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A biodegradable thermo-responsive hybrid hydrogel:
therapeutic applications in preventing the
post-operative recurrence of breast cancer

Ying Qu1,3, Bing Yang Chu1,3, Jin Rong Peng1, Jin Feng Liao1, Ting Ting Qi1, Kun Shi1, Xiao Ning Zhang2,

Yu Quan Wei1 and Zhi Yong Qian1

Smart hydrogels that undergo structural changes in response to stimuli (for example, pH, heat, light) have promising biomedical

applications as delivery systems, especially for the locally controlled release of drugs. Early prevention of locoregional recurrence

(LRR) is critical for patients who have undergone breast-conserving therapy. This work reports the preparation of a hybrid

hydrogel system in which gold nanorods (GNRs) were doped into a thermally responsive hydrogel. A near-infrared (NIR) laser was

used to trigger the release of loaded Doxorubicin (DOX) by utilizing the photothermal effect of GNRs to induce the contraction of

the thermo-responsive hydrogels. In a 4T1 breast cancer model of the in vivo locoregional prevention of post-operative

recurrence, we found that after NIR irradiation, DOX/GNR-embedded Methoxylpoly(ethylene glycol)-poly(ε-caprolactone)-acryloyl

chloride (PECA)/glycidylmethacrylated chitooligosaccharide (COS-GMA)/N-isopropylacrylamide (NIPAm)/acrylamide (AAm) (PCNA)

hydrogels (DOX-PCNA-GNR hydrogels) significantly reduced tumor recurrence to 16.7%, compared with 50% for DOX-PCNA-

GNRs without NIR irradiation, 83.3% for PCNA-GNRs with NIR irradiation, 100% for PCNA-GNRs without NIR irradiation,

83.3% for single systemic or local administration of Dox, 100% for intravenous DOX administration once or three times,

and 100% for the blank control. This study demonstrates that these DOX-PCNA-GNR hybrid hydrogels with NIR-triggered

thermo-responsive drug release exhibit great potential in preventing post-operation cancer relapse.
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INTRODUCTION

Breast cancer is associated with a very high mortality1–3 and has

profound implications for women’s health.4,5 Various technologies

have been proposed for breast cancer therapy, including surgical

removal, site-specific radiotherapy or both. However, efficient

inhibition of breast cancer relapse remains a clinical challenge,

especially in patients who have undergone breast-conserving

therapy.4,6 Post-operative recurrence is a fatal problem in breast cancer

therapy.7

Locoregional recurrence (LRR) is the first site of tumor recurrence.

This includes the soft tissue of the ipsilateral conserved breast or the

chest wall, mastectomy scar or skin, lesions in the ipsilateral axillary

lymph nodes, the extra-nodal soft tissue of the ipsilateral axilla or the

ipsilateral internal mammary.8,9 Primary tumors and adjacent areas of

the chest wall are at particularly high risk. Moreover, the early LRR of

breast cancer after mastectomy can be easily predicted. Efficient

inhibition of the early stage of recurrence can prevent distant tumor

metastasis, which can in turn influence patient mortality.10,11

The localized characteristic of LRR makes local therapy suitable for

the prevention of early recurrence. Adjuvant traditional chemotherapy,

endocrine therapies and radiotherapy are the main methods used to

reduce the risk of relapse in breast cancer patients.12–16 However,

alternatives with lower toxicities and side effects remain urgently

needed.

Recently, hydrogels have become popular drug-delivery vehicles.

Hydrogels are among the best candidates for locally controlled drug

release because of their low toxic and side effects. Hydrogels can

undergo intelligent three-dimensional structural changes in response

to environmental stimuli such as temperature, pH, light and electrical

fields.16–19 Hydrogels exhibit great potential for the local delivery of

drugs, including small molecules and therapeutic proteins.20,21

Near-infrared (NIR) light is a relatively safe external stimulus that is

able to penetrate several centimeters of human soft tissue with

minimal damage. NIR light has been used as a stimulus for

some nanosystems for the photothermal therapy (PTT) of cancer.

