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a b s t r a c t

The on-demand administration of anaesthetic drugs can be a promising alternative for chronic pain man-
agement. To further improve the efficacy of drug delivery vectors, high drug loadings combined with a
spatiotemporal control on the release can not only relief the pain according to patient’s needs, but also
improve the drawbacks of conventional burst release delivery systems. In this study, a hybrid nanoma-
terial was developed by loading bupivacaine nanocrystals (BNCs) into oligo(ethylene glycol) methyl ether
methacrylate (OEGMA)-based thermoresponsive nanogels and coupling them to NIR-absorbing
biodegradable copper sulphide nanoparticles (CuS NPs). Those CuS NPs were surface modified with poly-
electrolytes using layer-by-layer techniques to be efficiently attached to the surface of nanogels by means
of supramolecular interactions. The encapsulation of bupivacaine in the form of nanocrystals allowed to
achieve CuS@BNC-nanogels having drug loadings as high as 65.5 wt%. The nanocrystals acted as long-
lasting drug reservoirs, leading to an elevated localized drug content, which was useful for their applica-
tion in prolonged pain relief. The CuS@BNC-nanogels exhibited favorable photothermal transducing
properties upon NIR-light irradiation. The photothermal effect granted by the CuS NPs triggered the
nano-crystallized drug release to be boosted by the collapse of the thermoresponsive nanogels upon
heating. Remote control was achieved for on-demand release at a specific time and place, indicating their
potential use as an externally activated triggerable drug-delivery system. Furthermore, cell viability tests
and flow cytometry analysis were performed showing satisfactory cytocompatibility in the dose-ranging
study having a subcytotoxic concentration of 0.05 mg/mL for CuS@BNC-nanogels. This remotely activated
nanoplatform is a promising strategy for long-lasting controlled analgesia and a potential alternative for
clinical pain management.
� 2021 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
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1. Introduction

The treatment of chronic pain remains challenging. Conven-
tional treatments for pain management are based on opioids and
non-steroidal anti-inflammatory drugs (NSAIDs), that usually have
associated numerous side effects [1]. Local anesthetics (LA) such as
lidocaine, bupivacaine and ropivacaine that block the conduction
of nerve impulses in the peripheral nervous system are extensively
used for surgical pain control and postoperative pain management
[2]. However, the limitations associated with LA are the commonly
reported cardiovascular and neurological associated toxicities and
the short duration of anesthesia, with half-times of 12–24 h, which
requires a continuous injected administration of the drug [3].
Encapsulation of LA in nanoparticle-based drug delivery systems
have been proposed to shorten the onset, prolong their acting time
and reduce their toxicity [4]. Therefore, the development of alter-
native platforms that administrate the anesthetic in an on-
demandmanner could increase the anesthesia duration and reduce
the adverse side effects together with an increased patients’ adher-
ence to the treatment facilitating a superior efficiency of the ther-
apeutic approach. In particular, the use of responsive drug delivery
systems is proposed as a potential strategy for controlled drug
administration and prolonged anesthetic effect [5,6]. The chosen
anesthetic dose at a convenient time and delivered to the selected
site can be achieved using externally activated stimulus-
responsive nanoparticles [7]. This approach would reduce the dose
of anesthetic required to relief the pain and allow to modulate the
degree of anesthesia according to patient’s changing needs,
improving the therapeutic effect [8]. Different external stimuli
have been used to activate drug release such as magnetic fields,
ultrasound or light [9,10]. Near-infrared (NIR) light is a promising
method for remote triggering because of the possibility to modu-
late the fluence and time of irradiation controlling the release of
the drug. Moreover, NIR-light has the best penetration depth
through soft-tissues and produces less thermal damage, as it is
much less absorbed by water and tissue chromophores than UV
and visible lights [11,12]. NIR light can be used for the photother-
mal activation of thermoresponsive materials coupled to light-
absorbing nanoparticles. Copper sulphide nanoparticles (CuS NPs)
have received much attention due to their favorable biocompatibil-
ity, biodegradability, easy preparation and low cost [13]. After
exposure to NIR-light, CuS NPs can rapidly convert light energy
into heat for photothermal therapy (PTT) and as diagnostic agent
in photoacoustic imaging [14]. CuS NPs can act as transducers to
efficiency transform optical energy into thermal energy and when
attached to a thermoresponsive polymeric material that undergoes
a temperature transition, it is possible to release the transported
payload [15]. Oligo(ethylene glycol) methyl ether methacrylate
(OEGMA)-based copolymers are widely used for biomedical appli-
cations due to their low cytotoxicity and reversible and tunable
lower critical solution temperature (LCST) [16]. One of their advan-
tages is that the LCST can be easily adjusted by varying the ratio of
monomers used [17].

Up to now, several classes of hybrid organic–inorganic nanoma-
terials have been explored as NIR-triggered drug delivery systems.
Wang et al.[18] developed a platform containing plasmonic gold
nanoparticles (AuNPs) and gold nanorods (AuNRs) embedded in
polyacrylamide hydrogel which are cross-linked by bis-
acrylamide and nucleic acid duplexes. Upon light activation, the
Au nanostructures produced the heating of the hydrogels and the
reversible dehybridization of the DNA duplexes, generating a more
porous structure in the material, opening the DNA-based cross-
linker and allowing the release of the drug. In addition, plasmonic
nanoparticles such as hollow gold nanoparticles (HGNPs) [19],
AuNRs [20] or gold nanocages [21] have been used as transducers
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to remotely trigger the disruption of a thermosensitive liposome or
the phase transition of a polymer, expelling the drug contained
within. For instance, gold nanocages coated with the thermore-
sponsive polymer poly(N-isopropylacrylamide) (pNIPAm) were
loaded with doxorubicin (DOX) being the drug released when irra-
diated NIR-light collapsed the polymeric shell [22]. PNIPAm
microparticles containing HGNPs and bupivacaine were developed
using a novel one-step microfluidic synthesis and validated for
NIR-light activated bupivacaine release [23]. A different configura-
tion of the hybrid nanomaterial has been designed containing
hybrid PNIPAm-based nanogels decorated with HGNPs on their
surface to trigger the release of the anesthetic bupivacaine [24].
The photothermal heating induced by HGNPs functionalized with
a shell of OEGMA-based nanogel was able to produce the collapse
of the polymeric shell thus causing the release of the local anes-
thetic bupivacaine in a spatiotemporally controlled way [25]. CuS
NPs have also been functionalized with an amino-terminated
OEGMA polymers to obtain a breakable nanocomposite able to
release a carried drug on-demand after NIR-light triggering [15].
Despite all this progress achieved in recent years, nanocarriers
have shown moderately low drug-loading contents that usually
are less than 10 wt% [15,25–27]. Future effort to create efficient
nanoparticle-based drug delivery systems having clinical transla-
tion will likely hinge on designing high-drug content NPs with an
enhanced drug to nanomaterial ratio. Drug nanocrystallization
could offer the possibility to overcome the limited drug-loading
capacity of many nanomedicines, which is a mayor challenge in
the development of pharmaceutical products [28]. In our previous
work, bupivacaine nanocrystals were successfully obtained and
encapsulated for the first time in thermoresponsive nanogels.
These novel nanosystems were able to achieve excellent drug con-
tents and prolonged peripheral nerve block in preclinical models
[29].

