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ABSTRACT 

 The concept of hollow polymeric capsules fabricated with thermoresponsive polymers 

has revealed immense possibilities in the field of nanomedicine due to their tunable 

temperature and pH responsiveness caused by lower critical solution temperature (LCST) 

behavior. Herein, we report a new methodology to in-situ synthesize gold nanorods (AuNRs) 

within the pores of mesoporous silica nanoparticles (NPs) by trapping gold seed crystals and 

growing them into NRs in the presence of a weak reducing agent. The mesoporous silica NPs 

with incorporated NRs, i.e., modified silica NPs (SiO2-NRs) were used as sacrificial template 

for the fabrication of hollow polymeric multilayer capsules via layer-by-layer (LbL) assembly 

using poly(2-n-propyl-2-oxazoline) (PnPrOx) and tannic acid (TA) as layer components. The 

NRs of 25  5 nm in size were uniformly distributed in the interior structure of PnPrOx/TA 

nanocapsules. The photo-thermal conversion efficiency of the PnPrOx/TA nanocapsules was 

found to be 47.5%. The release of encapsulated doxorubicin was found to be 55%, which 

increased to 68% when the incubation time was increased from 1 to 2 h.  An on-demand burst 

release of 56% of the drug occurred within 2 min of NIR light exposure, and it reached 72% 

within 30 min, which inflicted major damage to cancer cells. Notably, the capsule suspension 

temperature increase from room temperature to 47 ºC under laser light exposure, which is not 

only playing a key role in rupturing the capsules to enhance the drug release but also induces 

a hyperthermia effect in the tumor environment. Further, the in-vitro cytotoxicity experiments 

with human epithelial HEp-2 cells and fibrosarcoma HT1080 cells revealed an enhanced anti-

cancer activity due to a synergistic chemo-photothermal effect. Hence, the proposed 

nanocapsule system can provide a unique, cheap, and efficient way of fabricating cancer 

theranostics for in-vivo applications. 

 

Keywords: Temperature responsive nanocapsules, Tannic acid, Poly(2-n-propyl-2-oxazoline), 

Gold nanorods, in-situ synthesis, On-demand release. 
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Abstract Image. Schematic representation of effective in vitro cancer treatment by NIR-

irradiation of PnPrOx/TA/NR nanocapsules. 
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1. INTRODUCTION 

 In recent years, poly(2-alkyl-2-oxazoline) (PAOx) based systems are being explored 

exhaustively, as they are structurally similar to peptides and have interesting properties for 

biological applications, such as biocompatibility, long-term chemical stability, anti-fouling, 

stealth behavior and easy renal clearance [1-4]. The interaction of PAOx with naturally 

occurring polyphenols (e.g., tannic acid (TA)) via hydrogen bonding is highly beneficial for 

providing better stability for the formed capsules at physiological conditions, while also 

inducing pH and temperature responsiveness [5]. Among the various PAOx systems, poly(2-

n-propyl-2-oxazoline) (PnPrOx) is an interesting stimuli-responsive polymer as it has a cloud 

point temperature (TCP) of ~25 °C. As a result, it can easily undergo a configurational 

transformation from extended hydrated form to a collapsed globular form at a physiological 

temperature of 37 °C, which results in pore formation followed by rupture of capsules as a 

function of time. Our previous investigations revealed that the combination of hydrophobic 

interactions and hydrogen bonding play an important role in stabilizing the PnPrOx/TA films 

and make them stable over a wide pH range from 2 to 9 [5]. The follow-up studies on 

PnPrOx/TA capsules showed the permeability of multilayer shell switching from closed to 

open state by undergoing configurational reorganization and formation of aggregates in the 

capsule shell at elevated temperatures [6]. Moreover, PnPrOx/TA/gellan gum (GG) macro-

sized capsules pre-loaded with emulsions were recently fabricated using PnPrOx above TCP, 

for the oral delivery of model hydrophobic (vitamin) supplements and lipase enzyme [6]. 

Thereby PnPrOx is acting as a Pickering emulsion at the GG interphase in the initial stage of 

capsule formation and subsequently forms hydrogen bonds with TA in the second step resulting 

in enhanced stability for the formed PnPrOx/TA/GG capsules. Notably, the fabricated capsules 

were able to protect the encapsulated enzymes from harsh simulated gastric fluid environment 

and successfully delivered them in simulated intestinal conditions. Previous investigations on 

PnPrOx also demonstrate that thermoresponsive behavior also played an important role in cell 

harvesting processes [7]. When PnPrOx was immobilized on glass wafers through a 

poly(glycidyl methacrylate) anchor layer in chloroform and later subjected to annealing at 150 

°C under vacuum for 16 h, the surface grown L929 and Vero cells were easily detached from 

PnPrOx surface by simply lowering the temperature of the system to 8 °C [7]. Hence, PnPrOx 

based systems are continuously explored for various biomedical applications ranging from 

antibacterial coatings, cell harvesting process and drug and enzyme delivery to catalysis [2-

4,6-8].  
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 Several reports describe the formation of multilayer capsules incorporated with 

anisotropic NPs, especially gold nanorods (NRs), as they can be potential candidates for 

absorbing near-infrared (NIR) light and generating heat for photothermal therapy (PTT) 

without any issue concerning deep tissue penetration. The anisotropic NPs are commonly 

synthesized by the seed mediated method and the preformed anisotropic NPs such as 

bipyramids and NRs have been easily incorporated during the synthesis of the sacrificial micro 

template, which is later used for the fabrication of microcapsules [9-10]. Further, the direct 

growth of NRs on the surface of preformed poly(allylamine hydrochloride)/poly(styrene 

sulfonate) capsules have also been reported by the seed mediated method [11]. Even though 

this method provided good encapsulation of NRs, there is a high possibility for the detachment 

of anisotropic NPs from the capsule surface after a few washes. To circumvent this limitation, 

a sequential deposition of NRs and silica NPs was demonstrated on polystyrene beads via 

electrostatic interactions [12]. Furthermore, core-shell hybrid structures were synthesized using 

