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Abstract: Insufficient or excess drug doses, due to unknown
actual drug concentrations at the focus, are one of the main
causes of chemotherapy failure for cancers. In this regard, the
real-time monitoring of the release of anticancer drugs from
nanoparticle drug delivery systems is of crucial importance, but
it remains a critical and unsolved challenge. Herein, we report
the proposal and development of a novel concept of real-time
monitoring of NIR-triggered drug release in vitro and in vivo
by using simultaneous upconverted luminescence (UCL) and
magnetic resonance (MR) imaging. Such a monitoring strategy
features the high sensitivity of UCL and the high-resolution,
noninvasiveness, and tissue-depth-independence of MR imag-
ing. The dual-mode real-time and quantitative monitoring of
drug release can be applied to determine online the drug
concentrations in vivo in the tissue regions of interest and,
therefore, to avoid insufficient or excess drug dosings.

The unknown actual drug concentrations at in vivo focuses
have puzzled doctors since the invention of chemodrugs. In
fact, it is highly preferred in clinics that the drug release
profile can be monitored in a quantitative manner in real time
to avoid insufficient or excess drug dosings at the focuses;
real-time quantitative monitoring is a great aid in the decision
making of doctors for patient-specific drug administration
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and benefits the effectiveness and success of cancer therapy.
The best way to monitor drug release is to follow the drug
molecules themselves. Among all of the current diagnostic
tools, positron emission tomography (PET) is one of the few
applicable protocols for following drugs containing a radio-
nuclide (for example, '*F, ''C, and >O) within their structure.!!
Unfortunately, at the moment few drugs can meet such
a harsh precondition. Another possible way to track drug
release is to develop an optical imaging strategy, which is, so
far, the most sensitive technique. For example, a number of
drug delivery systems (DDSs) have been developed for
fluorescence monitoring of anticancer drug release by a pho-
tocaged compound™ or fluorescence resonance energy trans-
fer (FRET) monitoring between the donor (that is, the DDS)
and the acceptor (that is, the drug).”! However, this technique
uses UV or visible light as the excitation source and is severely
limited for in vivo applications because of the very low
penetration depth in living tissues due to strong light
absorption and scattering. Therefore, it would be preferred
to use NIR light as the excitation source to monitor the
release of anticancer drugs.

Upconversion nanoparticles (UCNPs) have emerged as
appealing candidates for donors that use a NIR continuous-
wave (CW) diode laser as an excitation source, which can
achieve increased penetration depth and suppress autofluor-
escence in biological samples.”! By emitting UV or visible
light, which is needed for certain photoreactions, UCNPs
have been used as nanotransducers for photodynamic therapy
(PDT)” and to detect trace amounts of avidin® and the
release of caged compounds.”! Therefore, a NIR-excitation
technology based on UCNPs may offer a potential way to
monitor drug release by luminescence resonance energy
transfer (LRET) between the donor UCNPs and the acceptor
fluorescent drugs. Although such optical strategies are rather
sensitive, they are limited to using light-absorbing drugs like
doxorubicin (DOX) as model cargoes; unfortunately, most of
the current drug candidates are not light absorbent. As
a result, classical single-mode fluorescence sensors are, in
most cases, not applicable for the real-time monitoring of
drug release.

Of the various currently available imaging modalities,
magnetic resonance imaging (MRI), as a powerful technique
for tomographic imaging of biological targets, appears to be
an excellent tool for monitoring drug delivery because it can
produce noninvasive, tissue-depth-independent images with
high spatial and temporal resolutions that are sufficient for
measuring changes in the distribution of drugs despite the
relatively low sensitivity. Given the above considerations, it
would be highly desirable to develop simpler, more sensitive,
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and noninvasive sensors for the real-time monitoring of drug
delivery by MRI techniques, which would simultaneously
enable MRI-guided surgical therapy of diseases and even the
evaluation of therapy outcome in living cells/tissues. How-
ever, there is no report about monitoring drug release by
using MRI techniques in real time.

