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Abstract 

A thermal and photo dual-responsive drug delivery system is newly designed for controlled 

anticancer drug delivery.  The concept of this design is to encapsulate upconversion nanoparticles 

in a photoresponsive polymer to produce core-shell nanoparticles, in which NIR light is converted 

to UV/visible light to isomerize crosslinked bis(methacryloylamino)-azobenzene for the control of 

drug release. A facile scheme, which gives the details of two-step solvothermal treatment, 

microemulsion, distillation precipitation polymerization, and drug loading, is proposed to realize 

the design.  The dual-responsive drug release behaviors of the system are reported to provide the 

This document is the Accepted Manuscript version of a Published Work that appeared in final form in Journal of Physical Chemistry C, 
copyright © 2019 American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published 
work see  https://doi.org/10.1021/acs.jpcc.9b00454.

This is the Pre-Published Version.



2 
 

information for potential development of cancer therapy.  It is also found that the Baker−Lonsdale 

model is suitable for describing the drug release kinetics of this system and the values of the 

diffusion coefficient under various conditions are determined experimentally.  
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1. Introduction 

In recent years, stimuli-responsive nanoparticles, that can deliver and release the therapeutic 

payloads in a controlled manner, have played increasingly important roles in designing 

nanocarriers for anticancer drug delivery. The nanocarriers were usually fabricated by assembling 

stimuli-responsive polymers, that exhibit physical changes upon an exposure of external stimuli, 

such as pH, electricity, light, enzyme and temperature 1-5. Due to the unique features of inorganic 

nanomaterials6-9, such as high luminescence, photothermal generation, plasmonic behavior and 

upconversion optical properties, an incorporation of inorganic nanostructures with stimuli-

responsive polymers has become a powerful technique to enhance the nanocarriers performances. 

To this end, many strategies have been developed. Light responsive nanoparticles, that were 

fabricated from azobenzene 10-11, o-nitrobenzyl, dithienylethenes 12-13, spiropyran 14, and coumarin 

15, were typically found as these exogenetic triggered nanoparticles have flexible spatial and time 

freedom for controlling the release of payloads at a specific time and location with relatively high 

precision. Self-assemble of block copolymer was one of the methods to prepare light responsive 

micelles or nanoparticles. In this case, most of the photoisomeric moieties are UV-responsive, thus 

payloads were mainly released by an UV irradiation 16. For biological applications, however, two 

challenges are remained. Due to its high energy and high absorption by the biological tissues (i) 

UV is usually harmful to the biological bodies and difficult to penetrate to the deep tissue; (ii) self-

assemble micelles may not be stable enough in biological environment and burst release may occur 

after the dissociation under light.  

For biomedical applications, especially when the drug dosage is required to be critically controlled 

(e.g. anticancer drugs and diamondoid derivatives for Alzheimer’s disease), remotely trigger drug 

release using longer-wavelength (e.g. NIR) light source is more suitable. Upconversion 
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nanomaterials are of particular interest because they absorb multiple photons of lower energy 

(small bandgap energy) and transmit to larger bandgap emission (i.e. UV or visible range). 

Recently, upconversion nanoparticles encapsulated in light responsive micelles have been widely 

studied. Zhao and co-workers firstly dissociated upconversion nanoparticles packed block 

copolymer micelles 17. Chen et al. synthesized amphiphilic spiropyran/(N-isopropylacrylamide) 

block copolymer and self-assemble with upconversion nanoparticles 18. After NIR irradiation, the 

composite successfully disassembled to realize controlled release. Wu and coworkers also 

constructed NIR responsive nanomicelles through amphiphilic copolymer containing azobenzene 

through self-assembly method 19. The self-assemble method was utilized to composite 

upconversion nanoparticles and photoresponsive micelles which realize NIR responsive release 

and more suitable for bio-systems. However, challenges for self-assemble polymer nanoparticles, 

such as structure stability and burst release, are still exist in the bio-system 20-21.  

In our previous study, we focused on the issue of controlled drug loading and release by using a 

distillation precipitation polymerization process, in which silica was used as a reaction template 

(eventually dissolved) and bis(mathacrylolamino) azobenzene  was used as the crosslinker 22. 

