG-PLGA and mPEG-PLBMGA NPs only

3.3. Nanoparticle degradation
Chemical stability of polymeric nanoparticles was investigated at
physiological conditions. Therefore, empty nanoparticles prepared from
the diﬀerent diblock copolymers were incubated in PBS at pH 7.4 and
37 oC. The degradation behavior of all nanoparticles was studied by
analyzing the dry weight of the nanoparticles and number average
molecular weight of the constituting polymers (and insoluble residues)
over time (Fig. 3).
In a timeframe of approx. 1 month, nanoparticles of mPEG-PLGA,
mPEG-PLBMGA and mPEG-PLHMGA showed a continuous loss of relative dry mass (Fig. 3a) and decrease in relative number average molecular weights (Fig. 3b). mPEG-PLGA, mPEG-PLHMGA and mPEGPLBMGA nanoparticles showed decay patterns with mass loss of 70 and
90 and 30% over 35 d, respectively. Previously, nanoparticles from
polymers that are similar to mPEG-PLHMGA have been prepared, i.e.
mPEG-PLGHMGA block copolymers that contain additional glycolic
acid units (Samadi et al., 2013). Those showed similar degradation
behavior compared to the present mPEG-PLHMGA NPs. Also, the degradation kinetics of mPEG-PLGA nanoparticles is similar to previously
published data (Zweers et al., 2004).
Loss in relative dry mass coincided with the decrease in relative
number average molecular weights for all polymeric nanoparticles,
which indicates hydrolysis of the ester bonds throughout the nanoparticle matrix and release of water-soluble degradation products by
diﬀusion (Gopferich, 1996). The decrease in relative number average
7
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Fig. 4. Cumulative release of bedaquiline from PEG-PLGA, PEG-PLBMGA and PEGPLHMGA nanoparticles: (A) Experimental cumulative release over time, (B) Normalized
mean experimental cumulative release (circles, squares, triangles) and theoretical mean
release (open and closed lines) over time. Release medium was 10% FBS in PBS, pH 7.4 at
37 oC. n = 3.

mPEG-PLBMGA, mPEG-PLGA and mPEG-PLHMGA had similar numberaverage molecular weights based on GPC and 1H NMR. The signiﬁcant
diﬀerences in degradation rates of mPEG-PLBMGA and mPEG-PLHMGA
are too large to exclusively be attributed to the relatively small diﬀerences in the molecular weights.
The inﬂuence of the preparation method (O/W or W/O/W method)
on the degradation behavior was checked with mPEG-PLGA nanoparticles: The degradation constant for the mPEG-PLGA NPs prepared
with the O/W method (0.058 d-1) was comparable to NPs prepared with
the W/O/W method (0.059 d-1). This suggest that bulk erosion is
mainly induced by water penetration from the environment into nanoparticle matrices, while the contribution of the internal aqueous
pockets of nanoparticles prepared with W/O/W method is insigniﬁcant.

Fig. 3. The degradation kinetics at physiological conditions (PBS, pH 7.4, 37 ºC) of empty
nanoparticles prepared by single (O/W) and double (W/O/W) emulsion solvent evaporation methods: (A) The relative dry weight, (B) the relative number average molecular
weight (Mn, GPC analysis), and (C) semi-logarithmic plot of the relative number average
molecular weight (Ln(Mn), GPC analysis) of mPEG-PLGA, mPEG-PLBMGA and mPEGPLHMGA. n = 3.

molecular weights for all polymeric nanoparticles follows pseudo-ﬁrstorder kinetics with the following rate equation (Siepmann et al., 2005):

Mnt (%) = Mn 0 (%) ∙e−k degr ∙ t

(1)