Herein, we report the synthesis of multifunctional
NaYF,:Yb/Tm@NaGdF, core/hollow mesoporous silica
shell nanoparticles (designated as UCNP@hmSiO,) and
their application in simultaneous NIR-triggered drug delivery
and in situ quantitative drug release monitoring by both
upconverted luminescence (UCL) and longitudinal relaxation
time (7;) MR imaging in real time. Scheme 1 illustrates the
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Scheme 1. With anticancer drugs (DOX) fully loaded into the meso-
pores and hollow cavity, UCL signals are quenched through LRET
between UCNPs and DOX under 980 nm excitation; the T;-MR signals
are almost undetectable due to the low probability of water molecules
bonding to the Gd** ions. Upon NIR-triggered drug release from the
nanosensors, both the UCL and T,-MR signals will be restored
accordingly. As a result, drug release can be detected by the designed
UCL/T;-MRI dual-mode nanosensor.

prototype nanosensors developed for monitoring NIR-trig-
gered drug delivery, which contain three essential compo-
nents: 1) modified azobenzene (azo) on the mesopore surface
of UCNP@hmSiO, to contribute to NIR-triggered drug
release;® 2) the LRET donor-acceptor pair of the UCNP
and DOX, designed for monitoring NIR-controlled drug
release in real time by detecting UCL signals; 3) the presence
of the anticancer drug residing in the hollow cavity to allow
the T-MR effect for monitoring NIR-controlled drug release
in real time by detecting MR signals. It is worth noting that
our previous work focused on the effectiveness of NIR-
triggered drug release control,”® whereas, in the present study,
we redesigned a nanosensor based on hollow-structured
nanocomposites and, more importantly, the models for real-
time monitoring of drug release in vitro and in vivo by both
MR and UCL imaging have been established by using such
a Nanosensor.

The overall synthesis of UCNP@hmSiO, is shown in
Figure 1a. Oleic acid stabilized UCNPs were synthesized by
a thermal decomposition method.”! Subsequently, the UCNPs
were incorporated into reverse micelles containing cyclohex-
ane and Igepal CO-520. Addition of tetraethylorthosilicate
(TEOS) to the mixture initiated the controlled sol-gel
reaction at room temperature, which led to the formation of
dense silica shells (designated as UCNP@dSiO,).""! A mes-
oporous silica shell was deposited onto the surface of the
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Figure 1. a) The formation process of UCNP@hmSiO,. b—d) TEM
images of b) UCNP@dSiO,, c) UCNP@dSiO,@mSiO,, and

d) UCNP@hmSIO,. e-h) STEM images and corresponding elemental
(F, Si) mappings of UCNP@hmSIO,.

UCNP@dSiO, through hydrolysis of TEOS and self-assembly
with the cetyltrimethylammonium chloride (CTAC) tem-
plate,™"! to form UCNP@dSiO,@mSiO,. Finally, template-
extracted UCNP@dSiO,@mSiO, was directly tuned to hollow
mesoporous silica by incubation in water at 95°C for 2h
through a “surface-protected etching” process.'?! To date, it
still remains a great challenge to synthesize hmSiO,-based
nanoparticles smaller than 100 nm because small-sized nano-
particles are more fragile to alkaline etchants (such as
NaCOs;) than their larger counterparts (>150 nm). Based
on the “structural-difference-based selective etching” meth-
ods previously developed by our group!"?! and other research-
ers,™ hot water was chosen as a mild etchant!" to selectively
remove the dense silica layer by breaking the Si—O—Si bonds
at a controllable rate, with the poly(vinylpyrrolidone)-pro-
tected porous silica shell being unaffected.

