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The paper demonstrates a class of multifunctional core-shell hybrid nanogels with fluorescent and
magnetic properties, which have successfully been developed for simultaneous optical temperature
sensing, tumor cell imaging and magnetic/NIR-thermally responsive drug carrier. The as-synthesized
hybrid nanogels were designed by coating bifunctional nanoparticles (BFNPs, fluorescent carbon dots
embedded in the porous carbon shell and superparamagnetic iron oxide nanocrystals clustered in the core)
with a thermo-responsive poly(N-isopropylacrylamide-co-acrylamide) [poly(NIPAM-AAm)]-based
hydrogel as shell. The BFNPs in hybrid nanogels not only demonstrate excellent photoluminescence (PL)
and photostability due to the fluorescent carbon dots embedded in the porous carbon shell, but also has
targeted drug accumulation potential and magnetic thermal conversion ability due to the
superparamagnetic iron oxide nanocrystals clustered in the core. The thermo-responsive poly(NIPAM-
AAm)-based gel shell cannot only modify the physicochemical environment of the BFNPs core to
manipulate the fluorescence intensity for sensing the variation of the environmental temperature, but also
regulate the release rate of the loaded anticancer drug (curcumin) by varying the local temperature of
environmental media. In addition, the carbon layer of BFNPs can adsorb and convert the NIR light to
heat, leading to a promoted drug release under an NIR irradiation and improving the therapeutic efficacy
of drug-loaded hybrid nanogels. Furthermore, the superparamagnetic iron oxide nanocrystals in the core
of BFNPs can trigger localized heating using an alternating magnetic field, leading to a phase change in
the polymer gel to trigger the release of loaded drugs. Finally, the multifunctional hybrid nanogels can
overcome cellular barriers to enter the intracellular region and light up the mouse melanoma B16F10
cells. The demonstrated hybrid nanogels would be an ideal system for the biomedical applications due to
their excellent optical properties, magnetic properties, high drug loading capacity and responsive drug
release behavior.

1. Introduction

With the development of nanomedicine, multifunctional hybrid
nanogels have gained significant momentum among an increasing
number of researchers because they demonstrate wide
biomedical applications including drug -carrier, sensor and
bioimaging.' In particular, responsive hybrid nanogels as drug
carrier have been the focus of experimental research due to their
controlled drug release in response to external stimuli such as
temperature, pH, light, bacteria and so on.*''  Although
multifunctional hybrid nanogels have reduced the toxicity of
many drugs by encapsulating drug into biocompatible polymer
and improving the therapeutic efficacy of hybrid nanogels by
controlling the drug release behavior, the main problem is still
represented by the actual accumulation of drug-loaded hybrid
nanogels at the tumor site. Two ways have been applied to
enhance the accumulation of drug-loaded hybrid nanogels at the
tumor site: passive accumulation and active retention
mechanisms.'>" In general, the passive accumulation of drug-
loaded hybrid nanogels at the tumor site based on the permeation
of hybrid nanogels through tumor vascular vessels will
dramatically reduces due to the presence of blood flow together

with the dilution of the nanogels in the bloodstream during the

s0 circulation time.'*'* Active retention mechanisms that rely on the

specific targeting of tumor tissues via molecular recognition units
present at the carrier surface is an alternative technology to solve
the aggregation of drug carrier at the tumor site.”* Despite their
high efficiency for the target of drug carrier, the way has been

ss found to be limited by complex synthesis process.

Recently, much research focus on the synthesis of magnetic-
functional hybrid nanogels by loading superparamagnetic
nanoparticles into stimuli-responsive polymers, which supplied a
convenient tool for remotely enhancing drug accumulation in the

o tumor site.'*** Additionally, magnetic hybrid nanogels, exposed

to appropriate alternating current (AC) magnetic field, not only
generate heat for hyperthermia treatment to kill tumor cells in
cancer therapy, but also provide the external heat to trigger the
drug release from the temperature-responsive hybrid nanogels.!”

652 Up to now, although great progress on the development and

application of magnetothermally-responsive hybrid nanogels
have been obtained, multifunctional hybrid nanogels as in vivo
drug delivery carriers are still limited due to the inter-particle
aggregation and weak control of superparamagnetic nanoparticles

70 occurred when the polymer transfer from a coil to a shrunk state
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under an external stimulus. Near-infrared (NIR) light, an
alternative external stimulus, have widely been used to control
the drug release due to their low energy absorption, deep
penetration and minimum side effects for human tissue and
organs.”*** In addition, NIR-triggered nanocarrier brings a new
opportunity to release the loaded drug at a desired time and in a
desired area by applying a NIR light on the tumor site.***° By
introducing bifunctional nanoparticles (BFNPs) with fluorescent
and magnetic properties into the thermally-responsive polymer
gel, the formed multifunctional hybrid nanogels can not only
demonstrate excellent optical properties for bioimaging and
biosensor, but also be used as highly efficiently carrier for
magnetic/NIR-controlled drug release. Liz-Marzan et al. reported
the synthesis of multifunctional composite microgels via in situ
Ni growth on pNIPAM-coated Au nanoparticles. The novel
colloidal composites realized the combination of multiple
functionalities  including  optical  detection, = magnetic
manipulation, molecular trapping, and thermal response."
However, the noble metal core in multifunctional hybrid nanogels
have disadvantages with high cost and potential cytotoxicity.***®
In addition, the magnetic component composed of Ni is not
suitable for magnetothermally-responsive drug carrier because of
its potential cytotoxicity, inter-particle aggregation and poor
biocompatibility in vivo.””*® Furthermore, the responsive drug
release behavior of the as-synthesized multifunctional composite

microgels as nanocarrier has not been explored as far as we know.