Distillation precipitation polymerization was chosen because relative stable polyazobenzene 

nanospheres can be synthesized, whereas the photoresponsive micelles prepared from block 

copolymer were not very stable due to the large steric resistance of azobenzene. Our distillation 

precipitation polymerization begins with lower concentration of monomer, which can effectively 

reduce the aggregation of particles. By distilling solvent at a constant speed, a high monomer 

conversion could be achieved and it is the precondition of forming polyazobenzen particles. We 

found that the permeability of these nanocapsules can be adjusted by UV irradiation and both the 

controlled encapsulation and release of molecules were successfully demonstrated. In current work, 
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efforts are devoted to improve the stability of nanoparticles and study the potential for biomedical 

applications. In this paper, a new design of a robust and multiple responsive drug delivery 

polymeric system based on incorporating photo- and thermal-responsives polymers with UCNPs 

is presented. UCNP-PNIPAM core-shell nanoparticles are formed by using a modified distillation 

precipitation polymerization process 23-25. Monodispersed UCNP core transforms the NIR light to 

UV/visible light to isomerize crosslinked BMAAB that can produce the photomechanical effect 

within the shell and alter the controlled release behaviors. The NIR and thermo- responsive 

controlled release behaviors have also been studied and explored, with the aim to achieve 

exogenetic (NIR light) and endogenous (temperature) control in one system. With this unique 

feature, i.e. thermo- and NIR responsive, the prepare nanoparticles can act as potential drug carriers 

for targeted cancer therapy. 

2. Experimental Section

2.1 Materials 

Yuelong New Material Co., Shanghai, China supplied rare earth oxides (Y2O3, Yb2O3, Tm2O3). 

Oleic acid (OA; 90%), 1-octadecene (ODE; 95%), N-Isopropylacrylamide (NIPAM) and 

Divinylbenzene (DVB) were purchased from Aladdin reagent Co., Ltd, Shanghai, China. Sodium 

hydroxide, ammonium fluoride, hydrochloric acid (HCl; 36.7%), ethanol, chloroform, 

cyclohexane, ammonia aqueous solution (33 wt%), tetraethyl orthosilicate (TEOS), methacrylic 

acid were supplied by Sinopharm Group Chemical Reagent Co., Ltd, Shanghai, China. Igepal CO-

520 was purchased from Sigma-Aldrich Trading Co., Ltd, Shanghai, China. 3-

Methacryloxypropyltrimethoxysilane (MPS) was obtained from Organic Silicon Company at 

Wuhan University, China.  High-purity azobis (isobutyronitrile) from Huacheng Industrial Co., 

Ltd, Shanghai, China was recrystallized by ethanol.  
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2.2 Synthesis of oleic acid (OA) coated NaYF4: Yb3+/Tm3+ nanoparticles (OA-NaYF4: Yb/Tm) 

The synthesis of OA-NaYF4: Yb, Tm nanoparticles can be realized by using the solvothermal 

procedure based on the previously reported method. In a typical experiment, 0.795 mmol of YCl3, 

0.200 mmol of YbCl3 and 5 μmol of TmCl3 were dissolved in water and added into a 100 mL 

three-necked round-bottom flask containing 7 mL of oleic acid and 15 mL of 1-octadecene mixture 

respectively. To get rid of water and oxygen, the mixture was slowly heated to 120 °C under N2 

flow. Then the mixture was slowly heated to 160 °C and maintained for 40 min to form a clear 

light yellow solution. After cooling down to room temperature by removing the heating mantle 

while stirring, 5 mL of NaOH-methanol stock solution and 8 mL of NH4F-methanol stock solution 

were added into a 15 mL centrifuge tube. The tube was sealed and the solution was mixed for 10 

s. Then the mixture was quickly added into the reaction flask. The solution was vigorously stirred

at room temperature for 1 h. After the evaporation of methanol, the solution was heated to 300 °C 

under N2 and kept at this temperature for 90 min. The collection of OA-NaYF4: Yb, Tm 

nanoparticles was carried out by centrifugation at 8000 rpm for 40 min. Then OA-NaYF4: Yb, Tm 

nanoparticles were washed with ethanol/chloroform three times prior to use. 