To enhance the UCL signal and 7;-MR contrast, a thin
NaGdF, shell was coated on the NaYF,:Yb/Tm core nano-
particles,'® to obtain NaYF,:Yb/Tm@NaGdF, core-shell
nanoparticles (Figure S1 in the Supporting Information).
Figure 1b-d and Figure S2-S4 present TEM and SEM
images of all of the products, which exhibit the monosize
and monodispersity features of the nanoparticles, and the
scanning transmission electron microscopy (STEM) image in
Figure 1e clearly demonstrates the hollow structure between
the UCNP cores and the mesoporous silica shells in
UCNP@hmSiO,. Furthermore, elemental mappings by
STEM measurements confirm that the UCNPs are located
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within the core of the hmSiO, shells (Figure 1f-h). The
existence of the hollow structure was further confirmed by
nitrogen adsorption—desorption analysis (Figure S5 and
Table S1), which indicated that the pore volume, BET surface
area, and pore-size distribution of UCNP@hmSiO, are
1.14em’g!, 556.8m’*g™!, and 4.4nm, respectively. The
actual Gd content in UCNP@hmSiO, was calculated to be
1.7wt% by inductively coupled plasma optical emission
spectrometry (ICP-OES). As determined by dynamic light
scattering (Figure S6), the UCNP@hmSiO, particles are
approximately 100 nm in diameter with no observable
aggregations. The emission spectrum of UCNP@hmSiO,
(Figure S7) displays the characteristic UV and blue emission
bands that correspond to the transition from the emitting
energy levels of Tm ions. The longitudinal relaxivity (r,) of
UCNP@hmSiO, was calculated to be 12.29 mm~'s™!. This
relaxivity is significantly higher than that measured for
UCNP@dSiO,@mSiO, (3.58mm's™!; Figure S8 and
Table S2 and S3), mainly due to the absence of the dense
silica layer in between the Gd-UCNP core and the meso-
porous silica shell in UCNP@hmSiO,, which facilitates water
molecules bonding to the Gd** ions.

To control the drug release by NIR light, the mesopores of
UCNP@hmSiO, were covalently linked with “photomechan-
ical” azo groups that act as “stirrers”, to form UCNP@hm-
Si0,-azo,®! as confirmed by FTIR results (Figure S10). To
investigate the NIR-induced drug release behavior from
UCNP@hmSiO,, the fluorescent drug DOX and nonfluores-
cent drug cisplatin (CDDP) were employed as cargoes,
respectively. Due to the hollow cavity existing between
UCNP and the outer mesoporous silica shell, the anticancer
drugs DOX and CDDP could be loaded into UCNP@hm-
SiO,-azo with high loading efficiencies, which reach 7 and
6 wt %, respectively. The resultant nanoparticles were des-
ignated as nanosensor 1 and nanosensor 2, respectively.
Under NIR exposure, a significant release of anticancer
drugs (DOX or CDDP) can be found, which suggests that the
diffusion of anticancer drugs was NIR irradiation dependent
(Figure S11).

Based on the well-matched wavelength (Figure 2a)
between the upconverted emission of the UCNPs (450 nm/
477 nm) and absorption of DOX (480 nm), we explored the
potential of the nanosensors for monitoring drug release by
measuring the UCL signals in real time. As shown in
Figure 2b and Figure S12, the UCNP emission at 450 and
477 nm is completely quenched by both the strong absorption
of DOX loaded in the nanosensors and the weak absorption
of azo in mesopores. Compared with UCNP@hmSiO,, DOX-
UCNP@hmSiO, emits relatively weak visible light, whereas
the UV emission remains unaffected, as confirmed by Fig-
ure S13. Hence, although DOX will absorb large amount of
upconverted visible light, the unaffected UV light and the
remaining visible light will still be effective to trigger the
photoisomerization effect of azo. It is known that LRET will
not significantly occur if the distance between donors and
acceptors is larger than 10 nm. DOX release from the
mesopores and hollow cavity resulted in an increased distance
of beyond 10 nm between DOX and the UCNP core, which
substantially weakens the LRET effect. As a result, the
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Figure 2. a) Upconversion emission spectrum of UCNPs and the UV/
Vis absorption spectrum of DOX and azo. b) Changes in blue (450 and
477 nm) fluorescence of nanosensor 1 upon NIR exposure for different
time durations. c) Linear correlation between the percentage of DOX
released and the change in the additive UCL intensity of the signals at
450 and 477 nm. d) T,-MRI results obtained from aqueous suspen-
sions of nanosensor 1 before and after NIR exposure for different time
durations. e) Plot of T;™' versus Gd concentration for nanosensor 1
before and after NIR exposure for different time durations. The
calculated r, values from black to pink are 2.96, 4.40, 5.50, 7.43, and
8.75 mm~'s™, respectively. f) Linear correlation between the released
percentage of DOX and the corresponding r, value of nanosensor 1.