NRs with poly(o-methoxyaniline) (POMA) through a surfactant-assisted chemical oxidative 

polymerization for photothermal therapy [13]. Notably, the temperature increment and photo-

thermal conversion efficiency (PCE) were estimated to be 20 °C and 18.7% under exposure of 

NIR light of 808 nm and 3 W, respectively. It is generally believed that the low photo-thermal 

heat generation and PCE significantly affect the performance of capsules in chemo-

photothermal therapy. Though many anisotropic NPs were reported for high PCE, their 

incorporation into hollow capsules drastically reduced the heat generation, which in turn, 

limited their potential in cancer therapy. For instance, the PCE of NRs was estimated to be 

22.3% and it decreased to ~18% after their incorporation into NRs/POMA core/shell structures 

[13]. Hence, alternative methodologies are being explored to improve the encapsulation of 

anisotropic NPs and enhance the photo-thermal heat generation. In one such attempt, hard and 

rough rattle shaped Au@hollow silica NPs-poly(glycidyl methacrylate) core-shell NPs have 

been reported for chemo-PTT [14]. The in-situ synthesized NRs in the interior of 

nanostructures resulted in a temperature increase of 20 °C at a concentration of 200 µg.mL-1 

which increased to 46 °C when the concentration of NRs was increased to 800 µg.mL-1 at 2 

W.cm-2 and 808 nm [14]. Inspried by those reported studies, we believe that in-situ synthesis 

of NRs inside hollow PnPrOx/TA nanocapsules through a new methodology might open-up a 

new avenues for cancer therapy. Moreover, new attempts are required to improve the PCE, 

photo-thermal heat generation and ability to release loaded molecules in an on-demand manner, 

which is not only resulting in higher local temperature, i.e., hyperthermia, but also maintains 

high drug concentration (chemotherapy) in the tumor environment. Hence, any possibility of 
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imparting temperature and pH responsiveness in the resulting multilayer capsules will be 

highly advantageous as the release of loaded drugs can be controlled in a specific manner, i.e., 

sustained or burst release. Amongst these, the release of the entire payload in one go will allow 

us to increase the local drug concentration beyond IC50 value of cancer cells to inflict major 

damage to cancer cells. Herein, we have fabricated PnPrOx/TA nanocapsules containing NRs 

via a novel in-situ synthesis methodology for on-demand laser light activated delivery of DOX 

for cancer chemo-photothermal therapy. We successfully report the preparation of the 

PAOx/TA based nanocapsules and demonstrate the in-situ synthesis of NRs in the pores of 

mesoporous silica NPs via modified layer-by-layer (LbL) assembly. These capsules have the 

ability to release the encapsulated molecules in a burst manner within few minutes or in a 

controlled manner for few hours. To the best of our knowledge, the in-situ synthesis of NRs 

into the pores of silica NPs and their incorporation into hollow nanocapsules has not yet been 

explored for cancer therapy. Hence, in this study, we demonstrate improvement of PCE and 

heat generation on the one hand while providing temperature and pH responsiveness, using 

PAOx, for the resulting capsules on the other hand. 

 In this work, the in-situ synthesis of gold NRs have been demonstrated within the 

PnPrOx/TA hydrogen bonded nanocapsules, providing temperature responsiveness and on-

demand triggered release of the payload using NIR irradiation, for the application in cancer 

chemo-photothermal therapy. The NRs were grown in-situ within the mesoporous silica 

template, to obtain a higher number of NRs encapsulation. The applicability of the method was 

successfully utilized for TA/poly(2-ethyl-2-oxazoline) (PEtOx) and TA/poly(2-methyl-2-

oxazoline) (PMeOx) nanocapsules. Subsequently, the fabricated capsules were characterized 

by scanning electron microscopy (SEM), UV-Visible spectroscopy, and transmission electron 

microscopy (TEM). Next, as proof-of-concept, a model anticancer drug, doxorubicin 

hydrochloride (DOX), was loaded into the capsules and its release profile was studied at 37 °C 

and under NIR exposure. Finally, the in-vitro cytotoxicity of the system was studied with HEp-

2 human epithelial cells and HT1080 fibrosarcoma cells as a function of time under fluorescent 

staining. 

2. EXPERIMENTAL SECTION 

2.1 Chemicals 

Tannic Acid (TA), mesoporous silica particles (SiO2, pore size ~4 nm), 

hydrofluoric acid (HF), ammonium fluoride (NH4F), auric chloride (HAuCl4), 
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cetyltrimethylammonium bromide (CTAB), ascorbic acid (AA), doxorubicin (DOX), 

propidium iodide (PI), acridine orange (AO), ethidium bromide (EtBr), Dulbecco's modified 

eagle medium (DMEM), fetal bovine serum (FBS), gentamicin and AlamarBlueTM were 

purchased from Sigma-Aldrich. Sodium borohydride (NaBH4), silver nitrate (AgNO3), 

trisodium citrate and phosphate buffered saline (PBS) were purchased from SRL India Pvt. 

Ltd. PnPrOx, PEtOx and PMeOx were synthesized by microwave-assisted cationic ring-

opening polymerization (CROP), as reported earlier (Supporting Information, Table T1) 

[15]. The chemicals were of analytical grade and used as received. All the experiments were 

performed with freshly prepared stock solutions. Milli-Q water with a resistivity of >18.2 

MΩ.cm at 25˚C from the Millipore water purification system, was used for all experiments. 