In this study, CuS NPs were coupled by electrostatic interactions
to thermoresponsive nanogels loaded with bupivacaine nanocrys-
tals to enhance the drug-loading content of the carrier. The pho-
tothermal ability of CuS NPs@nanogels was used to trigger the
release of the nano-crystallized contained drug with the aid of
remotely applied NIR light. To the best of our knowledge, this is
the first investigation reporting the externally triggered release
of encapsulated drug nanocrystals. Cell viability tests and flow
cytometry studies were carried out in four different cell lines to
evaluate the potential applications of the vector in the biomedical
field.
2. Materials and methods

2.1. Materials

Di(ethylene glycol) methyl ether methacrylate (MEO2MA, 95%),
poly(ethylene glycol) methyl ether methacrylate (OEGMA500, Mn
500), ethylene glycol dimethacrylate (EGDMA, >98%), sodium
dodecyl sulfate (SDS, �98%), potassium persulfate (KPS, �99%),
copper(II) chloride dihydrate (ACS reagent, � 99.0%), sodium sul-
fide nonahydrate (�99.99%), poly(vinylpyrrolidone) K30 (PVP
K30, 40,000 Da), hydrazine 35 wt% in water, sodium hydroxide
(NaOH, reagent grade, �98.0%), poly(allylamine hydrochloride)
(PAH, Mw � 17,500 Da), sodium (polystyrene sulfonate) (PSS,
Mw � 70,000 Da), sodium chloride (NaCl, ACS reagent), hydrox-
ypropyl methylcellulose (HPMC, Mn � 10,000 Da), poly(ethylene
glycol) (PEG300, Mn 300 Da), bupivacaine hydrochloride monohy-
drate (�99%) and (S)-(-)-limonene (96%) were purchased from
Sigma-Aldrich. All of these chemicals were used as received.
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2.2. Preparation of bupivacaine free base

Bupivacaine free base was synthesized using the procedure pre-
viously described in the literature [30] with slight modifications.
Briefly, 50 mL of an aqueous solution of bupivacaine hydrochloride
at 20 mg/mL was treated with 0.2 M NaOH solution added drop-
wise under stirring to obtain the bupivacaine free base. The NaOH
solution was continuously added until a pH of 11 was obtained
(pKa 8.4), resulting in the precipitation of the free base form as
an off-white solid. Bupivacaine free base was purified filtering
the solid under vacuum and subsequently with several washes
with MilliQ water to eliminate salt residues. The solid was dried
under vacuum overnight, resulting in a 70 wt% synthesis yield.
Its melting point was determined by differential scanning
calorimetry (DSC), corroborating the production of the free base
(m.p. = 107–108 �C).

2.3. Synthesis of bupivacaine nanocrystals (BNCs)

Bupivacaine nanocrystals were prepared using the anti-solvent
precipitation technique reported in our previous work [29]. Hence,
50 mg of bupivacaine free base were dissolved in 1.5 mL of PEG
300. The anti-solvent solution was prepared dissolving 100 mg of
the HPMC polymer in 3.5 mL of water. The HPMC aqueous solution
was obtained heating it at 80 �C under stirring and subsequent
cooling it down in an ice bath until the HPMC became water solu-
ble. Bupivacaine free base dissolved in PEG300 was quickly added
to the HPMC solution under continuous stirring at 400 rpm and
room temperature during 2 min. The final ratio of organic and
aqueous phases was maintained at 3/7, where HPMC was 2% w/
w in the final dispersion. When the drug solution was added, the
clear solution turned into a stable opaque dispersion showing the
formation of BNCs. The final dispersion was centrifuged at
25000 rpm during 40 min using an ultracentrifuge (Beckman Coul-
ter, Avanti J-20 XP equipped with JA25.50 rotor, USA), the super-
natant was replaced with water and the solid redispersed. The
BNCs were further washed by centrifugation to remove the excess
of unreacted polymer. Finally, the obtained BNCs were dispersed in
5 mL of deionized water.

2.4. Loading of BNCs on thermoresponsive nanogels

Thermoresponsive P(MEO2MA-co-OEGMA500) nanogels loaded
with BNCs were prepared using the aqueous precipitation poly-
merization method by in situ free radical copolymerization based
on the protocol described in our previous work [29]. The drug-
loaded nanogels were grown introducing the as-prepared BNCs
in the nanogel synthesis beaker. Briefly, the synthesis was accom-
plished in a 100 mL Schlenk tube where the as-prepared BNCs
were mixed with 1.56 mmol of MEO2MA monomer, 0.21 mmol
of OEGMA500 monomer and 0.06 mmol of EGDMA as crosslinker.
To maintain the lower critical solution temperature (LCST) of the
nanogels in the physiological range we used a [MEO2MA]/
[OEGMA500] monomer molar ratio of 88/12 [16]. The volume phase
transition temperature (VPTT) of the obtained nanogels deter-
mined by the inflection point of the hydrodynamic size versus tem-
perature curve using DLS was 38.3 �C [29], which is also in
accordance with our previous studies on LCST of the equivalent
OEGMA-based copolymers [16]. The produced nanogels were able
to reversibly reduce their size, undertaking 70 % reduction in vol-
ume when the temperature rises above their VPTT [29]. Two mL
of a SDS surfactant solution containing 0.035 mmol were added
as nanogels stabilizer. All the components were dissolved in
Milli-Q water with a final volume of 40 mL. The reaction mixture
was purged with argon under stirring during 30 min, afterwards,
the solution was heated to 70 �C, and the polymerization was ini-
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tiated by the addition of KPS (2 mL, 0.037 mmol). The polymeriza-
tion reaction was carried out during 6 h at 70 �C. The resulting
BNC-nanogels were collected by repeated centrifugation at
10000 rpm for 10 min at 10 �C and washed with water. For the
preparation of empty nanogels the protocol was identical to the
previous one in absence of BNCs, except for the purification proce-
dure. To recover empty drug-free nanogels after the synthesis it
was necessary to ultracentrifugate them at 25000 rpm for 60 min
at 15 �C (Beckman Coulter, Avanti J-20 XP equipped with JA25.50
rotor, USA). This process was required due to the small size and
excellent stability of the nanogels in aqueous solution. Therefore,
the separation of drug-loaded nanogels (that precipitate effectively
at 10000 rpm) from empty nanogels is effective during BNC-
nanogels centrifugation, as empty ones are removed in the super-
natant during repeated washing cycles.