PTT is a less invasive therapeutic approach than radiotherapy and

chemotherapy, and it is an efficient approach to cancer therapy

because tumor cells are highly sensitive to elevated temperatures.22–24

The potential of NIR-triggered PTT has spurred the development of

NIR-responsive systems, including dyes and nanostructures. The first
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reported nanostructure used in NIR-induced PTT of cancer was

silica–gold nanoshells.25 Based on the excellent inhibition of tumor

growth by PTT, a variety of NIR-responsive nanostructures have been

developed, such as gold nanorods (GNRs), gold nanocages, carbon

nanotubes, graphene and Cu-based nanosystems.26–28 In addition to

their PTT properties, NIR-responsive nanostructures can be used as

switches for controlled drug release. Surface coating with a thermally

responsive polymer brush can result in NIR-controlled drug release

from gold nanocages.29 Previous results have demonstrated that NIR-

responsive nanostructures are promising heat generators for controlled

drug release. Among the various NIR-responsive structures, GNRs are

photothermal therapeutic agents that can inhibit cancer growth, and

they have several distinct advantages, including small size, simple

synthesis and tunable resonance from the red to the NIR, which has

resulted in a great deal of research attention.30,31 Therefore, GNRs are

ideal vehicles for heat generation.31–33

Furthermore, drug release from some intelligent hydrogels can be

accelerated through hydrogel shrinkage induced by an external

stimulus. This work combines PTT and chemotherapy to inhibit

breast cancer relapse. The chemotherapeutic agent is released

faster upon shrinkage of a thermally sensitive hydrogel due to the

photothermal effect of GNRs under NIR irradiation.

808 nm laser 

GNRs

DoxAPS

PTT

COS-GMA PECA AAm NIPAM

Scheme 1 Schematic illustrating that the reticulate cubic structure was more dense with smaller pore sizes and increased DOX release after 808 nm laser

excitation.

Table 1 Hydrogel samples prepared in this work

Sample PECA:COS-GMA:NIPAm:AAm (wt) NIPAm (wt%) RI (%)

S-1 60:12:20:8 20 245.9

S-2 45:9:40:6 40 409.5

S-3 30:6:60:4 60 861.9

Abbreviations: AAm, acrylamide; COS-GMA, glycidylmethacrylated chitooligosaccharide;

NIPAm, N-isopropylacrylamide; PECA, methoxylpoly(ethylene glycol)-poly(ε-caprolactone)-acryloyl

chloride; RI, response index.
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N-isopropylacrylamide (NIPAm) is a monomer that can be used to

synthesize thermally sensitive polymers.34 These polymers have been

used widely to construct many thermo-sensitive systems, including

hydrogels. Therefore, we integrated NIPAm with GNRs to develop a

thermo-responsive hydrogel as the carrier for the chemo-

photothermal co-therapy of local breast cancer recurrence. Glycidyl-

methacrylated chitooligosaccharide (COS-GMA) and acrylamide

(AAm) were chosen as co-monomers for GNR attachment.

Methoxylpoly(ethylene glycol)-poly(ε-caprolactone)-acryloyl chloride

(PECA) was used as a network spacer. The structural characterization,

thermal responsiveness, in vitro cytotoxicity and in vivo inhibition of

local breast cancer recurrence were studied in detail.

EXPERIMENTAL PROCEDURES

Materials
We purchased poly(ethylene glycol) methyl ether (MPEG, Mw= 2000),

ε-caprolactone (ε-CL), NIPAm, ammonium persulfate, Tin(II) 2-etheylhexa-

noate (Sn(Oct)2), glycidyl methacrylate (GMA), sodium borohydride (NaBH4),

L(+)-ascorbic acid (Vc), and AAm from Sigma-Aldrich (St Louis, MO, USA).

Cetyltrimethylammonium bromide and acid tetrachloroaurate(III) trihydrate

(HAuCl4·3H2O) were purchased from Sinopharm Co. Ltd (Beijing, China).

Doxorubicin chloride (Doxorubicin, DOX) was supplied by Zhejiang Hisun

Pharmaceutical Company, Zhejiang, China.

Synthesis and purification of PCNA-GNR hydrogels
The GNRs were synthesized according to the conventional procedure with

some modifications.35 Briefly, Au seeds were first synthesized. An aqueous

0.01 M solution of HAuCl4·3H2O and 7.5 ml of 0.1M cetyltrimethylammonium

bromide was gently mixed. Then, 600 μl of 0.1M ice-cold NaBH4 solution was

added with stirring for 2− 3min. A brown-yellow seed solution was obtained

and kept at room temperature for 2–5 h before use.