2.2 Synthesis of modified SiO2 nanotemplates 

 Mesoporous SiO2 NPs (~50 mg) were washed three times with water and used for the 

in-situ growth of gold NRs. The Au seeds were prepared from 5 mL of HAuCl4 (0.5 mM), 5 

mL of CTAB (0.2 M) and 0.6 mL of ice-cold NaBH4 (0.01 M) as reported in our previous 

studies [9-10]. The obtained brown colored seed suspension was kept for 10 min at 25 °C, 

whereafter the washed SiO2 particles were introduced in the suspension, followed by a further 

incubation time of 30 min. During this course of time, the Au seeds (2-4 nm) penetrated the 

pores of the nanotemplate (~4 nm). Thereafter, 2 mL of TA solution (1 mg.mL-1) was added 

into the seed solution and incubated for another 15 min to form a layer surrounding the template 

to trap the embedded seed particles into the pores of SiO2. Next, this seed solution was 

centrifuged at 8000 rpm for 10 min and washed once with DI water. Further, the obtained SiO2 

NPs with entrapped seeds were added in the growth solution (5 mL of 1 mM HAuCl4, 0.2 mL 

of 4 mM AgNO3, 5 mL of 0.2 M CTAB and 0.07 mL of 78.8 mM AA) to grow NRs inside the 

silica NPs. The growth solution was left undisturbed for 30 min at room temperature (RT, 27 

°C). After completion of NR formation, the SiO2 NPs with in-situ synthesized NRs (SiO2-NRs) 

were washed several times using milli-Q water and stored before further use. 

2.3 Fabrication of control and modified multilayer hollow nanocapsules 

The hollow multilayer capsules were prepared by LbL deposition method as 

reported earlier [16-17]. The PnPrOx and TA stock solutions (0.5 mg.mL-1) were prepared in 

water and used for LBL assembly. Prior to multi-layer film formation, the SiO2-NR 

nanotemplate was washed two times with water through centrifugation process in 2 mL 

centrifuge tubes (Hermle Labortechnik, Germany). To coat the first layer, 2 mL of the first 
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polymer solution was added to the tube and incubated for 15 min, followed by thorough 

washing with water for three times. It should be noted that the first layer of TA was already 

coated during the in-situ preparation of NRs in the template, thus, the LbL assembly was started 

with PnPrOx polymer and alternate deposition of the two materials was continued up to a total 

of 8 layers, forming (PnPrOx/TA)4 shell. The excess of unbound molecules was removed at 

every step by thorough washing with milli-Q water. Finally, the SiO2 template was dissolved 

by incubating them in HF buffer (0.1 M HF with 0.5 M NH4F), thereby, leaving free NRs 

trapped inside the hollow polymeric shell. To estimate the yield of AuNRs in nanocapsules, 1 

mL of capsule suspension was dried overnight at 50 °C and weighed in an electronic balance. 

Later, the capsules were burnt in a furnace at 500 °C, cooled to room temperature and weighed 

again to estimate the amount of AuNRs present in the capsule suspension. 

For the formation of control capsules, the SiO2 nanotemplates were used as 

obtained. For the LbL assembly process, the temperature was maintained below the TCP ∼25 

°C of PnPrOx to fabricate the assembled films in hydrated configurational arrangements.  

2.4 Drug encapsulation 

 The encapsulation of hydrophilic therapeutic drug (DOX) was investigated by UV-

Visible spectroscopy. The multilayer capsules were dispersed in 2 mg.mL-1 of drug solution 

for 1.5 h and washed one time with water via centrifugation process. The quantification of 

encapsulated DOX was done by analyzing the difference in supernatant absorbance at 485 nm 

before and after the encapsulation process [18-19]. The drug present in the washing water was 

estimated at 485 nm and considered as loss, which was later deducted from the amount of 

encapsulation. The encapsulation efficiency (EE) was calculated by the following equation:  

                       (1) 

2.5 In-vitro drug release 

 A single batch of high volume of drug-loaded capsules was prepared and used for 

the drug release experiments to get consistent results. The drug release was performed in PBS 

at pH 7.4, in an incubator shaker at 37 °C and 100 rpm. The drug-loaded capsules were equally 

divided into a series of micro-centrifuge tubes, depending on the number of time points. One 

of the tubes was centrifuged at a specific time interval and the obtained supernatant was used 

to estimate the amount of drug release at that time point, using a UV-Visible spectrophotometer 
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at 485 nm. The amount of drug released directly corresponds to the absorbance of the 

supernatant [18]. The supernatant of each tube was periodically replaced to maintain the 

concentration gradient and induce the drug release process. The drug release was also estimated 

in the presence of NIR light to get more information about the release process under NIR light 

exposure at 37 °C.  

  Separately, the release experiments were also conducted at 16 °C (i.e, T < TCP). 

2.6 Photo-thermal heat generation 

 A solid-state focusable continuous-wave laser set-up was used to investigate the 

rupturing capability of the capsules and the release of DOX (808 nm, 0.5 W.cm-2, Hitsan, 

India). The sample suspension (100 μL) was placed in a 1.5 mL microcentrifuge tube and 

placed directly underneath a mounted laser setup (Supporting Information, Figure S1). The 

temperature was monitored using a probe thermometer and a thermal camera (FLIR Systems, 

United States). The PCE of the capsules was determined by:  

 

                                              (2) 

 

Where, m is the mass of water, η is the efficiency, cp is the specific heat capacity of water, T1 

is the initial temperature, T2 is the maximum temperature, Abs808 is the absorbance of the 

capsules at 808 nm and I is the laser power. The capsules without NRs and only water was used 

as control samples and all the experiments were performed in triplicates.  

2.7 Anti-cancer activity investigations 

 The HEp-2 human epithelial cells were grown in 200 μL of DMEM containing 10% 

FBS and 1% gentamicin solution in an environment maintained at 5% carbon dioxide and 37 

°C. Prior to anticancer investigations, the medium was replaced with a low serum medium 

(1%) and incubated for 4 h. AlamarBlueTM assay was used to determine the cell viability by 

detecting the metabolically active cells and analyzing the cell viability quantitatively. 

