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Abstract: A near infrared (NIR) and pH dual-responsive nanocomposite, composed of a
lanthanide-doped upconversion nanoparticle (UCNP) core and a transformable poly-o-
nitrobenzyl shell, is prepared by distillation precipitation polymerization and template method.
The poly-o-nitrobenzyl shell can undergo hydrophobic-hydrophilic transformation upon an
irradiation of 980 nm, rendering the capability of NIR-activated drug release. Anticancer drug,
doxorubicin (DOX), can be loaded into these nanocomposites with a loading efficiency of 7.23
wt%. Furthermore, a pH responsiveness caused by the hydrogen bond and charge interactions
between DOX and nanocapsules can be triggered the release of drugs at low pH. Under visible
light irradiation and neutral (pH 7.4) conditions, the cumulative release of DOX is only 8.35%
after 300 min, while it reaches 59.5% under a synergistic effect of NIR irradiation and acidic
conditions. Baker-Lonsdale model has been used to describe the drug release Kinetics of this
system, and the diffusion coefficient (3DCs/ro?Co) and R? under different conditions are
determined to be 4.15 x 10 and 0.98 (pH 7.4 and visible light), 2.64 x 10 and 0.99 (NIR light),
3.26 x 10° and 0.97 (pH 4.5 and visible light), 2.59 x 10* and 0.99 (pH 4.5 and NIR light),
respectively. This controlled release feature makes the nanocomposite a promising therapeutic

agent for treating diseases.



1. Introduction

In recent years, there is an increasing interest in designing responsive drug carriers, in which
the controlled release of loaded drugs under specific conditions can effectively improve the
efficacy of existing drugs and reduce the side effects of drugs [1-5]. This requires the drug
carrier to be responsive to external stimuli (temperature, pH, light, ultrasound, electric/magnetic
field, etc.) [6-10]. Due to the complicated environments of human beings, the use of external
stimulation for controlled drug release is of great advantages. Among different exogenous
stimuli, light irradiation is favorable because of its advantages of flexibility, controllability and

less invasive [11, 12].

The photoresponsive behavior is always conferred by block polymer (BCP) micelles including
polyazobenzene, spiropyran, coumarin, or o-nitrobenzyl [13-17]. The photoisomerization is
triggered by an irradiation of UV light. The photoresponsive behavior of micelle could include:
(1) shifting of hydrophobic-hydrophilic balance, (ii) breaking of block junction, (iii) degradation
of main chain, and (iv) reversible cross-linking [18]. Zhao et al [19] synthesized a UV responsive
micelle constructed of amphiphilic block copolymer PAzoMA-b-PAA, in which azobenzene
groups were acted as the hydrophobic segment side chain. After UV irradiation, polarity of
azobenzene changed and the hydrophilic equilibrium was destroyed, thus releasing the drug
payload. A new type of carrier for loading cholesterol was designed by grafting coumarin on
mesoporous silicon nanoparticles [20]. O-nitrobenzyl (O-NB) compound was a kind of
photoresponsive element that attracted broad interest due to its variety, relatively simple
synthesis method and rapid photo cracking process. The light energy induces the rearrangement
of charges and recombination of chemical bond in the o-nitrobenzyl compound, producing the

photolysis product o-nitro-aromatic aldehyde/ketone and small molecules. Dong et al [21]
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synthesized photoresponsive polymer poly(S-(o-nitrobenzyl)-L-cysteine)-b-poly(ethylene glycol)
(PNBC-b-PEO), which could form stable spherical micelles with a particle size of about 79 nm
in water. When these micelles were exposed in UV light, the particle size would decrease and the

micelles would eventually rupture in a prolonged irradiation.