The GNRs were prepared by seed-mediated growth. First, 100ml of 0.1M

cetyltrimethylammonium bromide, 2.04ml of 24mM HAuCl4, 2 ml of 0.5M

H2SO4, 0.9 ml of 0.01M AgNO3, 0.8 ml of 0.1 M L-ascorbic acid and 240 μl of

Au seed solution were mixed under gentle stirring. The solution was kept at

room temperature overnight without stirring. Then, GNRs were purified by

centrifugation

(12 000 r.p.m., 10min) and washed twice with distilled water.

The MPEG-PCL copolymer was synthesized by ring-opening copolymeriza-

tion based on our previous report.36 After polymerization, the MPEG-PCL was

further reacted with acryloyl chloride at 40 °C to obtain the macromonomer

MPEG-PCL-AC (PECA). A COS-GMA was synthesized by conjugating

glycidylmethacrylate to the hydroxyl groups of COS.37 The 1H-Nuclear

Magnetic Resonance Spectroscopy spectrum of the copolymer is presented in

Supplementary Figure S1 and S2 in the Supplementary Information.

The PECA/COS-GMA/NIPAm/AAm (PCNA) hydrogel was synthesized by

heat-initiated free radical polymerization using ammonium persulfate as a heat

initiator. The mixture of PECA, COS-GMA, NIPAm, AAm and ammonium

persulfate was dissolved in water (Table 1). The solution was then heated at 50 °

C for 1 h. The hydrogel was dialyzed for 3 days, and the water was refreshed

every day. The purified hydrogels were freeze-dried and kept in airtight bags

before use. The DOX/GNR-embedded PCNA hydrogel (DOX-PCNA-GNRs)

was synthesized by the same method, but the monomers were dissolved in the

GNR solutions and/or the GNR-DOX mixture.

PCNA hydrogel characterization
Fourier Transform Infrared Spectrometer spectra (KBr) of the hydrogel sample

and the macromonomers were recorded on a Nicolet 200SXV spectrophot-

ometer (Nicolet, Thermo Scientific, Waltham, MA, USA).

Scanning electron microscopy (SEM) was used to investigate the morphology

of the PCNA hydrogel. The hydrogels were immersed at 25 or 40 °C, frozen in

liquid nitrogen and then lyophilized. The hydrogels were then sputtered with

gold before observation with a JEOL SEM (JSM-5900LV, JEOL, Tokyo, Japan).

The hydrogel samples were immersed in aqueous media at 25 or 45 °C. At

predetermined time points, the samples were removed and the surplus surface

water was removed by filter paper. The swelling ratio can be determined by36

Swelling ratio ðSRÞ ¼ Wt=W0�100%;

where Wt is the wet weight of the hydrogels and W0 is the initial dry weight at

predetermined times. The swelling ratio after immersion in aqueous solutions

for 30 h is defined as the equilibrium swelling ratio.

The dynamic swelling/deswelling behavior of the hydrogels was studied by

immersing defined amounts of hydrogels in aqueous media at 25 and 45 °C,

alternating between these temperatures.

The dried hydrogels were immersed in an aqueous medium at 25 °C, and

their wet weights were recorded at 0.5, 1, 2, 4, 8, 10 and 24 h. The medium was

then replaced by another batch of fresh medium at 45 °C, and this process was

repeated. The experiment was repeated for three cycles. A response index (RI)

was defined to characterize the thermosensitivity of the hydrogels.38

RI %ð Þ ¼ SRð251CÞ; t¼24h � SRð451CÞ; t¼48h

Photothermal effects of PCNA-GNR hydrogels
The hydrogel was irradiated from the right side with an 808-nm laser at

a power density of 2.5W cm− 2 for 5min, and the temperature was recorded by

a Fluke TI32 Infrared (IR) thermal camera (Infrared Cameras, Fluke, Avery,

WA, USA) until the sample reached room temperature.

Figure 1 (a) UV-vis absorption spectra of GNRs. Inset: TEM; (b) FTIR spectra of PECA, COS-GMA macromonomer and PCNA hydrogel.

Biodegradable thermo-responsive hybrid hydrogel
Y Qu et al

3

NPG Asia Materials



Cytotoxicity assay of PCNA-GNR hydrogels
A PCNA-GNRs hydrogel was extracted using DMEM for 24 h. Sequential

dilutions of the stock solution were prepared to vary the concentrations of the

leachates. 3T3 cells were seeded in 96-well plates after growing for 24 h in

100 μl leachates at different concentrations (6.25, 12.5, 25, 50 and 100%; n= 3).

