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Abstract 

Encapsulation of single cells is receiving increasing attention because there is a high possibility to use this 

technique in various biomedical and biological applications. In the meantime, T cell-based therapy has been 

found to provide a high potential for cancer treatment and immunotherapeutic treatments.  However, it was 

reported that T cells could interact with cells in the immune system of recipient during cell transplantation 

resulting in an occurrence of some negative effects.  Due to this reason, T cells are one type of cells that are 

attractive to be combined with cell encapsulation technique for therapeutic purpose to avoid the problem of 

negative effect induction from their interaction with immune cells. Here, the demonstration of a new approach 

by using polystyrene sulfonate coated-gold nanorods (PSS-GNRs) to be an outer layer on the T cell  surface.  

Jurkat T cells were used as a model cell in this study. Jurkat T cells were encapsulated with poly(allyamine 

hydrochloride) (PAH) and/or PSS-GNRs or polystyrene sulfonate (PSS). The investigation of biological 

activities of T cells encapsulated with polyelectrolytes and gold nanorods was performed. The results showed 

that T cells encapsulated with PSS-GNRs, PAH and PSS, or PAH alone could survive and proliferate. In the 

case of a co-culture system, when encapsulated Jurkat T cells were co-cultured with THP-1 macrophages, 

the co-cultures exhibited TNF-α production enhancement. However, the TNF-α production enhancement 

was not found when THP-1 macrophages were co-cultured with PSS-GNR/PAH@Jurkat or 

PSS/PAH@Jurkat. This indicates that the encapsulating layer could help avoid the interaction between 

THP-1 macrophages and Jurkat T cells that related to TNF-α induction. As well, no significant inductions 

of IL-2, IL-1β, and IL-6 were detected in a co-culture system. The layer of PSS-GNRs at the surface of 

cells of cytotoxic T cells (PSS-GNRs/PAH@CT)  plus laser irradiation should also provide a benefit in 

increasing the efficiency for cancer destruction based cell therapy. Breast cancer cells were used as a model 

cell in this study.  The data from this study provide promising results of the possibility of using 

encapsulated PSS-GNR/PAH@CT for cancer destruction.  
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บทคัดย่อ 

 

การหุม้เซลลเ์ด่ียวเป็นเทคนิคท่ีไดรั้บความนิยมค่อนขา้งสูงในการนาํมาประยกุตใ์ชท้างดา้นชีวการแพทย ์ การ

บาํบดัรักษาโรคมะเร็งดว้ยทีเซลล ์ แสดงศกัยภาพในการรักษาโรคมะเร็งและการบาํบดัรักษาทางดา้นภูมิคุม้กนั 

อยา่งไรก็ตามทีเซลลส์ามารถทาํปฏิกิกริยากบัเซลลใ์นระบบภูมิคุม้กนัของผูรั้บทีเซลลเ์ขา้ร่างกายส่งผลทาํเกิดผล

ขา้งเคียงเชิงลบกบัผูรั้บทีเซลลเ์ขา้ร่างกาย ดว้ยเหตุผลน้ีจึงมีแนวคิดในการนาํทีเซลลม์าหุม้ลดปัญหาการทาํ

ปฏิกิกริยาระหวา่งทีเซลลแ์ละเซลลใ์นระบบภูมิคุม้กนัซ่ึงกระตุน้ใหเ้กิดผลเสียต่อร่างกาย งานวจิยัช้ินน้ีแสดงให้

เห็นถึงเทคนิคใหม่ซ่ึงนาํ พอลิ15สไตรีน15ซลัโฟเนต  (polystyrene sulfonate; PSS) มาหุม้อนุภาคนาโนทองรูปแท่ง 

(PSS-GNRs) บนผวิของทีเซลล ์ Jurkat ทีเซลลถู์กนาํมาใชเ้ป็นทีเซลลต์น้แบบในการศึกษา Jurkat ทีเซลลถู์กหุม้

ดว้ยพอลิอลัลิลเอมีน15ไฮโดรคลอไรด1์5 (poly(allyamine hydrochloride); PAH) และ/หรือ PSS-GNRs หรือ  PSS 

หลงัจากท่ีไดมี้การศึกษากิจกรรมทางชีววทิยาของทีเซลลพ์บวา่ Jurkat ทีเซลลท่ี์หุม้ดว้ย PSS-GNRs, PAH และ

PSS, หรือ PAH อยา่งเดียวสามารถเจริญเติบโตได ้ เม่ือนาํ Jurkat ทีเซลลไ์ปเล้ียงร่วมกบัเซลลใ์นระบบภูมิคุม้กนั 

(THP-1 เซลล ์)  THP-1 เซลล ์ถูกกระตุน้ใหผ้ลิต TNF-α มากข้ึน แต่เม่ือนาํ THP-1 เซลล ์ไปเล้ียงร่วมกบั Jurkat 

ทีเซลล ์ ท่ีถูกหุม้ในรูปของPSS-GNRs/PAH@Jurkat หรือ  PSS/PAH@Jurkat พบวา่ไม่มีการกระตุน้ให ้THP-1 

เซลล ์ ผลิต TNF-α ผลการทดลองตรงน้ีแสดงให้เห็นวา่ ชั้นท่ีหุม้ผวิของ Jurkat ทีเซลล ์ สามารถช่วยลดการทาํ

ปฏิกิริยาระหวา่ง THP-1 เซลล ์ และ Jurkat ทีเซลลส่์งผลใหล้ดการกระตุน้การหลัง่ TNF-α รวมถึงลดการหลัง่

ของ IL-2, IL-1β และ IL-6 เม่ือใชเ้ทคนิคเดียวกนัไปหุม้ทีเซลลท่ี์สามารถหลัง่สารพิษ (cytotoxic ทีเซลล)์ 

ออกมาเพื่อทาํลายเซลลม์ะเร็ง (PSS-GNRs/PAH@CT เซลล)์ ร่วมกบัการฉายแสงพบวา่สามารถเพิ่ม

ประสิทธิภาพในการทาํลายเซลลม์ะเร็งเตา้นมท่ีใชเ้ป็นเซลลม์ะเร็งตน้แบบในการศึกษาคร้ังน้ีได ้ ดงันั้นผลท่ีได้

จากการศึกษาในคร้ังน้ีไดแ้สดงขอ้มูลของความเป็นไปไดท่ี้จะนาํ  PSS-GNRs/PAH@CT เซลล์ ไปใชใ้นการ

ทาํลายเซลลม์ะเร็ง 

 

 

คําสําคัญ: อนุภาคนาโนทอรูปแท่ง การหุม้เซลล ์ การทาํลายเซลลม์ะเร็ง ทีเซลล ์  

 

 

 

 

 



1.Introduction to the research problem and its significance 

Cancer is a global disease that affects all societies and ages. Noticeably in Thailand, it has been reported that cancer is 

one of the most common diseases that causes illness and death in the Thai elderly (1). Furthermore, it has been 

reported that there is a high incident rate of various types of cancer in Thailand (2). In recent years, T cells have been 

used for cancer therapy. The use of specific antibodies for a target antigen on the surface of cancer cells as well as for 

a receptor on T cells is an alternative approach for cancer treatment (3). However, there are still limitations using this 

approach. For example, the difficulty in generating T cells with anti-cancer reactivity. The use of gene modification to 

modify the immunology properties of T cells was developed (4). However, it seems that the effectiveness of using T 

cell for cancer treatment by this technique still also needs to be improved. Due to above reasons, various studies are 

continuing to improve the efficiency of using T-cells for cancer treatment.  

           Recently, gold nanoparticles are of interest in various pre-clinical drug and gene delivery technologies (5). The 

use of gold nanoparticles for photothermal therapy of cancer cells has also been reported (6, 7). Another recent 

technology using cell encapsulation can also be applied for treatment of various types of cancers. In this proposed 

project, the intention here is to develop the science and technology by using nanomaterials and cell encapsulation 

techniques to increase the efficiency of cytotoxic T cell for cancer destruction. The successful outcome of this 

proposed project will have potentially important societal significance even though it is pre-clinical and non-medical in 

nature. In general, it has the high potential to stimulate the development of a new paradigm for cancer treatment. The 

scheme of the proposed combined technique is shown in Figure 1. 

 



 

Figure 1. The scheme represents the combinations of three different approaches to a new single technology. 

 

Objectives 

 

This project aims to study the combination of available science technology in the field of nanotechnology and 

cell encapsulation to increase the efficiency of cytotoxic T cells for cancer destruction. To achieve this goal, 

the specific aims of this project are: 

1. Engineer encapsulated T cells and explore their biological activity 

2. Investigate encapsulated T cell preservation 

3. Engineer cytotoxic T cells for cancer destruction. Cytotoxic T cells will be prepared by using cell 

encapsulation technique. This will use the similar encapsulation approach  from preliminary studies and 

results of No.1 &2. After engineering of encapsulated cytotoxic T cells, encapsulated cytotoxic T cells  are 

attached with bioconjugated gold nanorods that has a specific binding to target cancer cells.  

4. Explore the mechanism by which encapsulated cytotoxic T cells (golden CT capsule)   interact with near 

infrared light (NIR) and examine the efficacy and selectivity of “golden CT capsule” for targeting and killing 

specific cancer cells 

 



2.Methodology 

2.1.  Cell culture 

There were 4 cells, which are Jurkat cells, THP-1 macrophage cells, cytotoxic T cells, and breast cancer cells 

(MCF-7) used in this study. 

     Human acute T cell leukemia cell line (Jurkat cells) that used as the model cell for cell encapsulation were 

purchased from American Type Culture Collection (ATCC, USA). Cells were suspended in the RPMI-1640 

medium supplemented with 10% FBS and 1% penicillin-streptomycin solution.  

     Human acute monocytic leukaemia cell line (THP-1cells) were purchased from American Type Culture 

Collection (ATCC, USA). Cells were suspended in the RPMI-1640 supplemented with 10% FBS and 1% 

penicillin-streptomycin solution. To have macrophage form of THP-1 cells, THP-1 monocyte cells were 

differentiated to the THP-1 macrophages by adding 25 ng ml phorbol 12-myristate 13-acetate (PMA) in a 

culture medium. After adding, cells were treated for 48 h. The cells were washed with RPMI-1640 medium 

without FBS. In this case, the non-adherent cells were removed and the adherent cells were attached on the 

cell culture dish. Following this, the remaining cells were incubated again with a freshly prepared PMA (25 

ng/ml) in a culture medium for 48 h. After incubation, the adherent cells were washed with RPMI-1640 

medium without FBS and further incubated with RPMI-1640 medium plus 10% FBS for 48 h. These adherent 

cells were differentiated macrophages and they were cultured in a normal culture medium for using in further 

experiments.  

     Peripheral blood lymphocytes (PBL) purchased from from JCRB cell bank were cultured in  RPMI1640 

medium with 10% FBS.  

     MCF-7 cells purchased from Riken cell bank were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) plus minimum essential medium (MEM) (DMEM: MEM = 1:1) supplemented with 10% of fetal 

bovine serum (FBS). The media were added with 1% penicillin.  

All cells were cultured and maintained  at 37 ºC in a humidified atmosphere incubator containing 5% CO2.  