Most of photoresponsive polymers absorb UV light to activate a specific photochemical
reaction. However, UV light is toxic to living cells, and the depth of penetrating tissue is poor
[22, 23]. NIR light is preferable to act as a stimulus light source in the field of biomedicine.
Upconversion nanoparticles (UCNPs) can absorb NIR light and emit UV and visible lights,
which is a promising agent to link the photoresponsive polymers with near infrared (NIR) light
[24, 25]. Zhao et al [26] encapsulated UCNPs inside micelles of poly(ethylene oxide)-block-
poly(4,5-dimethoxy-2-nitrobenzyl methacrylate). The photo cleavage reaction could be activated
under NIR light that led to the dissociation of BCP micelles. The NIR light-responsive
nanovector could be prepared through electrostatic interaction-driven complexation between the
negatively charged silica-coated UCNPs and positively charged UV-labile polyelectrolyte
bearing pendant poly(ethylene glycol) and o-nitrobenzyl side groups, which could result in the
release of molecules through the cleavage of o-nitrobenzyl to disrupt the balance of electrostatic
self-assembled structure [27]. Almutairi et al [28] reported an upconversion of NIR light for
efficient polymeric nanoparticle degradation and cargo release through electrospray in which two
or more UCNPs could be encapsulated inside the polymeric matrix to form nanocomposite
materials. Nonetheless, the development of drug loaded UCNPs-polymer nanocarriers with

stable structures and NIR controlled release properties remains a hot research area.

In this work, a core-shell structured nanocapsules that is composed of an inorganic UCNPs as

the core and a transformable poly(4,5-dimethoxy-2-nitrobenzyl methacrylate) (PNBMA) shell
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layer. The fabrication and drug loading processes are shown in Scheme 1. The UCNPs could
convert NIR light to UV which can be absorbed by PNBMA shell, resulting in the photolysis of
PNBMA that alters the hydrophilicity. Silica coated UCNPs (UCNPs@SiO2) was used as the
synthesis templates. 4,5-Dimethoxy-2-nitrobenzyl methacrylate monomers were crosslinked by
ethylene glycol dimethacrylate (EGDMA) at the surface of UCNPs@SiO2, vyielding the
UCNPs@SiO,@PNBMA/MAA nanoparticles by distillation precipitation polymerization.
Anticancer drug, doxorubicin (DOX), was then loaded into the HF-etched

UCNPs@PNBMA/MAA nanocapsules for controlled release behavior.
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Scheme 1. The fabrication of UCNP@SiO.@PNBMA/MAA nanocapsules and the DOX loading

and release.
2. Experimental Section
2.1. Materials

Rare earth oxides (Y203, 99.99%; Yb,03, 99.99%; Tm20s, 99.95%) were obtained from
Yuelong New Material Co., Ltd. Oleic acid (OA, 90%), 1l-octadecene (ODE, 95%), 4,5-
dimethoxy-2-nitrobenzyl alcohol (98.0%), hydroquinone, 3-(hydroxymethyl)-4-nitrophenol

(98%), N,N'-dicyclohexylcarbodiimide (DCC, 99.0%), 4-dimethylaminopyridine (DMAP, 99%),
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3-(trimethoxysilyl) propyl methacrylate (97%) and ethylene glycol dimethacrylate (EGDMA,
98%) were purchased from Aladdin Reagent Co., Ltd. Sodium hydroxide, ammonium fluoride,
hydrochloric acid (HCI, 36.7%), ethanol, chloroform, cyclohexane, ammonia aqueous solution
(33 wt%), tetraethyl orthosilicate (TEOS), methacrylic acid were supplied by Sinopharm Group

Chemical Reagent Co., Ltd. Igepal CO-520 was purchased from Sigma-Aldrich Trading Co., Ltd.
2.2. Synthesis of NaYFa: Yb**/Tm3* nanoparticles (NaYF4: Yb/Tm)

The NaYFs: Yb* /Tm®nanoparticles were synthesized using solvothermal procedure based on
the previously reported method [29]. Typically, 0.2 mol/L YCIs aqueous solution, 0.2 mol/L
YbCls aqueous solution, 0.1 mol/L TmCls aqueous solution, 0.5 mol/L NaOH methanol solution
and 0.5 mol/L NHsF methanol solution were prepared for use. YClz (3.975 mL, 0.975 mmol),
YbClz (1 mL, 0.2 mmol), TmClz (50 puL, 5 umol) were mixed in a 100 mL four-necked round-
bottom flask and were heated to remove moisture, 7 mL of oleic acid and 15 mL of 1-octadecene
were added into the reaction flask, nitrogen gas was introduced into the flask. The mixture was
heated to 120 °C to get rid of water and oxygen. After about 10 min, it was heated to 160 °C and
held for 40 min to get a yellow transparent solution. Turning off the heating and slowly cool the
solution to room temperature, a mixed solution of NaOH-methanol stock solution (5 mL) and
NHsF-methanol stock solution (8 mL) was added to the reaction flask, stirring at room
temperature for 1 h. The mixture was slowly heated to 50 °C and maintained for 30 min to
complete nucleation. Then, the solution was heated to 120 °C under a nitrogen flow to remove
methanol. When the solution become clear, the mixture was quickly heated to 300 °C and kept
for 1.5 h. After cooling down to room temperature, the nanoparticles (NaYFs: Yb**/Tm?") were