The purpose of this manuscript is to synthesize a class of
multifunctional hybrid nanogels based on biocompatible BENPs
with fluorescent and superparamagnetic properties,®>° and
discuss their potential applications as sensor, imaging agent and
responsive drug carrier.

In this manuscript, we have successfully designed a class of
multifunctional core-shell hybrid nanogels based on previously
reported biocompatible BFNPs with a core-shell structure
(fluorescent carbon dots embedded in the porous carbon shell and
magnetic iron oxide nanocrystals clustered in the core’') for
simultaneous optical temperature sensing, tumor cell imaging and
magnetic/NIR-responsive drug carrier. As illustrated in Fig. 1, the
spherical hybrid nanogel loaded with drug molecules of curcumin
is comprised of BFNP as core, thermo-responsive poly(NIPAM-
AAm)-based gel as shell. The carbon layer in BFNPs not only
provide fluorescent carbon dots for optical sensing, cellular
imaging and photothermal ability for NIR-responsive drug
release, but also enhance the drug loading capacity based on the
hydrophobic associations between the conjugated carbon and the
curcumin molecules compared with the reported carbon-based
responsive nanogels.’”> Meanwhile, the magnetic core composed
of superparamagnetic nanocrystals cluster in BFNPs is expected
to provide stable magnetic separation, targeted drug accumulation
and magnetic-thermal ability for magnetic-responsive drug
release. Furthermore, the thermal-responsive poly(NIPAM-
AAm)-based gel shell is designed to serve as intelligent drug
carriers with high drug loading capacity. The reversible swelling
and shrinking of the poly(NIPAM-AAm) shell in response to
temperature change will not only modify the physicochemical
environment of the embedded BFNP to manipulate the optical
properties of core for sensing on local environment, but also
change the mesh size of the gel networks to regulate the drug
release. The curcumin molecules in the thermo-responsive hybrid
nanogels may also kill tumor cell and provide basal
chemotherapy for daily care under the exogenous activation
strategy. Such a hybrid nanogel provides a multifunctional
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nanoplatform for biomedical applications as sensors, imaging
agent and responsive drug carrier.
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Fig. 1. Schematic illustration of multifunctional core-shell hybrid
nanogels. The anticancer drug (curcumin) and BFNP are coated
by an outer poly(NIPAM-AAm)-based gel layer to offer both
stability in aqueous media and temperature sensitivity.

2. Materials and methods
2.1 Materials

All chemicals were purchased from Aldrich. NIPAM was
recrystallized from a 1:1 hexane-acetone mixture and dried in
vacuum. Curcumin was purified with anhydrous ethanol.
Ferrocene (Fe(CsHs), >98%), hydrogen peroxide (H,O,, 30%),
acetone (C3HqO) and ethanol (C,H¢O). Ammonium persulfate
(APS), sodium dodecyl sulfate (SDS), N,N-
methylenebisacrylamide (BIS) and acrylamide (AAm) were used
as received without further purification. The water used in all
experiments was of Millipore Milli-Q grade.
2.2. Synthesis of fluorescent carbon shell and magnetic core
nanoparticles

BFNPs with fluorescent and magnetic properties were
synthesized via a reported one-step process.”' Ferrocene (0.10 g)
were dissolved in acetone (30 mL). After intense sonication for
30 min, 2.5 mL of hydrogen peroxide (30% in water) was slowly
added into the above mixture solution, which then was vigorously
stirred for 30 mins. After that, the precursor solution was
transferred to the Teflon-lined stainless autoclave with the total
volume of 50.0 mL, and then heated to and maintained at 200 °C.
After 48 h, the autoclave was cooled naturally to room
temperature. The products from the Teflon-lined stainless
autoclave were magnetized for 10 min by a magnet with 0.20 T,
and the supernatant was discarded. The precipitates were then
washed with acetone three times to remove excess ferrocene.
Finally, the black products were dried at room temperature in a
vacuum oven.
2.3. Synthesis of multifunctional core-shell hybrid nanogels

Multifunctional core-shell hybrid nanogels were prepared by
free radical precipitation copolymerization of NIPAM, AAm and
BFNPs using APS as an initiator. In a 250 mL round-bottom flask
equipped with a stirrer, a N, gas inlet, and a condenser, the as-
prepared BFNPs suspension (47.5 mL, 0.1 g/L) was heated to 30
°C, followed by addition of NIPAM (0.7024 g), AAm (0.0509 g),
BIS (0.0368 g) and SDS (0.0254 g) under stirring. After the
temperature was raised to 70 °C and keep 60 min under N,
atmosphere, the polymerization was initiated by adding 2.50 mL
APS with the concentration of 2 mM. The polymerization was
allowed to proceed for 4 h. The solution was centrifuged three
times at 20,000 rpm (30 min, Thermo Electron Co.
SORVALL®RC-6 PLUS superspeed centrifuge) with the
supernatant discarded and the precipitate redispersed in 50 mL
deionized water. The resultant hybrid nanogels with a volume of
50 mL were further purified by 7 days of dialysis (Spectra/Por
molecularporous membrane tubing, cutoff 12000-14000) against
very frequently changed water at room temperature (~22 °C).
2.4. Preparation of curcumin-loaded hybrid nanogel

Curcumin, a kind of anti-cancer drug, was loaded into the
hybrid nanogels by complexation method. The hybrid nanogel