2.3 Synthesis of OA-NaYF4: Yb/Tm@NaYF4 (UCNPs) core-shell nanoparticles 

The NaYF4: Yb, Tm@NaYF4 core-shell nanoparticles were synthesized using about 1 mmol of 

OA-NaYF4: Yb, Tm nanoparticles prepared using the same method as described above. Typically, 

a solution of YCl3 (1 mmol) was added into 7 mL of oleic acid and 15 mL of 1-octadencene mixture 

in a 100 mL flask. To get rid of water and oxygen, the mixture was slowly heated to 120 °C under 

N2 flow. Then the mixture was slowly heated to 160 °C under N2 flow and maintained for 40 min 

to form a clear light yellow solution. Until it is cooled down to room temperature, approximately 

9 mL oleic acid (OA) coated NaYF4: Yb3+/Tm3+ nanoparticles were added into a 15 mL centrifuge 
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tube. Then the solution was stirred at room temperature for 30 minutes. To remove chloroform in 

a stream of nitrogen, the mixture was slowly heated to 86 °C. After cooling down to room 

temperature by removing the heating mantle while stirring, 5 mL of NaOH-methanol stock 

solution and 8 mL of NH4F-methanol stock solution was added into a 15 mL centrifuge tube. The 

tube was sealed and the solution was mixed for 10 s. Then the mixture was quickly added into the 

reaction flask. The solution was vigorously stirred at room temperature for 1 h. After the 

evaporation of methanol, the solution was heated to 300 °C under N2 and kept at this temperature 

for 90 min before it was allowed to cool naturally to room temperature. The same washing 

procedure was followed as mentioned above and sample was re-dispersed in 10 mL cyclohexane. 

2.4 Coating of silica on the UCNPs (UCNPs@SiO2) 

Oleic acid-coated UCNPs can only disperse well in nonpolar solvents. To prepare water soluble 

UCNPs, reverse microemulsion approach was used to modify the surface of nanoparticles. A SiO2 

shell was applied as follows: Specifically, 1.3 mL of Igepal CO-520, 20 mL of cyclohexane and 

0.7 mL of UCNPs in cyclohexane was added in a 100 mL flask under magnetic stirring for 10 

minutes. Next, 160 uL of ammonia aqueous solution (33 wt%) was introduced to the 

microemulsion system and sonicated for 30 min to form a transparent reverse microemulsion. Then, 

250 uL of TEOS was added, and the silica coating reaction was completed after 24 h. Lastly, about 

2.5 mL of MPS was added, and the reaction was continued for another 24 h. Ethanol was used to 

wash the UCNPs@SiO2 when they were precipitated by acetone. Then UCNPs@SiO2 

nanoparticles were washed with ethanol three times.  

2.5 Synthesis of bis(methacryloylamino)-azobenzene (BMAAB) 
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4,4'-diaminoazobenzene (DAAB) was synthesized according to the references 22. BMAAB was 

prepared using a temperature dehydration reaction. In a typical experiment, 2 g of DAAB was 

dissolved in 800 mL of chloroform. A solution of methacrylic acid (10 mL) and EDC·HCl (3.6 g) 

were added into the flask. The reaction was maintained at room temperature for three days. The 

organic solution was washed twice with water, dried with magnesium sulfate, and evaporated 

under reduced pressure. Ethanol was used to purify the crude product. The crude product was dried 

at 50 °C. 

2.6 Synthesis of PNIPAM coated UCNPs@SiO2 (i.e. Dual-responsive nanocarriers, DR-NCs) 

The PNIPAM coated UCNPs@SiO2 microspheres have been accomplished using distillation 

precipitation polymerization. Typically, 30 mg of UCNPs@SiO2 was uniformly dispersed into 70 

mL of acetonitrile by ultrasonication about 30 min in flask. Then, adding crosslinking agent 

BMAAB (85 mg), thermosensitive monomer NIPAM (213 mg), co-crosslinker DVB (40 µL) and 

initiating agent AIBN (5.06 mg, 3 wt% of total monomer) into the round-bottom flask in order. 