At predetermined times, 20 μl of MTT was added to the wells, and the cells

were further incubated for another 4 h. The formazan was dissolved in 150 μl

DMSO, and the absorbance was measured at 570 nm. These experiments were

repeated three times.

In vivo degradation study of the hydrogel
The in vivo biocompatibility of the hydrogel with GNRs was investigated by

implanting the materials into the subcutaneous tissues of mice. Then, the mice

were killed at predetermined intervals. The materials were implanted, and the

surrounding tissues were removed and analyzed by histology. The biocompat-

ibility was studied by hematoxylin and eosin staining.

IR thermal imaging
To facilitate observation, we implanted the PCNA-GNR hydrogels subcuta-

neously into the backs of anesthetized mice. At 24 h after implantation, the

hydrogel area was irradiated with an 808-nm laser at a power density of 2.5

W cm− 2 for 5 min. The temperatures of the back tissues were recorded during

NIR irradiation. At 48 h after implantation, the same hydrogel area was exposed

again using the same NIR irradiation procedure. The temperature distribution

of the mice was obtained with a Fluke TI32 IR thermal camera (Infrared

Cameras).

In vitro drug release behavior
To measure the effects of these temperature changes on DOX release, the DOX-

loaded hydrogel with GNRs was immersed in 37 °C, pH= 5.0 and 7.4

phosphate-buffered saline with stirring at 100 r.p.m. At predetermined inter-

vals, the release media were removed and replaced with fresh buffer. Some

samples were irradiated with an 808-nm NIR laser at 2.5W cm− 2 for 5min.

The concentration of DOX was determined by absorbance spectroscopy.

In vivo inhibition of locoregional breast cancer recurrence
All animal procedures were carried out according to the standard procedures of

the State Key Laboratory of Biotherapy at Sichuan University, China. Balb/C

mice were supplied by Beijing HFK Bioscience Co. Ltd, Beijing, China (female,

4–6 weeks old). Then, 106 4T1 cells per mouse were injected into the right

thoracic mammary fat pad to produce orthotopic primary tumors. Generally, a

small incision was made after the mice were anesthetized. The tumor was

completely removed when it reached 200mm3. The covering and surrounding

skin of the tumors was preserved to ensure a high rate of recurrence in

untreated mice. Four groups of mice were implanted with DOX-PCNA-GNR

hydrogels (Group 1 and Group 2) and PCNA-GNRs without DOX (Group 3

and Group 4), respectively. The other four groups were injected with free DOX

(250 μg) once or thrice intravenously or once subcutaneously. Normal saline

Figure 2 (a) A photo of hydrogel swelling without GNRs at 25 °C (left) and 45 °C (right); SEM images of hydrogels at 25 °C (b) and 45 °C (c); (d) Swelling

behavior of hydrogels in aqueous medium at 25 and 45 °C; (e) The dynamic swelling/deswelling behavior of hydrogels in aqueous medium at 25 and 45 °C

at 24-h intervals.

Biodegradable thermo-responsive hybrid hydrogel
Y Qu et al

4

NPG Asia Materials



was injected subcutaneously as a control. All mice were monitored every other

day for body weight and tumor recurrence. Mice were killed when the tumors

reached 14–16mm or when the mice became moribund.

Histopathological study
After treatment, the heart, liver, spleen, lung and kidney of all groups were

subjected to histopathological analysis, including hematoxylin and eosin

staining.

Statistical analysis
Mean values and standard deviations were calculated for the amount of drug

released from PCNA hydrogels with GNRs and for the swelling, IC50, tumor

weight and body weight. Differences were considered as significant at

P-valueso0.05. Statistical analysis was performed using SPSS 11.0 software

(SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION

Synthesis and characterization of GNR-loaded hydrogels

The GNR-loaded hydrogel (Scheme 1) was composed of GNRs and

PCNA hydrogel copolymerized with PECA (Supplementary Figure S1

in the Supplementary Information), COS-GMA (Supplementary

Figure S2 in the Supplementary Information), NIPAm and AAm.

Figure 1a demonstrates that the synthesized GNRs have a uniform

morphology. The GNRs exhibited strong absorbance in the NIR

region with a peak at 808 nm, which suggests that the GNRs were

successfully prepared.