120 dispersion (5 mL, pH=4.0) was placed in a vial and stirred for 30
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min in a water bath (20 °C). Then, 4 mL fresh curcumin solution
of 1 mg/mL in anhydrous ethanol was added dropwisely into
hybrid nanogel. The immediate slight cloudy revealed the
complexation of the curcumin molecules with the polymer chains
in hybrid nanogels. After stirring for 12 h under a dark light, the
suspension was centrifuged at 5000 rpm for 30 min at 20 °C. In
order to remove unloaded curcumin, the precipitate was
redispersed in 5 mL HCI solution of pH=4.0, and further purified
by repeated centrifugation and washing until the separated
solution is clear. All the washed and separated solutions were
collected and combined. The concentration of free curcumin in
the combined solution was determined by UV-vis spectrometry at
435 nm. The loading efficiency was calculated by Equations (1):

(1) Loading efficiency % _ M, —M, «100% > Where My and M,
M

0

are the quantity of curcumin in the initial solution and separated
solution, respectively. The influence of loading time and
temperature on loading efficiency of multifunctional hybrid
nanogels were discussed in the preparation process of curcumin-
loaded hybrid nanogel. In addition, curcumin was also loaded
into the poly(NIPAM-A Am) nanogels and BFNPs under the same
experiments conditions.
2.5. Curcumin release of the curcumin-loaded hybrid nanogel

The in vitro release test of curcumin from the hybrid nanogels
was evaluated by the dialysis method. The separated curcumin-
loaded hybrid nanogels was redispersed in 10 mL HCI solution of
pH=4.0. A dialysis bag filled with 1 mL diluted curcumin-loaded
hybrid nanogels was immersed in 50 mL 0.005 M buffer
solutions of pH = 6.15 but at different temperatures including 41
°C, 39 °C, 37 °C, 22 °C. The NIR-responsive release experiments
of curcumin-loaded hybrid nanogels at physiological temperature
of 37 °C were performed with 5 min NIR (1.5 W/cm?) irradiation
at a certain time interval. The magnetic-responsive release
experiments of curcumin-loaded hybrid nanogels at physiological
temperature of 37 °C were performed with 30 min alternating
magnetic field induced using magentic genetator (100 V, 0.8A,
50 Hz) at a certain time interval. The released curcumin outside
of the dialysis bag was sampled at defined time period and
assayed by UV-vis spectrometry at 430 nm. Cumulative release is
expressed as the total percentage of drug released through the
dialysis membrane over time.
2.6. Internalization of multifunctional hybrid nanogels into mouse
melanoma cells B16F10

Round glass cover slips were placed in wells of a 24-well plate
and treated with 0.1% poly-L-lysine in 100 mM phosphate
buffered saline (PBS) solution for 40 min. Following the
treatment, the solution was aspirated and the wells were washed
with PBS 3 times each. Next, BI6F10 cells (2x10* cell/well)
were plated on the glass coverslips at 80% confluence in DMEM
containing 10% FBS and 1% penicillin-streptomycin. After 24 h,
500 pL of multifunctional hybrid nanogel (50 mg/mL) in serum-
free DMEM were respectively added to the marked wells. In a
control well, 500 pL of serum-free DMEM was added. The plate
was incubated at 37 °C for 2 h. The medium was then aspirated
and fresh serum-free DMEM was added to each well. Finally, the
coverslips with cells were removed from the wells and mounted
onto slides for confocal microscopy study.
2.7. In vitro cytotoxicity of hybrid nanogels and curcumin-loaded
hybrid nanogels with or without NIR irradiation

In this study, BI6F10 cells were cultured in the 96 wells
microplate in 100 pL medium containing about 2,000 cells
seeded into each wells. After an overnight incubation for
attaching, the medium was removed and another 100 pnL. medium
containing hybrid nanogels or curcumin-loaded hybrid nanogels
was added to make the final extract concentration of 200 pg/mL,

S

S

o

G

6s 150 pg/mL, 100 pg/mL and 50 pg/mL, respectively. Wells used

the normal medium without drugs were used as control. For
photothermal treatments, the cells were irradiated with 1.5 W/cm?
NIR light for 5 min. After incubated for 24 h, 10 pL of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT)
solution (5 mg/ml in PBS) is added into the wells. The wells were
further incubated in a humidified environment of 5 % CO, and 37
°C for 2 h. The medium were removed after 2 h and 100 pL of
DMSO solution is added. The plates were gently agitated until
the formazan precipitate was dissolved, followed by measurement
of OD value by spectrophotometer at 570 nm and 690 nm.

2.8. Characterization

The UV-vis absorption spectra were obtained on a Thermo
Electron Co. Helios f UV-vis Spectrometer. The powder X-ray
diffraction (XRD) patterns were collected on a Japan Rigaku
D/MAX-yA X-ray diffractometer equipped with Cu Ka radiation
(L =1.542 A) over the 20 range of 10-70°. The PL spectra were
respectively obtained on a JOBIN YVON Co. FluoroMax®-3
Spectrofluorometer equipped with a Hamamatsu R928P
photomultiplier tube, calibrated photodiode for excitation
reference correction from 200 to 980 nm, and an integration time
of 1 s. The transmission electron microscopy (TEM) images were
taken on a FEI TECNAI transmission electron microscope at an
accelerating voltage of 100 kV. High-resolution TEM images
were characterized by a JEM 2100 instrument with an
acceleration voltage of 200 kV. Energy-dispersive X-ray analysis
was obtained with an EDAX detector installed on the JEM 2100.
The photothermal experiments on the hybrid nanogels were
conducted using a Philips infrared reflector lamp with a power
density of 1.5 W cm? and a filter to block ultraviolet-visible
light. The B16F10 cells incorporated with hybrid NPs were
imaged using a confocal laser scanning microscopy (LEICA TCS
SP2 AOBS™) equipped with a HC PL APO CS 20x0.7 DRY len.
A UV (405 nm) light was used as the light source. Dynamic light
scattering (DLS) was performed on a standard laser light
scattering spectrometer (BI-200SM) equipped with a BI-9000 AT
digital time correlator (Brookhaven Instruments, Inc.) to measure
the hydrodynamic radius (Ry) distributions. A He-Ne laser (35
mW, 633 nm) was used as the light source. The hybrid nanogels
dispersion was passed through Millipore Millex-HV filters with a
pore size of 0.45 pum to remove dust before the DLS
measurement. A superconducting quantum interference device
magnetometer (Quantum Design MPMS XL-7) was used to
measure the magnetic properties of as-prepared samples.