 

 

 

 

 



2.2.  Cytotoxic T-cell preparation. 

A cluster of differentiation 3 (CD3) antibodies was used to activate T cells for cytotoxic granule induction 

(cytotoxic T cells; CT cells). This induction occurs after CD3 monoclonal antibody reacts with CD3 antigen 

expressed on T cells (8). A 96 well plate were coated with a 50 µl of anti-CD3 antibodies (clone: HIT3a; 

antibodies 0.05 µg/ml). The plate was incubated at 4oC overnight. After incubation, the antibody solution was 

removed and the plate was washed 3 times with sterile phosphate buffer saline (PBS). The suspension of T-

cells (1x106 cells/ml) was dispersed in culture media and a 200 µl of T-cells was added into a 96-well plate 

coated with anti-CD3 antibodies. Next, the culture was incubated at 37oC in a 5% a CO2 incubator for 3 days. 

Finally, T-cells were activated and changed to cytotoxic T-cells. This change was confirmed by cytotoxic 

molecule detection. These cytotoxic T-cells were stored in liquid nitrogen for using in further experiments.  

 

2.3. Gold nanorods coated with PSS preparation 

Commercial GNRs (~ 40 nm in width and ~ 68 nm in length) were purchased from Nanopartz™, Loveland, USA. 

The preparation of PSS-GNRs was performed by slightly modifying a previously published procedure (9). First, 

PSS-GNRs were prepared by mixing 600 µl GNRs with 300 µl PSS (M W  = 70,000 at a concentration of 

2 mg/ml dissolved in 0.5 mM NaCl; Sigma Aldrich, Louis, USA) and the mixture was shaken for 30 min on a 

shaker at room temperature. Following this, the mixture of PSS and GNRs was centrifuged at 9391×g for 10 min. 

Next, the pellet of PSS-GNRs was dispersed in Milli-Q water for use in further experiments. To observe the 

morphology of PSS-GNRs, a solution containing PSS-GNRs was dropped on a copper grid. The sample was dried 

and then observed under TEM. 

  

2.4. Cell encapsulation 

Cell encapsulation was done by using a layer-by-layer technique of opposite charges of polyelectrolyte 

polymers on the cell membrane (10). Poly(allylamine hydrochloride) (PAH) cationic polymer and 

poly(styrene sulfonate) (PSS) anionic polymer were used in this study. Gold nanorods coated with PSS (PSS-

GNRs) were also applied for cell encapsulation. The PAH solution at a concentration of 0.05 mg/ml was 

prepared for encapsulating cells. First, the 2 mg/ml PAH solution was dissolved in 18 mM CaCl2  and used as 

a stock solution. This stock solution was diluted to have a concentration of 0.05 mg/ml in RPMI-1640 



medium. The stock solution of 2 mg/ml PSS was prepared in RPMI-1640 medium without FBS. The PSS 

solution at a concentration of 0.1 mg/ml was prepared by diluting the PSS stock solution in RPMI-1640 

medium without FBS. The solution of PSS-GNRs was prepared by mixing GNRs with 2 mg/ml PSS 

(dissolved in 0.5 mM NaCl) and shaking for 30 min at room temperature. After shaking, the solution of PSS-

GNRs was washed twice  with Milli-Q-water. The pellet was further used for cell encapsulation.     

    To encapsulate Jurkat T-cells with PAH, PAH/PSS, and PAH/PSS-GNR, Jurkat T-cells  at an amount of 

1x106 cells were dispersed in 1 ml of RPMI-1640 supplemented with 10% FBS and 1% penicillin-

streptomycin solution.  Cells were centrifuged at 6,500 rpm for 5 min. After centrifugation, cells were washed 

with a 1 ml of RPMI-1640 without FBS and were centrifuged again. Cells were added with a 500 µl of PAH 

solution at a concentration of 0.05 mg/ml and were shaken for 5 min at room temperature. After this, cells 

were centrifuged at 6,500 rpm for 5 min and were washed with 1 ml of RPMI-1640 without FBS. This 

process, cells were encapsulated with PAH called here as PAH@Jurkat cells. To prepare a second layer on the 

surface of Jurkat T cells, a 500 µl of 0.1 mg/ml PSS solution was added to PAH@Jurkat cells. Then, cells 

were shaken for 10 min at room temperature. After shaking, cells were centrifuged at 6,500 rpm for 5 min and 

then were washed with 1 ml of RPMI-1640 without FBS. Finally, the cell encapsulation with 2 layers was 

obtained. This cell was called PSS/PAH@Jurkat cells.   To prepare Jurkat cells that have PSS-GNR as an 

outer layer on the cell surface,  PAH@Jurkat cells were added with a 150 µl of RPMI-1640 without FBS. 

Then a 50 µl of PSS-GNRs (OD604 nm ~ 0.6) was added to the cells. Following this, cells were shaken for 15 

min at room temperature. Next, cells were centrifuged and were washed by following the previous protocol. 

With this last process, encapsulated cells were called as GNR-PSS/PAH@Jurkat cells.   All  encapsulated  

cells were suspended in a culture medium supplemented with 10% FBS and 1% penicillin-streptomycin 

solution for use in further experiments. 

 

2.5. Characterization of Jurkat cell encapsulation 

2.5.1 Zeta potential (ζ) measurement 

Encapsulated cells (PAH@Jurkat cells, PSS@Jurkat cells, PSS/PAH@Jurkat cells, and GNR-

PSS/PAH@Jurkat cells) at a concentration of 1 × 106 cells/ml were dispersed in FBS-free RPMI-1640 

medium. Zeta potential values of encapsulated and unencapsulated Jurkat cells and GNRs-PSS were 

determined by DLS (Malvern, Worcester, UK).  



 

2.5.2 Transmission electron microscope (TEM) 

A cross-section for preparation of a thin cell sample was prepared. TEM was used to observe GNR-PSS 

absorbed on the cell surface of GNR-PSS/PAH@Jurkat cells. The 1x106 cells of non-encapsulated and GNR-

PSS/PAH@Jurkat cells at a volume of 1 ml were washed once with 0.1 M sodium cacodylate buffer (SCB). 

The cells were fixed with 2.5% glutaraldehyde in 0.1 M of SCB at 4oC overnight. The fixed cells were washed 

3 times with 0.1 M SCB. The length of each washing was 15 min at 4oC. Next, cells were fixed with 1% 

osmium tetraoxide (OsO4) in 0.2 M of SCB at 4oC for 1 h. Then, cells were washed 3 times gain with the 

same process mentioned previously. After the fixation was completed, the dehydration was performed. The 

encapsulated cells were dehydrated with 30%, 50%, 70%, 80%, 90%, and 95% of ethanol, for 15 min at 4oC. 

Then, 100% of ethanol was added to encapsulate cells at 4oC for 15 min. This process was done 4 times. 

Following this, the embedding process was prepared. The propylene oxide was mixed with 100% ethanol at a 

ratio of 1:1. The mixture solution was added to cells for 15 min at room temperature. The pure propylene 

oxide was added to cells for 15 min at room temperature. Then, the mixture of propylene oxide and araldite 

resin was prepared. The cells were added to a mixture solution of propylene oxide and araldite resin, at a ratio 

3:1 and then incubated at room temperature for 1h. The cells were added to a mixture of propylene oxide and 

araldite resin (1:1) and were incubated at 4oC for 2 days. The cells were added to a mixture of propylene oxide 

and araldite resin (1:3) and were incubated at room temperature overnight. Finally, the resin was polymerized 

in a hot air oven at 45oC and 60oC respectively for 2 days each. The cell samples were sent to be cut and were 

observed by a research collaborator in Australia, Associate Prof. Murray Killingsworth, for observation of 

GNRs coated with PSS on the cell surface.                      

 

2.5.3 Scanning electron microscope (SEM) 

Encapsulated and unencapsulated cells were pre-fixed with 2.5% glutaraldehyde overnight. Following this, 

cells were fixed with 1% OsO4 for 1 h for post-fixation. Next, cells were consequently dehydrated by 

soaking in 50, 60, 70, 80, 90, and 100% ethanol for 15 min (11). The critical point drying (CPD) approach 

was used to dehydrate biological tissues before examination by SEM. This CPD technique can help avoid 

damaging the surface structure of cell samples. First, cell samples were dehydrated in ethanol. After 

dehydration, cell samples were then placed into a CPD chamber. Then, the chamber was sealed and cooled 



down to -10 °C. Next, the temperature was adjusted to 40 °C and the pressure was slowly increased to 80–

120 kgf/cm2. This condition is a CO2 critical point. It is important to carefully monitor the temperature and 

the pressure to avoid sample damage. The samples were removed from the chamber when the pressure 

dropped to 0 kgf/cm2. Finally, the cell samples were observed under SEM (12). 

 

2.5.4 Fluorescence observation 

Fluorescein isothiocyanate (FITC) and tetramethylrhodamine isothiocyanate (TRITC) dyes (Sigma Aldrich, 

Louis, USA) were conjugated with PAH by following the protocol published by (13). The conjugation of 

PAH to FITC (FITC-PAH) or TRITC (TRITC-PAH) was prepared by dissolving 2 mg FITC or TRITC dye 

in 250 µl dimethylsulphoxide (DMSO). The PAH solution was prepared by dissolving 250 mg PAH in 3 ml 

Milli-Q water. The pH of the PAH solution was adjusted to 8.0–8.5 using 1 M NaOH. The conjugation of 

PAH to FITC or TRITC dye was performed by mixing the prepared FITC or TRITC solution (250 µl) with 

3 ml PAH solution (13). The mixture was then incubated overnight at room temperature in the dark. After 

incubation, the mixture was dialyzed to remove free dye molecules. Finally, the conjugated PAH to dye 

molecules was lyophilized by a freeze dryer. Standards of PAH solution at different concentrations were 

prepared to measure the optical density at 212 nm. This standard was used to calculate the amount of PAH 

in PAH-dye conjugates. 

     To confirm the encapsulation of Jurkat T cells into a PAH layer (PAH@Jurkat), unencapsulated Jurkat T 

cells (1 × 106) cells were added into a cell culture dish coated with 0.01% poly-L-lysine (PLL). Cells were 

then incubated in a cell incubator for 1 h and washed once with FBS-free RPMI 1640 medium. After 

washing, 500 µl FITC-PAH conjugates (containing 0.05 mg/ml PAH) were added into a dish and incubated 

in the dark for 5 min at 37 °C. Thereafter, the solution of FITC-PAH conjugates was removed. Next, the 

cells attached to the dish were washed twice with FBS-free RPMI-1640. In the cell fixation process, the 

cells attached onto the dish were fixed with 3% paraformaldehyde in PBS for 15 min at 4 °C and washed 2 

times with cold PBS. Then, cold PBS was added. A green fluorescent signal was observed under the 

fluorescence microscope. To confirm whether the double layers of polyelectrolytes formed on the surface of 

encapsulated Jurkat cells (PSS/PAH@Jurkat cells), the preparation of Jurkat cells was prepared as 

mentioned above. For the process of encapsulation, cells were first encapsulated with 0.05 mg/ml PAH and 

then washed. After this, cells were encapsulated with 0.1 mg/ml PSS for 10 min at 37 °C. Thereafter, the 



PSS/PAH@Jurkat cells were washed and stained with 500 µL TRITC-PAH conjugates (containing 

0.05 mg/ml PAH) under dark conditions for 5 min at 37 °C. Then, cells were washed and observed under a 

fluorescent microscope. All washing and encapsulating processes were performed using the same approach 

mentioned earlier. The confirmation of GNR-PSS/PAH@Jurkat cell preparation was performed using a 

similar process to that described for PSS/PAH@Jurkat cells. Cells stained with fluorescent dyes (~ 5 µg/ml 

for 5 min) alone were also prepared as a control sample. 