upconversion emission intensities at 450 and 477 nm will
gradually recover upon drug release. These results indicate
that the UCL signals are sufficiently sensitive to be used as
imaging probes for detecting the controlled drug release.
Figure 2 c summarizes the results of the validation study. The
UCL signal intensity (y) at blue wavelengths (intensity
arithmetic addition at 450 nm and 477 nm) shows an excellent
linear relationship with the amount of released drug (x): y =
7.69 x —24.3. The above results reveal that the UCL signal of
nanosensor 1 is a high-performance reporter that, through
LRET, can be used to quantitatively measure the amount of
released drug.

To evaluate whether the MR signals can report on the
amount of released drug, nanosensor 1 was imaged before
and after the release of DOX by using a clinical MRI scanner
at 3 T. First, we tested the sensitivity of the nanosensors for
probing drug release in phosphate-buffered saline (PBS;
Figure 2d). We observed a significant drop in the r, value,
from 12.29 (Figure S8) to 2.96 mm's™' (Figure 2¢), after
DOX was loaded into the hollow cavity and mesopores due to
the decreased probability of water molecules bonding to the
Gd’" ions. As expected, a corresponding increase in the T-
MR signal intensity can be observed upon release of DOX.
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The release of various amounts of DOX (20, 40, 60, or
80 wt %) led to gradual recovery of the DOX-quenched T;-
MRI signal corresponding to increments of the r; value of 48,
86,151, and 196 %, respectively. This can be clearly attributed
to the fact that the DOX release gradually leaves more room
in the hollow cavity and mesopores, which favors the diffusion
and access of water molecules from outside to the Gd-UCNP
core and, consequently, the gradually enhanced relaxation
effect of water molecules in the vicinity of the nanoparticles.
The excellent linear relationship between the percentage of
released DOX and the r; value (Figure 2 f) strongly suggests
that nanosensor 1 is capable of monitoring the drug release in
real time. We next tested the drug-release-dependent 7,-MR
behavior of nanosensor 2. As shown in Table S4-S8 and
Figure S14 and S15, all of the results demonstrate that 7,-MR
signal intensity is enhanced upon CDDP release, which is in
excellent agreement with the results observed with DOX. Our
studies imply that this carefully designed nanosensor is
applicable to monitoring the release behavior of various
drugs.

To determine whether nanosensors can produce the UCL
and T\-MR signals of drug release in vitro, HeLa cells were
incubated with nanosensor 1 and then exposed to NIR
irradiation. As expected, a time-course fluorescence intensity
enhancement of DOX in the cancer cells clearly indicates the
controlled release of drugs from nanosensor 1 and, in the
meantime, the DOX-release-induced UCL signal recovery is
clearly detectable (Figure 3a and Movie S1 (DOX signal) and
Movie S2 (UCL signal)). The above observations are more
visibly confirmed by the line scanning profiles of fluorescence
intensity for selected HeLa cells (Figure 3b and c). We next
examined the suitability of nanosensor 1 as a 7,-MRI nano-
sensor for monitoring anticancer drug release in cells. As
shown in Figure 3d, the T;-MR signals of the NIR-exposed
cells are apparently stronger than those of the unexposed cells
because of the increased probability of water molecules
bonding to Gd*! ions due to the NIR-triggered drug release.
In addition, similar results were observed in HeLa cells
incubated with nanosensor 2 under NIR exposure for various
time durations (Figure S20), which further confirmed the
applicability of such nanosensors in monitoring the release of
different types of drug molecule.