AlamarBlueTM contains resazurin compound which is a cell-permeable compound and is 

converted to resorufin after entering the cells. The generated resorufin is red in colour, highly 

fluorescent and helpful in identifying the dead cells. The cells were treated with different 

samples for 24 h followed by the addition of AlamarBlueTM for 4 h. The cell viability was then 

detected by measuring the absorbance of the wells. The absorbance of the wells was measured 

at 570 and 600 nm, and the cell viability was calculated by the following equation, 
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        (3) 

 Where, Abs570 is the absorbance of sample/control at 570 nm and Abs600 is the 

absorbance of sample/control at 600 nm. The results were compared to a set of control samples 

including only cells and NIR exposed cells. Additionally, another set of cells was treated with 

similar samples followed by staining with AO and PI. AO being cell permeable stains both live 

and dead cells and generates green fluorescence, whereas PI is impermeable to cells and stains 

only dead cells in a population. Thereafter, the fluorescent images and object count in each 

image was analyzed via CytoSMART Lux3 fluorescence microscope. 

 

3.  RESULTS AND DISCUSSION  

3.1 In-situ synthesis of NRs and fabrication of PnPrOx/TA/NR nanocapsules 

 The silica nanotemplate (350  50 nm) was modified with NRs via in-situ synthesis of 

the gold NRs by a modified-seed mediated method, as shown in Scheme 1. Herein, we 

attempted to synthesize NRs in the pores of mesophorous silica NPs by physically trapping 

gold nanoseeds in the porous network of silica NPs followed by its growth into NRs using AA 

in the presence of shape directing agent, CTAB. While the strong reducing agent (NaBH4) was 

used for seed crystal formation, the weak reducing agent, AA was used for growing Au seeds 

into NRs in the interior pores of mesoporous silica NPs. Initially, the gold seeds of ~4 nm were 

formed by the reduction of gold ions in the presence of CTAB and NaBH4 as shape-directive 

and strong reducing agents, respectively. After seed crystal formation, the suspension was 

added with mesoporous SiO2 NPs to allow seed crystals to move into the pores of the silica 

nanotemplate (Figure 1b). Even though seeds were not clearly visible in the core, the 

successful penetration and trapping of Au seeds was confirmed by TEM (Figure 1c), wherein 

the seeds are marked in red circles to stress their presence. Additionally, it was also confirmed 

by energy dispersive X-ray (EDS) analysis and the resulting elemental composition of silica 

template is given in Supporting Information, Figure S2 and Table T2. Prior to NR 

formation, the seed embedded SiO2 particles were coated with a layer of TA to ensure the 

entrapment of the seeds in the pores. Later, the seed crystals were grown into NRs by adding 

growth solution containing CTAB and AA. In a next step, the hollow PnPrOx/TA/NR 

nanocapsules were fabricated by LbL deposition of PnPrOx and TA on the modified silica 
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template followed by core dissolution with HF as reported in our previous reports [20,21]. The 

resulting nanocapsules were found to be ∼400 nm in size with a shell thickness of ∼50 nm. 

Notably, the NRs of 25  5 nm in size were found to be distributed uniformly in the interior of 

the capsules confirming successful encapsulation of NRs (Figure 2). Interestingly, there was 

no notable change in size and morphology of nanocapsules containing NRs and control 

capsules (without NRs). Though previous investigations demonstrated that the template 

dissolution with HF buffer did not affect the capsule morphology [20-22], a separate 

experiment was performed by treating the preformed NRs in HF buffer and their morphological 

changes were investigated by HR-TEM. It was found that there was hardly any change in the 

size and morphology of the NRs (Supporting Information, Figure S3). It is noteworthy that 

the proposed method resulted in uniform formation of NRs inside the hollow capsules in high 

yield, i.e., 0.2 mg of NRs in 0.4 mg of dry PnPrOx/TA/NR capsules. The attempts to fabricate 

silica templates containing NRs by adding preformed NRs during silica NPs synthesis was not 

successful as the NRs were mostly observed in the supernatant (Supporting Information, 

Figure S4) [23]. The results obtained without the polymeric entities but showing high 

encapsulation of NRs (Figure 2c), with the in-situ synthesis method described above, imply 

high potential in fabricating hollow polymeric capsules encapsulated with various shaped 

nanomaterials for wide range of applications. 
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Scheme 1. Schematic illustration showing the fabrication of PnPrOx/TA/NR nanocapsules. 

 

 

Figure 1. TEM investigation of (a) SiO2 particle, (b) Au seed crystal and (c) SiO2 particle 

embedded with Au seeds. 

 

Figure 2. The morphological investigation of in-situ modified SiO2-NR templates and hollow 

capsules by SEM (a, d) and TEM (b, c and e). The morphology of SiO2-NR templates (a and 

b), hollow capsules with preloaded AuNRs (c and d) and control capsules without AuNRs (e). 

The UV-Visible spectrum of AuNRs, control capsules and modified capsules with AuNRs (f). 
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 The formed capsules were also investigated by UV-Visible spectroscopy prior to and 

after NR synthesis process (Figure 2f). The NRs showed two characteristic peaks at 640 and 

800 nm corresponding to the transverse and longitudinal plasmon resonance bands of the gold 

NRs. The spectrum of control PnPrOx/TA nanocapsules showed characteristic peaks 

corresponding to PnPrOx and TA at ~210 and 290 nm, respectively [24-26]. However, the 

capsules showed characteristic peaks of NRs after synthesis process confirming the 

encapsulation of NRs the interior structure of hollow capsules. In addition, we have also 

fabricated nanocapsules of PEtOx/TA/NRs and PMeOx/TA/NRs by replacing PnPrOx with 

PEtOx and PMeOx, respectively, to demonstrate the potential of our methodology for other 

polymer systems within the PAOx family. This also provides a detailed information to check 

the influence of more hydrophilic entities compared to the thermoresponsive PnPrOx. Even 

though these polymers greatly differ in the aqueous solubility, it did not affect the capsule 

formation process, as shown in Figure 3. The SEM and TEM investigation revealed that the 

NR encapsulation and distribution was quite similar to that observed in PnPrOx capsules. The 

size of PEtOx/TA/NR and PMeOx/TA/NR nanocapsules was observed to be ~400 nm with a 

high encapsulation of NRs. Thus, the methodology of in-situ NR incorporation in the capsules 

applies to the other polymeric systems as well, and hence, can be explored for drug delivery 

and cancer theranostics.  