 

2.5.5 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 

In this section, ICP-MS was used to evaluate the amount of gold element that was absorbed on the cell 

surface. First, the 1x106 cells of PSS-GNR/PAH@Jurkat and PSS-GNR@Jurkat at a  volume of 1 ml were 

prepared in a culture medium. Then, cells were centrifuged at 5,000 rpm for 5 min. The supernatant was 

removed and the pellet of cells was lysed by adding 250 µl of lysis buffer (10% tween). The lysis cells were 

sonicated for 30 min for destruction of the cell wall. The digest buffer was prepared by mixing 3 ml of 65% 

HCl and 1 ml of 6% H2O2. Then, cells were added to 4 ml of digest buffer and were incubated overnight 

under dark condition in a chemical fume hood. Next 3 ml of aqua regia (3:1 of HCl: HNO3) was added to the 

cells and then the cells were incubated for 2 h. Finally, the cell samples were diluted to 100 ml with Milli-Q 

water (sample solution contained 5% of aqua regia). Gold chloride in 5% aqua regia at the concentration of 0, 

0.2, 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 µg/l (ppb) was used as a standard solution. The cell samples were 

measured for the quantity of gold element by using ICP-MS. 

 

2.6. Biological activity investigation 

2.6.1 Cell viability assay 

To immediately measure cell viability of cells after encapsulation with PAH, PAH/PSS, and PAH/PSS-GNR, 

encapsulated cells at a concentration of 1x105 cells/well (at a volume of 100 µl), were seeded into a 96-well 

culture plate. The CellTiter-Glo® reagent was added into each well (at a volume of 100 µl) and was shaken on 

a shaker for 10 min. The luminescent signals were measured at a wavelength of 542 nm by using a microplate 

reader (SpectraMax M3 microplate reader, USA). The second step was to measure the cell viability of 

encapsulated cells after culturing for 24 h. The  encapsulated cells with PAH, PAH/PSS and PAH/PSS-GNRs, 

at a concentration of 1x105 cells/well in a volume 100 µl, were seeded into a 96-well culture plate. Then, 



encapsulated cells were cultured in a 95% humidified air incubator at 37 ºC, and 5% CO2 for 24 h. The 

CellTiter-Glo® reagent was added into each well in a volume 100 µl and shaken on a shaker for 10 min. The 

percentage of cell viability was calculated.  

 

2.6.2 Cell proliferation 

Different encapsulated cells were seeded into a 96-well plate (at a concentration of 1 × 104 cells per well). 

Cells were incubated in a cell incubator for 24, 48, and 72 h, respectively. Following the incubation, a 

CellTiter 96 AQueous one solution cell proliferation assay (Promega, Madison, USA) (20 µl) was used to 

detect cell proliferation. This process was performed following the manufacturer instructions. 

Unencapsulated cells were also prepared as a control. 

2.6.3  Cytokine assay 

The enzyme-linked immunosorbent assay (ELISA) is a technique that is used to measure cytokine production. 

The encapsulated cells (1x105 cells/well in a volume 100 µl) were seeded into a 96-well culture plate and were 

incubated for 5 and 24 h in a 95% humidified air incubator at 37 ºC, and 5% CO2. After incubation, the 

supernatant was collected and stored at -80 °C until analysis. Commercial ELISA kits (BioLegend, USA) 

were used for IL-6, TNF-α, IL-1β and IL-2 analysis by following the manufacturer’s protocol. In the first 

step, a monoclonal antibody (capture antibodies) was pre-coated onto the 96-well ELISA plate and was 

incubated overnight at 4ºC. After incubation, the unbound antibody was removed by washing 4 times with 

washing buffer (0.05% Tween-20 in PBS). Then, blocking buffer (1% BSA in PBS) was added and incubated 

for 1 h while shaking at room temperature. Then, the 96-well plate was washed 5 times with washing buffer. 

Standard solutions and samples were added into each and incubated for 2 h while shaking at room 

temperature. In this step, antigen in the sample and standard would bind with the captured antibody. Then, 

standard solutions and samples were washed 5 times with washing buffer for removal of the unbound 

substances. The detection antibody was added to each well for binding with antigen of standard and samples 

and was incubated for 1 h while shaking at room temperature. Following this the detection antibody was 

washed 5 times with washing buffer for removal of excess detection antibodies. After washing, avidin-HRP 

was added to bind with detection antibodies and incubated for 30 min while shaking at room temperature. 

After the incubation, avidin-HRP was washed 5 times with washing buffer and was washed 1 time with Milli-

Q water to remove the excess avidin-HRP. TMB substrate solution was added into each well and incubated 



for 15-20 mins in the dark in a 5% CO2 incubator. A blue color developed and this color was proportional to 

the amount of protein or antigen in the standard and samples. Finally, a stop solution (2 N H2SO4) was added 

to measure the absorbance at a wavelength of 450 nm by using a microplate reader (SpectraMax M3 

microplate reader, USA). 

 

2.7. Cellular response of macrophage cells to encapsulated cells  

Encapsulated and non-encapsulated Jurkat T-cells at a concentration of 1x105 cells per well in a volume 100 

µl were seeded into 96-well pate and were incubated for 5 and 24 h in a 5% CO2 incubator at 37 ºC. The 

supernatant of non-encapsulated and encapsulated Jurkat T-cells were collected after culturing for 5 and 24 h. 

The cytokine releases of IL-6, TNF-α, IL-1β, and IL-2 analysis of encapsulated Jurkat T-cells were 

investigated by ELISA.   

     Co-culturing of THP-1 macrophage and Jurkat T-cells were prepared by seeding 5x104 cells of THP-1 

macrophage into a 24-well plate (at a volume of 200 μl/well).  Then cells were cultured at 37oC overnight in a 

humidified atmosphere incubator containing a 5% CO2. Next, the 5x104 cells of Jurkat T-cells encapsulated 

with PAH/PSS, and PAH/PSS-GNRs, and non-encapsulated Jurkat T-cells were added into a 24 well plate (at 

a volume of 200μl) containing THP-1 macrophage cells and then co-cultured for 24 h. The supernatant was 

kept for cytokine release measurement of IL-6, IL-2, TNF-α and IL-1β   by using ELISA assay. 

 

2.8. Preservation of encapsulated cells 

2.8.1 Freezing of encapsulated Jurkat T-cells  

GNR-PSS/PAH@Jurkat cells, PAH@Jurkat cells,  GNR-PSS/PAH@Jurkat cells  were frozen in a freezing 

medium and were stored at -80oC (-80oC preservation) and in a liquid nitrogen tank (cryopreservation) to 

preserve cells for one week and one month respectively.         

 

2.8.2 Thawing of encapsulated Jurkat T-cells and cell viability measurement 

Preserved non-encapsulated and encapsulated Jurkat T-cells were thawed after storage for both one week and 

one month. A cryotube containing frozen cells was swirled in a 37oC water bath to thaw the cells. After 

thawing, a 1 ml of RPMI medium supplement with 10% FBS was added into the cryotube. The new media 

was added and the cell suspension was centrifuged. The supernatant was removed after centrifugation and the 



cell pellet was re-suspended in RPMI medium supplemented with 10% FBS. The cell viability was measured 

after sudden thawing and also after culturing for 24 h by using CellTiter-Glo®.    With regard to measuring the 

cell viability of encapsulated cells after culturing for 24 h, the thawed cells were re-suspended in a 200 µl of 

RPMI medium supplemented with 10% FBS and were then transferred into a 96-well plate. The encapsulated 

cells were cultured for 24 h at 37oC and 5% CO2 in an incubator. After 24 h, the encapsulated cells were 

centrifuged at 5,000 rpm for 5 min. The supernatant was removed after centrifugation and the same steps as 

mentioned above were performed to investigate cell viability.  

 

 

2.9. Cancer destruction by encapsulated golden cytotoxic T cells (PSS-GNR/PAH@Cytotoxic) 

2.9.1  Investigation of using encapsulated cells for cancer destruction  

Breast cancer cells (MCF-7 cells) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) plus 

Minimum Essential Medium (MEM) (DMEM: MEM = 1:1) supplemented with 10% of fetal bovine serum 

(FBS). The media were added to with 1% penicillin and streptomycin and cells were then incubated at 37oC in 

a 5% CO2 incubator. Peripheral blood lymphocyte cells (PBL) were cultured in Roswell Park Memorial 

Institute (RPMI) 1640 medium containing 1% penicillin/streptomycin and 10% human serum.The cells were 

also incubated in an incubator using the same conditions used for MCF-7 cells.      

   The observation of cancer destruction was done by co-culture encapsulated activated PBL cells with breast 

cancer cells (MCF-7 cells) and exposed to laser (635 nm and 750 nm) 500 mW for 10 min. The PSS-GNRs 

used in this experiment have maximum absorption at 635 nm (OD ~ 1.0) and 750 nm (OD ~ 1.0). First, MCF-

7 cells at concentration 1x103 cells in a volume 100 µl were seeded into a 96-well plate and incubated at 37oC 

in CO2 incubator overnight. After incubation, the old medium was removed. Thereafter, 4x104 cells in a 

volume 100 µl of encapsulated activated PBL cells were added into a 96-well plate containing MCF-7 cells. 

The MCF-7 cells and encapsulated activated PBL were co-cultured for 5 h. Then, cells were exposed to laser 

at 635 nm and 750 nm (500 mW) for 10 min. After exposure to laser, cells were co-cultured for 24 h. The 

PBL cells were removed and centrifuged to keep the supernatant for measuring cytotoxic molecules 

(granzyme B and perforin). After removed PBL cells, a 96-well plate containing MCF-7 cells was washed 3 

times with sterile PBS with Ca2+, Mg2+. A 100 µl of RPMI free human serum was added into a 96-well plate. 

The percent cancer destruction was measure by using CellTiter-Glo luminescent cell viability assay. 



2.10. Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 

ICP-MS is an analytical technique that is used to determine the element composition of a sample. The sample 

was ionized with inductively coupled plasma and the mass spectroscopy was used to separate and quantify 

those ions. This technique is precise and sensitive (14). In this section, ICP-MS was used to evaluate the 

amount of gold element that was absorbed on the cell surface. First, the 1x106 cells of encapsulated Jurkat T-

cells with PSS-GNRs and PAH/PSS-GNRs in a volume of 1 ml were prepared in a culture medium. Then, 

cells were centrifuged at 5,000 rpm for 5 min. The supernatant was removed and the pellet of cells was lysed 

by adding 250 µl of lysis buffer (10% tween). The lysis cells were sonicated for 30 min for destruction of the 

cell wall. The digest buffer was prepared by mixing 3 ml of 65% HCl and 1 ml of 6% H2O2. Then, cell 

samples were added to 4 ml of digest buffer and were incubated overnight under in dark condition in a 

chemical fume hood. 3 ml of aqua regia (3:1 of HCl: HNO3) was added to the cells and then the cells 

incubated for 2 h. Finally, the cell samples were diluted to 100 ml with Milli-Q water (sample solution 

contained 5% of aqua regia). Gold chloride in 5% aqua regia at the concentration of 0, 0.2, 0.5, 1.0, 2.0, 5.0, 

10.0, and 20.0 µg/L (ppb) was used as a standard solution. The cell samples were measured for the quantity of 

gold element by using ICP-MS. 