3. Results and Discussion
3.1. Synthesis, structure and properties of BENPs-functionalized
hybrid nanogels

The procedure to prepare the multifunctional core-shell hybrid
nanogels involves the first synthesis of BFNPs as core, followed
by precipitation copolymerization of the NIPAM and AAm
comonomers that are complexed with carbon layer on the surface
of BFNPs. Fig. 2a shows the typical TEM image of the obtained
BFNPs, which shows a clear core-shell structure and a spherical
morphology with an average size of ~95 nm in diameter. The
XRD pattern of the obtained BFNPs (See Supplementary
Information Fig. S1) with reflections indexed as 220, 311, 400,
422, 511, 440 confirms the presence of magnetic Fe;0,
nanocrystals with a size about 9.2 nm calculated from the Debye—
Scherrer formula.”® The typical SAED pattern of a single BFNP
(Fig. S2b) with the clear sharp diffraction rings further indicates
the polycrystalline nature of the BFNPs. Its arcs and rings could
be indexed as (220), (311), and (222) reflections from the
magnetite. The HRTEM image of a section from the single BFNP
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(Fig. S2a) further manifests the core-shell nanostructure with
dark-contrasted iron oxide nanocrystals in the core and light-
contrasted carbon layer as the shell. Meanwhile, as shown in Fig.
S2c, some nanocrystals with a size about 4 nm can be easily
found in the carbon shell. The 2D lattice fringes of these
nanocrystals demonstrate an inter-planar distance about 0.311
nm, which corresponds to the (002) lattice planes of graphitic
(sp®) carbon.> The energy dispersive spectrum (Fig. S2d) from
the single nanocrystal embedded in the shell only reveals the
presence of C and Cu elements, which further support that these
nanocrystals are carbon dots (Cu is from the copper grid for TEM
sample preparation). The emitted blue light can be obviously
found after the aqueous dispersion of BFNPs was exposed under
UV light (365 nm), indicating its excellent fluorescent property.
15 A dynamic light scattering (DLS) was used to further characterize
the stability and size of BFNPs, which are shown in Fig. S3. The
narrow size distribution with an overall hydrodynamic diameter
of 106 nm in distilled water shows that the BFNPs are stable in
distilled water and do not form aggregates. As expected, the
increases (from 95 nm to 106 nm) in the hydrodynamic diameter
of BFNPs by 11 nm were observed because of the existence of
hydrophilic carboxyl group.’’ These hydrophilic -COOH and/or
—OH groups on the BFNPs not only enable the nanoparticles to
be dispersed very well in water, but also can form hydrogen
s bonds with the amide groups in the AAm monomers, thus
forming BFNPs-AAm complexes in water. After the
copolymerization and crosslinking of these BFNPs-complexed
AAm monomers with the NIPAM monomers, it is expected that
the BFNPs will be immobilized into the resultant thermo-
responsive poly(NIPAM-AAm) nanogel network. Fig. 2b shows
a typical TEM image of the resultant poly(NIPAM-AAm)-BFNPs
hybrid nanogel particles in dried state. After the surface coating
of BFNPs with a thermo-responsive poly(NIPAM-AAm)-based
hydrogel, the change in size due to the polymer growth is also
confirmed by TEM. The dried hybrid nanogels have a spherical
shape with an average diameter about 170 nm. Multifunctional
hybrid nanogels are well dispersed on the TEM grid giving a
clear indication of the growth of the polymer gel shell around
each individual starting bead. In addition, TEM image (Fig. 1b)
has clearly demonstrated their core-shell structure with a polymer
shell thickness of 35 nm. These results show that the BFNPs are
successfully encapsulated in the poly(NIPAM-AAm) nanogel.

[

s

)
S

w
=3

w
by

Fig. 2. (a) TEM images of the as-o talne BFNPs,) TEM
45 image of the as-obtained hybrid nanogels.

3.2. Temperature-induced volume phase transition of the hybrid
nanogels

Fig. 3a shows the temperature-induced volume phase
transitions of the multifunctional hybrid nanogels dispersed in
PBS of pH = 7.40, in terms of the change of D; measured at a
scattering angle of 8 = 60°. It is very clear that the temperature of
dispersion medium can significantly influence the size of the
hybrid nanogels due to the existence of thermo-responsive
poly(NIPAM-AAm)-based gel shell. The DLS diameter of the
hybrid nanogels changes substantially from 336 nm at 16 °C to
186 nm at 50 °C, due to the phase transition from the random coil
to the collapse state of the crosslinked P(NIPAM-AAm) chains
when the temperature was increased above 36 °C. In addition,