3.4. Antibiotic release from polymeric nanoparticles

where Mnt (%) and Mn 0 (%) denote the relative number-averaged molecular weight (in %) of the polymer at time t and t = 0, respectively, and
k degr denotes the degradation rate constant of the polymer.
Using a semi-logarithmic plot (Fig. 3c), the degradation rate constants were obtained from the slopes. The linear relationship
(R2 ≫ > 0.98) indicates degradation mechanism via bulk erosion for all
nanoparticles (Siepmann et al., 2005). During bulk degradation, water
can penetrate the polymeric matrix readily and all polyester chains are
reached for degradation by hydrolytic scission. The degradation rate
constants were equal to 0.010, 0.059 and 0.066 d-1 for mPEG-PLBMGA,
mPEG-PLGA and mPEG-PLHMGA NPs, respectively, and illustrate that
polarity of the polymer matrix and thus the degradation rate of nanoparticles based on aliphatic polyesters can be tailored by functionalization of the random copolymer with pendant hydrophobic or hydrophilic groups. The benzyl pendant groups reduces degradation (i.e.
hydrolysis) via decreased polymer hydration and/or decreased water
solubility of monomeric or oligomeric degradation products, whereas
the hydroxyl group of mPEG-PLHMGA enhances degradation by enhanced water retention and solubility of degradation products as
compared to PEG-PLGA. Molecular weight of polymers may also aﬀect
the degradation rate, with higher molecular weight polymers generally
exhibiting lower degradation rates (Park, 1995). However, Supplementary Fig. 1 and Table 2 in Supporting information showed that

The release of bedaquiline and vancomycin from mPEG-PLGA,
mPEG-PLBMGA and mPEG-PLHMGA nanoparticles was investigated in
PBS (pH 7.4) containing 10% fetal bovine serum (FBS) at 37 ºC. FBS
was used to bind released drug and thus acquire full dissolution into the
release medium, which was especially required for the poorly water
soluble bedaquiline. Saturation solubility of bedaquiline in 10% FBS
was determined and reached at least 5 times higher than the concentrations that were obtained after full release from the nanoparticles,

Fig. 5. Cumulative release of vancomycin from PEG-PLGA, PEG-PLBMGA and PEGPLHMGA nanoparticles. Release medium was 10% FBS in PBS, pH 7.4 at 37 oC. n = 3.
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diﬀerences in the polymeric composition (i.e. polarity of the polymer
matrix) have an inﬂuence on the burst release and release rate of
vancomycin. The initial (burst) release of vancomycin measured within
the ﬁrst hour was 20% from mPEG-PLBMGA NPs, 18% from PEG-PLGA
nanoparticles, and 65% from PEG-PLHMGA NPs. After the initial release, vancomycin-loaded PEG-PLHMGA nanoparticles showed a continuous release up to 100% within 8–10 days, while the burst release of
vancomycin from PEG-PLBMGA and PEG-PLGA NPs was followed by a
lag phase of approx. 5 d. This triphasic release pattern of vancomycin
resulted in 100% release of vancomycin from PEG-PLGA NPs in
28 days, whereas only 65% of vancomycin was released from mPEGPLBMGA NPs within the same time frame.
The release patterns of vancomycin indicate a combination of a
diﬀusion and degradation controlled release: After the initial (burst)
release and evident lag phase, a second phase of increased release rates
correlates with the mass loss and polymer degradation. In contrary to
bedaquiline, which is incorporated into the polymer matrix, encapsulated vancomycin being a hydrophilic molecule is retained within
the internal aqueous volume of the nanoparticles formed via the doubleemulsion evaporation technique. Therefore, release of vancomycin is
probably predominantly dependent on the presence of hydrophilic
pores, absorption of water, and/or degradation of the polymer (Kang
and Schwendeman, 2007; Kim et al., 2006; Mochizuki et al., 2008; Shah
et al., 1992). The high initial release from mPEG-PLHMGA nanoparticles could be explained by the relatively high degradation rate, the
presence of hydrophilic pores due to the hydrophilic polymer composition, and the relative high amount of vancomycin present on the
surface of the mPEG-PLHMGA NPs or their pores through electrostatic
interactions as suggested by the zeta-potential data presented above.
Previously, microspheres prepared from non-PEGylated PLHMGA
polymer but loaded with another hydrophilic antibiotic (gentamycin)
showed a burst release depending on their porosity, followed by a lag
phase of 35 days with hardly any gentamycin release and subsequent
complete sustained release in 25 days (Chaisri et al., 2011). The differences between the release patterns of the microspheres (relatively
low burst and lag phase) and the PEGylated nanoparticles (high burst,
no lag phase) could be ascribed to the diﬀerences in size, i.e. diﬀusion
path length, and the presence of PEG in the nanoparticle which make
them even more hydrophilic than the non-PEGylated PLHMGA microspheres (Crank, 1956; Samadi et al., 2014).