2.5. Synthesis of copper sulfide nanoparticles (CuS NPs)

CuS NPs were synthesized following the work of Ramadan et al.
[31] with somemodifications. Briefly, the synthesis was carried out
in a 500 mL round flask by mixing 1.2 g of PVP K30 dissolved in
125 mL of DDI water with 500 mL of a 0.5 M solution of CuCl2
and 125 mL of water with alkaline pH of 9. Afterwards, 32 mL of
hydrazine solution was added under vigorous stirring, which gives
place to the formation of Cu2O seeds. One mL of Na2S (320 mg/mL)
was added to the previous dispersion while keeping it under heat-
ing at 70 �C for 2 h. Several washing cycles were performed by cen-
trifugation at 10000 rpm, 10 min.

2.6. Synthesis of the nanohybrid CuS@BNC-nanogels

We decorated the nanogels with CuS NPs using electrostatic
interactions. To obtain CuS NPs with high positive surface charge
we functionalized them by the alternate electrostatic layer-by-
layer (LbL) assembly technique with multilayers of biocompatible
polyelectrolytes of opposite charge [32]. As the surface charge of
initial CuS NPs is negative, first a layer of a positively charged poly-
electrolyte PAH was introduced by adding a solution of CuS NPs
(1 mg/mL) over a PAH solution of 2 mg/mL having ionic strength
(6 mM NaCl). The solution was stirred during 3 h at room temper-
ature and washed by centrifugation at 10000 rpm (10 min). After
that, the positively charged CuS NPs (1 mg/mL) were incubated
with PSS (2 mg/mL) in NaCl (6 mM). The negatively charged CuS
NPs were finally coated with a layer of PAH to have a significant
positive surface charge able to stabilize the NPs and couple them
to nanogels through supramolecular electrostatic interactions.

To obtain the final vector composed of nanogels and NIR-
sensitive CuS NPs the coupling was carried out through the electro-
static interactions of negatively charged nanogels and CuS NPs
modified with multilayers of polyelectrolytes PAH/PSS/PAH to
have a positively surface potential. To this aim, a dispersion of
CuS NPs (1 mg/mL) were added dropwise over a solution of nano-
gels (5 mg/mL) under stirring. After 30 min the solution was cen-
trifuged at 10000 rpm (12 min) to obtain the final nanomaterial
named CuS@BNC-nanogels.

2.7. Light-triggered in vitro release experiments

In vitro drug release from CuS@BNC-nanogels was studied at
body temperature (37 �C), below the volume phase transition
(VPT) of nanogels at 38.3 �C [29]. The sustained release profiles
were determined using 1 mL of 0.4 mg/mL dispersions in water
using a thermoshaker (Biosan TS-100C, Riga, Latvia) set at 37 �C
with mechanical agitation at 600 rpm. The dispersions were pre-
pared to work under sink conditions below the drug saturation
concentration according to the drug loading obtained. Three sam-
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ples were taken for each release time point. The samples were cen-
trifuged at 13000 rpm for 10 min and the supernatant was sepa-
rated and filtered with a 0.22 lm syringe filter. The amount of
bupivacaine released at each time point was calculated from the
supernatant using GC–MS. The GC–MS samples were prepared by
mixing 100 lL of the supernatant with 850 lL of ethanol and
50 lL of limonene solution in methanol as internal standard. To
study the light-triggered release, 1 mL of CuS@BNC-nanogels
(0.4 mg/mL) dispersed in water were exposed to several heating–
cooling cycles using a collimated 808 nm laser diode at 5.2 W/
cm2 (such irradiance was used to obtain a fast response) and con-
sisting on heating to 45 �C and then cool it down to body temper-
ature (37 �C). After several heating–cooling cycles, the samples
were centrifuged at 13000 rpm for 10 min and the supernatant
was separated and filtered with a 0.22 lm syringe filter to deter-
mine bupivacaine concentration using GC–MS.

Drug loading (DL%) was quantified using the direct method by
the extraction of the drug using ethanol. The drug loading was cal-
culated by means of the following formula:

Drug loading% DL%ð Þ ¼ Mass of drug in nanoparticles
Total mass of nanoparticles

x100
2.8. Nanomaterials characterization

The drug content of CuS@BNC-nanogels was determined using a
Gas Chromatograph-Mass Spectrometer (GC–MS QP2010 SE, Shi-
madzu, Kyoto, Japan), equipped with an AOC-20i auto injector.
The mass spectrometer was set at an interface temperature of
280 �C, an ion source temperature of 200 �C, with a mass range
of 35 to 300 m/z and a solvent cut time of 2.5 min. The capillary
column used to separate the compounds was a ZebronTM ZB-50
(Phenomenex, USA) having dimensions 30 m (length) � 0.25 mm
(diameter) � 0.25 lm (film thickness). The injector temperature
was adjusted at 250 �C and the split mode was used at a 10:1 ratio.
The GC oven temperature was initially set at 50 �C and further
increased to 170 �C using a ramp rate of 30 �C/min, then raised
at 45 �C/min to 250 �C (0.5 min hold) and finally raised at 10 �C/
min to 300 �C, and hold for 1.5 min. The carrier gas used was
helium (>99.999%) with a flow linear velocity of 31 cm/s. The sys-
temwas programed with 11 mL/min of total flow rate and 0.73 mL/
min of column flow. Bupivacaine was identified by its retention
time (RT) and mass fragmentation pattern. Bupivacaine was quan-
tified by the peak area comparison relative to the limonene used as
internal standard. The data peak processing was carried out by
means of Shimadzu’ GC–MS solution software.