9
3

w
5

compared with the size (106 nm) of BFNPs in Fig. S3, the size of
60 hybrid nanogels at 24 °C is about 320 nm. This size is obviously
larger than the size of BFNPs, which indicates that the thermo-
responsive poly(NIPAM-AAm)-based gel shell have been coated
on the surface of BFNPs. The size distributions of the hybrid
nanogels at different temperatures (16 °C, 36 °C and 50 °C) are
6s shown in Fig. 3b. These hybrid nanogels are nearly monodisperse
regardless of their swelling/shrinking states. It is important to
point out that in our multifunctional core-shell hybrid nanogels
embedded with superparamagnetic iron oxide nanocrystals
cluster, the polymer contraction involves a change of the volume
70 at individual hybrid nanogel and it does not involve inter-particle
agglomeration. The prohibited inter-particle agglomeration of the
hybrid nanogels should be attributed to both the hydrophilic —
COOH and/or —OH groups on the carbon layer of BENPs and the
hydrophilic polyAAm segments copolymerized in the polymer
75 gel shell. This behavior is obviously different from that of
individual PNIPAM-coated iron oxide nanocrystals in which the
thermo-responsive behavior drives the inter-particle aggregation,
leading to micrometre aggregates. The thermo-responsive
behavior of our multifunctional hybrid nanogels is definitely
s more advantageous when the hybrid nanogels are designed for
drug delivery as in vivo aggregation should be avoided.
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Fig. 3. (a) Temperature dependence of the average D), values of

ss poly(NIPAM-AAm) nanogels and poly(NIPAM-AAm)-BFNP
hybrid nanogels in PBS of pH = 7.40 at a scattering angle 6=60°.
(b) Size distributions of the hybrid nanogels at different
temperatures (16 °C, 36 °C and 50 °C).

3.3. Temperature-sensitive PL property of the hybrid nanogels

o Fig. 4a shows typical UV—visible absorption spectra of the
BFNPs, poly(NIPAM-AAm) nanogels and poly(NIPAM-AAm)-
BFNP hybrid nanogels, respectively. The encapsulation of
BFNPs within the poly(NIPAM-AAm) shell has been also
confirmed by their UV-visible absorption spectra. While the

os poly(NIPAM-AAm) nangoel has no significant absorption at
wavelength above 264 nm, there is a clear broad peak centered at
264 nm in the curve of BFNPs, which represent the typical
absorption of an aromatic m system and is similar to that of
polycyclic aromatic hydrocarbons.>>* Meanwhile, the hybrid

100 nanogels have a similar absorption peak (264 nm), which
indicates that the BFNPs have been coated by thermo-responsive
poly(NIPAM-AAm)-based hydrogels. Fig. 4b shows the PL
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spectra of multifunctional hybrid nanogels with the excitation
wavelength of 264 nm according to its UV-vis absorption spectra.
An emission peak at 377 nm is found. The PL excitation
spectrum of the hybrid nanogels recorded at 377 nm (Fig. S4a)
shows a peak at ~340 nm. By selecting 340 nm as excitation
wavelength, we obtained a PL spectrum with a maximal emission
intensity at about 430 nm (Fig. S4b). In addition, the PL spectra
obtained using different excitation wavelengths (Fig. S4b) show
that the hybrid nanogels demonstrate excitation-dependent
emission property. Although the luminescence mechanism of
CDs is still controversial, it has been widely accepted that the
luminescence of CDs involve the surface traps in the radiative
transition of CDs.””*® In our BFNPs, the CDs are embedded in
the porous carbon with various surface functional groups
including C=0, -OH, and 0=C-OH.”! In addition, small
molecular monomers can easily diffuse into the surface area of
the CDs through the porous carbon. After polymerization of the
monomers, the poly(NIPAM-AAM) gel with amide groups can
also have direct contact with the CDs. These different surface
groups of CDs embedded in the hybrid nanogels can introduce
trapping states with different energy levels, leading the CDs to
emit light varying with the excitation energy. The typical average
luminescent lifetime of CDs ranges from 5.21 ns to 7.31 ns,
depending on the surface property of CDs.**¢' Meanwhile, the
temperature dependent PL spectra of the poly(NIPAM-AAm)-
BFNPs hybrid nanogels have also been found. It is very clear that
the shrinking of hydrogel shell induced by increasing the
temperature could significantly enhance the PL intensity of
BFNPs emissions in the hybrid nanogels. In order to describe the
relationship between the temperature induced volume phase
transitions and PL intensity enhancement of the multifunctional
hybrid nanogels, the PL intensity at 377 nm under the different
measurement temperatures was plotted, as shown in Fig. 4c. The
comparison of Fig. 4c with Fig.3a indicates that a conspicuous
increase in fluorescence intensity occurred at nearly the same
temperature when the nanogel shell began to shrink. More
importantly, a linear correlation between the PL intensity and
temperature can be established across the temperature range of
20-42 °C (inset of Fig. 4c), which is essential for the hybrid
nanogels to serve as optical temperature sensor.

The enhancement of the PL intensity of multifunctional hybrid
nanogels should be attribute to two factors. One is the refractive
index increase of the gel shell due to the shrinkage of polymer
networks, which leads to an enhancement in the Rayleigh
scattering due to a larger refractive index contrast of the
condensed polymer networks with the solvent.®” The other one
might be from the different nonradiative energy loss paths, which
is related to the reduction of the number of surface defects.
According to the previous reports, the nonradiative energy loss
paths are highly dependent on the environmental nature
surrounding the carbon dots.”* This phenomenon of BFNPs with
the fluorescent carbon dots embedded in the porous carbon shell
is similar to the temperature-induced PL quenching of colloidal
quantum dots (QDs) dispersed in water, where the freezing of
dispersion medium propagates the strain to the surface of the
QDs, leading to surface quenching states.®* Therefore, when the
temperature increases, the hybrid nanogels will be in shrunk
states, which decreases the elastic tension and consequently
reduce the number of surface trap states acting as emission
quenching centers, thus the PL intensity increases. While we
speculate the possible reasons to explain the temperature-induced
PL enhancement of the shrunk hybrid nanogels, we do observe
the direct evidence on the PL enhancement of the hybrid nanogels
upon the temperature increase. Simply dispersed in water and
irradiated with a 365 nm UV-lamp, the hybrid nanogel
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dispersions exhibit different color at 15.5 °C and 50.0 °C, which
is observable by naked eye (photographs in Fig. S5). Fig. 4d
shows the PL intensity change of multifunctional hybrid nanogels
experiencing ten cycles of heating and cooling adjustment. The
PL spectra were fully reproducible after the repeated heating and
cooling due to the reversible thermo-responsive volume phase
transition of the poly(NIPAM-AAm)-based gel shell. The
reversible optical property change is critical for the hybrid
nanogels to sense the local environmental change. As shown in
Fig. S6, negligible changes of the fluorescence response can be
obtained upon 2 h continuous exposure to the excitation light
using a fluorescence spectrophotometer at 50.0 °C. The results
indicate that the multifunctional hybrid nanogels have an
excellent photostability against light illumination.
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Fig. 4. (a) Typical UV-Vis absorption spectra of BFNPs,