This setup consists of a four-neck, 100-mL round-bottom flask equipped with an oil-water 

separator, a condenser, a stir bar, a thermometer, a receiver and nitrogen protection device. To get 

rid of the air in the reactor, replaced nitrogen about three times and then connected the gas to the 

condenser. The solution was heated from room temperature to 80 °C within 30 min and kept for 

15 min, then raise the temperature to 100 °C. After distilling about half of the acetonitrile within 

3.5 h (including heating time), a small amount of inhibitor was added to terminate the reaction. 

DR-NCs were obtained by centrifuging the reaction mixture at 12,000 rpm for 50 min at room 

temperature and the nanoparticles were washed with ethanol for several times until the supernatant 

fluid became colorless.  

2.7 Loading of Doxorubicin hydrochloride (DXR) 
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A mixture of 20 mL of DXR solution (0.6 mg/mL) in deionized water and DR-NCs (60 mg) were 

magnetically stirred for 24 hours at ambient temperature. After centrifugation of the resulting 

solution at a speed of 14000 rpm, the resultant precipitation was washed with ethanol. The whole 

washing process was completed in 15 min. The loading capacity of the DXR molecules was 

measured using UV-Vis absorption spectroscopy at a wavelength of 480 nm. The DXR-loaded 

DR-NCs (DXR-DR-NCs) were dried as powders.  

2.8 Thermal-controlled release behavior of the DXR-DR-NCs 

A total of 10 mg of DXR-DR-NCs were added to 5 mL of water and contained in a dialysis bag 

having 8,000-14,000 kDa molecule-weight cut-off. The dialysis bag was placed in a container with 

13 mL of water and maintained at 25 °C in a water bath. Periodically, about 4 mL of the solution 

was withdrawn from the container for absorbance analysis to access the concentration of DXR 

discharged in the solution. The analysis was conducted at an excitation wavelength of 480 nm 

before the test solution was returned to its container.  

2.9 Photo-controlled release behavior of the DXR-DR-NCs 

The procedure follows that described in the above steps. In addition, two more samples were 

prepared. Each of these three containers was irradiated with NIR, visible light irradiation. 

Periodically, about 4 mL of solution was withdrawn from the container for fluorescent 

spectroscopic analysis to access the concentration of DXR discharged in the solution. The analysis 

was conducted at an excitation wavelength of 480 nm before the test solution was returned to its 

container. 

2.10 Characterizations 
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A Bruker Equinox 55 Fourier spectrometer was utilized to record Fourier transform infrared (FTIR) 

spectra using a KBr disc. Transmission electron microscopy (TEM) was performed on a Tecnai G 

220 electron microscope (PEI Co.) at 200 kV. The water contact angles of DR-NCs nanoparticles 

were observed through the contact angle measuring instrument JC2000D Shanghai Zhongchen 

Digital Technology Equipment Co., Ltd. A Hitachi F-500 fluorescence spectrophotometer 

equipped with a 980 nm near-infrared light source (2.5W) was utilized to record the emission of 

UCNPs spectra. 

3. Results and Discussion

Scheme 1. Synthetic route of DR-NCs and the loading and release of DXR 

Scheme 1 illustrates the synthetic route of the DR-NCs and the procedures for loading and 

controlled release of DXR. Figure 1a shows monodispersed OA-NaYF4: Yb/Tm nanoparticles 

(core) and the average diameter is about 22 nm. The successful formation of uniform core-shell 

UCNPs can be clearly observed in Figure 1b. The average size of the “rod-shape” UCNPs was 
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increased to 40 nm × 24 nm after the deposition of the NaYF4 shell. The as-prepared UCNPs were 

passivated with thin layer of oleic acid molecules, as shown in the FTIR spectra (Figure S1). The 

layer of oleic acid molecules can keep them from aggregating and facilitate a dispersion in non-

polar solvents. 

Silica was chosen as an intermediate layer which could be further modified with photo and 

thermo- responsive polymers. The TEM image in Figure 1c shows a thin and uniform silica layer 

was coated on the hydrophobic nanoparticles by using the modified water-in-oil reverse 

microemulsion technique 26-27. The thickness of silica shell is approximately 10 nm. The DLS 

results of OA-NaYF4: Yb/Tm core, UCNPs and UCNPs@SiO2 are shown in Figure S2. Then the 

silica surface was modified with the coupling agent MPS to render the nanoparticles with carbon-

carbon double bonds for further polymer coatings. 