UV–vis spectra were recorded using a Jasco V670 spectropho-
tometer to evaluate the characteristic CuS surface plasmon reso-
nance band in the NIR region of the selectromagnetic spectrum.

Zeta potential was used to analyze the surface charge during the
LbL polyelectrolyte deposition on the surface of CuS NPs. Zeta
potential of the colloidal suspensions was performed on a Brookha-
ven 90Plus particle size analyzer using the ZetaPALS software in
1 mM KCl aqueous solution at a pH = 6 and 25 ± 0.1 �C. The zeta
potential was determined by studying their electrophoretic mobil-
ity and then applying the Smoluchowski equation.

Thermogravimetric analysis allowed to determine the organic
and inorganic contend of the nanocomposite. TGA (Mettler Toledo
TGA/STDA 851e) was carried out in a temperature range between
30 and 800 �C using a heating rate of 10 �C/min, under nitrogen
atmosphere with a flow rate of 50 mL/min.

X-ray diffraction (XRD) was used to assess the crystallinity of
BNCs and to corroborate the inclusion of the nanocrystals in the
final nanocomposite. The diffractograms were recorded in a Philips
X-Pert diffractometer with a monochromatized Cu Ka radiation
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source (k = 1.54060 Å, 40 kV, 20 mA) in 2H ranging from 5� to
60� with a step of 0.013 and 5 s of analysis time.

Copper content in the resulting CuS@BNC-nanogels was deter-
mined using Microwave Plasma-Atomic Emission Spectrometry
(MP-AES 4100, Agilent, CA, USA). MP-AES is equipped with an Inert
OneNeb nebulizer and a double-pass glass cyclonic spray chamber.
Nitrogen gas was obtained from a generator connected to an air
compressor. Instrumental parameters such as the nebulizer gas
pressure, the viewing position (i.e., the analytical observation zone
in the plasma), and the background correction were optimized
automatically using the instrument software. The acid digestion
method was used for the preparation of samples. Three replicates
were performed setting 3 s of read time and 15 s for torch stabiliza-
tion time.

Transmission electron microscopy (TEM) images were recorded
in a T20-FEI Tecnai thermoionic microscope operated at an acceler-
ation voltage of 200 kV. Samples were dropped in carbon coated
copper grids, dried at room temperature and stained with a nega-
tive staining agent (3% phosphotungstic acid) when necessary to
improve the contrast of the polymeric nanogels. TEM images were
analyzed using the open source image processing software ImageJ
to obtain size distributions of nanoparticles. Scanning-
transmission imaging with a high-angle annular dark-field detec-
tor (HAADF- STEM) and energy-dispersive X-ray spectroscopy
(EDS) analysis were carried out in a scanning transmission electron
microscope (STEM; FEI Tecnai F30, operating at 300 kV).

Fourier transform infrared (FTIR) spectroscopy analysis was
performed on a Bruker Vertex 70 FTIR spectrometer equipped with
a deuterated triglycine sulfate (DTGS) detector and a Golden Gate
diamond attenuated total reflectance (ATR) accessory. Data points
were collected at a resolution of 4 cm�1 from the 4000–600 cm�1

wavelength range and 80 number of scans.
Nanoparticle irradiation was performed using a 808 nm-laser

diode (model MDL-III-808–2 W, Changchun New Industries Opto-
electronics Technology Co., Ltd., Changchun, P.R. China). Samples
were irradiated as dispersions in water at a concentration of
0.4 mg/mL using a laser irradiance of 5.2 W/cm2. The temperature
variations were registered using a thermocouple.

2.9. Cytocompatibility analysis

The cytocompatibility of CuS@BNC-nanogels, CuS@nanogels
and bupivacaine hydrochloride was in vitro evaluated in four cell
lines in order to explore the potential clinical use of the synthe-
sized bupivacaine loaded nanosystems for pain relief.

Human dermal fibroblasts (Lonza, Belgium), human glioblas-
toma cells (U251MG; kindly gifted by Dr. Pilar Martín-Duque),
mouse mesenchymal stem cells (mMSC; donated by Dr. Pilar
Martín-Duque) and THP1 cells (American Type Culture Collection,
USA) were the cell lines assayed. Human dermal fibroblasts and
U251MG cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) high glucose containing stable glutamine (Biowest,
France) and supplemented with fetal bovine serum (FBS, 10% (v/
v), Thermo Fisher Scientific, MA) and antibiotic–antimycotic
(60 lg/mL penicillin, 100 lg/mL streptomycin, and 0.25 lg/mL
amphotericin B; Biowest, France). mMSCs were cultured in
DMEM-F12 (Biowest, France) supplemented in the same way as
described above for DMEM high glucose. THP1 cells were grown
in RPMI 1640 containing stable glutamine (Biowest, France) and
supplemented with 10% v/v FBS (Thermo Fisher Scientific, MA),
1% HEPES, 0.1% 2-mercaptoethanol 50 mM, 1% non-essential amino
acids, 1% sodium pyruvate 100 mM and antibiotic–antimycotic
(60 lg/mL penicillin, 100 lg/mL streptomycin, and 0.25 lg/mL
amphotericin B; Biowest, France). In vitro differentiation of THP1
cells to macrophages was carried out by adding 1 mM phorbol
12-myristate 13-acetate (Sigma Aldrich, USA) to the cell culture
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medium for 72 h. All cell lines were cultured under humidified
atmosphere containing 5% CO2 at 37 �C except for mMSCs which
were cultured under hypoxia (3% O2).