obtained by centrifugation (8000 rpm, 40 min) and washed with a mixture of ethanol and



chloroform (6/1, v/v) for three times. Finally, the purified NaYFa4: Yb*/Tm®* were dispersed and

stored in chloroform.
2.3. Synthesis of OA-NaYF4: NaYF4: Yb**/Tm3*core-shell nanoparticles (UCNPS)

The UCNPs were made by coating NaYFs: Yb*/Tm3* with a homogeneous shell using the
same method as described above. Typically, YCIz (5 mL, 1 mmol) was added in a 100 mL four-
necked round-bottom flask and were heated to remove moisture, 7 mL of oleic acid and 15 mL
of 1-octadecene were added into the reaction flask, nitrogen gas was introduced into the flask
and the nitrogen atmosphere was maintained. The mixture was heated to 120 °C to get rid of
water and oxygen. After about 10 min, heating to 160 °C and hold for 40 min to get a yellow
transparent solution. Stopped heating and until the mixture cooled down to room temperature,
taking about 9 mL of the chloroform solution with NaYF4: Yb/Tm prepared and added it into the
reaction flask. Then, the mixture was heated to 90 °C under nitrogen flow and maintained at this
temperature for a while to remove chloroform. Stopped heating and cooled the mixture to room
temperature again, a mixed solution of NaOH-methanol stock solution (5 mL) and NHsF-
methanol stock solution (8 mL) was added to the reaction flask, stirred at room temperature for 1
h. The mixture was slowly heated to 50 °C and maintained for 30 min to complete nucleation.
Then, the solution was heated to 120 °C under a nitrogen flow to remove methanol. When the
solution became clear, the mixture was quickly heated to 300 °C and kept for 1.5 h. After the
reaction was cooled, the UCNPs were obtained by centrifugation (8000 rpm, 40 min) and washed
with a mixture of ethanol and chloroform (6/1, v/v) for three times. Finally, the purified UCNPs

nanoparticles were dispersed and stored in cyclohexane.

2.4. Coating of silica on the UCNPs (UCNPs@SiO)



Silica was coated on the surface of the prepared UCNPs particles by reverse microemulsion
method for surface modification. Briefly, IGEPAL CO-520 (1.3 mL), cyclohexane (20 mL) and
cyclohexane solution with the UNCPs (0.7 mL) were mixed in 100 mL flask under magnetic
stirring for 10 min. Then, ammonia aqueous solution (160 pL) was added into the flask and took
the mixture in ultrasound bath for 30 min to form a transparent microemulsion. Next, TEOS (250
ML) was added to synthesize a shell of silica. Subsequently, methacryl-
oxypropyltrimethoxysliane (2.5 mL) was added to the mixture under stirring for 24 h to
functionalize the particles surface. The product (UCNPs@SiO2) were obtained by centrifugation
(1200 rpm, 45 min) and washed with a mixture of ethanol and acetone (6:1, v/v) three times.

Finally, the purified UCNPs nanoparticles were dispersed and stored in ethanol.

2.5. Synthesis of the monomer 4,5-dimethoxy-2-nitrobenzyl methacrylate (NBMA).

In a 100 mL flask, 5-dimethoxyl-2-nitrobenzyl alcohol (1.49 g) was dissolved in
dichloromethane (25 mL), which was then placed in an ice bath. DCC (5 g) was dissolved in
dichloromethane (15 mL) and the mixed solution was slowly added to the flask. Then, 0.7 mL of
methacrylic acid, 0.025 g of DMAP and 15 mL of dichloromethane were slowly added to the
flask, and stirred at room temperature for 2 d. Insoluble impurities that are removed in solvent by
filtration, the obtained filtrate was first washed with 15% NaCOgs solution 3 times, and then
washed with saturated NaCl solution until neutral, and finally drying by magnesium sulfate.