Since the azo groups are inhibited to the radical chain reaction by the azo group, it is difficult to 

form pure azo chromophores particles through emulsion 28. Our group have successfully obtained 

photoresponsive polyazobenzene particles by using the distillation precipitation polymerization 22. 

When the solvent is distilled at a constant rate, a high monomer conversion could be maintained 

and a lower monomer concentration at the start of the reaction can prevent the particles from 

aggregations 29. In this work, distillation precipitation polymerization was adapted and modified 

to prepare DR-NCs, in which the UCNPs@SiO2, thermal responsive NIPAM, and photoresponsive 

BMAAB were used as the template, monomer, and crosslinker, respectively. As shown in Figure 

1d, monodisperse DR-NCs are obtained. We found that the dispersity of the resulting nanoparticles 

was influenced by the amount of solvent acetonitrile. A relatively large amount of acetonitrile was 

used to initiate the reaction of distillation precipitation polymerization, which made the particles 

not easy to adhere each other and improved the conversion rate of monomers. With solvent 



12 

acetonitrile (70 mL), crosslinking agent BMAAB (85 mg) and thermosensitive monomer 

NIPAM (213 mg), well dispersed DR-NCs were successfully synthesized. The effect of 

changing the monomer concentration and crosslinker amount on the thickness of shell were 

shown in Figure S3. 

Figure 1. TEM images of (a) NaYF4: Yb3+/Tm3+, (b) UCNPs, (c) UCNPs@SiO2, (d) DR-NCs 

a) DXR Loading into DR-NCs

DXR, a commonly used chemotherapeutic drug for cancer therapy, was selected as a model 

drug to evaluate the loading behaviors of the DR-NCs. DXR (positively charged) can strongly 

attach to DR-NCs surface (zeta potential: -40.6 mV) through hydrogen bonds and electrostatic 

interactions with the silanol groups, yielding DXR-DR-NCs 30. A DXR loading ratio of 41 wt.% 

was measured by studying the absorbance at 480 nm of DXR solution before and after the loading 
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process. The loading performance is higher than other reported drug-loading up-conversion 

nanoparticle based systems 31-33. Fluorescence micrographs of (a) DXR-DR-NCs, (b) after the 

release of DRX for 24 h under visible light, and (c) the solution outside the dialysis tube are shown 

in Figure S4.  

b) Thermal-responsive behavior of the DR-NCs

As shown in Figure S5, the water contact angle of DR-NCs increased from 78.07° to 130.18° 

when the temperature increased from 25 °C to 47 °C. The transformation from hydrophilic to 

hydrophobic leaded to the shrinkage of DR-NCs at 47 °C. The PNIPAM molecules consisted of 

the hydrophilic amide groups and hydrophobic isopropyl groups, which could lead to the structural 

transformation according to temperature difference.  

Figure. 2 UV-vis spectra of DXR release from DR-NCs at 25 °C and 47 °C 

After loading the DXR into DR-NCs, the thermal-controlled drug release behavior of DR-NCs 

was evaluated by measuring the UV-vis absorption spectra. Figure 2 shows the UV-vis absorption 

spectrum of DXR released from DR-NCs at 25 °C and after it reached equilibrium, which shows 

a further release at 47 °C. As time increased, the absorbance of the DXR released from DR-NCs 
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at 480 nm also increased and reached the equilibrium after 360 minutes. Interestingly, when the 

temperature further increased to 47 °C, the absorbance of the DXR released from DR-NCs at 480 

nm further increased and reached the equilibrium after 160 minutes. At 25 °C, ~27% of DXR was 

released after 360 min. However, ~51% of DXR was released after 160 min when temperature 

increased to 47 °C. When the temperature was higher than LCST, the surface of DR-NCs became 

hydrophobic and the shell shrunk and thus further increased the release rate. There are many works 

about the temperature-controlled release of nanoparticles. Similar findings were also reported that 

entrapped drug molecules can be squeezed out by changing the hydrophilicity of PNIPAM moiety 