 

2.11. Statistical Analysis 

The experiment data were expressed as mean ± standard error (SE). The statistical significance was 

considered as a significance at 95% confidence by using one-way analysis of variance (ANOVA) following 

by Bonferroni’s multiple comparison test of GraphPad Prism® program. 
 

 

 

 

 

 

 

 



3. Results and Discussion 

3.1. PSS-GNRs  and polyeletrolyte characterization 

The morphology and size of PSS-GNRs were characterized by TEM as shown in Figure 2. The TEM 

micrographs show that PSS-GNRs were in a rod shape with an average length of ~66.91± 0.33 nm and width 

of ~36.66± 0.24 nm. 

 

 
 

Figure 2. TEM images of PSS-GNRs.  

The zeta potential of PSS-GNRs dispersed in MQ water was also determined. The result showed that the zeta 

potential value of PSS-GNRs was -24.8 mV. This indicates that anionic PSS molecules were coated on the 

surface of GNRs.  The zeta potential values were measured using dynamic light scattering (DLS). Zeta 

potential values of 0.05 mg/ml PAH and 0.1 mg/ml PSS dispersed in RPMI-1640 medium without FBS were 

+11.9±0.17 mV and -27.3±1.29 mV respectively.  These results were consistent with the study done by 

Pandey et al. (19). They determined the zeta potential values of PAH and PSS dispersed in 18 mM CaCl2. 

These results showed that the zeta potential values of PAH and PSS were +32.4 mV and -20.2 mV 

respectively. This could indicate that PAH is a cationic polymer and PSS is an anionic polymer. However, the 

zeta potential values of PAH and PSS in this work had different values from Pandey et al.(15). This might be 

due to different suspension mediums or different concentration of PAH and PSS.  

 



3.2. The confirmation of Jurkat T-cell encapsulation 

3.2.1. Zeta potential of encapsulated Jurkat cells 

The zeta potential values of encapsulated cells dispersed in RPMI-1640 medium without FBS were measured. 

The result showed that the value of zeta potential of non-encapsulated Jurkat cells (control) was -14.3±0.2 

mV. This negative value could have occurred from a phosphate group of phospholipids on cell membranes. 

The zeta potential of encapsulated Jurkat cells PAH@Jurkat cells was -9.7±0.2 mV. This result confirmed that 

Jurkat cells were encapsulated with a layer of PAH, because the zeta potential value was changed and 

provided more positive values on the cell surface.  The zeta potential of PSS@Jurkat cells was -14.6±0.4 mV 

and this value was similar to non-encapsulated Jurkat cells. This implies that Jurkat cells could not be 

encapsulated by PSS. With the two layers of encapsulation, the zeta potential of PSS/PAH@Jurkat cells was -

22.2±0.2 mV. This result showed that PSS/PAH@Jurkat cells showed more negative values when compared 

with Jurkat cells encapsulated with PAH alone. This could be confirmed that Jurkat cells were encapsulated 

with PAH and then PSS. In the case of  PSS-GNR/PAH@Jurkat cells, the zeta potential was around -11.3±0.4 

mV and this provided more negative values than PAH@Jurkat cells. This also indicates that PSS-GNRs were 

absorbed on the surface of a PAH layer of Jurkat cells.  

 

3.2.2. Fluorescent microscopy 

The encapsulation on the cell surface of Jurkat cells was also investigated by using fluorescent dyes 

conjugated with polyelectrolytes. To confirm the encapsulation of a PAH layer, Jurkat cells were encapsulated 

with PAH-FITC (PAH-FITC@Jurkat). After observing under a fluorescent microscope, the distribution of 

green fluorescent dye was found around the cell membrane (Figure 3D). This showed that Jurkat cells were 

encapsulated with PAH. Pandey et al. (15) also used a similar technique to confirm cell encapsulation. In 

contrast, the control cell (cells stained with FITC-dye; FITC@Jurkat) did not show any green fluorescent 

signal around the cell surface (Figure 3B). The transmission mode images of Jurkat cells coated with FITC 

dyes and PAH-FITC@Jurkat cells are shown in Figure3A and 3C respectively. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The microscopic image of polyelectrolyte encapsulated cells stained with PAH-FITC; Bright field 

of FITC@Jurkat (A) and PAH-FITC@Jurkat (C) and Fluorescent image of FITC@Jurkat (B) and PAH- 

FITC@Jurkat (D).   

 

To investigate whether PSS could form a layer on cells encapsulated with PAH, the PAH polyelectrolyte was 

conjugated with TRITC (a red fluorescent dye).  The results showed that red fluorescent signals were detected 

around the cell membrane of Jurkat T-cells encapsulated with PAH, PSS, and then PAH-TRITC (PAH-

TRITC/PSS/PAH@Jurkat;  Figure 4C, D). This implies that the second layer of PSS was formed on the cells 

and this second layer could bind PAH-TRITC resulting in red fluorescent signals staining around the cell 

surface. Similar to PAH-TRITC/PSS-GNRs/PAH@Jurkat cells, red fluorescent signals were detected around 

the cell surface (Figure 4E, F).  But, when Jurkat cells were encapsulated with PAH and then interacted with 

PAH-TRITC (PAH-TRITC/PAH@Jurkat), there was no detection of fluorescent signals (Figure 4A, B).   

 

 



 

Figure 4. The microscopic image of polyelectrolyte encapsulated cells stained with PAH- TRITC; Bright and  

fluorescent fields of PAH-TRITC/PAH@Jurkat (A and B), PAH-TRITC/PSS/PAH@Jurkat (C and D), and  

PAH-TRITC/PSS-GNRs/PAH@Jurkat (E and F).  

 

3.2.3. UV-vis spectrophotometer 

GNRs have 2 dimensions from their rod shape. When GNRs are irradiated with light at a specific wavelength, 

the collective electrons are oscillated along the gold surface. These oscillations are localized surface plasmon 

resonances (LSPR). The GNRs have two distinct plasmon bands; the first band is the longitudinal plasmon 

band (LPB) and the second band is the transverse plasmon band (TPB) (16-18). Therefore, the combination of 

GNRs on the layer of encapsulated cells should be beneficial for biomedical applications. The adsorption of 

PSS-GNRs on the cell surface of PSS-GNRs/PAH@Jurkat Jurkat was confirmed by measuring the absorption 

of GNRs. The absorption of encapsulated cells was measured by using a spectrophotometer. The wavelength 

was scanned in ranges of 400 – 1000 nm. The result showed that the absorption peak of PSS-GNRs was at 

528.5 nm and 583.5 nm respectively (Figure 5A). The absorption peak of PSS-GNRs/PAH@Jurkat has 

maximum peaks at wavelength 541.5 nm and 606 nm respectively (Figure 5B). This indicates that PSS-GNRs 

were attached on cells through the LBL technique used here.  



 

Figure 5. The light absorption spectra of PSS-GNRs (A) and of PSS-GNRs/PAH@Jurkat (B). 

 

3.2.4. SEM and TEM 

The surface morphology of cells was observed by a scanning electron microscope. As seen in Figure 6B, 

Encapsulated PSS-GNRs/PAH@Jurkat cells had a smooth surface that was covered with polyelectrolyte after 

encapsulation. A rough surface was detected in non-encapsulated cells (Figure 6A). Therefore, it can be 

confirmed that Jurkat  cells were completely encapsulated with PAH and then PSS-GNRs. 

 

 

Figure 6. The SEM images of non-encapsulated Jurkat cells (Magnification = 7,000x) (A) and encapsulated  

PSS-GNRs/PAH@Jurkat cells(Magnification = 5,000x) (B). 

 

 



Unlike SEM, the function of the TEM is based on transmitted electrons. Therefore, the sample used with TEM 

should be thinner than SEM. TEM technique has been used extensively to observe sections of cell samples 

(19). Here, the TEM technique was used to observe the localization of GNRs on the cell surface of PSS-

GNRs/PAH@Jurkat cells. The TEM image shows that GNRs were located on the outer cell membrane of 

encapsulated cells. This confirms that Juakat T-cells were encapsulated with PAH/PSS-GNRs as shown in 

Figure 7.     

 

 

Figure 7. TEM image of a Jurkat T-cell encapsulated with PAH/PSS-GNRs. 

 

3.2.5. ICP-MS 

The quantity of gold elements attaching on the cell was determined by ICP-MS. The results showed that the 

encapsulated with PAH/PSS-GNRs had gold elements of around 64.30 ± 7.7 µg/l. This was significantly 

different from the control sample (non-encapsulated cells) (Figure 8). From these results, it can be concluded 

that Jurkat cells were encapsulated with PAH and PSS-GNRs. In Jurkat T-cells encapsulated with PSS-GNRs 

alone, a small amount of gold element (1.81 ± 0.1 µg/l) was detected. 

 

 

 

 



 
Figure 8. The amount of gold element detected from PSS-GNRs@Jurkat and PSS- GNRs/PAH@Jurkat cells. 

The non-encapsulated cells were used as a control. *Significantly different from non-encapsulated cells 

(control) (p < 0.05). 

 

3.3 Cellular response of encapsulated Jurkat cells 

3.3.1 Cell viability of encapsulated Jurkat cells 

 

Encapsulated PAH@Jurkat, PSS/PAH@Jurkat,  and PSS-GNRs/PAH@Jurkat cells were cultured for 0 and 24 

h after encapsulation. Next, the viability of encapsulated cells was measured by using CellTiter-

Glo® luminescent viability assay. The non-encapsulated cells were used as control cells. As shown in Figure 

9A, PAH@Jurkat and PSS/PAH@Jurkat cells had a significant decrease in cell viability (p<0.05). Their cell 

viability was reduced to 94.44 ± 0.3% and 90.77 ± 1.24% respectively at 0 h. But, PSS-GNRs/PAH@Jurkat 

cells had no significant decrease in cell viability (96.73 ± 0.89%)  (p<0.05) when compared to control cells.   

The viability of encapsulated Jurkat T-cells after culturing for 24 h was also investigated. The results showed 

that a higher effect on cell viability after 24 h as shown in Figure 9B. The cell viabilities of PAH@Jurkat, 

PSS/PAH@Jurkat, and  PSS-GNRs/PAH@Jurkat cells after 24 h cultivation were 91.45 ± 0.6%, 85.26 ± 

0.7%, and 87.04 ± 0.5% respectively. The encapsulated cells had a significant decrease in cell viability 

(p<0.05) when compared to control cells. The PAH@Jurkat cells had the highest cell viability after culturing 

for 24 h. The cell viability results indicate that cells after encapsulation maintained the viability more than 

80%. This reflects the non-toxicity and biocompatibility of PAH or  PSS polyelectrolyte or PSS-GNRs.  



 

 

Figure 9. Cell viabilities of encapsulated PAH@Jurkat, PSS/PAH@Jurkat, and PSS-GNRs/PAH@Jurkat 

cells. The cell viability of cells after encapsulation for 0 h (A) and the cell viability of encapsulated Jurkat T-

cells after culturing for 24 h (B). The non-encapsulated cells were used as a control. *Significantly different 

from non-encapsulated cells (control) (p < 0.05). 