After filtration, the filtrates was concentrated into solid and dried under vacuum overnight.

2.6. Synthesis of UCNPs@SiO,@PNBAM/MAA

Photoresponsive PNBMA/MAA shell was coated on UCNPs@SiO; surface by distillation

precipitation polymerization. Typically, in a 100 mL flask, 10 mg of vacuum-dried



UCNPs@SiO nanoparticles were dispersed in 72 mL of acetonitrile and stirred for 30 min. Then,
adding NBMA (0.24 g), EGDMA (90 uL), MAA (75 mL) and AIBN (2.87 mg) into the flask in
turn, which was then placed in an oil bath, equipped with an oil-water separator, a condenser, a
receiver and nitrogen protection device. Under the protection of nitrogen atmosphere, the
reaction mixture was heated from room temperature to 80 °C within 30 min and kept for 15 min,
then heated to 100 °C, maintained at this temperature for 3 h and distilled 36 mL acetonitrile.
Turned off the heating and added a small amount of hydroquinone inhibitor to stop the reaction.
After  the resultant  mixture was cooled down to room  temperature,
UCNPs@SiO,@PNBMA/MAA were obtained by centrifuging the obtained solution (1400 rpm,
45 min) and washed with ethanol about three times. Finally, the product was dispersed in ethanol

solution for storage.

2.7. Synthesis of UCNPs@PNBAM/MAA nanocapsules

UCNPs@PNBMA/MAA nanocapsules were prepared by etching the silica layer of
UCNPs@SiO.@PNBMA/MAA nanoparticles. The above nanoparticles were dispersed in 3 mL
of ethanol solution, and then 2 mL HF was add to it and stirred for 48 h. The resultant products

were purified by about three cycles of centrifugation.

2.8. Light responsive behavior of UCNPs@PNBAM/MAA nanocapsules

UCNPs@PNBMA/MAA (10 mg) nanocapsules were dispersed in 20 mL of water, then
poured it into the dialysis tubes (molecular weight cutoff of 8000-14000), and sealed both ends.
The dialysis tubes were placed in a beaker containing 20 mL of deionized water and submerged
the dialysis tubes with deionized water. Under NIR irradiation, the solution was taken out from

the beaker for UV measurement at intervals.



2.9. Loading of doxorubicin (DOX)

30 mg UCNPs@PNBMA/MAA nanocapsules were dispersed in 18 mL DOX aqueous
solution (2 mg/mL) and stirred with magnetic force under normal temperature and dark
conditions for 24 h. DOX-UCNPs@PNBMA/MAA nanocapsules were obtained by centrifuging
the obtained solution (1400 rpm) and washed with ethanol about three times to remove
unsupported DOX molecules. The DOX solution before and after loading was diluted 10 times,
and the absorbance of both at 480 nm was measured by UV-vis absorption spectroscopy to

calculate the drug loading capacity.

2.10. pH-triggered release behavior of DOX-UCNPs@PNBMA/MAA

Taking 8 mg of DOX-UCNPs@PNBMA/MAA nanocapsules and disperse them in 1 mL of
aqueous solutions at pH 4.5, then package the mixture into a dialysis bag with a molecular
weight cut-off of 8000-14000. The dialysis bag was immersed in 5 mL of pH 4.5 aqueous
solutions. The solution outside the dialysis bag was taken at regular intervals to measure the
absorption peak intensity at 480 nm with an ultraviolet spectrophotometer to calculate the release
amount. The experimental method of release behavior under the condition of pH 7.4 is the same,

except that the liquid is replaced with neutral deionized water.

2.11. Photo-triggered release behavior of DOX-UCNPs@PNBMA/MAA nanocapsules

8 mg of DOX-UCNPs@PNBMA/MAA nanocapsules were dispersed in 1 mL of aqueous
solution at pH 4.5. Then, the mixture was packaged into a dialysis bag with a molecular weight
cut-off of 8000-14000. The dialysis bag was immersed in 5 mL of pH 4.5 aqueous solution with
NIR light irradiation. The solution outside the dialysis bag was taken at regular intervals to

measure the absorption peak intensity at 480 nm with an ultraviolet spectrophotometer to
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calculate the release amount.