The Blue Cell Viability assay (Abnova, Taiwan) was performed
to determine the in vitro cytotoxicity of CuS@BNC-nanogels, CuS@-
nanogels and bupivacaine hydrochloride at different concentra-
tions in the range of 0.01–0.5 mg/mL except for bupivacaine
hydrochloride that was tested at the equivalent loaded concentra-
tions (0.006–0.293 mg/mL). Human dermal fibroblasts (6000 cells/
well), U251MG cells (5000 cells/well), mMSCs (5000 cells/well)
and THP1 macrophages (70000 cells/well) were seeded in 96-
well plates and incubated with the tested compounds for 24 h.
Then, the reagent was added (10% v/v) and incubated for 4 h. The
fluorescence was read at excitation and emission wavelengths of
530 and 590 nm, respectively (Synergy HT microplate reader, Bio-
tek, USA). The potential of the compounds interference with the
methodology was tested and discarded. Cell viability was calcu-
lated as a relative percentage of the untreated control-cells value.
The percentages obtained represent the average of five
experiments.

Moreover, flow cytometry assays were carried out to evaluate
the potential effects in cell cultures of the treatment with
CuS@BNC-nanogels, CuS@nanogels and bupivacaine hydrochlo-
ride. Human dermal fibroblasts, U251MG cells, mMSCs and THP1
macrophages were incubated for 24 h with the tested compounds
at a subcytotoxic concentration determined in the Blue Cell Viabil-
ity assay. Then, samples were collected and analyzed by flow
cytometry to study cell apoptosis and cell cycle. Apoptosis was
assessed by adding annexin-binding buffer to the cell pellet. Next,
cell suspensions were stained for 15 min with annexin V-FITC and
propidium iodide to be further analyzed by flow cytometry after
incubation with annexin-binding buffer. The percentages of cell
viability, early apoptosis, late apoptosis and necrosis were deter-
mined by a FACSARIA BD equipment and the FACSDIVA BD soft-
ware (BD, USA). On the other hand, cell cycle was analyzed
through fixing the samples with ethanol (70%) and staining the
DNA by adding RNase A and propidium iodide. The distribution
of cell cycle phases was determined in a FACSARRAY BD equipment
with the MODIFIT 3.0 Verity software (BD, USA). Control samples
were also run in both flow cytometry methodologies to determine
cell basal status.
2.10. Statistical analyses

Data are reported as mean ± SD. Normal distribution of the vari-
ables was analyzed by the Shapiro-Wilk test followed by the U-
Mann-Whitney or Student test (StataSE 12 statistical software, Sta-
taCorp LP, USA). Statistically significant differences among groups
were considered when p � 0.05.
3. Results and discussion

3.1. Characterization of CuS@BNC-nanogels

CuS@nanogels loaded with BNCs were prepared by electrostatic
coupling of negatively charged BNC-nanogels [29] and positive sur-
face charged CuS NPs modified by LbL assembly technique with
alternate multilayers of polyelectrolytes of opposite charge
(Scheme 1). The zeta potential of BNC-nanogels, synthesized using
the aqueous precipitation polymerization method described in our
previous work [29], was � 10.47 ± 0.33 mV. This negative surface
charge is provided by the SDS surfactant used in the stabilization
of the nanogels [33]. The obtained CuS NPs showed a negative zeta
potential of �17.48 ± 0.83 mV, that was reverted by its functional-
ization with alternate layers of PAH/PSS/PAH. The changes in the
1470
zeta potential during LbL coating of CuS NPs via alternate adsorp-
tion of PAH and PSS polyelectrolytes are depicted in Fig. 1a. The
resulting polyelectrolyte coated CuS NPs exhibited a positive sur-
face charge of + 22.8 ± 0.47 mV. This positive surface potential ren-
dered an effective electrostatic coupling with the negatively
charged BNC-nanogels, generating a final vector with zeta poten-
tial of � 7.35 ± 0.22 mV at neutral pH.

UV–vis spectroscopy was employed to characterize the surface
plasmon resonance-induced absorption band characteristic of CuS
NPs. The UV–Vis spectra of CuS@BNC-nanogels presented the
broad absorption band in the NIR region of the spectrum, in the
same way as CuS NPs functionalized with polyelectrolytes
(Fig. 1b). The preservation of this characteristic absorption in the
NIR region allows the activation of CuS@BNC-nanogels upon irradi-
ation in order to trigger the release of the associated drug. TEM
characterization of CuS@BNC-nanogels (Fig. 1c-d) showed that
the nanogels were effectively decorated with the CuS NPs on their
surface. According to TEM images, BNC-nanogels of a mean size of
148 ± 35 nm [29] were grafted to CuS NPs of 108 ± 25 nm (Fig. S1).
Fig. S2 shows illustrative TEM images of BNCs of 22 ± 7 nm
obtained by the anti-solvent precipitation method described
above. The multilayer coating of CuS NPs produced by the adsorp-
tion of PAH and PSS polyelectrolytes is perceived in the TEM
images after sample staining with phosphotungstic acid [34]. The
halo around the nanoparticles corresponds to the tungsten-
containing PAH and PSS grafted on their surfaces. As a result, CuS
NPs present a grey organic layer with a thickness of 6 ± 2 nm
around the surface of CuS NPs. Inset in Fig. 1d represents a detailed
HAADF-STEM image of a CuS nanoparticle. In Fig. 1e-f, HAADF-
STEM images showed a sample of CuS@BNC-nanogels to identify
the location of Cu and S atoms by Z–contrast, and the correspond-
ing EDS spectra (Fig. 1e). CuS NPs are hollow structures due to the
Kirkendall diffusion effect, where sulfur diffuses into the Cu2O
template particles at the same time that copper diffuses outwards
[35]. Fig. 1f shows the Cu and S EDS profiles of a representative CuS
NP, where the red line depicts the spatial localization of the EDS
profile. This EDS profile shows higher concentration of Cu and S
in the shell (corresponding to the particle walls), and lower con-
centration in the core, confirming the hollow structure. Empty
nanogels were also coupled to CuS NPs for the sake of comparison.
The zeta potential obtained for empty nanogels was� 6.7 ± 0.9 mV,
close to the one of drug loaded nanogels. Fig. 1g-h report a typical
sample of the coupling of empty nanogels, which exhibited a size
of 64.7 ± 8.6 nm [29], to the positively charged CuS NPs function-
alized with polyelectrolytes. The smaller size of empty nanogels
produced a different disposition around the CuS NPs, allowing
the attachment of a higher number of nanogel-based particles on
the surface. When the nanogels are loaded with BNCs their size
becomes larger than the one of CuS NPs, thus the attachment of
several nanogels around CuS NPs is sterically hindered, and a lower
number of gel-based particles are coupled per CuS NPs. This dispo-
sition could be effective for the photothermal heating activation of
CuS NPs by NIR-light irradiation, transmitting efficiently the heat
necessary to trigger the thermo-responsiveness of the nanogels
by direct close transference of heat between coupled CuS NPs
and nanogels.