 

Many factors, such as the type of polyelectrolytes, the concentration of polyelectrolytes, and the thickness of 

polyelectrolyte shell, can affect cell viability of encapsulated cells. The polyelectrolyte shell should allow for 

nutrient diffusion and oxygen transport, which are important for cell viability (20-22).  The viability of 

encapsulated Jurkat T-cells was reported by Pandey et al. (15) demonstrated that the cell viability of Jurkat T-

cells encapsulated with PAH and PSS was significantly decreased but the percentage of cell viability was 

higher than 88% after culturing the encapsulated cells for 72 h. Similar to Diaspro et al., who encapsulated 

single living yeast cells with PAH and PSS polyelectrolytes and reported that encapsulated yeast cells could 



preserve their metabolic activities (23). Additionally, polyelectrolyte shells doped with metal nanoparticles 

and encapsulated to yeast cells was reported to be biocompatible and had no toxicity to  yeasts (24).  

 

3.3.2 Cell proliferation of encapsulated Jurkat cells 

PAH@Jurkat, PSS/PAH@Jurkat, and PSS-GNRs/PAH@Jurkat cells were cultured for 24, 48, and 72 h 

respectively. The proliferation of encapsulated cells was measured by the CellTiter 96® AQueous ONE 

Solution cell proliferation assay. All encapsulated Jurkat cells were able to proliferate after encapsulation and 

culturing for 24, 48, and 72 h respectively. The non-encapsulated cells had the highest ability to proliferate 

(Figure 10).  Granicka et al. (20) encapsulated islets within threefold PLL/PEI bilayers and cultured for 8 

days. They found that encapsulated cells were able to proliferate. But, the proliferation rate was two times 

lower than the control cell (non-encapsulated rat islets). In this work, the PSS/PAH@Jurkat, and PSS-

GNRs/PAH@Jurkat at 48 and 72 h respectively, still provided good proliferation rate. Therefore, it confirmed 

that the encapsulated cells could maintain cell metabolic activity after encapsulation. This may be due to a low 

toxicity of  polyelectrolytes used here resulting in less effect on cell function (15).  

 
Figure 10. Cell proliferation of encapsulated PAH@Jurkat, PSS/PAH@Jurkat, and PSS-GNRs/PAH@Jurkat 

cells. The non-encapsulated cells were used as a control. *Significantly different from non-encapsulated cells 

(control) (p < 0.05). 
 

 

 

 

 



3.3.3. Inflammatory cytokine release by encapsulated Jurkat cells 

TNF-α, IL-6, IL-1β, and IL-2 secretion are critical parameters used for indicating the inflammatory response 

of T-lymphocyte cells (25). Therefore, the inflammatory responses of encapsulated PAH@Jurkat, 

PSS/PAH@Jurkat, and PSS-GNRs/PAH@Jurkat cells after culturing for 5 and 24 h were determined by 

ELISA. In Figure 11, the results showed that there were no significant inductions of TNF-α, IL-1β, and IL-2 

of all encapsulated Jurkat cells cultured for 5 and 24 h (p < 0.05). The secretion of TNF-α of PAH@Jurkat 

cells (2.50 pg/ml TNF-α), PSS/PAH@Jurkat cells (2.74 pg/ml TNF-α ), and PSS-GNRs/PAH@Jurkat cells 

(2.74 pg/ml TNF-α) at 24 h was higher than PAH@Jurkat cells (0.83 pg/ml TNF-α), PSS/PAH@Jurkat cells 

(0.86 pg/ml TNF-α), and PSS-GNRs/PAH@Jurkat cells (1.54 pg/ml TNF-α) at 5 h. The secretions of IL-1β 

from  non-encapsulated cells and PAH@Jurkat, PSS/PAH@Jurkat, and PSS-GNRs/PAH@Jurkat cells at 5 h 

were 4.36 pg/ml, 4.26 pg/ml, 4.25 pg/ml, and 4.17 pg/ml respectively and at 24 h were 4.28 pg/ml, 4.05 

pg/ml, 4.14 pg/ml, and 4.16 pg/ml respectively. In the case of IL-1β,   the secretions of IL-1β of encapsulated 

cells at 5 and 24 h were similar to the control (non-encapsulated cell). The secretion of IL-2 at 5 h from 

PAH@Jurkat cells (1.52 pg/ml IL-2), PSS/PAH@Jurkat cells (2.28 pg/ml IL-2), and PSS-GNRs/PAH@Jurkat 

cells (1.54 pg/ml IL-2) was less than non-encapsulated cells (2.31 pg/ml IL-2). At 24 h, the secretion of IL-2 

by non-encapsulated cells was 2.65 pg/ml and of cells encapsulated with PAH@Jurkat cells, 

PSS/PAH@Jurkat cells, and PSS-GNRs/PAH@Jurkat cells were 1.59 pg/ml, 1.92 pg/ml, and 1.31 pg/ml 

respectively. However, the IL-6 secretion of encapsulated cells showed a significant induction when compared 

with non-encapsulated cells (p < 0.05). The secretions of IL-6 by non-encapsulated cells at 5 and 24 h were 

0.12, 0.40 pg/ml respectively. But at 5 h, PAH@Jurkat, PSS/PAH@Jurkat, and PSS-GNRs/PAH@Jurkat cells 

secreted IL-6 at  2.62 pg/ml, 3.56 pg/ml, and 4.24 pg/ml respectively. An increase of IL-6 levels at 24 h was 

also found. The IL-6 levels of PAH@Jurkat, PSS/PAH@Jurkat, and PSS-GNRs/PAH@Jurkat cells were 2.72 

pg/ml, 4.94 pg/ml, and 5.11 pg/ml respectively. These results showed that the encapsulated cells at 5 and 24 h 

had more secretions of IL-6 than non-encapsulated cells around 20 -fold. Therefore, the encapsulated cells 

were induced to secrete IL-6, which is another important cytokine in acute and chronic inflammation (26).  

 

 

 

 

 



 

 
 

Figure 11. The cytokine production of encapsulated Juakat cells cultured for 5 and 24 h; TNF-α (A), IL-6 

(B), IL-1β (C), and IL-2 (D). The inflammatory cytokine secretion was determined by ELISA. The non-

encapsulated cells were used as a control. *Significantly different from control (p < 0.05).  

 

Many chemicals such as concavalin A (CON A) (27) and phorbol-12-myristate-13-acetate 

(PMA)/phytohemagglutin (PHA) (28) can induce various cytokine productions (e.g. TNF-α , (27, 28), IL-6 

(27, 28), and IL-2 (27, 28) in Jurkat cells. These chemical treatments were commonly used as a positive 

control group for inflammatory response induction. In this study, PMA was used as a positive control. The 



Jurkat cells were treated with PMA to confirm secretion of IL-6 after encapsulation. The non-encapsulated 

Jurkat cells and PSS/PAH@Jurkat cells were treated with 100 ng/ml of PMA. The secretion of IL-6 was 

measured as shown in Figure 12. The results showed that Jurkat cells and PSS-GNRs/PAH@Jurkat cells had a 

significant increase of IL-6 compared with the control (non-treated Jurkat cells). The IL-6 secretion of PSS-

GNRs/PAH@Jurkat cells treated with PMA was lower than non-encapsulated Jurkat cells treated with PMA. 

Therefore, the PSS-GNRs/PAH@Jurkat cells could induce secretion of IL-6, but at a lower level than that of 

non-encapsulated cells. This implies that an encapsulating layer could help protect cells from PMA.  
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Figure 12. The IL-6 cytokine production of non-encapsulated and encapsulated PSS-GNRs/PAH@Jurkat 

cells and treated with 100 ng/ml of PMA for 24 h. The inflammatory cytokine secretion was determined by 

ELISA. *Significantly different from control (non-treated Jurkat T-cells with PMA) (p < 0.05). 

 

3.3.4. Inflammatory cytokine releases from co-culturing macrophage THP-1 cells with encapsulated Jurkat T-

cells 

Macrophage cells are important cells in the immune system that respond to an infection or an accumulation of 

damaged or dead cells. They also play an important anti-inflammatory role by releasing pro-inflammation 

cytokines such as TNF-α, IL-1, IL-6, IL-8, and IL-12 (29, 30). In this section, encapsulated 

PSS/PAH@Jurkat, PSS-GNRs/PAH@Jurkat, and non-encapsulated Jurkat T-cells were co-cultured with 

macrophage cells for 24 h. The cellular response in the co-culturing system was observed as to the amount of 



released cytokines. The cytokine release of co-culturing cells was measured by ELISA assay. The results 

showed that there was no significant increase in secretions of IL-6, IL-1β, and IL-2 of co-cultured cells 

compared with macrophage cells cultured alone (p<0.05). The secretion of IL-6 from macrophage cells that 

were cultured alone (13.87 pg/ml IL-6) was similar to macrophage cells co-cultured with non-encapsulated 

cells (16.34 pg/ml IL-6), PSS/PAH@Jurkat cells (14.86 pg/ml IL-6), and PSS-GNRs/PAH@Jurkat cells 

(15.76 pg/ml IL-6). The secretion of TNF-α was significantly increased only when macrophage cells were co-

cultured with non-encapsulated Jurkat T-cells (p<0.05) as shown in Figure 13. The secretions of TNF-α from 

macrophage cells co-cultured with PSS/PAH@Jurkat cells and PSS-GNRs/PAH@Jurkat cells were 28.18 

pg/ml and 25.56 pg/ml respectively. These amounts were similar to macrophage cells cultured alone (26.81 

pg/ml). The secretion of TNF-α from macrophage cells co-cultured with non-encapsulated Jurkat T-cells was 

38.21 pg/ml, which was higher than TNF-α from macrophage cells cultured alone around 1.43-fold. With 

these results, it can be concluded that polyelectrolytes encapsulating on the cell surface could prevent an 

interaction between Jurkat T cells and macrophage cells. In the case of IL-1β production, the IL-1β at a 

concentration of 4.29 pg/ml was detected in macrophage cells co-cultured with non-encapsulated Jurkat T-

cells. And, the IL-1 β at 4.31 pg/ml was found in macrophage cells co-cultured with PSS/PAH@Jurkat cells. 

Macrophage cells co-cultured with PSS-GNRs/PAH@Jurkat cells released IL-1β at 4.26 pg/ml. All of these 

amounts were closed to macrophage cells cultured alone (4.33 pg/ml). The release of IL-1β was comparable 

with IL-2. The IL-2 induction in macrophage cells co-cultured with non-encapsulated Jurkat cells (2.13 pg/ml) 

was a bit higher than ones that co-cultured with PSS/PAH@Jurkat cells (1.74 pg/ml) and PSS-

GNRs/PAH@Jurkat cells (1.79 pg/ml). But, these levels were not significantly different. Thus, it could be 

summarized that the encapsulation of Jurkat T-cells with polyelectrolytes and polyelectrolyte-coated GNRs 

did not induce the macrophage cells to produce substantial inflammatory cytokines. 

 

 

 

 

 

 

 

 



 

Figure 13. The cytokine production of macrophage THP-1 cells co-culture with encapsulated Juakat T-cells 

for 24 h; TNF-α (A), IL-6 (B), IL-1β (C), and IL-2 (D). The inflammatory cytokine secretion was determined 

by ELISA. *Significantly different from control (non-co culture macrophage cells) (p < 0.05). 

 

3.3.5. Cell viability of co-culture macrophage THP-1 cells with encapsulated Jurkat cells 

The non-encapsulated Jurkat cells and encapsulated Jurkat cells were co-cultured with macrophage THP-1 

cells for 24 h. The cell viability of macrophage and Jurkat cells was measured by the Cell Titer-Glo® assay 

after co-culturing (Figure 14). The results showed that the cell viability of macrophage cells that co-cultured 

with non-encapsulated Jurkat cells (80.35 ± 0.74%), PSS/PAH@Jurkat cells (78.49 ± 0.66%) and GNRs 

PSS/PAH@Jurkat cells (86.52 ± 1.06%) had a significant decrease in cell viability compared with 

macrophage THP-1 cells cultured a lone. The Jurkat cells might secrete some substances to inhibit the growth 

of macrophage cells.   
 