3. Results and Discussion

3.1. Morphology of UCNPs@PNBMA/MAA nanocapsules

‘c)
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Fig. 1. TEM images of (a) NaYF4: Yb*/Tm®*, (b) UCNPs, (c) UCNPs@SiOznanoparticles.

The morphological structures of the prepared NaYFa: Yb*/Tm3, UCNPs and UCNPs@SiO-
particles were investigated by TEM. As shown in Fig. 1a, the NaYF4: Yb*/Tm®" particles are
spherical and the average diameter is about 25 nm. A homogeneous NaYF4 shell was coated on
the NaYF4: Yb**/Tm?" particles surface to improve its surface defects [30] and the luminescence
effect. If the concentration of oleic acid ligand is different, the growth rate of different crystal
planes of B crystalline NaYF4: Yb**/Tm3®* nanoparticles are also different. The increase of oleic
acid content leads to the dominant growth rate of the particle in the [0001] crystal plane, and the
particle finally presents an ellipsoid with a size of 42 nm x 25 nm (Fig. 1b). The surface of
UCNPs particles was then coated with a layer of silica by reverse microemulsion method to
improve the hydrophilicity of the UCNPs particles [31, 32]. In Fig. 1c, a clear UCNPs@SiO>
double-layer structure can be observed, and the thickness of the silica layer is about 12 nm. The
FT-IR spectra of OA-UCNPs, UCNPs@SiO2, UCNPs@SiO.@PNBMA/MMA particles were

further proved the different structure in Fig. S1.
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Fig. 2. Synthesis routes of (a) the photoresponsive monomer 4,5-dimethoxy-2-nitrobenzyl
methacrylate (NBMA) (b) Fourier transform infrared (FT-IR) spectra of NBMA and 4,5-

dimethoxy-2-nitrobenzyl alcohol.

The photoresponsive monomer 4,5-dimethoxy-2-nitrobenzyl methacrylate (NBMA) was
synthesized from 4,5-dimethoxy-2-nitrobenzyl alcohol and methacrylate (Fig. 2a). Fig. 2b shows
the Fourier transform infrared (FT-IR) spectra of NBMA. It can be observed that the
symmetrical stretching vibration and asymmetric stretching vibration of nitro on benzene ring
corresponds to two absorption peaks at 1322 cm™ and 1525 cm™. The symmetrical stretching
vibration and asymmetric stretching vibration of methoxy on benzene ring corresponds to two
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absorption peaks at 1018 cm™ and 1276 cm™. The stretching vibration of C=C can be attributed
to the characteristic absorption peak at 1625 cm™. The stretching vibration of carbonyl
corresponds to the characteristic absorption peak at 1715 cm™. By comparing the chemical
formula as of 4,5-dimethoxy-2-nitrobenzyl alcohol and 4,5-dimethoxy-2-nitrobenzyl
methacrylate, the absorption peak of hydroxyl group disappeared, and the absorption peak of

C=0 and C=C appeared, which was the evidence to the formation of NBMA.

UCNPs@SiO,@PNBAM/MAA nanoparticles were synthesized through novel distillation
precipitation polymerization method (Scheme 1). Typically, UNCPs@SiO> was used as template,
MAA and NBMA were used as monomers, EGDMA was used as cross-linker, and acetonitrile
was used as solvent. The shell thickness and dispersibility of UNCPs@SiO.@PNBMA/MAA
nanoparticles have been systematically investigated through the amount variation of monomer,

cross-linker and solvent.

The thickness of UCNPs@SiO.@PNBMA/MAA nanoparticles were regulated by changing
the amount of monomer NBMA and MAA. In fact, increasing the amount of solvent is good for
the dispersity of UCNPs@SiO2@PNBMA/MAA nanoparticles but decreasing the monomer
conversion. Distillation precipitation polymerization has the advantage that lower monomer
concentration is used at the beginning of the reaction to ensure the dispersion of particles. When
the reaction was carrying on, the solvent distilled constantly out of the system to increase the
monomer conversion. For the large steric hindrance of photoresposive monomer, the distillation
precipitation polymerization is a good method to synthesize disperse and robust photoresponsive
nanoparticles [29]. When 0.176 g NBMA and 23.9 pL MAA were involved in the reaction (Fig.
3a), there was only about 2 nm thick layer of PNBMA/MAA on the surface of the UCNPs@SiO-