XRD is usually applied to study the crystalline structure of
drugs as well as to collect evidences of drug encapsulation. The
results of XRD (Fig. 2a) show that the CuS@BNC-nanogels exhibited
intense diffraction peaks at 10�, 16.2�, 17.8�, 20�, 21.5�, 23.8� and
25.5�, indicating the presence of the drug crystalline structure in
BNCs (Fig. S3). The drug remains in a well-crystallized state into
the nanocomposite. Empty-nanogels showed no diffraction peaks
in the spectrum, presenting the typical diffractograms of amor-
phous compounds (Fig. S3). CuS NPs functionalized with PAH/
PSS/PAH show intense diffraction peaks at 29.3�, 32� and 48� cor-
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responding to the characteristic diffraction planes of covellite
phase that shows maximum absorption in the NIR region [35]. FTIR
spectroscopy is a useful tool for nanomaterials characterization
that allows to determine the constituting elements and their bond-
ing arrangement. Fig. 2b shows the spectrum of CuS@BNC-
nanogels as well as the spectra of the main components in the
nanomaterial, CuS NPs PAH/PSS/PAH, BNC-nanogels and BNCs.
The infrared spectrum of CuS@BNC-nanogels shows the distinctive
bands of BNCs and BNC-nanogels. The characteristic signals of the
BNCs can be identified at 3200 cm�1 cosigned to stretching of
hydrogen-bonded NAH group of the mono-substituted amides
(O@CANAH), around 2927 cm�1 attributed to CAH stretching
vibrations, the peaks at 1700–1600 cm�1 assigned to C@C and
C@O stretching, at 1680–1630 cm�1 to amide carbonyl stretching
band, at 1550 cm�1 to CAN stretching vibrations together with
NAH bending and at 1250 cm�1 to CANAH stretch vibrations
[36]. The peak appeared around 1720 cm�1 was ascribed to the
stretching vibrations of C@O groups in the P(MEO2MA-co-
OEGMA500) polymer [16]. Distinctive CuS NPs absorption bands
are shown in CuS@BNC-nanogels spectra, corresponding to the R-
SO3

- group of PSS at 1190–1009 cm�1 [37] and the band at
618 cm�1 indicating the existence of Cu-O bonds [38]. Thus, FTIR
results are indicative of the presence of BNCs and CuS NPs in the
final vector, in agreement with results obtained in our previous
analysis. Altogether, XRD and FTIR analysis endorsed the incorpo-
ration of a high quantity of BNCs into CuS NPs@ nanogels.

The composition of CuS@BNC-nanogels was studied using TGA,
MP-AES and GC–MS to determine the drug content. TGA curves of
BNC-nanogels (Fig. S4a) presented two weight loss at 225 �C and
340 �C attributed to the thermal decomposition of bupivacaine
and P(MEO2MA-co-OEGMA500), respectively [25]. Otherwise, the
TGA analysis of CuS NPs coated with PAH/PSS/PAH (Fig. S4b)
showed a first weight loss up to 100 �C ascribed to the loss of water
molecules linked to PAH/PSS/PAH polymers and a second loss
between 200 and 400 �C attributed to the polymers thermal
decomposition. The remaining material from 400 �C corresponds
to CuS. The thermal decomposition curves of CuS@BNC-nanogels
are depicted in Fig. 2c. CuS@BNC-nanogels exhibit two differenti-
ated weight losses. The first around 150–260 �C was ascribed to
the bupivacaine thermal decomposition. The second weight loss
occurred at around 260–420 �C and was attributed to the degrada-
tion of the polymers [25]. There was no evidence of weight loss
after 400 �C, and this remaining material after complete degrada-
tion of organic compounds was ascribed to the remaining inor-
ganic CuS. Therefore, the CuS content corresponded to 17 wt% of
the final nanomaterial, so that the other 83 wt% of the nanocom-
posite was assigned to the organic material comprising BNCs and
polymers. Taking into account the weight loss ranges of the indi-
vidual components, the weight loss up to 260 �C attributed to
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the bupivacaine content in the final nanomaterial corresponded
to 63 wt%. This high drug loading was verified by GC–MS analysis,
as the overlapping in the weight loss curves of the different organic
components could contribute to a low accuracy in the drug deter-
mination when using TGA. The drug loading of CuS@BNC-nanogels
measured using GC–MS was 65.5 ± 5.9 wt%. The Cu content in
CuS@BNC-nanogels was also quantified using MP-AES in order to
determine the real amount of Cu contained into the final material.
The MP-AES analysis revealed a Cu content in the nanomaterial of
9.6 ± 1.2 wt%. The results are in fair agreement with the estimation
of 17 wt% CuS content obtained by the TGA analysis. TGA, MP-AES
and GC–MS results showed that the final CuS@BNC-nanogels hold
an elevated drug content useful for their application in pain relief.

3.2. Light-responsive drug release profile

In previous studies, CuS NPs were used for effective photother-
mal heating under NIR illumination [35]. Furthermore, photother-
mal properties of NIR-responsive nanoparticles have been
extensively used in photothermal cancer therapy using different
nanomaterials such as gold nanoparticles [39], gold nanorods
[40] and nanoplatforms integrating nanomaterials and functional
polymers [41]. In order to investigate the thermoresponsive drug
delivery profile of CuS@BNC-nanogels the first step was to examine
the photothermal properties of the nanomaterial upon 808 nm NIR
irradiation. Fig. 2d depicted the photothermal response of 1 mg/mL
CuS@BNC-nanogels dispersions depending on the irradiance sup-
plied. The photothermal heating curves obtained at irradiances
between 1.4 and 5.2 W/cm2 indicated an increase in the heating
rate proportional to the increment of the irradiance supplied. As
shown in Fig. 2d, the temperature of the CuS@BNC-nanogels solu-
tions increased by 1.2 �C/min (curve 1.4 W/cm2, from 27 to 37.5 �C
over 8.6 min). When the power density was increased to 2.8 W/
cm2 the temperature increased by 2.6 �C/min (from 27 to 48 �C
over 8 min). An irradiance of 3.5 W/cm2 increased the solution
temperature by 5.2 �C/min (from 28.8 to 55.2 �C over 5.1 min).
Finally, the irradiance of 5.2 W/cm2 increased the solution temper-
ature by 8.2 �C/min (from 27 to 60 �C over 4 min). Applying 5.2 W/
cm2, the CuS@BNC-nanogels generated a DT of 33 �C in 4 min. Pro-
viding this NIR power density it is possible to heat from physiolog-
ical temperature (37 �C) to 45 �C in 1.5 min, producing the rapid
collapse of the nanogels, thus such irradiance was used to obtain
a fast response. The irradiation of a water solution used as control
assay exhibited only a slight increase in temperature (Fig. S5).