To characterize the PCNA hydrogel, we first prepared empty

PCNA hydrogels. The FTIR spectra of PECA, COS-GMA and

PCNA hydrogels are presented in Figure 1b. The absorption band at

~ 1620 cm− 1 is attributed to the C=C stretching vibration and can be

clearly observed in the PECA and COS-GMA FTIR spectra. This band

is absent in the PCNA hydrogel spectrum, which suggests that PECA

and COS-GMA were copolymerized into the structure of the PCNA

hydrogel.

The monomers were dissolved in the GNR aqueous solutions so

that the GNRs could be well distributed within the hydrogels. The

amount of GNRs loaded in the PCNA freeze-dried hydrogel was

determined to be 0.5% by ICP-AES. The porous structure of the

hydrogel was clearly observed by SEM (Figures 2b and c).

Water adsorption is a key property of hydrogels. We measured the

water adsorption of the GNR-loaded PCNA hydrogel at 25 and 45 °C

(Figure 2d). As shown in Figure 2d, the equilibrium swelling ratios of

the hydrogels at 25 °C are much higher than those at 45 °C. The

equilibrium swelling ratios at 25 °C increased with increasing NIPAm

contents in the S-1, S-2 and S-3 hydrogels. These ratios were relatively

Figure 3 (a) The laser was irradiated from the right side of the hydrogel samples and the temperature was obtained vertically by a Fluke TI32 IR thermal

camera; (b) DOX-PNCA-GNR hydrogels before (left) and after (right) 808 nm laser irradiation; near infrared thermal imaging of PCNA-GNR hydrogels under

2.5W cm−2 irradiation at 808 nm for (c) 0min, (d) 1min, (e) 3min and (f) 5min. NIR laser irradiation increased the temperature of the PCNA-GNRs

hydrogel to 50 °C in 5min; (g) the change in temperature under 2.5W cm−2 irradiation at 808 nm.
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lower at 45 °C. These results indicate that the PCNA hydrogels exhibit

significant water adsorption that can be tuned by adjusting the feed

ratios of the monomers.

We then evaluated the dynamic swelling/deswelling behavior

(temperature sensitivity) of PCNA hydrogels, including their

equilibrium-reswelling behavior. The GNR-loaded PCNA hydrogels

were alternately immersed at 25 and 45 °C. The swelling ratios of the

hydrogels were recorded at predetermined time points. The results are

presented in Figure 2e. Figure 2e shows that as the NIPAm dose

increased, the hydrogel shrinkage at 45 °C was enhanced. This result

indicates that the thermally responsive property of the NIPAm

hydrogel is content dependent. Furthermore, Figure 2e shows that

the thermal response of the hydrogel remains constant, even after

three cycles. This finding demonstrates that the hydrogel exhibits a

sensitive thermal response and that the network structure is robust.

We further characterized the thermal response of the hydrogel using

SEM. Figures 2b and c show SEM images of the hydrogel sections

immersed in medium at 25 and 45 °C, respectively. At 45 °C, the

reticulate cubic structure of the freeze-dried hydrogel is more dense

and the pore size is smaller than they are at 25 °C. Through software

calculations, the average pore sizes of the hydrogels in these two

conditions were 3.238 μm (25 °C) and 1.352 μm (45 °C), respectively.

This result demonstrates that the PCNA hydrogels exhibit good

thermal sensitivity.

Photothermal effects of PCNA-GNR hydrogels

It is well known that GNRs exhibit strong absorption in the NIR

region and can generate heat via the surface plasmon resonance (SPR)

effect. Figure 3f shows that NIR laser irradiation increased the

temperature of the PCNA-GNRs hydrogel to 50 °C in 5min. Cancer

cells cannot survive above 42 °C.26 Following irradiation, the tem-

perature decreased to the initial temperature in only 90 s (Figure 3g).

To facilitate observation, the hydrogel samples were irradiated from

the right side. Based on the process used to synthesize the GNR-loaded

Figure 6 In vivo persistence and histology sections from subcutaneous rat tissue after implantation of PCNA-hydrogel composites for different periods. Images

in panels a (e), b (f), c (g) and d (h) were captured at 7, 14, 28 and 35 days, respectively (scale bar: 200 μm).

Figure 5 Cytotoxicity at different concentrations of PCNA-hydrogel leachate.

The composite exhibited no cytotoxicity and the NIH 3T3 cells proliferated

as well as when treated with the negative control.