nanoparticles. With increasing the amount of NBMA and MAA to 0.198 g and 60 pL
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respectively, the thickness of the PNBMA/MAA shell increased to approximately 5 nm (Fig. 3b).
When the amounts of NBMA and MAA were further increased to 0.247 g and 75 uL, the clear
UCNPs@SiO,@PNBMA/MAA three-layer structure was obtained with thickness about 7 nm
(Fig. 3c). Crosslinking agent content and the amount of solvent acetonitrile were both used to
optimize the morphological of UCNPs@SiO@PNBMA/MAA nanocomposites (Figs. S2 and S3,
respectively). UCNPs@PNBMA/MAA nanocapsules were obtained by etching SiO2 layer with

HF (Fig. 3d).

a) b)

Fig. 3. TEM images of particles prepared under different amount of NBMA and MAA: (a) 0.176
g, 23.9 uL; (b) 0.198 g, 60 uL; (c) 0.247 g, 75 pL; (d) TEM image of UCNPs@PNBMA/MAA
nanocapsules.

3.2. NIR light responsive properties of UCNPs@PNBMA/MAA nanocapsules
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Fig. 4a shows the luminescent spectra of UCNP and UCNP@PNBMA/MAA nanocapsules
disperse in ethanol under 980 nm NIR light irradiation. The emission bands of the UCNP
luminescence spectrum include ~ 365 nm (!D2-*Hs), ~ 450 nm (*D2-*Ha) and ~ 475 nm (:G4-*He).
The band diagram is showed in Fig. S4. The solution of UNCPs emitted UV light under the
absorption of NIR irradiation. UCNPs@PNBMA/MAA nanocapsules have no luminescence at
365 nm as compared with UCNPs, which could be deduced that the UV light emitted by the
UCNPs is absorbed by O-NB. Furthermore, the solution of UCNPs@PNBMA/MAA
nanocapsules changed to blue color compared to the violet emitted by pure UCNP upon 980 nm

NIR light.

As shown in Fig. 4b, PNBMA undergoes photo-cleavage reaction upon 365 nm UV light
irradiation. After absorbing 365 nm photons, a series of intermolecular charge rearrangement
occur, resulting in the breaking of ester group to form carboxylic acids and o-nitrobenzaldehyde.
The UCNPs@PNBMA/MAA nanocapsules were dissolved in deionized water to make solution
with a concentration of 0.5 mg/mL. As shown in Fig. 4c, in the absence of NIR irradiation, the
UV-Vis spectrum of the solution that outside the dialysis tubes did not change even after 24 h.
However, under the NIR irradiation, the absorption bands, corresponding to photochromic o-
nitrosobenzaldehyde, were detected in 350 ~ 450 nm regions. With the irradiation time
increasing, the characteristic absorption peak at about 350 nm, originated from the o-
nitrobenzaldehyde generated by the photo-cleavage reaction, gradually increased. With ester
group transforming to carboxylic acids, the UCNPs@PNBMA/MAA nanocapsules would be

more hydrophilic after the photo-cleavage reaction.

The dynamic light scattering (DLS) results (Fig. 4d) further reveals that the size of

UCNPs@PNBMA/MAA nanocapsules increases from initial 108 nm to 140 nm after 20 min of
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NIR irradiation. The change of hydrodynamic diameter was caused by the photo-cleavage
reaction of o-nitrobenzyl ester, in which the hydrophobic ester group was transformed to
hydrophilic carboxylic acid. Zhao also demonstrate that the photoresponsive micelles
constructed of poly(nitrobenzyl methacrylate) block polymer would be activated the photo-

cleavage reaction upon 980 nm NIR light irradiation to realize the transformation of hydrophobic

to hydrophilic properties [26].
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Fig. 4.(a) Upconversion luminescent spectra of UCNPs (black) and UCNPS@PNBMA/MAA
(red) UCNPs and UCNPs@PNBMA/MAA nanocapsules; (b) The photo-cleavage reaction of o-
nitrobenzyl ester; (c) UV spectra of UCNPS@PNBMA/MMA nanocapsules after Near infrared

light irradiation; (d) Change of the size of UCNPs@PNBMA/MMA after NIR light irradiation.