 

 



 

Figure 14. The cell viability of macrophage THP-1 cells and encapsulated Jurkat T-cells that co-cultured 

together for 24 h. The non-co-culturing cells of macrophage and Jurkat T-cells were used as a control. 

*Significantly different from control (non-co-culture cells) (p < 0.05). 

 

3.3.6. Preservation of encapsulated cells and cell viability 

To study the impact of temperature and storage environment, Jurkat cells encapsulated with PAH 

(PAH@Jurkat), PSS/PAH (PSS/PAH@Jurkat, and PSS-GNRs/PAH (PSS-GNRs/PAH@Jurkat) were frozen 

and stored in a -80oC deep freezer  and in a liquid nitrogen (N2)  tank for one week and one month. Cells were 

measured their cell viability using CellTiter-Glo® luminescent viability assay after storage. Stored cells were 

measured viability at 0 h (immediately after thawing) and 24 h (culturing for 24 h after thawing). The results 

showed that the percentages of cell viability of all encapsulated cells at 0 h and 24 h after storage at two 

different storage conditions mentioned previously for one week and one month were higher than 80%. It was 

reported that the percentage of cell viability at > 80% can be considered as non-cytotoxicity (31). Therefore, 

these results also indicate that our encapsulation technique could support cell viability of frozen and preserved 

encapsulated cells.  
 

 



 

Figure 15. Cell viability of -80 oC preserved and cryopreserved encapsulated Jurkat cells for one week and 

one month at 0 h and  24 h (A).  Non-encapsulated Jurkat cells were prepared as control cells (B). *Significant 

reduction of cell viability detected in  different encapsulated Jurkat cells  compared with non-encapsulated 

Jurkat cells. 
  

 3.3.7. Cancer destruction by encapsulated encapsukated cytotoxic T cells (PSS-GNRs/PAH@CT) 

Besides Jurkat cells that used as the first model cells of this study, cytotoxic T-cells could also be 

encapsulated within  layers of polyelectrolytes and GNRs.  As mentioned previously, cytotoxic T-cells can 

destroy cancer cells. Thus, to investigate whether encapsulated cytotoxic T-cells could destroy cancer cells or 

not, different forms of encapsulated cytotoxic T-cells were co-cultured with MCF-7 cells for 24 h. the co-



culture with and without laser exposure was performed. The cell viabilities and the releases of toxic granules 

are shown in Table 1.  

Table1. Cell viability of MCF- 7 cells  and the releases of toxic molecules from different forms and treatment 

of cytotoxic T cells. 
Treatment Cell viability (%) Granzyme  release 

(pg/ml) 

Perforin release 

(pg/ml) 

MCF-7 cells 100 2.7 ± 0.54 4.71 ± 0.63 

MCF-7 cells + a 635 nm laser exposure  91.92 ± 0.38 0.8 ± 0.17 4.53 ± 0.82 

MCF-7 cells + a 750 nm laser exposure 90.75 ± 0.62 1.1 ± 0.36 4.46 ± 0.81 

MCF-7 cells + CT 79.12 ± 0.58 405.1 ± 2.94 200.07 ± 3.64 

MCF-7 cells + PSS-GNRs/PAH@CT (short GNRs)  79.97 ± 0.79 379.4 ± 6.61 178.19 ± 3.94 

MCF-7 cells + PSS-GNRs/PAH@CT (short GNRs) 

+ a 635 nm laser exposure 

66.49 ± 1.02 364.1 ± 9.79 163.05 ± 2.60 

MCF-7 cells + PSS-GNRs/PAH@CT (long GNRs) 75.29 ± 0.79 389.8 ± 3.56 188.54 ± 5.78 

MCF-7 cells + PSS-GNRs/PAH@CT (long GNRs) 

+ a 750 nm laser exposure 

64.59 ± 0.67 345.4 ± 3.56 149.35 ± 6.03 

MCF-7 cells + CT-anti HER2 antibody 66.27 ± 1.67 562.1 ± 10.66 258.25 ± 12.20 

MCF-7 cells + PSS-GNRs/PAH@CT- anti HER2 

antibody (short GNRs) 

68.89 ± 1.77 556.3 ± 10.91 253.08 ± 19.80 

MCF-7 cells + PSS-GNRs/PAH@CT- anti HER2 

antibody (short GNRs) + a 635 nm laser exposure 

58.75 ± 1.86 492.5 ± 5.94 191.83 ± 5.28 

MCF-7 cells + PSS-GNRs/PAH@CT- anti HER2 

antibody (long GNRs) 

67.02 ± 1.81 531.5 ± 9.44 219.04 ± 4.84 

MCF-7 cells + PSS-GNRs/PAH@CT- anti HER2 

antibody (long GNRs) + a 750 nm laser exposure 

55.68 ± 1.30 515.2 ± 5.50 205.37 ± 5.75 

 



From the results shown in Table. 1, it indicates that PSS-GNRs/PAH@CT- anti HER2 antibody had the 

highest potential to destroy breast cancer cells. There were 2 sizes of PSS-GNRs used to encapsulate CT cells 

as an outer layer in this study, which were a short rod and a long rod. It showed that PSS-GNRs/PAH@CT- 

anti HER2 antibody (long GNRs) could kill a bit more number of breast cancer cells (% cell viability of MCF-

7 =  55.68 ± 1.30%) than that of MCF-7 cells + PSS-GNRs/PAH@CT- anti HER2 antibody (short GNRs) (% 

cell viability of MCF-7 = 58.75 ± 1.86%) after laser irradiation.  The encapsulated CT cells were able to 

release toxic molecules granzyme and perforin. It seems that the amount of both cytotoxic molecules from 

irradiated  PSS-GNRs/PAH@CT- anti HER2 antibody decreased after laser irradiation. The reason for this is 

unclear but the reduction of these cytotoxic molecules might be loss during interaction with breast cancer 

cells.  Overall results it showed that the encapsulated CT cells with polyelectrolytes and GNRs provide a high 

possibility to be used for breast cancer destruction.  The death cells of MCF-7 could occur from both the heat 

from PSS-GNRs and the direct release of cytotoxic molecules to target MCF-7 cells.   

 

 

4. Conclusions 

Jurkat T-cells were successfully encapsulated with PAH/PSS  or PAH/PSS-GNRs. The encapsulated cells 

could maintain their activities after preservation at -80 oC or cryopreservation. When applied the similar 

encapsulation approach to CT cells. PSS-GNRs/PAH@CT- anti HER2 antibody demonstrated a promising 

potential to destroy the model breast cancer cells. This study provides a new promising approach to be used 

for cancer destruction. 
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Abstract Currently, human T cell therapy is of consider-

able scientific interest. In addition, cell encapsulation has

become an attractive approach in biomedical applications.

Here, we propose an innovative technique of single-cell

encapsulation of human T cells using polyelectrolytes

combined with gold nanorods. We have demonstrated

encapsulation of human Jurkat T cells with poly(sodium

4-styrenesulfonate) (PSS)-coated gold nanorods (PSS-

GNRs). Other forms of encapsulation, using polyelec-

trolytes without GNRs, were also performed. After Jurkat T

cells were encapsulated with poly(allylamine hydrochlo-

ride) (PAH) and/or PSS-GNRs or PSS, most cells survived

and could proliferate. Jurkat T cells encapsulated with a

double layer of PSS-GNR/PAH (PSS-GNR/PAH@Jurkat)

showed the highest rate of cell proliferation when com-

pared to 24-h encapsulated cells. With the exception of IL-

6, no significant induction of inflammatory cytokines (IL-2,

IL-1b, and TNF-a) was observed. Interestingly, when

encapsulated cells were co-cultured with THP-1 macro-

phages, co-cultures exhibited TNF-a production enhance-

ment. However, the co-culture of THP-1 macrophage and

PSS-GNR/PAH@Jurkat or PSS/PAH@Jurkat did not

enhance TNF-a production. No significant inductions of

IL-2, IL-1b, and IL-6 were detected. These data provide

promising results, demonstrating the potential use of

encapsulated PSS-GNR/PAH@Jurkat to provide a more

inert T cell population for immunotherapy application and

other biomedical applications.

Keywords Cell encapsulation � Polyelectrolytes � Gold
nanorods � Biological activity � Human T cell therapy

Introduction

The transplantation of cells or tissues has been applied for

treating various human diseases (Bhatia et al. 2005).

Unfortunately, when using this technique, transplanted

cells can be rejected by the immune system of the body.

Immunosuppressant drugs are applied to solve this prob-

lem, but these drugs can cause many complications (Ulu-

dag et al. 2000). The encapsulation of cells has been

developed to avoid immune rejection in cell/tissue trans-

plantation. Furthermore, this technique can be used for

other applications such as controlled delivery (Orive et al.

2014), regenerative medicine (Hunt and Grover 2010), and

drug delivery (Gurruchaga et al. 2015). There are many

approaches that have been used to encapsulate cells, such

as, using alginate-poly cationic poly(L-lysine) (PLL)

(Uludag et al. 2000), interfacial precipitation (Ai et al.

2003), and coacervation techniques (Kampf 2002). The

layer-by-layer (LBL) technique is another attractive

approach that can be used for cell encapsulation. This

technique provides a well-defined surface, gentle condi-

tions, nanoscale precision, and tuneable multilayer con-

struction (Ai et al. 2003; Franz et al. 2010). Various types
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of mammalian cells, such as, human adipose mesenchymal

stem cells (Granicka et al. 2014; Hachim et al. 2013), islet

cells (de Vos et al. 2014), lymphocytes (Granicka et al.

2014), and human leukemia cells (Borkowska et al. 2014)

have been encapsulated using this technique. The LBL

encapsulation technique can also be applied for yeasts,

fungi, and bacteria (Franz et al. 2010; Diaspro et al. 2002;

Fakhrullin et al. 2009).

Human T lymphocytes play an important role in the

immune system and have been used in immunotherapy

(Juan et al. 2009; Zhao et al. 2016). Unfortunately,

T lymphocytes from a donor can be activated or interact

with cells in the immune system of a recipient, leading to

adverse effects (Roncarolo and Battaglia 2007). Therefore,

cell encapsulation of T lymphocytes might help mitigate

this problem and increase the efficiency of immunotherapy

in many diseases. Recently, gold nanorods (GNRs) have

attracted growing interest in biological/biomedical appli-

cations. It is known that the surfaces of gold nanorods

(GNRs) can be modified with polyelectrolytes through the

LBL technique (Pissuwan et al. 2013; Pissuwan and Nii-

dome 2015). This modification can reduce the toxicity of

the cationic surfactant (cetyltrimethylammonium bromide;

CTAB) that is commonly used to stabilize the surface of

GNRs. Because of the excellent optical properties of

GNRs, the combination of surface-modified GNRs, with

LBL cell encapsulation, should provide substantial bene-

fits. For example, GNRs allow for the use of a variety of

characterization techniques including transmission and

scanning electron microscopy, Raman spectroscopy,

inductively coupled plasma mass spectrometry (ICP-MS),

and spectroscopy. Furthermore, GNRs can be conjugated

with various biological/chemical molecules. Therefore,

rather than encapsulating cells with polymers alone, the

deposition of GNRs on the surface layer of polymer-en-

capsulated cells can provide additional benefits. Firstly, the

encapsulated cells that have GNRs fabricated on the layer

of cells are able to be easily detected, or tracked, without

being faced with photobleaching issues. Next, GNRs pro-

vide a high potential for a controlled release application.