Figure 3. Morphological investigations of (a,b) PMeOx/TA/NR nanocapsules and (c,d) 

PEtOx/TA/NR nanocapsules by (a,c) SEM and (b,d) TEM. 

3.2 Temperature and NIR light-based rupture of nanocapsules  

 To gain more detailed information about the photo-thermal heat generation and its role 

in morphological deformation, the PnPrOx/TA/NR hollow capsules were exposed to NIR light 

of 808 nm while the corresponding heat generation was estimated by measuring the increase 

of temperature. Under laser light exposure, usually NRs absorb light and convert it to heat, 

thereby increasing the suspension temperature that play a key role in temperature induced 
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deformation of the hollow capsules. The photothermal heat generation experiments were 

carried out by adding 0.4 mg of PnPrOx/TA/NR capsules in 100 µL of water and exposing 

them continuously for 5 min with 808 nm solid-state laser, at a power intensity of 0.5 W.cm-2 

[20]. The temperature increase was monitored as a function of time using a probe thermometer 

and photothermal camera, as shown in Figure 4a. The temperature increase was found to be 

linear in the initial 2-3 min of exposure and almost constant after 3 min. The temperature of 

the suspension was increased from 28 ºC (room temperature) to 46.6 ºC after 5 min of NIR 

light exposure. Notably, the PCE was calculated to be 47.5% revealing superior photothermal 

heat generation under NIR light exposure. After switching off the laser light, the temperature 

of the nanocapsule suspension cooled down slowly over a period of 10 min as observed under 

thermal camera imaging (Supporting Information, Figure S5). This process of sudden rise 

in temperature and slow cooling is considered to be advantageous as it allows enough time for 

the hyperthermia effect on surrounding cells. Moreover, the PnPrOx/TA/NR nanocapsules 

showed almost 2 to 3 times higher PCE as compared to previously reported structures such as 

NRs/POMA core-shell structures (18.7%), gold nanoshells (13%), gold vesicles (18%) and 

Cu2-xS nanocrystals (16.3%) [12, 27-28]. A similar experiment was performed with control 

PnPrOx/TA nanocapsules, which showed a negligible temperature rise even after 5 min of NIR 

irradiation; clearly showing the importance of the NRs for photothermal heat generation. 

 Further, the morphological investigations of PnPrOx/TA/NR nanocapsules under NIR 

irradiation were explored by SEM and TEM at 27 ºC (Figure 4b and c). The capsule 

morphology changed from a smooth pore-free structure to a porous structure as a function of 

time. Notably, most of the capsules and their shell ruptured into pieces after NIR radiation of 

5 min. Few capsules maintained their shape having surface pores of >100 nm implying 

temperature induced rupturing of the capsules (Figure 4b). The morphological change of the 

capsule walls is related to the sum of temperature induced rupture of shell in combination with 

temperature induced dehydration and collapse of PnPrOx by configurational reorganization 

from their hydrated linear form to the collapsed globular form above TCP  [29]. It was worth 

noting that this phenomenon was not observed in PnPrOx/TA control capsules (Figure 4d). In 

our previous investigations on PnPrOx/TA multilayer thin films and microcapsules, the 

thinning and roughening of the capsules shell followed by rupture was observed at elevated 

temperatures [29]. Subsequently, the capsules were collapsed after 3 h of incubation at 37 ºC. 

When the same capsules were incubated at 40 ºC, the shell appeared with peaks and valleys on 

its surface and rupture occurred within 2 h of heat treatment [5]. Thus, the increase of capsule 
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suspension temperature can be effectively used for triggering the release. In this study, the light 

absorbed by NRs is effectively converted to heat, thereby increasing the suspension 

temperature which could have played a key role in rupturing the PnPrOx/TA shell of the 

nanocapsules. This demonstrates the ability of the NR-modified capsules to regulate the shell 

permeability for an on-demand release of the payload. As the biological tissues absorb minimal 

light in the NIR range, NIR light can be used as a trigger to initiate the release of loaded drug 

molecules from PnPrOx/TA/NR nanocapsules. Hence, these results confirm that 

PnPrOx/TA/NR nanocapsules have potential for use as drug delivery vehicles in cancer 

therapy. 

 

Figure 4. Studies on NIR irradiation of PnPrOx/TA/NR nanocapsules using 808 nm, 0.5 W 

laser. (a) Plot depicting the rise in temperature of capsule suspension along with the images 

captured by a thermal camera, as a function of time. (b) SEM investigation of NR incorporated 

capsules after 5 min of laser irradiation. TEM investigation of (c) NR incorporated capsules 

and (d) control PnPrOx/TA nanocapsules after 5 min of laser irradiation.  
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3.3 Loading and release of DOX at physiological temperature 

 The PnPrOx/TA/NR nanocapsules were then loaded with anticancer drug, DOX by 

incubating them in drug solution (2 mg.mL-1) for 1.5 h. The EE% of DOX was found to be 

20%, i.e., 150 g per mg of dry capsules. The diffusion of DOX from bulk to the interior driven 

by the concentration gradient is believed to be the major driving for the loading process. 