3.3. Controlled release behavior of DOX-UCNPs@ PNBMA/MMA nanocapsules
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UCNPs@PNBMA/MMA nanocapsules exhibit both pH and light responsive behaviors, which
could be used as smart drug delivery system. Hydrochloride DOX is a hydrophilic anticancer
drug, used as a model drug to investigate the loading and releasing behavior of the synthesized
UCNPs@PNBMA/MAA nanocapsules. Fig. 5a shows the absorbance-concentration curve of
DOX, from which the relationship between absorbance and concentration can be fitted by an
equation y = 16.3x + 0.044 (R? = 0.99842). Fig. 5b shows the UV spectrum of the solution
diluted by 10 times before and after DOX loading. The calculated DOX drug loading rate is
7.23wt%, which is competitive with the amphiphilic polymer/UCNP self-assembled system
(7wt%) [33, 34] and higher than that of porous silica coating system (5wt%) [35]. However, the
robust structure of the UCNPs@PNBMA/MAA nanocapsules constructed of distillation

precipitation polymerization was favorable in the complex vivo system.
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Fig. 5. (a) Absorbance-Concentration relationship of DOX. (b) UV-Vis spectra of DOX before

and after drug loading (dilute 10 times).

As the UCNPs@PNBMA/MAA nanocapsules are dual-responsive, the release of drug-loaded
nanocapsules, under different conditions, is investigated. Fig. 6 show the UV-Vis spectra of
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DOX released from DOX-UCNPs@PNBMA/MAA nanocapsules under the condition of pH 7.4,
pH 4.5, NIR and pH 4.5, respectively. At pH 7.4, the release rate of DOX is relatively slow.
After 300 min, the cumulative release of DOX is only 8.35%. However, as shown in Fig. 7a, at
pH 4.5, the cumulative release of DOX reached 35% in 720 min. It was mainly caused by
hydrogen bond and charge action [36]. The -COOH group in PMAA (pKa 4.8) would undergo
deionization or ionization in different pH environments. At pH 7.4, the ionization of carboxylic
acid groups would cause the surface of the polymer to be negatively charged, which is not
favorable for the release of positively charged DOX. In addition, the carboxylic acid groups
would form two hydrogen bonds with the hydroxyl and amino groups in DOX molecules as
shown in Scheme 2. At low pH (pH 4.5), the ionization of carboxylic acid groups weakens the
charge adsorption, and the protonation of amino groups in DOX molecules could not form
hydrogen bonds with carboxylic acid groups. Eventually, the release rate of DOX increased

significantly.

Scheme 2. Surface structure of UCNPs@PNBMA/MAA nanocapsules and chemical structure of

DOX molecule.

Under NIR irradiation, the photolysis reaction of the o-nitrobenzyl would change the surface
of the UCNPs@PNBMA/MAA nanocapsules from hydrophobic to hydrophilic. Furthermore, the

cumulative release amount achieved 18% in 240 min. When NIR light irradiation and pH
18



stimulation were both carried on, the release rate and amount of DOX would further increase. As
shown in Fig. 6d, the cumulative release amount of DOX reached 59.5% in 300 min. The
synergistic effect from different stimulus is in favor of the release rate in many works [37-39]. It

not only realizes the double responsive release, but also greatly increases the release efficiency.

0.08 0.10

b 300 min 720 min

a | 180 min b 480 min

0.06 1 + 60 mi ¢+ 210 min
| 30 min . 150 min

90 min
i 60 min
. 30 min

| 10 min

A
|
| 120 min 0.08 | 300 min
|
|
|
|

Absorbance
e
=
E
Absorbance

0.00

* 20 min I 40 min

+ 10 min | 20 min

+ 10 min

300 400 500 600 700 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

0.06 0.16

4 240 min A 300 min
C I 210 min 0.14 4 d I jgg min

| 180 min nn
© 130 min 0.124 . 180 min
I N \ | 150 min

0.04 - 90 min o \ © 110 min
| 60 min 20.101 3\ | 90 min
| 40 min X ' 60 min
: \
I

Absorbance

0.00- ;
300 400

500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 6. The absorbance change of released DOX of DOX-UCNPs@PNBMA/MAA of DOX from
UCNPs@PNBMA/MAA as a function of time under (a) pH 7.4, (b) pH 4.5, (c) NIR and (d) NIR

and pH 4.5.