We choose zebrafish as an in vivo model for optical
monitoring due to the benefits associated with convenient
optical imaging of the model."” Zebrafish embryos injected
with nanosensor 1 into their heart ventricles showed no
apparent DOX and UCL signals in the vascular system of the
zebrafish (Figure 4a), which indicated that the anticancer
drug DOX cannot be released without NIR exposure.
Interestingly, nanosensor 1 showed significantly brightened
UCL signals (Figure 4a and Movie S3) in the zebrafish heart
regions when exposed to NIR light for 60 min; these signals
resulted from the NIR-triggered drug release, as confirmed by
the clearly intensified DOX signal in the zebrafish vessels
(Figure 4a and Movie S4). Correspondingly, NIR-excited
zebrafish demonstrate an approximately 51 % enhancement
in the T;-MR signal intensity over those of the control
(Figure S24), which is consistent with the in vitro results. To
demonstrate the effectiveness of the nanosensors in monitor-
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Figure 3. a) Confocal microscopic images showing the change in DOX
and UCL signal intensities in Hela cells. DOX and UCL signals were
collected at 500-600 nm and 400-500 nm under excitation of 488 nm
and 980 nm lasers, respectively. All images share the same scale bar
(20 um). b and c) Line-scanning profiles of b) DOX and c¢) UCNP
fluorescence intensities on selected Hela cells in (a). d) MR images
shows the intensity change in the R, signal in Hela cells incubated
with nanosensor 1 after NIR exposure for different time durations. The
power density of the NIR light, which triggered DOX release, is

1.5 Wem™,

ing drug release with high tissue penetration in vivo by using
MRI, we subcutaneously injected nanosensor 2 into walker-
256 tumor-bearing rats and recorded the change of 7;-MR
signal intensity along with the NIR-triggered drug release.
The T,-MRI results of the rats in the drug release group
demonstrate clear enhancements in the 7;-MR signal inten-
sity under NIR exposure (Figure 4b) relative to those of the
control and non-NIR-excited groups (Figure S25). Further-
more, a linear relationship between the MR signal intensity
and the corresponding amount of released drugs can be
obtained (Figure S26).

In the study described above, we demonstrate that
UCNPs (NaYF,:Yb/Tm@NaGdF,) embedded in the core of
hollow mesoporous silica nanoparticles can be used as robust
nanosensors to visualize and quantify drug release in vitro and
in vivo by simultaneous UCL and 7',-MR imaging in real time.
Unlike conventional optical imaging of drug delivery, this
LRET-based sensor exhibits no autofluorescence and photo-
bleaching from biological samples. Attractively, one great
advantage of this nanosensor is that the drug releases can be
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a) NIR-Omin 30 min 60 min

Control NIR-0 min 30 min 60 min

Figure 4. a) Confocal laser scanning microscopy images of zebrafish,
in which UCNP signals are green and DOX signals are red. All of the
images share the same scale bar (400 um). b) T;-MR images of

a walker-256 tumor-bearing Sprague Dawley rat injected with nano-
sensor 2 (1 mgmL™", 100 uL) subcutaneously before and after NIR
exposure for different time durations (n=3). The red circles indicate
the tumor area where nanosensor 2 were injected. The T;-MR signal
intensities before and after NIR exposure are also provided in the
figures. The power density of NIR light employed was 1.5 Wem™2

quantitatively monitored both in vitro and in vivo by using
a 3T MR scanner, which can be readily translated from mice
to humans. The corelationships between the drug release
amounts and the MR/UCL signal intensities are independent
of the type of DDSs, so we anticipate that such monitoring
strategies can be applied to other DDSs with drug release
being controlled or not controlled.
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