Figure 4 DOX-release profiles in the presence and absence of NIR laser at

pH 5.0 and 7.4.
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hydrogel, the GNRs were well distributed in the hydrogel. If the facula

were larger than the hydrogel and the laser was irradiated vertically,

then the temperature would be constant through the depth of the

hydrogel.

After irradiation, the volume of the hydrogel was smaller than

before irradiation (Figure 3b). The swelling/deswelling ratio of the

DOX-PCNA hydrogel reached 550%.

These results demonstrate that the PCNA-GNRs hydrogel is also a

promising candidate for topical photothermal cancer therapy and that

it may serve as a local drug delivery system capable of light-triggered

controlled release.

In vitro release behavior

The release of DOX from the PCNA-GNR hydrogels can be readily

controlled by NIR laser irradiation and pH manipulation. Within

5min after the first NIR laser irradiation at 2.5W cm− 2 output power,

the cumulative amount of DOX release increased from 28.3 to 38.7%.

This was much higher than that observed without irradiation at pH

5.0. The release was significantly reduced when the NIR laser was

switched off over the next 1 h. Similar results were observed when the

laser treatment was repeated in other treatment cycles. The solubility

of DOX increases as the pH value decreases, which occurs in the

extracellular space within tumor tissues and in lysosomes, which have

lower pH values than the cytosol.26 More DOX was released from the

hydrogels with GNRs at pH 5.0 than at pH 7.4. A cumulative release

of 48% DOX was achieved in phosphate-buffered saline at pH 7.4, but

77% was released at pH 5.0 in 24 h (Figure 4). Thus, these smart

hydrogels demonstrate a synergistic effect, with the release of antic-

ancer drugs controlled by the dual stimuli of NIR irradiation and pH.

Cytotoxicity

The cytotoxicity of PCNA-GNR hydrogels was studied by the MTT

assay. As the results in Figure 5 indicate, all of the leachates from the

PCNA-GNR hydrogels had low toxicity over the concentration range

tested here. The cells are able to proliferate well in the presence of

hydrogel leachate, with proliferation similar to the negative control

(0% leachate). These results demonstrate that the PCNA-GNRs are

relatively safe to healthy cells.

Degradation study of the hydrogel in vivo

Due to the inclusion of COS, we expected the PCNA hydrogel to be

biodegradable in vivo. The in vivo biocompatibility of hydrogels with

GNRs was investigated by subcutaneously implanting the composite

into the mice, and then killing the mice at 7, 14, 28 and 35 days after

implantation. By visual observation, we found that clear degradation

occurred in 14 days and that the hydrogel completely disappeared in

35 days. This result indicates that the PCNA hydrogel can be

biologically metabolized. We further investigated the induction of

inflammation by the hydrogel by histological observation. As

shown in Figure 6, for the first 7 days, the implants remained

relatively intact, and a thin, translucent tissue capsule was observed.

Some inflammatory cells were also found, which implies that the

Figure 8 (a) In vivo breast cancer locoregional recurrence; (b) body weight variation after treatment. Po0.05.

Figure 7 (a) Infrared thermal images of the control, with no change in

temperature observed; (b) 24 h after implantation, 5min of irradiation

increased the temperature to 46 °C; (c) 48 h after implantation, 1min of

irradiation increased the site temperature to 46 °C; when the irradiation time

was increased, the area stayed at 46 °C, but the heat spread across a larger

area. Irradiation times are 0, 1, 3 and 5min.
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PCNA hydrogel induced a slight inflammatory reaction. However, no

inflammation was observed on the 35th day. These results

demonstrate that the GNR-loaded PCNA hydrogel is safe, biodegrad-

able and biocompatible.

Because implanted materials should have excellent biocompatibility

and suitable biodegradability, the hydrogel in this study was primarily

composed of MEG-PCL, COS-GMA, NIPAm and N,N′-methy-

lenebisacrylamide (BIS). Previous reports have demonstrated that

MPEG-PCL and COS-GMA are biodegradable and biocompatible

both in vitro and in vivo.39,40 The degradation of PCNA-GNR

hydrogels may occur at its PCL block through the cleavage of its

ester bonds. This may lead to a decrease in molecular weight and

changes in chemical composition. We expect that the GNRs can be

cleared from the body by excretion. Throughout the experiments,

there were no signs of hematoma or purulence, which suggests a lack

of observable toxicity of the hydrogels to the surrounding tissues.