Due to the difference of the matrices, there are also multiple models for the drug release
process [40-43]. Among them, the Baker-Lonsdale model is more suitable for spherical matrices
and modeling the drug release behavior under different conditions in this work. The expression is
as Equ. 1. Fig. 7 indicated the cumulative release of DOX from UCNPs@PNBMA/MAA under

different conditions, pH 7.4, pH 4.5, NIR and NIR/pH 4.5 and linear regression analysis using
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the Baker—Lonsdale model profile of DOX from UCNPs@PNBMA/MAA nanocapsules as a

function of time under different conditions.
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Fig. 7. (@) Cumulative release of DOX from UCNPs@PNBMA/MAA nanocapsules under
different conditions: pH 7.4, pH 4.5, NIR and NIR/pH 4.5. (b) Linear regression analysis using
the Baker—Lonsdale model profile of DOX from UCNPs@PNBMA/MAA nanocapsules as a

function of time under different conditions.

Where Mt and M., are expressed as the release amount of DOX at time t and infinity,
respectively; M/M., is expressed as the cumulative release percentage of DOX at time t; D is
expressed as the diffusion coefficient of the DOX from the system; Cs is expressed as the
solubility of the DOX in the system; Co is the original concentration of DOX, ro is expressed as
the radius of the nanoparticles. As shown in Fig. 7b, the release rate constants (3DCs/re>Co) and
the correlation coefficients R? are 4.15 x 10 and 0.98 (pH 7.4 and visible light), 2.64 x 10~and
0.99 (NIR light), 3.26 x 10" and 0.97 (pH 4.5 and visible light), 2.59 x 10* and 0.99 (pH 4.5 and

NIR light), respectively. The results indicate that the Baker-Lonsdale model well fits for the
20



release profile of DOX under different pH values and NIR irradiation conditions. Because in the
same system, Co and Cs are generally considered as equal, and the value of ro is determined from
Fig.7. It can be seen that the diffusion coefficient D under the pH 4.5 is 4.1 times higher than the
pH 7.4. Under the condition of pH 4.5, the diffusion coefficient Dr under NIR irradiation is 13
times higher than the visible light irradiation. The result proves that both NIR and acidic
conditions are beneficial for drug release. In fact, the pH value of normal tissues and organs in
human body is about 7.4, while the pH value in tumor tissue is acidic. There are a few composite
systems constructed of poly-o-nitrobenzyl and UCNP self-assembled system which could
achieve controlled release upon NIR irradiation due to the disassemble of the composite. Our
work developed drug loaded UCNPs/PNBMA nanocarriers with stable structures and NIR/pH
dual adjustable release rate which has great potential on improving drug efficacy and preventing

undesirable side effects on normal tissue.
4. Conclusions

In this study, the distillation precipitation method was used to synthesize dual-responsive drug
delivery nanocapsules, which was composed of a UCNP core and a transformable poly-o-
nitrobenzyl shell. Hydrophobic-hydrophilic transformation could be realized upon NIR
irradiation, leading to the cleavage of poly-o-nitrobenzyl ester side group and larger particle size
from 108 nm to 140 nm. Hydrogen bond and charge action of DOX and nanocapsules caused the
pH responsive release behavior. DOX could be loaded into these nanocomposites with a loading
efficiency of 7.23 wt%. Under the synergistic effect of pH 4.5 and NIR irradiation, the
cumulative release rate can reach 59.5% after 300 min. Finally, diffusion coefficient (3DCs/ro?Co)
and R? under different conditions were determined to be 4.15 x 10 and 0.98 (pH 7.4 and visible

light), 2.64 x 10°and 0.99 (NIR light), 3.26 x 10®° and 0.97 (pH 4.5 and visible light), 2.59 x 10
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and 0.99 (pH 4.5 and NIR light) according to Baker-Lonsdale model, respectively. It shows that
both NIR irradiation and acidic conditions are beneficial to drug release. This controlled release

feature makes the nanocomposite a promising therapeutic agent for treating diseases.
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