poly(INIPAM-AAm) nanogels and poly(NIPAM-AAm)-BFNP
hybrid nanogels. (b) Typical PL profiles of the hybrid nanogels
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under the different temperature, taken at 2.0 ° C intervals from
bottom to top. (c) The effect of temperature on the PL intensity of
the hybrid nanogels. (d) Reversible PL intensity change of the
hybrid nanogels after ten cycles of repeated heating (50.0 ° C) and
cooling (14.0 ° C). All measurements were made in PBS of pH
=7.4. Excitation wavelength=264 nm.

3.4. Drug loading and NIR-responsive drug release of the hybrid
nanogels

The thermo-responsive change in volume of the polymer shell
can be exploited for both the loading and the release of drug
molecules. Curcumin, a yellow natural compound, was selected
as a representative drug for investigating the loading and release
of the hybrid nanogels because of their excellent properties
including antioxidant, antibacterial, antifungal, antiviral, anti-
inflammatory, antiproliferative, and pro-apoptotic effects.®>*® The
loading experiment shows that the curcumin molecules can be
readily loaded into the multifunctional hybrid nanogels by simply
mixing the curcumin into the PBS solution of hybrid nanogels.
The drug loading content reaches 65.5 mg/g (number of mg drug
in 1 g of dried carrier), which means that the hybrid nanogels will
be promising drug carriers. A UV-Vis absorption peak at around
430 nm (the characteristic absorption wavelength of curcumin) in
Fig. S7 confirms the formation of drug-loaded hybrid nanogels.
Meanwhile, the quantitative analysis shows that the curcumin
loading content of the free poly(NIPAM-AAm) nanogels and
BFNPs are 32 mg/g and 37.2 mg/g, respectively, which confirms
that the hybrid nanogels have a higher loading capacity for
hydrophobic curcumin drug than the free polymer nanogels and
BFNPs. This increased curcumin loading capacity of the hybrid
nanogels might be attributed to the conjugated aromatic carbon
structures of the BFNPs embedded in the gel network, which can
associate with curcumin molecules more strongly. In addition, by
comparing the photographs in Fig. S8, it can be found that the
aqueous dispersion of the curcumin-loaded hybrid nanogels is a
homogeneously dispersed formulation with its hue derived from
the natural color of curcumin, which indicates that the as-
synthesized multifunctional hybrid nanogels can be used as
carrier of hydrophobic drug.®’

Having demonstrated the curcumin loading ability of the
hybrid nanogels, the release behavior of curcumin from the
multifunctional hybrid nanogels was studied at different
temperature in a PBS buffer solution at pH 7.4. Fig. 5a shows the
release kinetics of curcumin from the hybrid nanogels under
different temperatures. The release kinetics of curcumin from the
hybrid nanogels is temperature dependent. The increase in
temperature could significantly enhance the release rate of
curcumin from the hybrid nanogels. When the temperature of
releasing medium is at 22 °C (below the LCST), only 20.9 %
curcumin was released from hybrid nanogels after 60 h. On the
other hand, at temperature above the LCST, the poly(NIPAM-
AAm) shell becomes hydrophobic and collapses rapidly, which
cannot only squeeze out the drug molecules quickly from the
polymer shell, but also reduce the diffusion path length of drug
molecules. Therefore, the amount of the released curcumin from
the hybrid nanogels reached 35.3%, 47.4%, and 70.4% at a
temperature of 37 °C, 39 °C, and 41 °C, respectively, after the
same time period of 60 h. The observed temperature dependency
of curcumin release should be associated with the outer thermo-
sensitive poly(INIPAM-AAm)-based gel layer. As shown in Fig.
3, the increase in temperature can induce a gradual shrinkage of
nanogels, leading to a thinner thickness and a smaller mesh size
of the outer poly(NIPAM-AAm)-based gel layer. Therefore, the
multifunctional hybrid nanogels can be used as external stimuli-
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responsive nanocarrier to trigger the drug release from the

es interior of hybrid nanogel to the external medium.