which guaranteed sink conditions. During release experiments, nanoparticles from the samples taken at diﬀerent time points were separated
from the medium by ultracentrifugation, and released drug in the
medium was quantitatively analyzed by LC-QqQ-MS/MS including a
stable isotope labelled internal standard for optimal accuracy. The release of bedaquiline and vancomycin from diﬀerent formulations are
presented in Figs. 4 and 5 and are expressed in terms of cumulative
release versus time.
The release of bedaquiline from all formulations consisted of an
initial, fast release (30–42%) within the ﬁrst hour, which is probably
partially caused by non-encapsulated or surface-bound bedaquiline
(Fig. 4a). After the initial (burst) release, all bedaquiline-loaded nanoparticles showed similar trends of a fast, continuous release up to 100%
within ∼3–7 days. The (complete) release is governed by the presence
of proteins in the media that can bind the otherwise insoluble bedaquiline. The contribution of degradation/erosion mechanisms is most
likely very low, since the release of bedaquiline does primarily not
coincide with the degradation rates of the nanoparticles and polymers
(Fig. 3).
Fick’s second law of diﬀusion can be used to analyze the release of
bedaquiline from the diﬀerent polymeric nanoparticles (Crank, 1956).
Crank’s model for spherical geometry was applied on the notion that
release is governed by diﬀusion with constant diﬀusivities (Ariﬁn et al.,
2006; D'Aurizio et al., 2011):Crank, 1956; D'Aurizio et al., 2011):

Mt
6
= 1− 2 ∙
π
M∞

∞

∑

n=1

1 −Deff n2 π2t/r 2
∙e
n2

(2)

where M∞and Mt represent the absolute drug release at inﬁnite and
speciﬁc time t , respectively; r denotes the radius of the nanoparticles
and D the diﬀusion coeﬃcient of the drug. Crank’s model assumes that
drug is released from a monolithic system and drug is uniformly dispersed or dissolved in the polymer.
The theoretical curves were ﬁtted to the cumulative release data
with the least-square method, in which M∞ (of Fig. 4A) was normalized
to 100%, thereby obtaining the diﬀusion-coeﬃcients (Table 3). Fig. 4B
shows the theoretical release curves of the mean theoretical diﬀusion
coeﬃcients. Table 3 shows close agreements (R2 = 0.97–0.98) between
the theoretical and experimental cumulative release patterns, thus
supporting the principal release mechanism of diﬀusion. In the case of
diﬀusion-controlled release, it was expected that the benzoyl groups of
mPEG-PLBMGA would enhance drug retention within the nanoparticles
and reduce release/diﬀusion rates via hydrophobic interactions (i.e. pipi stacking) (Shi et al., 2013), as bedaquiline is encapsulated within the
polymeric nanoparticle via the single-emulsion evaporation technique.
However, drug release patterns and diﬀusion coeﬃcients of bedaquiline
from all polymeric nanoparticles are around 1 × 10-20 m2/s. Release of
bedaquiline via diﬀusion through the polymer matrix thus seems to be
independent of the polymeric structure.
The release of vancomycin from all polymeric nanoparticles is
shown in Fig. 5. In contrary to bedaquiline loaded nanoparticles,

4. Conclusion

Antibiotic

Polymer

Average
hydrodynamic
radius (r; in nm)

Deﬀ (10-20 m2/s)

R2

This study provides an understanding of the relationship between
polymer nanoparticle composition and the encapsulation and release of
antibiotics of diﬀerent polarity. Drug polarity and preparation techniques aﬀected absolute drug load into polymer nanoparticles.
Independent of the polymer composition, the hydrophobic antibiotic,
bedaquiline, could be encapsulated completely, while a hydrophilic
antibiotic, vancomycin, could only be entrapped moderately. Nonpolar
bedaquiline was predominantly released rapidly by predominant mechanism of diﬀusion, which was independent of the polymer matrix. On
the contrary, the release of vancomycin was governed by a combination
of diﬀusion and degradation and was thus dependent on the composition of the polymer matrix. Findings show that selection of drug polarity and polymer composition is pivotal to obtain desirable encapsulation and release characteristics.

Bedaquiline

PEGPLHMGA
PEG-PLGA
PEGPLBMGA

127

0.80 ± 0.08

0.98 ± 0.01
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Eﬀective diﬀusion coeﬃcients (Deﬀ) of bedaquiline in PEG-PLGA, PEG-PLBMGA and PEGPLHMGA nanoparticles of radius r, obtained from ﬁtted release curves via least-squares
regression. Drug to polymer ratio in the feed was 1:10 (w/w). R2 represents the correlation coeﬃcient, n = 3. .
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