They can help control release of embedded therapeutic

molecules after irradiating under a specific light exposure

at tissue window wavelengths leading to heat energy build-

up to break the capsule wall. In this work, PSS-coated gold

nanorods (PSS-GNRs) were used. These types of GNRs are

biocompatible and easy to conjugate with various biolog-

ical molecules. Finally, the encapsulated T lymphocytes

designed for therapeutic or diagnostic purposes can be used

to target specific cells.

However, careful consideration is required before

designing cells encapsulated with polyelectrolyte-coated

gold nanorods for the applications mentioned above. It is

necessary to investigate the biological responses of cells

after encapsulation. Therefore, the effect of combined

encapsulation with polyelectrolytes and GNRs has been

assessed to clarify the impact of the coating layer on the

cell surface. Furthermore, the downstream effects of this

technique on other cell types such as macrophages should

be assessed using a co-culture system. For these reasons,

we aimed to encapsulate human Jurkat T cells using the

LBL technique. These cells acted as a template for

encapsulating two polyelectrolytes: poly(sodium 4-styre-

nesulfonate) (PSS) and poly(allylamine hydrochloride)

(PAH). The final layer on the encapsulated cells consisted

of GNRs coated with PSS (PSS-GNRs). A characteriza-

tion of encapsulated human Jurkat T cells was performed.

To our knowledge, there are only a few reports regarding

the encapsulation of T lymphocytes (Pandey et al. 2013)

and no reports using GNRs to encapsulate T lymphocytes.

We examined the biological responses of encapsulated

cells. To examine the host response to encapsulated

human Jurkat T cells, a co-culture system of human

macrophages and encapsulated cells was also utilized.

Our proposed model of cell encapsulation and information

on biological cellular responses demonstrates the possi-

bility of applying this technique for future biomedical

applications.

Materials and methods

Preparation of poly(styrene sulfonate)-coated gold

nanorods

Commercial GNRs (* 40 nm in width and * 68 nm in

length) were purchased from NanopartzTM, Loveland,

USA. The preparation of PSS-GNRs was performed by

slightly modifying a previously published procedure (Pis-

suwan et al. 2013). First, PSS-GNRs were prepared by

mixing 600 lL GNRs with 300 lL PSS (MW = 70,000 at a

concentration of 2 mg mL-1 dissolved in 0.5 mM NaCl;

Sigma Aldrich, Louis, USA) and the mixture was shaken

for 30 min on a shaker at room temperature. Following

this, the mixture of PSS and GNRs was centrifuged at

93919g for 10 min. Next, the pellet of PSS-GNRs was

dispersed in Milli-Q water for use in further experiments.

The morphology of the GNRs was examined by trans-

mission electron microscopy (TEM).

Cell culture

Human Jurkat T cells (ATCC) and THP-1 macrophages

were cultured in Roswell Park Memorial Institute (RPMI)

1640 medium supplemented with 10% fetal bovine serum

(FBS) plus 1% penicillin/streptomycin. Cells were main-

tained at 37 �C in a 5% CO2 incubator.
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Cell encapsulation preparation

PAH (MW = 15,000; Sigma Aldrich, Louis, USA) was

dissolved in 18 mM CaCl2 to have a stock concentration of

2 mg mL-1. Jurkat T cells at a concentration of

1 9 106 cells mL-1 (in RPMI-1640 medium without FBS)

were incubated with 0.05 mg mL-1 PAH (diluted from the

stock solution using FBS-free RPMI-1640 medium) on a

shaker for 5 min at room temperature. Thereafter, the free

PAH was removed by centrifugation (6500 rpm, 5 min).

The cells coated with PAH were named here as PAH@-

Jurkat cells. PAH@Jurkat cells were then incubated with

0.1 mg mL-1 PSS (dissolved in FBS-free RPMI-1640

medium) on a shaker for 10 min at room temperature.

Next, the same process mentioned above was used to

remove free PSS. To prepare Jurkat cells coated with PSS-

GNRs (PSS-GNR/PAH@Jurkat cells), PAH@Jurkat cells

were firstly prepared and then a 150 lL of FBS-free RPMI-

1640 medium was added into cells. Following this step,

50 lL PSS-GNRs (OD604nm * 0.6) was added into the

cell mixture and incubated on a shaker for 15 min at room

temperature. Next, cells were centrifuged to remove free

PSS-GNRs. Finally, PAH@Jurkat and PSS-GNR/PAH@-

Jurkat cells were suspended in RPMI-1640 medium plus

10% FBS for use in further experiments.

Cell encapsulation characterization

The successful encapsulation of Jurkat T cells was con-

firmed using various techniques.

Fluorescence observation

Fluorescein isothiocyanate (FITC) and tetramethylrho-

damine isothiocyanate (TRITC) dyes (Sigma Aldrich,

Louis, USA) were conjugated with PAH by following the

protocol published by Winky et al. (2003). The conjugation

of PAH to FITC (PAH–FITC) or TRITC (PAH–TRITC)

was prepared by dissolving 2 mg FITC or TRITC dye in

250 lL dimethylsulphoxide (DMSO). The PAH solution

was prepared by dissolving 250 mg PAH in 3 mL Milli-Q

water. The pH of the PAH solution was adjusted to 8.0–8.5

using 1 M NaOH. The conjugation of PAH to FITC or

TRITC dye was performed by mixing the prepared FITC or

TRITC solution (250 lL) with 3 mL PAH solution (Winky

et al. 2003). The mixture was then incubated overnight at

room temperature in the dark. After incubation, the mixture

was dialyzed to remove free dye molecules of FITC or

TRITC by a 3.5 kDa molecular weight cut off membrane

(Cellu Sep H1, Texas, USA). Finally, the conjugated PAH

to dye molecules was lyophilized by a freeze dryer. Stan-

dards of PAH solution at different concentrations were

prepared to measure the optical density at 212 nm. This

standard was used to calculate the amount of PAH in PAH-

dye conjugates.

To confirm the encapsulation of Jurkat T cells into a

PAH layer (PAH@Jurkat), unencapsulated Jurkat T cells

(1 9 106) cells were added into a cell culture dish coated

with 0.01% poly-L-lysine (PLL). Cells were then incubated

in a cell incubator for 1 h and washed once with FBS-free

RPMI 1640 medium. After washing, 500 lL PAH-FITC

conjugates (containing 0.05 mg mL-1 PAH) were added

into a dish and incubated in the dark for 5 min at 37 �C.
Thereafter, the solution of PAH-FITC conjugates was

removed. Next, the cells attached to the dish were washed

twice with FBS-free RPMI-1640. In the cell fixation pro-

cess, the cells attached onto the dish were fixed with 3%

paraformaldehyde in PBS for 15 min at 4 �C and washed 2

times with cold PBS. Then, cold PBS was added. A green

fluorescent signal was observed under the fluorescence

microscope. To confirm whether the double layers of

polyelectrolytes formed on the surface of encapsulated

Jurkat cells (PSS/PAH@Jurkat cells), the preparation of

Jurkat cells was prepared as mentioned above. For the

process of encapsulation, cells were first encapsulated with

0.05 mg mL-1 PAH and then washed. After this, cells

were encapsulated with 0.1 mg mL-1 PSS for 10 min at

37 �C. Thereafter, the PSS/PAH@Jurkat cells were washed

and stained with 500 lL PAH–TRITC conjugates (con-

taining 0.05 mg mL-1 PAH) under dark conditions for

5 min at 37 �C. Then, cells were washed and observed

under a fluorescent microscope. All washing and encap-

sulating processes were performed using the same

approach mentioned earlier. The confirmation of PSS-

GNR/PAH@Jurkat cell preparation was performed using a

similar process to that described for PSS/PAH@Jurkat

cells. Cells stained with fluorescent dyes (* 5 lg mL-1

for 5 min) alone were also prepared as a control sample.

Transmission electron microscopy (TEM)

PSS-GNR/PAH@Jurkat cells were fixed with 2.5% glu-

taraldehyde (in 0.1 M sodium cacodylate buffer (SCB)

pH7.4 overnight). The post-fixation was performed by

fixing encapsulated and unencapsulated cells with 1.0%

osmium tetroxide (OsO4) for 4 h at room temperature.

Thereafter, the cell samples were dehydrated in 30, 50, 70,

80, and 90% ethanol, respectively. This process was per-

formed twice (15 min soaking time at each concentration

of ethanol). After this, cells were soaked in 100% ethanol 4

times for 15 min each time. Following dehydration, cells

were embedded in araldite resin and cell samples were cut

to a thickness of 90 nm and stained with 2% uranyl acetate

followed by lead citrate. The samples were then observed

under TEM at 80 kV (FEI Morgagni 268D, Netherlands).

Unencapsulated cells were prepared as a control. To

Appl Nanosci (2017) 7:667–679 669

123



observe the morphology of PSS-GNRs, a solution con-

taining PSS-GNRs was dropped on a copper grid. The

sample was dried and then observed under TEM.

Scanning electron microscope (SEM)

Encapsulated and unencapsulated cells were pre-fixed with

2.5% glutaraldehyde overnight. Following this, cells were

fixed with 1% OsO4 for 1 h for post-fixation. Next, cells

were consequently dehydrated by soaking in 50, 60, 70, 80,

90, and 100% ethanol for 15 min (Heckman et al. 2007).

The critical point drying (CPD) approach was used to

dehydrate biological tissues before examination by SEM.

This CPD technique can help avoid damaging the surface

structure of cell samples. First, cell samples were dehy-

drated in ethanol. After dehydration, cell samples were

then placed into a CPD chamber. Then, the chamber was

sealed and cooled down to -10 �C. Next, the temperature

was adjusted to 40 �C and the pressure was slowly

increased to 80–120 kgf cm-2. This condition is a CO2

critical point. It is important to carefully monitor the

temperature and the pressure to avoid sample damage. The

samples were removed from the chamber when the pres-

sure dropped to 0 kgf cm-2. Finally, the cell samples were

observed under SEM (Bray 2000).

Zeta potential measurement

Encapsulated cells (PAH@Jurkat cells, PSS@Jurkat cells,

PSS/PAH@Jurkat cells, and PSS-GNR/PAH@Jurkat cells)

at a concentration of 1 9 106 cells mL-1 were dispersed in

FBS-free RPMI-1640 medium. Zeta potential values of

encapsulated and unencapsulated Jurkat T cells and PSS-

GNRs were determined by DLS (Malvern, Worcester, UK).

Gold element analysis by ICP-MS

Encapsulated and unencapsulated Jurkat T cells at a con-

centration of 1 9 106 cells per tube were lysed using

250 lL lysis buffer [10% tween-20 dissolved in phosphate

buffer saline (PBS)]. Cells were sonicated for 30 min to

destroy the cell membrane. After sonication, cells were

digested in a digest buffer (3 mL 65% HCl mixed with

1 mL 6% H2O2) with overnight incubation in the dark

inside a fume hood. The aqua regia (a 3:1 ratio of HCl to

HNO3) was prepared. Thereafter, 3 mL aqua regia was

added into cell samples and incubated for 2 h (Kim et al.