In addition to the endogenous activation strategy to regulate
the curcumin release via the temperature variation in the
pathological microenvironment, a highly orthogonal external NIR
irradiation can provide an external triggered release of the loaded
drug due to the photothermal conversion ability of fluorescent
carbon dots in the BFNPs. It should be mentioned that the
maximal UV/vis absorption peak of BFNPs is around 264 nm.
However, it is known that the highly energetic UV light can cause
damage to the biological tissues and thus is not suitable for
therapeutic purpose. In contrast, NIR light with low energy
absorption and deep penetration for biological tissues is much
less harmful. Thus, NIR light is more preferable to be used for
photothermal therapy or light-responsive drug delivery to
improve the therapeutic efficacy while minimizing side effects. It
has been reported that graphene nanoparticles (~10-20 nm) can be
used for efficient NIR-light photothermal therapy.®*® The
mechanism of such a photothermal conversion of the graphene
nanoparticles is their high absorbance in NIR range benefited
from the aromatic, highly m-conjugated carbon structure. Our
BFNPs with the aromatic nt-conjugated carbon dots embedded in
the carbon layer also demonstrate significant absorption in the
NIR light range (Fig. S9a). Thus, the hybrid nanogels prepared
from the BFNPs have high photothermal conversion ability (Fig.
S9b). Fig. Sb shows the release kinetics of curcumin from the
hybrid nanogels immersed in a buffer solution of pH = 7.4 at 37 °
C and irradiated by 1.5 W/em® NIR light for 5 min at 0, 5, 60, and
92 h, respectively. An initial exposure (0 h) to the NIR light led
to a burst release of drug. When the NIR light was turned off,
heating immediately ceased and the drop in temperature brought
the drug release back to its regular slow rates. The reason of NIR-
accelerated curcumin release from the hybrid nanogels should
involve both the temperature-induced shrinking of the
poly(NIPAM-AAm)-based gel layer, producing a decreased
diffusion path length for curcumin, and the increased mobility of

100 curcumin molecules due to the brown motion at the elevated
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Fig. 5. (a) Releasing profiles of curcumin-loaded hybrid nanogels
at different temperatures (°C). (b) Releasing profiles of curcumin
loaded hybrid nanogels at a constant temperature of 37 ° C,
irradiated with/without 1.5 W/cm?® NIR for 5 min at cumulative
time of 0, 5, 60, and 92 h, respectively.

3.5. Magnetic property and magnetic-responsive drug release of
the hybrid nanogels

The magnetic property of multifunctional core—shell hybrid
nanogels was measured at 300 K in an applied magnetic field of
up to 40000 Oe, as shown in Fig. 6a. The saturation
magnetization (Ms) of the hybrid nanogels is 5.34 emu/g. The
value of Ms is obviously lower than that of template BFNPs. This
result could be attributed to two possible reasons. One is that the
hybrid nanogels contain only about 40% of magnetic BFNPs,
which reduces the relative mass ratio of the magnetic component
and thus decrease the value of Ms per gram of hybrid nanogels.
Another is that the polymer coating may adversely affect the
magnetic property. The carbon layer is porous in BFNPs and thus
monomers can easily diffuse into the surface area of the magnetic
core. After polymerization, the polymer gel can have direct
contact with the magnetic core, which could change the
anisotropy and coordination for the surface magnetic atoms or
even exchange electrons with the surface magnetic atoms. These
surface property changes are known to influence the magnetic
properties. In addition, no hysteretic behaviour can be observed
in Fig. 6a, indicating a superparamagnetic nature of these hybrid
nanogels. When the solution of multifunctional hybrid nanogels
is subjected to a magnetic field (0.30T), the samples can be
attracted toward the magnet side within half hour, as shown in
inset of Fig. 6a. Slight agitation will bring the hybrid nanogels
back into the original solution after the magnetic field was
removed. The magnetic responsiveness and redispersibility of the
newly designed hybrid nanogels is undoubtedly very important
for future applications in bioseparation, storage, and magnetic
targeting of the drug carriers to the pathological zones.

The suitability of the multifunctional hybrid nanogels as
magnetic-responsive nanocarrier was examined due to the
existence of superparamagnetic iron oxide nanocrystals cluster in
the core of BFNPs. For this purpose, a certain amount of
curcumin-loaded hybrid nanogels was placed in a magnetic
generator producing an alternating magnetic field inside a
thermostatic chamber at 37 ° C. Measurements of the total amount
of curcumin accumulated in the supernatant were acquired at both
the starting point of applying magnetic field and the time point
after 30 min exposure to the magnetic field. Fig. 6b shows the
release kinetics of curcumin from the hybrid nanogels immersed
in a buffer solution of pH = 7.4 at 37 ° C and irradiated by an
alternating magnetic field at 0.5, 5, 60, and 92 h, respectively.
The release rate of curcumin loaded in hybrid nanogels shows an
obvious enhancement when an alternating magnetic field was
applied. When an alternating magnetic field was turned off, the
drug release returns back to its regular rates similar to the release
curve of hybrid nanogels at 37 ° C. Such an obvious release
improvement in hybrid nanogels should be attributed to the
intensive local heat produced by the magnetic-thermal conversion
(Fig. S10) of the BFNPs under the alternating magnetic field. It
should be mentioned that the drug release pattern shown in Fig.
6b is very similar to that shown in Fig. 5b, because we applied
the external stimuli of alternating magnetic field at the same
releasing stages of 0, 5, 60, and 92 h as those used for NIR
irradiation stimuli. Both the NIR light irradiation and alternating
magnetic field treatments produce local heat. The local heat will
decrease the diffusion path length of curcumin due to the shrink
of the poly(NIPAM-AAm)-based gel layer and increase the
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brown motion of curcumin molecules due to the enhancement of
local temperatures. This responsive release behavior reveals that
the multifunctional hybrid nanogels have a potential for on-
demand drug delivery system.
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Fig. 6. (a) The hysteresis loop measured at room temperature for
multifunctional core—shell hybrid nanogels. The inset is
photographs of an aqueous hybrid nanogels dispersion in a vial
(left) without magnetic field, (middle) with magnetic field, and
(right) after the magnetic field is removed. (b) Releasing profiles
of curcumin loaded hybrid nanogels at a constant temperature of
37 ° C, induced with/without an external magnetic field for 30
min at cumulative time of 0.5, 5, 60, and 92 h, respectively.