Furthermore, the release of the encapsulated DOX from the PnPrOx/TA/NR nanocapsules was 

studied by incubating them in PBS at pH 7.4. A series of samples were kept shaking at 37 ºC 

and the increase in the supernatant absorbance was assessed as a function of time, using a 

spectrophotometer. The release of DOX occurred in two different ways: a burst and sustained 

release at 37 ºC and 16 ºC, respectively, as shown in Figure 5a and b. At physiological 

temperature of 37 ºC, the release was faster initially and slowing down with time. The release 

was faster initially and slowing down with time. Notably, the %release was calculated to be 

55% after 1 h, i.e., 82 g of DOX. This burst release majorly occurred due to the liberation of 

surface-bound drug molecules via a concentration gradient induced diffusion process. 

Thereafter, the release was found to be slowing down, and gradually reached a cumulative 

release of 68% after 2 h of incubation. We believed that the configurational changes from a 

hydrated linear form to a collapsed globular form at 37 ºC might have also played a key role in 

enhanced release as it reduces the transport resistance coming from the shell. To gain more 

detailed information from the diffusion contribution arising from the intact shell wherein 

PnPrOx molecules existing in linear form, the release of DOX was studied at 16 ºC, i.e., at T 

below the TCP of PnPrOx. At this temperature, the capsule shell remains intact and smooth (less 

porous), thereby leading a release of only 4% even after 2.5 h (Figure 5b). To confirm this 

further, similar encapsulation and release experiments were performed with PEtOx/TA/NR 

(TCP ~ 60 ºC) and PMeOx/TA/NR (exhibit no LCST behaviour) nanocapsules at 37 ºC 

(Supporting information, Figure S6). Notably, the encapsulation percentages were estimated 

to be 20 and 16% for PEtOx/TA/NR and PMeOx/TA/NR nanocapsules, respectively matching 

well with TA/PnPrOx/NR nanocapsules below TCP. For both systems, the DOX release was 

estimated to be < 9% after 2 h which increased to ~14% even after 10 h of release process. It 

is worth noting that their release profiles were almost the same as TA/PnPrOx/NR 

nanocapsules at 16 ºC. Hence, it can be concluded that the in-built temperature responsiveness 

of the PnPrOx capsules at a temperature above the TCP of PnPrOx helps in triggering the release 

of encapsulated DOX in a burst manner in physiological conditions (37 ºC).  
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 The release of DOX from the PnPrOx/TA/NR nanocapsules was also studied under the 

exposure of 808 nm NIR laser for up to 30 min. As NRs exhibited a high absorbance in the 

range of 780 nm to 810 nm (Figure 2f), a standard solid-state laser of 808 nm was selected for 

the investigation of NIR light induced release process. The NRs tend to absorb light and 

produce heat, thereby increasing the local temperature. Due to a sudden rise in temperature of 

up to 46 ºC (refer photothermal heat generation section), the polymeric shell of PnPrOx/TA 

nanocapsules gets ruptured quickly that leads to enhanced release of DOX. Notably, a burst 

release of ~56.5% of the DOX was observed within 2 min, and it reached a maximum of 72% 

cumulative release within 30 min of exposure (Figure 5a and b). The NIR light induced release 

is highly advantageous for cancer therapy as it increases the local concentration quickly in the 

tumor environment while maintaining the cancer cells at T > 46 ºC by photothermal heat 

generation. As a result, the combination of chemotherapy and hyperthermia might inflict major 

damage to cancer cells and improve the apoptosis process. Thus, the modified PnPrOx/TA 

nanocapsules will help us to achieve an on-demand release of payload in the form of combined 

burst and sustained release for cancer theranostic applications. 

Figure 5. (a) The amount released and (b) cumulative %release of DOX from the 

PnPrOx/TA/NR nanocapsules at 37 ºC, 16 ºC and under NIR irradiation at 37 ºC.   

3.4 Anticancer activity 

 The cytotoxic activity of the nanocapsules was studied against HEp-2 epithelial cell 

line derived from larynx carcinoma to demonstrate their potential in cancer therapy. Prior to 

anticancer activity investigations, the cells were treated with free DOX of varying 

concentration to identify the IC50 value of DOX towards HEp-2 cells. The percentage of live 

and dead cell populations were estimated by alamar blue assay. The IC50 value was estimated 
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to be ~15 µM. Based on this value, the further use of DOX in free form and encapsulated form 

during the cell experiments was maintained at ~5 µM for all samples. The dilutions of Cap-

DOX were made in such a way that it contains ~5 µM of drug, and this amount was added to 

wells during the experiment. In our previous study, we have demonstrated that even well below 

IC50 value, the cancer cells undergo apoptosis when the local drug concentration was increased 

above IC50 value [30]. Hence, we maintained the drug concentration lower than IC50 value for 

the whole experiments. To investigate the cytotoxicity of PnPrOx/TA/NR capsules, different 

samples were analysed for cytotoxicity measurement including cells treated with only NIR 

light, PnPrOx/TA/NR capsules (Cap), PnPrOx/TA/NR-DOX capsules (Cap-DOX), 

PnPrOx/TA/NR capsules exposed to NIR light (Cap-NIR light) and PnPrOx/TA/NR-DOX 

capsules exposed to NIR light (Cap-DOX-NIR). The control cells treated with only NIR light 

were observed to maintain their viability of ~90% even after 5 min of laser light irradiation and 

incubation of 24 h in the medium indicating the absence of cytotoxic effect (Figure 6a). Similar 

results were obtained when the HEp-2 cells were treated with only NRs or PnPrOx/TA/NR 

nanocapsules for 24 h, showing 92 and 93% of cell viability, respectively. When the cells were 

treated with pure DOX (~5 µM) and DOX loaded PnPrOx/TA/NR nanocapsules containing ~5 

µM of drug, the cell viability was decreased to ~70% and ~63%, respectively, due to the 

induced chemotherapeutic effect. Notably, the availability of only 68% of drug from the 

nanocapsules led to the decreased viability of the cells. Similarly, when the cells incubated 

with PnPrOx/TA/NR nanocapsules were irradiated with NIR light for 5 min, the viability 

decreased to 73%, most likely due to the hyperthermia effect caused by photothermal heat 

generation. In other words, a sudden rise in the local temperature caused by photothermal heat 

generation of NRs leads to a significant PTT effect, thereby inducing cancer cell apoptosis. 