In vivo photothermal performance

Twenty-four hours after implantation, the subcutaneous GNR-

loaded PCNA hydrogels were exposed to an 808-nm laser

beam at 2.5W cm− 2 for 5min. The temperature increased to 46 °C,

but not for blank PCNA hydrogels. This result demonstrates

that the PCNA-GNRs are efficient agents for in vivo photothermal

treatment. After another 24 h, the subcutaneous hydrogels were

exposed again to the same laser intensity and time. After 1min, the

site temperature increased to 46 °C. As the NIR irradiation time was

increased, the focus area stayed at 46 °C, but the heat spread across a

larger area (Figure 7). The temperature of the mice without implanted

Figure 9 H&E stained images of the heart, liver, spleen, lung and kidney. Representative H&E stained images of NS (a), DOX-PCNA-GNRs+laser (b) and free

DOX (intravenous injection) (c). No cardiotoxicity was observed in the DOX-PCNA-laser treated group, but obvious toxicity was observed in the free DOX

treated group (intravenous injection). No lesions were observed in the liver, spleen, lung or kidney.
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PCNA-GNR hydrogels did not increase after NIR irradiation. This

result indicates that the PCNA-GNRs system is stable in vivo and can

be repeatedly irradiated.

In vivo locoregional breast cancer recurrence

Based on the in vitro drug release behavior, we expected that

DOX-PCNA-GNR hydrogels could effectively prevent the local

recurrence of breast cancer post resection. The in vivo results of

locoregional tumor recurrence revealed that DOX-PCNA-GNR

hydrogels achieved better inhibition of recurrence than did the other

groups. The period of LRRs lasted for 32 days. During this time, only

one of the six mice treated with DOX-PCNA-GNRs and laser

irradiation developed locoregional tumor recurrence (16.7%), three

of six mice treated with DOX-PCNA-GNRs without laser irradiation

(50%) and five of six mice with DOX locally administered and PCNA-

GNRs without drugs with laser irradiation, and intravenously injected

with DOX once with the dosage of 250 μg did develop tumors

(83.3%). All six mice in the control groups (PCNA-GNRs with no

laser, empty hydrogels with no drugs and those with intravenously

injected DOX three times) steadily developed tumors (Figure 8a). The

recurrence rate in vivo was significantly suppressed by the DOX-

PCNA-GNRs hydrogel.

DOX is an excellent anticancer drug, but has some serious side

effects. As shown in Figure 8b, the systemic toxicity of free DOX given

subcutaneously and injected one or three times resulted in the

decrease in body weight. There was no difference in the body weight

of mice between the DOX-PCNA-GNR treated group and the other

groups including the control group and the PCNA-GNRs without the

DOX group. By histopathology, no cardiotoxicity was found in the

DOX-PCNA-laser treated group (Figure 9). However, the cardiotoxi-

city was obviously visible in the free DOX treated group (intravenous

injection). After treated with the DOX-PCNA-GNRs, we did not find

out lesions in the liver, spleen, lung and kidney. This indicated that the

hydrogels reduced the toxicity of DOX, and the PCNA-hydrogels

system has better performance than free DOX and has alleviated some

side effects of DOX.

The efficient inhibition of locoregional tumor recurrence by the

DOX-PCNA-GNRs hydrogel was due to the synergetic effects of PTT

and chemotherapy. The combination of PTT and chemotherapy

significantly inhibited tumor growth.26 The results indicated that the

PCNA-GNR hydrogel is a suitable carrier for the inhibition of post-

operation locoregional tumor recurrence via combination treatment

with PTT and chemotherapy.

CONCLUSION

In summary, we have successfully synthesized a thermo-

responsive (PCNA) hydrogel by heat-initiated free radical

polymerization. The DOX-PCNA-GNRs hybrid hydrogel prepared

here facilitates chemo-photothermal co-therapy and prevents

local breast cancer recurrence. When the PCNA-GNRs were

irradiated, the temperature of the system increased, causing a decrease

in the mesh size of the hydrogel, thereby accelerating the release of

loaded drug. The DOX-PCNA-GNRs hydrogel effectively prevented

breast cancer recurrence after primary tumor resection in a mouse

model. This local system for the controlled administration of

combination chemo-photothermal therapy decreased non-selective

systemic toxicity.
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