3.6. Tumor cell internalization of the hybrid nanogels

After confirming their responsive drug release behavior, mouse
melanoma cells B16F10 were incubated with multifunctional
hybrid nanogels to evaluate their cellular imaging function. As
shown Fig. 7, the confocal microscopy images confirm that
multifunctional hybrid nanogels can overcome cellular barriers to
enter the intracellular region and light up the mouse melanoma
BI16F10 cells. Meanwhile, in order to further study the
photostability of hybrid nanogels, laser scanning confocal images
of mouse melanoma cells B16F10 incubated with the hybrid
nanogels under different excitation time are demonstrated for
long-term cellular imaging. Under irradiation of the laser with a
wavelength of 405 nm, the BFNPs encapsulated in the
poly(NIPAM-AAm)-based gels shell produced a bright
fluorescence, which retained nearly the same PL intensity even
after 30 min irradiation. No significant autofluorescence was
observed under similar conditions. These results suggest the
multifunctional hybrid nanogels have good photostability and are
superior for fluorescent bioimaging. In addition, the top-to-
bottom Z-scanning confocal fluorescence images (Fig. S11) of
the B16F10 cells incubated with the hybrid nanogels further
demonstrates that the hybrid nanogels can overcome cellular
barriers to enter into the intracellular region. The hybrid nanogels
are located in the cytoplasm and appear not to exist in the
karyons. As the complexity of molecular interactions governing
endocytosis are revealed, the mechanisms of endocytosis should
be viewed in a broader context than simple vesicular trafficking.”
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Fig. 7. Laser scanning confocal micro?copy images of B16F10
cells incubated with the as-obtained hybrid nanogels under
different excitation time. Excitation wavelength = 405 nm.

3.7. Cell viability evaluation of in vitro chemo, photothermal, and
chemo-photothermal treatments

For future biological applications, materials should be non- or
low-cytotoxic. As shown in Fig. 7, no signs of morphological
damage to the cells were observed upon treatment with the free
nanogels, thereby demonstrating their minimal cytotoxicity.
Meanwhile, in vitro cytotoxic activity of the as-synthesized free
nanogels and curcumin-loaded nanogels without/with 1.5 W/cm?
NIR for 5 min was tested by means of an MTT test against
B16F10 cells, as shown in Fig. 8. The results (Fig. 8a, black
squares) indicate that the drug-free hybrid nanogels have
negligible cytotoxicity against B16F10 cells after 24 h incubation
in concentrations up to 200 pg/mL. However, the cell viability
(Fig. 8a, white squares) of the drug-free hybrid nanogels under
the radiation of NIR for 5 mins reduced by ~20% at the same
concentrations, which indicates their photothermal therapeutic
ability. In addition, compared with drug-free hybrid nanogels, the
cell viability (Fig. 8a, black dot) decreased by about 25 % for the
curcumin-loaded hybrid nanogels at the same concentrations.
Furthermore, when the NIR light for 5 min was introduced
together with the curcumin-loaded hybrid nanogels, the cell
viability (Fig. 8a, white dot) decreased by ~50 %. The enhanced
cytotoxicity of the curcumin-loaded hybrid nanogels with NIR
radiation should be attributed to the synergistic effect of
photothermal/themo-therapy (Fig. S12).”' Fig. 8b shows in vitro
cytotoxicity —of curcumin-loaded hybrid nanogels at
concentrations of 100 pg/mL and 200 pg/mL without/with NIR
radiation under different incubated time with cells. Data shows
that the viability of cells incubated with curcumin-loaded hybrid
nanogels at a concentration of 200 ug/mL is always lower than
that incubated with the curcumin-loaded hybrid nanogels at a
concentration of 100 pg/mL when the incubated time is the same.
Meanwhile, the cytotoxicity of curcumin-loaded hybrid nanogels
will further increase when the 5 min NIR radiation was
introduced. All above results indicate that the multifunctional
core-shell nanogels based on fluorescent carbon shell and
magnetic core nanoparticles can be used as promising drug
carrier for combined photothermo/chemo-therapy.
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8. (a) In vitro cytotoxicity of hybrid nanogels and curcumin
loaded hybrid nanogels without/with 1.5 W/cm® NIR for 5 min,
respectively; (b) In vitro cytotoxicity of curcumin-loaded hybrid
nanogels at two different concentrations under different incubated
time with cells without/with 1.5 W/cm?* NIR for 5min.

4. Conclusions

In summary, multifunctional core-shell hybrid nanogels have
been successfully synthesized through the precipitation
polymerization coating of the BFNPs with a thermo-responsive
poly(NIPAM-AAm)-based hydrogel as shell. The BFNPs-
functionalized hybrid nanogels exhibit high colloidal stability,
excellent photoluminescent and superparamagnetic properties.
The multifunctional hybrid nanogels can overcome cellular
barriers to enter the intracellular region and be used as optical
imaging agent to light up the BI16F10 cells. The outer
poly(NIPAM-AAm)-based gel shell cannot only modify the
physicochemical environment of the BFNPs core to manipulate
the fluorescence intensity for the sensor of the environmental
temperature variation, but also provide a high loading capacity
for a targeted anticancer drug. In addition, the drug release rate
can be efficiently controlled by changing the temperature of local
environmental media to realize reversible thermo-responsive
volume phase transition or by exogenous stimuli with NIR light
or alternating magnetic field. Furthermore, while the drug-free
hybrid nanogels are nontoxic to cells, the curcumin-loaded hybrid
nanogels exhibit potent cytotoxicity against B16F10 cells,
indicating that the hybrid nanogels can be used as efficient drug
carrier for treatment of tumor cells. The demonstrated BFNPs-
functionalized hybrid nanogels with excellent photoluminescent
and superparamagnetic properties provide a new idea for the
synthesis of multifunctional fluorescent hybrid nanogels.
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