Interestingly, when the cells were treated with DOX loaded PnPrOx/TA/NR nanocapsules 

along with 5 min NIR irradiation, a synergistic effect of both chemotherapy and PTT led to a 

significant rise in cell death leaving only about 10% viable cells. Importantly, the instant pulse 

release of DOX within few minutes of exposure causes an increase in the local concentration 

of the drug way beyond its IC50 [30]. Hence, it shoots up apoptosis in much higher number of 

cells and inducing enhanced cell death.    

 The suspension of apoptotic PI stained HEp-2 cells was collected after treatment with 

PnPrOx/TA/NR nanocapsules along with DOX and NIR irradiation and was investigated under 

confocal laser scanning microscopy (CLSM), as shown in Figure 6b and c. It was observed 

that groups of nanocapsules were mostly gathered and clinged to the cell membrane. This was 

since the cells can adhere and grow more easily on hydrophobic surfaces than on hydrophilic 
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surfaces because of the difficulty of displacing adsorbed water molecules in the latter [31, 32]. 

As a result, when the cells are treated with capsules along with NIR irradiation, the suspension 

temperature rises above the TCP and PnPrOx tends to behave as hydrophobic surface, causing 

the adhesion of capsules to the cells. As DOX is released near the cancer cells, it increases the 

local concentration of drug way beyond its IC50 leading to apoptosis [30]. Further, it has been 

previously reported that amphiphilic PAOx efficiently enters cells via endocytosis and their 

hydrophobicity plays an important role in the uptake of these polymers [33-35]. Although the 

cellular internalization was not studied in this work, the arrows marked in Figure 6b shows 

the possibility of cellular internalization of the nanocapsules. In general, PAOx appears to be 

well tolerated by mammalian cells. Raveendran et al. reported the successful cellular 

internalization of PAOx NPs loaded with curcumin [36]. The uptake of various diblock and 

triblock copolymers have been successfully reported in MCF7-ADR cells, MCF7 cells, 

cartilage discs, dermal fibroblasts and human endothelial cells [37-40]. 

 

 

 

Figure 6. (a) Cell viability studies of HEp-2 cancer cells after treatment with 808 nm NIR light, 

DOX, NRs, PnPrOx/TA/NR nanocapsules, capsules encapsulated with DOX, capsules along 

with NIR exposure, and lastly capsules encapsulated with DOX and NIR exposure. CLSM 

image of PI-stained apoptotic cells surrounded by groups of nanocapsules (denoted by arrows) 

as imaged in (b) bright field and (c) red channel.  

 

 To gain further knowledge on the change in morphology of the HEp-2 cancer cells, 

they were treated with similar samples and stained with AO and PI fluorescent dyes, to image 

the live and dead cell population (Figure 7). AO tends to permeate both the live and dead cells 

by intercalating with DNA and RNA, thus, staining both the live and dead populations and 
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make them appear in green color. On the other hand, PI tags only the apoptotic cells whose 

membrane has been compromised in red color. For the control samples, all the cells appeared 

in green colour with a negligible amount of PI staining, as shown in Figure 7a-d. Similar 

results were obtained when the cells were treated with 808 nm NIR laser irradiation, NRs and 

PnPrOx/TA/NR nanocapsules, showing high cell viability ranging from 90-93% as shown in 

Figure 7e-p. An almost insignificant number of cells showed uptake of PI, suggesting that the 

NIR radiation, NRs and the PnPrOx/TA polymers do not display any cytotoxic effect on the 

cancer cells. On the other hand, when the cells were treated with PnPrOx/TA/NR capsules 

followed by NIR irradiation, the PI uptake in the cells increased indicating the increased 

number of cell death, most likely caused by the PTT effect (Figure 7q-t). The number of PI 

stained cells further increased when they were treated with DOX encapsulated capsules 

(Figure 7u-x). Lastly, a maximum number of cells were stained with PI when they were treated 

with DOX encapsulated capsules followed by NIR irradiation, due to the synergistic effect of 

PTT and chemotherapy (Figure 7y-zb). The NIR radiation not only resulted in elevated local 

temperature but also induced burst release of DOX that might have increased local 

concentration much higher than the IC50 value. The combined chemo-photo-therapeutic effect 

probably resulted in apoptosis followed by death of a greater number of cells. The orange color 

in the superimposed images denotes the actual apoptotic population of cells. The object count 

of red and green objects in each image was also analyzed by the software and the cell viability 

percentages matched to the one’s obtained from the alamar blue assay (Supporting 

Information, Table T3). Moreover, the apoptosis of cells treated with DOX encapsulated 

capsules and NIR as a function of time is shown in Figure 8. Notably, the effect of dual chemo-

photothermal treatment started within a couple of hours leaving majority of cell to undergo 

apoptosis visibly within first 6 h (Figure 8b-d). The simultaneous spike in local DOX 

concentration and temperature in tumor environment probably led to unfavourable conditions 

for the cancer cells and resulted in spherical cells, rupturing of cell membrane and cell death. 

Hence, these results suggest that the proposed nanocapsules may prove to be an effective and 

quick treatment therapy for in-vitro and in-vivo applications.  
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Figure 7. Anticancer experiments showing the live and apoptotic cell populations. Control 

cells (a-d) and cells treated with (e-h) NRs, (i-l) NIR, (m-p) PnPrOx/TA/NR capsules, (q-t) 

PnPrOx/TA/NR capsules irradiated with NIR, (u-x) DOX incorporated PnPrOx/TA/NR 

capsules, (y-zb) DOX incorporated PnPrOx/TA/NR capsules followed by their NIR exposure. 