33-35. 

c) Photo-controlled release behavior of DXR-DR-NCs

In the present work, azobenzene was used as a cross-linker because of its excellent reversible 

photo-isomerization behaviors. When the trans structure changes to cis structure, the distance 

between 4 and 4` carbons and its corresponding dipole moment are 9.0 Å and 0 D for the tran-

isomer and 5.5 Å and 3 D for the cis-isomer, respectively 36. As the crosslinker in the PNIPAM 

layer, the transformation of azobenzene structure would produce photomechanical effects to the 

entire system under the photoisomerization behaviors. The photoresponsive behavior of DR-NCs 

has been demonstrated in Figure S6. Polymer films of poly(ethyl acrylate) networks using main 

chain azo chromophores as cross-linker were first prepared by Eisenbach in 1980 37. Baczkowski 

M. L fabricated azobenzene-functionalized polyimides and showed large deformation due to

photomechanical effects of azobenzene 38. Our group incorporated the photomechanical effects 

into nanacapsules and successfully realized UV responsive controlled release 22. In this work, we 

further improved the stability and functionality of UCNPs by adding an NIR-responsive feature 

and fine-tuning the synthetic process. 
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Figure. 3 (a) Upconversion luminescent spectra of UCNPs (red) and DR-NCs (black), (b) UV-

vis spectra of DR-NCs under 980 nm NIR irradiation at room temperature 

Because of the unique optical properties, the upconversion luminescence of rare-earth 

nanoparticles has been extensively studied. Interestingly, autofluorescence and photodamage can 

be minimized with increased tissue penetration depth under 980 nm NIR irradiation. When excited 

at 980 nm, UCNPs have three emission wavelengths in the UV to visible range, which are from 

365 nm from the 1D2 state to the ground state 3H6 emission. UV photons, 1D2 to 450 nm from the 

intermediate 3F4 and 475 nm visible blue photons radiated from 1G4 to the ground state 3H6. Figure 

3a is the upconversion luminescent spectra of UCNPs (red) and DR-NCs (black). As shown in 

Figure 3a, the photoresponsive azobenzene at the crosslinking absorbed UV light emitted by the 

upconverting nanoparticles under excitation of NIR light. Compared to the luminescent spectra of 

UCNPs, DR-NCs had no luminescence spectrum at 365 nm. It can be fully proved that azobenzene 

absorbed UV and visible light (450 nm) emitted by UCNPs under NIR excitation. Both UCNPs 

and DR-NCs had luminescence spectra at 650 nm before and after azobenzene coating. The UV 

spectrum induced the trans-cis isomerization and reached at the equilibrium state after 60 minutes 

at 980 nm irradiation from Figure 3b. Under the simultaneous UV and visible light transmitted by 
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the UCNPs, the transmittance shift was not obvious, which indicated that the azobenzene 

movement reached a dynamic equilibrium. There are many works to investigate the isomerization 

behaviors of azobenzene under the simultaneous UV and visible light illumination. Fujiwara 

reported that azobenzene-modified mesoporous silica remarkably promote the release of 

molecules from the inside of the mesopore to the outside, when the lights, both UV and visible 

lights, were irradiated simultaneously 39. Zink also reported similar results about the 

mesostructured silica particles in which the azobenzene acted as molecular machine to promote 

the release 40. Shi prepared NIR-triggered drug delivery by upconverting nanoparticles with 

integrated azobenzene-modified mesoporous silica. The reversible photoisomerization by 

simultaneous UV and visible light emitted by the UCNPs creates a continuous rotation-inversion 

movement and act as a molecular impeller that propels the release of DXR 19. In our work, the 

azobenzene at the dynamic equilibrium would also be in a continuous isomerization movement 

which would also act as a molecular machine to promote the release of the encapsulated molecules. 
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Figure. 4. UV-vis spectra of DXR release from DR-NCs (a) under NIR; (b) under NIR at 47 °C; 

and (c) Cumulative release of DXR from DR-NCs as a function of time under different conditions. 

(d) Linear regression analysis using the Baker-Lonsdale model profile.