Results of the in vitro release experiments are shown in Fig. 2e.
The release profile of CuS@BNC-nanogels at 0.4 mg/mL, concentra-
tion way below the drug saturation taking into account the loading
of 65.5 wt%, is shown at 37 �C. The drug encapsulated was com-
pletely released after 24 h at physiological temperature, presenting
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Fig. 2. (a) XRD diffractograms of CuS@BNC-nanogels, BNC-nanogels and bupivacaine free base. (b) FTIR spectra of CuS@BNC-nanogels, CuS-PAH/PSS/PAH, BNC-nanogels and
BNCs. Labels point out several functional groups present in the nanomaterials. (c) TGA (black) and derivative of TGA (red) plots for CuS@BNC-nanogels. (d) Heating curves of
CuS@BNC-nanogels at different irradiances ranging from 1.4 to 5.2 W/cm2. (e) Bupivacaine release profiles from CuS@BNC-nanogels at 37 �C. After 3 h of release at 37 �C, 5
pulses of irradiation were applied from 37 to 45 �C using laser irradiation at 808 nm and 5.2 W/cm2 (represented as a star). Data are means ± SD (N = 3). (f) Heating cycles of
CuS@BNC-nanogels (0.4 mg/mL) under laser irradiation at 808 nm; 5.2 W/cm2.
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a burst release in the initial half an hour, probably due to the frac-
tion of NCs attached in the outer region of the nanogels. After that,
a slower release event occurs that reached an equilibrated drug
release after 24 h. The 65 wt% of the drug was released after 3 h
(0.42 mg of bupivacaine per mg of nanomaterial), and at this 3 h
time point the release of the remaining drug was promoted by
the irradiation with 808 nm laser to demonstrate that it is possible
to activate an additional drug dose on-demand when required. The
photothermal stimulus was applied to trigger the release by irradi-
ation with five laser on/off cycles. The samples were irradiated
with the 808 nm laser for 2 min (laser-on), to heat up from 37 �C
to 45 �C. Subsequently, the laser was switch off and the solution
cooled down to 37 �C for 3.5 min (laser-off). The cycles between
37 and 45 �C produce the transition of the nanogels above their
VPT of 38.3 �C [29], triggering the release of additional drug. When
the temperature of nanogels is lower than the VPTT, water mole-
cules align around the hydrophilic moieties of the polymer. How-
ever, at temperatures above the transition temperature, owing to
the hydrophobicity of the surrounding groups, water molecules
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start detaching, with a consequent phase separation between the
water and polymer. Consequently, as the temperature increases
hydrophobic-hydrophobic interactions become more important
than hydrophilic-hydrophilic interactions, which eventually leads
to aggregation of hydrophobic moieties, reduction in the nanogel
volume and subsequent drug release. The reversible phase separa-
tion produces the desorption not only of the water molecules inter-
acting with the polymer, but also of drug molecules confined in the
nanogel structure that are expelled to the medium. As an example,
Cazares-Cortes et al. [42] prepared thermosensitive OEGMA-based
nanogels for the remote release of DOX triggered by magnetic
nanoparticles. It was demonstrated that DOX release from the
nanogels was driven by the application of a magnetic field that
generated heat due to the interaction with magnetic nanoparticles
acting as the driving force for drug release. As shown in Fig. 2f, no
significant variation was observed in photothermal heating during
the five cycles indicating a photothermal stability of CuS@BNC-
nanogels under five consecutively repeated cycles using NIR illu-
mination. The analysis of the drug released after the NIR activation
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(represented as a star) showed that approximately, after five laser
on/off cycles, the remaining 30 wt% of the drug encapsulated was
released (obtaining the release of 0.57 mg of bupivacaine per mg
of nanomaterial). Thus, when the photothermal stimulus was
applied a triggered on-demand release at a specific time point
can be accomplished to provide an additional anesthetic effect
when needed by using CuS@BNC-nanogels. Therefore, the
photothermal-induced nanogel transition can be used to provide
a thermo-responsive triggered release of local anesthetics for pain
relief in real applications.

To our knowledge, this is the first report in the literature
describing the use of CuS NPs attached to P(MEO2MA-co-
OEGMA500) nanogels for the fabrication of a remotely
phothermal-activated pulsed device for the supply of local anes-
thetics. Also, the encapsulation of anesthetics in the form of
nanocrystals has not been previously reported in on-demand
photo-responsive nanocarriers. A few studies have described the
use of hybrid nanomaterials for on-demand photothermal-release
of anesthetics with on–off switching ability [43]. Kohane et al.
[44] reported the preparation of a phototriggerable formulation
consisting on gold nanorods (GNRs) attached to the membrane of
drug-containing liposomes. The photothermal properties of GNRs
enabled the fast transition of lipid bilayers and the subsequent
drug release. This formulation containing the anesthetic tetrodo-
toxin (TTX) loaded into the liposomes was tested in vivo, showing
that NIR-light irradiation successfully produced on-demand con-
trol of local anesthesia, furthermore with a very reduced toxicity.
However, the loading capacity of this liposome-based formulation
was 0.3 wt% of TTX, far from the drug loading value obtained in our
work using the nano-crystallized drug (65.5 wt%), thus an increase
in the drug loading could improve its performance despite of the
superior anesthetic effect of TTX over bupivacaine at the same
dose. Previous works encapsulating bupivacaine hydrochloride
Fig. 3. Cell viability of CuS@BNC-nanogels, CuS@nanogels and bupivacaine hydrochlorid
corresponds to that loaded in CuS@BNC-nanogels (0.006–0.293 mg/mL). The red line d
Percentages are displayed as mean ± SD (N = 5). Statistical analyses refer to control samp
among groups were considered when p � 0.05.
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into thermoresponsive polymeric microparticles for phototrig-
gered local anesthesia reached a maximum DL% of 11 wt% [23].
Other hybrid core–shell nanoparticles achieved values of 2–3 wt
% of bupivacaine hydrochloride loadings [15,25]. Hence, the incor-
poration of nano-crystallized drugs into nanostructures could sig-
nificantly propel the relevance of on-demand delivery systems
for many biomedical applications.
3.3. In vitro cytocompatibility