The cells were stained with AO and PI to visualize them in green (live cells) and red colour 

(apoptotic/dead cells), respectively. The scale bar denotes 100 µm. 
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Figure 8. Anticancer activity investigations showing progress in cell death at (a) 0 h, (b) 6 h, 

(c) 15 h and (d) 24 h after treatment with DOX incorporated PnPrOx/TA/NR nanocapsules 

followed by their NIR exposure. The scale bar denotes 100 µm. 

The wide applicability of the proposed method was also confirmed by conducting 

similar cell cytotoxicity experiments against other cell lines. The PnPrOx/TA/NR nanocapsules 

and dual-therapeutic effect of PTT and chemotherapy proved equally effective on HT1080 

fibrosarcoma cells, as shown in Figure 9 and 10. The IC50 value of DOX towards HT-1080 

cells was determined to be ~ 4 µM. To investigate the cytotoxicity of PnPrOx/TA/NR capsules 

against HT-1080 cells, similar experiments were designed as discussed in the previous section. 

The control cells, cells treated with 5 min of NIR light exposure, cells treated with only NRs 

and cells treated with only capsules were observed to maintain their viability at ~97, 96, 93 and 

93%, respectively after 24 h of incubation in the medium indicating no significant cytotoxic 

effect (Figure 9). Similarly, when the cells were treated with a solution of pure DOX of similar 

concentration, the viability decreased to 75%. However, when the cells were treated with DOX 

loaded capsules (~ 4 µM), the viability reduced to 50% due to the availability of only 68% of 

encapsulated drug, as explained in section 3.3. Further, upon treatment with DOX loaded 

capsules along with 5 min of NIR exposure, a synergistic effect of chemotherapy and PTT led 

to a significant decrease in the cell viability leaving only 19% viable cells. 
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Figure 9. Cell viability studies of HT1080 cancer cells after treatment with 808 nm NIR light, 

DOX, gold NRs, PnPrOx/TA/NR nanocapsules, capsules encapsulated with DOX, and lastly 

capsules along with both DOX encapsulation and NIR exposure. 

The change in morphology of the cancer cells was investigated by treating the 

HT1080 cells with similar samples followed by their staining with AO and EtBr fluorescent 

dyes to image the live and dead cell population (Figure 10). Like with PI, EtBr also tags only 

the apoptotic cells whose membrane has been compromised (red colour). Thus for the control 

cells, all the cells appear green with a negligible number of EtBr stained cells, as shown in 

Figure 10a-d. Similar results were obtained when the cells were treated with only NIR 

irradiation and only PnPrOx/TA/NR capsules as shown in Figure 10e-l. Almost insignificant 

amount of cells show uptake of EtBr, suggesting that the NIR radiation and the PnPrOx/TA 

nanocapsules do not display any cytotoxicity to the cells. On the other hand, when the capsules 

were encapsulated with DOX, the cell viability decreased accounting for the chemotherapeutic 

effect (Figure 10m-p). Interestingly, the viability reached ~19% when the cells were treated 

with both DOX incorporated capsules along with NIR irradiation as most of the cells were 

stained by EtBr, accounting to the synergistic chemotherapy and PTT effect (Figure 10q-t). 

The superimposed images showed an appearance of orange colour, which denoted the actual 

apoptotic population. The results suggest the effective use of PnPrOx/TA/NR capsules for in-

vitro and in-vivo applications. 
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Figure 10. Anticancer experiments showing the live and apoptotic cell population of HT1080 

cells. Control cells (a-d) and cells treated with NIR (e-h), PnPrOx/TA/NR capsules (i-l), DOX 

incorporated PnPrOx/TA/NR capsules (m-p), DOX incorporated PnPrOx/TA/NR capsules 

followed by their NIR exposure (q-t). The cells were stained with AO and EtBr to visualize 

them in green (live cells) and red (apoptotic/dead cells) color, respectively. The scale bar 

denotes 20 µm. 

4.  CONCLUSIONS 

 We have reported hydrogen bonded LBL formation of temperature responsive 

PnPrOx/TA nanocapsules for cancer chemo-photothermal therapy. A new methodology has 

been reported to in-situ synthesize gold NRs in the interior structure of mesoporous silica NPs 

which is later used as sacrificial template for LbL assembly. The LbL assembly of TA and 
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PnPrOx on NR containing silica NPs followed by core dissolution resulted in hollow 

PnPrOx/TA nanocapsules preloaded with uniformly distributed NRs. Under NIR light 

exposure at 808 nm and 0.5 W.cm-2, the temperature of capsules suspension was increased up 

to 47 ºC owing to photothermal heat generation of incorporated NRs. The amount of DOX 

loading was estimated to be 150 g per mg of nanocapsules. While the diffusion-controlled 

process showed sustained release up to 10 h at 16 ºC, the NIR exposure resulted in burst release 

of DOX at 37 ºC within 5 min, thus, paving the way for using this system as sustained and `on-

demand burst release` drug delivery carriers. In anti-cancer activity experiments, the increase 

of suspension temperature after NIR exposure might have increased hydrophobicity of capsules 

which in turn improved cellular uptake of drug loaded capsules by cancer cells via hydrophobic 

interactions. As a result, the reported capsules showed excellent anticancer activity against 

HEp-2 epithelial cells (~90% cell death) and HT1080 fibrosarcoma cells (~81% cell death). 

Notably, the photo-thermal heat generation of NRs not only resulted in enhanced drug release 

from the capsules but also induced hyperthermia by elevating the local temperature in the tumor 

environment, i.e., chemo-photo-thermal therapy. The in-situ synthesis methodology was 

successfully performed in other PAOx systems as well to demonstrate their potential for wider 

applicability. Hence, the proposed nanocapsules have future potential for combined chemo-

PTT therapy for cancer treatment. 
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