The NIR-responsive release behavior of DXR-DR-NCs was also investigated. Figure 4a and 

Figure 4b show the UV-vis absorption spectrum of DXR released from DXR-DR-NCs under pure 

NIR light at 25 °C and 47 °C, respectively. Obviously, as time increased, the absorbance of the 

DXR released from DR-NCs at 480 nm also increased and reached an equilibrium after 295 

minutes and 315 minutes, respectively. Figure 4c shows release profile of DXR from the 
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nanoparticles. Under NIR light, ~43% of DXR was released after 295 min. However, ~65% of 

DXR was released after 315 min when temperature increased to 47 °C and under NIR irradiation. 

The NIR was transformed to UV and visible light by the UCNPs, which caused the continuous 

movement of BMAAB and acted as a molecular machine to promote the release of DXR. 

Interestingly, when the temperature was increased higher than the LCST, the DR-NCs become 

hydrophobic, which leads to shrinkage of the nanoparticles. Therefore, the release of the DXR is 

faster under the NIR and at 47 °C. 

Various models have been used to describe the release of drugs from different matrices. Among 

them, the Baker-Lonsdale model, appropriate for spherical system, could be applied for modeling 

the release of different conditions 41-43. 

3

2
[1 − (1 −

Mt

M∞
)

2
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] −
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M∞
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2C0
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where Mt and M∞ are the amounts of the DXR at time t and at infinite time, respectively; Mt/M∞ 

is the cumulative release percent of DXR; D is the diffusion coefficient of the molecules from the 

system; r0 is the radius of the nanoparticles; Cs is the solubility of the DXR in the system; and C0 

is the original concentration of DXR. The results in Figure 4d indicate that the Baker-Lonsdale 

model fitted well with the release profile of DXR under different conditions. The release rate 

constants (3DCs/r0
2C0) and the correlation coefficients R2 are 4.09×10-5 and 0.99 (T = 25 °C, 

visible light), 1.14×10-4 and 0.99 (T = 47 °C, visible light), 1.3×10-4 and 0.99 (T = 25 °C, NIR 

light) and 3.1×10-4 and 0.98 (T = 47 °C, NIR light), respectively. As in the same system, Cs and 

C0 are the same, the diffusion coefficient D under NIR irradiation is 31.8 times higher than the one 

irradiated with visible light at the same temperature 25 °C, demonstrating the release driven by 

photo-mechanical effect under NIR light. In addition, when temperature increased from 25 °C to 
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47 °C under visible light illumination, larger D (2.79 fold) was also obtained. The combination of 

higher temperature and NIR light led to larger release rate and amounts. About 65% of DXR 

released from the nanoparticles after 315 minutes. These results demonstrated that the endogenic 

temperature and ectogenic NIR illumination could be used to control the release of DXR. As the 

UCNPs can be further modified with photothermal materials (e.g. graphene oxide) 44, we have 

demonstrated a powerful nanoformulation for triggering the drug release remotely and tailoring its 

release profile by controlling  illumination time and intensity.  

4. Conclusions

In conclusion, a thermal and photo dual-responsive drug delivery system has been successfully 

synthesized based on a modified distillation precipitation polymerization method. The 

incorporation of UCNPs into a thermal-responsive polymer, PNIPAM, crosslinked by a photo-

responsive crosslinker, BMAAB, produces the dual-responsive feature. BMAAB exhibits 

reversible photo-isomerization which can be triggered by the UV and visible light generated form 

the upconversion process of UCNPs. The shell movement induced by the transformation of 

azobenzene moieties acted as a molecular machine to facilitate the release of DXR under a NIR 

irradiation. In addition, the change of hydrophilicity of PNIPAM due to the increase of temperature 

furthered promoted the release of DXR, leading to ~65% of DXR release from the nanocarriers at 

315 min (at 47 °C and NIR irradiation). Baker−Lonsdale model was used to determine the 

diffusion coefficients under different conditions. Our work reported the fabrication of UCNPs-

PNIPAM core-shell polymeric drug nanocarriers, which exhibit dual responsive, good stability 

and high loading capacity. This opens up a great opportunity for designing smart drug nanocarriers 

for combating cancer. 
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