In vitro cytotoxicity and potential effects in cell apoptosis and
cycle of the treatment for 24 h with CuS@BNC-nanogels, CuS@-
nanogels and bupivacaine hydrochloride were evaluated in four
different cell lines (mMSCs, U251MG, human dermal fibroblasts
and human macrophages). This battery of different cell lines was
selected to cover a wide range of cell lines including somatic, mul-
tipotent stromal cells and even tumor-derived cell lines.

Fig. 3 displays the results obtained from the cytotoxicity assays.
Nanogels (Fig. 3a and b) showed a dose-dependent cytotoxicity
exerting a similar trend in the four cell lines assayed though not
loaded nanogels (Fig. 3b) exhibited barely lower viability than
the loaded ones (Fig. 3a). This is attributed to the higher CuS con-
tent in the CuS@nanogel constructs compared to the total mass of
those carriers in comparison with the proportional lower amount
of CuS in CuS@BNC-nanogels. mMSCs were less affected by the
addition of nanogels showing slightly higher viability percentages
than the other cell types whereas macrophages appeared to be
more affected at the intermediate concentrations tested (0.02–
0.1 mg/mL) probably due to their phagocytic nature [45,46]. How-
ever, bupivacaine hydrochloride exhibited lower toxicity at the
corresponding loaded concentrations (0.006–0.293 mg/mL) show-
ing again the same trend regarding the higher viability of mMSCs
and lower viability of macrophages but only at the highest concen-
e in the four cell lines assayed after 24 h. Bupivacaine hydrochloride concentration
epicts the threshold of 70% of cell viability in accordance with ISO 10993–5 [47].
les (untreated cells) that exerted 100% viability. Statistically significant differences



Fig. 4. Percentages of both early and late apoptotic, alive and necrotic cells after treatment with CuS@BNC-nanogels (0.05 mg/mL), CuS@nanogels (0.02 mg/mL) and
bupivacaine hydrochloride (at equivalent concentration to that loaded in CuS@BNC-nanogels at 0.05 mg/mL) for 24 h.
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trations assayed (0.1 and 0.5 mg/mL corresponding to the loaded
concentrations of 0.059 and 0.293 mg/mL, respectively). These data
are in agreement with our previous studies regarding cell treat-
ment with CuS NPs [15,35] and free bupivacaine [15,24] even
though CuS@BNC-nanogels and CuS@nanogels displayed a slightly
higher toxicity than the nanocomposites based on amine termi-
nated P(MEO2MA-co-OEGMA) grafted on the surface of CuS NPs
[15], probably owing to the different synthesis procedures. Consid-
ering these results and the recommendations of the ISO 10993–5
standard [47] which determines a threshold of 70% viability to
establish the subcytotoxic concentration, flow cytometry experi-
ments were carried out at 0.05 mg/mL for CuS@BNC-nanogels
and 0.02 mg/mL for CuS@nanogels whereas 0.05 mg/mL
(0.03 mg/mL of loaded bupivacaine hydrochloride) was chosen as
the subcytotoxic concentration for the free anesthetic according
to that loaded in CuS@BNC-nanogels.

Flow cytometry studies were developed to elucidate the poten-
tial effects of cell treatment with CuS@BNC-nanogels, CuS@-
nanogels and bupivacaine hydrochloride concerning cell
membrane or apoptosis and cell cycle (Fig 4.Fig 5. and S6). Fig 4.
and S6 depict the percentages of viability, apoptosis (early and
late) and necrosis obtained from cell samples incubated with the
tested compounds at subcytotoxic doses for 24 h. Compared to
the control samples, the treatment with both nanogels and bupiva-
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caine hydrochloride did not exert significant changes, only a slight
increase (<10%) of apoptosis (early + late) in macrophages, but
showing percentages close to those obtained from non-treated
cells (control sample). In this line, Fig 5. and S6 show the results
of the distribution of cell cycle phases in which it can be observed
that only fibroblasts showed slight changes in the distribution of
G1, S and G2 (<18%), being the other percentages very close to
those displayed by non-treated cells (control sample). These
results are in accordance with our previous studies referring to
the non-detrimental effects after cell treatment with CuS NPs,
OEGMA-based thermoresponsive nanogels and bupivacaine
[15,24,35]. Considering these results, the cytocompatibility of the
synthesized nanogels has been clearly demonstrated at the doses
tested in four cell lines for their future potential biomedical
application.

4. Conclusions

In this study, we have successfully developed thermosensitive
NIR light-responsive nanomaterials loaded with nanocrystals of
the anesthetic drug bupivacaine. The incorporation of CuS NPs to
the thermoresponsive nanogels provided their photothermal abil-
ity which allowed a phototriggered release of the local anesthetic
modulated by NIR irradiation. The release studies showed that



Fig. 5. Cell cycle population distribution (percentage of cells, %) after treatment with CuS@BNC-nanogels (0.05 mg/mL), CuS@nanogels (0.02 mg/mL) and bupivacaine
hydrochloride (at equivalent concentration to that loaded in 0.05 mg/mL CuS@BNC-nanogels) for 24 h.
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the dose of drug administrated could be modified by NIR irradia-
tion. The excellent drug loading content achieved by the encapsu-
lation of the drug in a nano-crystalized form confirmed the
suitability of the vector as a remotely triggered drug delivery sys-
tem for biomedical applications. Moreover, cell studies in four cell
lines showed a subcytotoxic dose of 0.05 mg/mL which was used to
analyze the cell metabolism and cell cycle displaying no significant
influence in the cell lines studied. In conclusion, CuS@BNC-
nanogels presented a promising strategy for the treatment of
chronic pain tuning the duration and intensity of the anesthesia
by an on-demand externally activated release of the drug.
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