2010). Finally, the cell samples were adjusted to a volume

of 100 mL using Milli-Q water. The final concentration of

aqua regia in the sample was 5% of the total volume of the

sample. A standard gold chloride solution (containing 5%

aqua regia) at concentrations of 0, 0.2, 0.5, 1.0, 2.0, 5.0,

10.0, and 20.0 lg L-1 (ppb) was prepared.

Cell viability

Different types of encapsulated Jurkat T cells at a con-

centration of 1 9 105 cells per well were added into a

96-well plate. Then, encapsulated cells were cultured for

24 h in a 5% CO2 incubator. The cell viability of encap-

sulated cells was directly determined using a CellTiter-Glo

luminescent cell viability assay (Promega, Madison, USA).

The measurement was performed following the manufac-

turer’s instructions. The luminescent signals were detected

and used for calculation of the relative cell viability (%)

expressed as a percentage relative to unencapsulated cells.

The cell viability of Jurkat T cells after encapsulation was

also measured immediately.

Cell proliferation

Different encapsulated cells were seeded into a 96-well plate

(at a concentration of 1 9 104 cells per well). Cells were

incubated in a cell incubator for 24, 48, and 72 h, respec-

tively. Following the incubation, a CellTiter 96 AQueous

one solution cell proliferation assay (Promega, Madison,

USA) (20 lL) was used to detect cell proliferation. This

process was performed following the manufacturer instruc-

tions. Unencapsulated cells were also prepared as a control.

Enzyme-linked immunosorbent assay (ELISA)

The release of proinflammatory cytokines (IL-6, IL-2, IL-

1b, and TNF-a) was measured using an ELISA kit (Bi-

olegend, San Diego, USA). Different encapsulated cells

were seeded into a 96-well plate (1 9 105 cells per well).

Cells were incubated for 5 and 24 h in a cell incubator.

After incubation, the supernatant of cells was collected to

analyze proinflammatory cytokines.

Co-culture system

A co-culture of THP-1 macrophages and encapsulated

Jurkat T cells was prepared. The macrophages at a con-

centration of 5 9 104 cells per well were added into a

96-well plate and were cultured for 24 h in a 5% CO2

incubator. After culturing of THP-1 macrophages, the

encapsulated Jurkat T cells at a concentration of 5 9 104

cells per well were added into a 96-well plate containing

cultured macrophage cells. The cells were co-cultured for

24 h. After co-culturing for 24 h, the supernatants were

collected to analyze proinflammatory cytokines.

Statistical analysis

The statistical analysis was performed by using GraphPad

Prism software Version 5.0 (GraphPd Inc.). ANOVA and
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Tukey–Kramer tests were used for statistical significant

analysis at P B 0.01.

Results and discussion

Confirmation of cell encapsulation

To prove the encapsulation of Jurkat T cells in PAH, PSS/

PAH, or PSS-GNR/PAH, numerous techniques were

utilized.

First, the zeta potentials of different encapsulated Jurkat

T cells were measured. Measured cells were dispersed in

FBS-free RPMI-1640 for all measurements. The zeta

potential value of unencapsulated Jurkat T cells was

-14.3 ± 0.2 mV. However, when cells were encapsulated

with PAH (PAH@Jurkat cells), the zeta potential value

changed to -9.7 ± 0.2 mV. The low negative number of

zeta potential value confirms that the cationic polyelec-

trolyte (PAH) could form a layer on the surface of the

Jurkat T cells. When PAH@Jurkat cells were encapsulated

with PSS-GNRs (zeta potential * -16.6 ± 0.7 mV), the

zeta potential of PSS-GNR/PAH@Jurkat cells dropped to

have a lower negative value at -11.3 ± 0.4 mV. The

change in zeta potential value clearly indicates that Jurkat

T cells were encapsulated in PAH or PSS-GNR/PAH. Our

results were similar to previous works that investigated the

zeta potential values of mammalian cells coated with dif-

ferent polymers (Zhao et al. 2016; Pandey et al. 2013;

Bondar et al. 2012). As can be seen, PAH@Jurkat cells had

a weak negative value of zeta potential (-9.7 ± 0.2 mV)

and the zeta potential value altered to have a further neg-

ative value after encapsulating Jurkat T cells with PSS-

GNRs. The mechanism underlying the interaction in this

case is unclear. We shall not discuss this in further detail,

but rather mention that the charge densities of

polyelectrolytes and the concentration of the ions could

play a major role here. And, available results of this study

strongly suggest that PSS-GNRs could modify the surface

of PAH@Jurkat cells resulting in changing of zeta potential

values. The binding of a weak negative charge on the cell

surface to negatively charged polymers was also reported

(Zhao et al. 2016). In the case of PSS/PAH@Jurkat cells,

the zeta potential was more negative (-21.1 ± 0.4) than

that of PSS-GNR/PAH@Jurkat cells (-11.3 ± 0.4). This

could be caused by the amount of PSS formed on PSS-

GNRs used in cell encapsulation, which should be less than

that formed after using PSS alone. As expected, Jurkat T

cells directly encapsulated in PSS had a similar zeta

potential value (-14.6 ± 0.2) to unencapsulated cells

(-14.3 ± 0.2). This implies that PSS could not bind well

to Jurkat T cells through the same negative charge inter-

action of PSS and the cell membrane.

The presence of fluorescent dyes attached on PAH was

used to confirm the cell encapsulation. There was no flu-

orescence signal detected in unencapsulated Jurkat T cells

stained with FITC alone (Fig. 1a). However, FITC-positive

cells were found in PAH-FITC@Jurkat cells (Fig. 1b). This

indicates that cells were encapsulated with PAH. PSS/

PAH@Jurkat cells stained with PAH–TRITC showed the

red fluorescent signal (Fig. 1c). This confirms that PAH–

TRITC could stain the cells through the PSS outer layer

shielding on the Jurkat T cells. A similar result was also

found in PSS-GNR/PAH@Jurkat cells (Fig. 1d). The

negative control was prepared by staining PAH@Jurkat

cells with PAH–TRITC. There was no presence of a red

fluorescent signal. This result indicates that the same

polyelectrolytes could prevent the binding between PAH

and PAH-TRTIC on the cell surfaces (Fig. 1e).

We also observed the morphology of Jurkat T cells by

SEM. When compared to unencapsulated cells, the

appearance of a smooth surface was detected on

Fig. 1 Images of unencapsulated Jurkat T cells stained with FITC

alone (a), PAH-FITC@Jurkat cells (b), PSS/PAH@Jurkat cells

stained with PAH–TRITC (c), PSS-GNR/PAH@Jurkat cells stained

with PAH–TRITC (d), and PAH@Jurkat cells with PAH–TRITC (e).
The images were captured under bright field and fluorescent modes of

a fluorescent microscope
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encapsulated cells (PSS-GNR/PAH@Jurkat cells)

(Fig. 2b). However, the surfaces of unencapsulated cells

had abundant microvilli (Fig. 2a). Our results are consis-

tent with the previous work published by Zhao et al. (2016)

that used chitosan and alginate to conduct a conformal

encapsulation of T cells.

All approaches used for confirming the encapsulation of

Jurkat T cells showed that the cells were successfully

encapsulated through a layer-by-layer technique. The

cationic PAH was shielded on the negative charge of the

Jurkat T cell membrane. The second layer of PSS or PSS-

GNRs was formed surrounding each cell. Overall results

from zeta potential measurement, fluorescent observation,

and SEM demonstrated the formation of different encap-

sulated Jurkat T cells (PAH@Jurkat, PSS/PAH@Jurkat,

and PSS-GNR/PAH@Jurkat cells).

Investigation of GNRs in PAH/PSS-GNR@Jurkat

cells

The ICP-MS approach was used to confirm whether

PAH@Jurkat cells could be shielded by PSS-GNRs. The

TEM image of PSS-GNRs is shown in Fig. 3. The data

from ICP-MS showed a significant presence of gold

(64.3 ± 7.7 lg L-1) found in PSS-GNR/PAH@Jurkat

cells (Fig. 3). The amount of gold observed provides evi-

dence that PSS-GNRs (negatively charged surface) were

shielded on the surface of PAH@Jurkat cells (positively

charged cell surface) through the opposite charges of their

surfaces. This result strongly indicates that a PSS-GNR

layer formed on Jurkat T cells. The very small content of

gold detected in PSS-GNR@Jurkat cells

(1.8 ± 0.1 lg L-1) could occur due to non-specific bind-

ing of PSS-GNRs to cells.

Since the ICP-MS cannot perceive the difference

between GNRs deposited on the cell surface and internal-

ized GNRs, TEM was used to evaluate how GNRs were

positioned on encapsulated Jurkat T cells. With TEM

images, we found that PSS-GNRs were only located on the

cell surface of Jurkat T cells encapsulated PAH layers

(Fig. 4c, red arrow). This strongly indicates that PSS-

GNRs only attached to the layer of PAH and did not

internalize inside Jurkat T cells (Fig. 4c). It was reported

by Fakhrullin et al. that the polyelectrolyte layer can act as

a glue to attach metal nanoparticles and block nanoparticle

translocation into the cells (Fakhrullin et al. 2012). As

expected, there were no PSS-GNRs located on the cell

surface, nor inside Jurkat T cells encapsulated with PSS/

PAH (PSS/PAH@Jurkat cells; Fig. 4b) and unencapsulated

Jurkat T cells (Fig. 4a). An excellent review article by

Dykman and Khlebtsov (2014) has shown the effect of gold

nanoparticles and their interaction with mammalian cells

through cellular endocytosis. Our results here provide

evidence that the PAH layer encapsulating on the cell

surface might block the cellular uptake of PSS-GNRs

through this endocytic pathway.

Cell viability and cell proliferation

of unencapsulated and encapsulated Jurtkat cells

To investigate whether the encapsulating layers affect the

cell viability, we measured the cell viability at 0 and 24 h

after cultivation of unencapsulated Jurkat T cells,

PAH@Jurkat cells, PSS/PAH@Jurkat cells, and PSS-GNR/

Fig. 2 SEM images of

unencapsulated (a) and
encapsulated (PSS-GNR/

PAH@Jurkat) Jurkat T cell (b)

Fig. 3 The amount of gold detected in Jurkat T cells using the ICP-

MS technique. *Significant difference in gold concentration at

P\ 0.01 compared with unencapsulated Jurkat T cells (Jurkat).

Statistical analysis was performed by Tukey–Kramer test (n C 3).

The TEM image shows the morphology of PSS-GNRs
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PAH@Jurkat cells, using the CellTiter-Glo assay. This

technique measured viable cells from the content of ade-

nosine-50-triphosphate (ATP). After encapsulation, the cell
viability of PAH@Jurkat cells, PSS/PAH@Jurkat cells,

and PSS-GNR/PAH@Jurkat cells was measured immedi-

ately (0 h). The relative cell viabilities, based on that of

unencapsulated cells of PAH@Jurkat cells, PSS/PAH@-

Jurkat cells, and PSS-GNR/PAH@Jurkat cells,

were * 94.4 ± 0.3%, 90.8 ± 1.2%, and 96.7 ± 0.9%,

respectively (Fig. 5a). Significant reductions (P\ 0.01) in

cell viability were observed in encapsulated PAH@Jurkat

and PSS/PAH@Jurkat cells when compared with unen-

capsulated cells. The lowest cell viability was detected in

PSS/PAH@Jurkat cells. The cell viability after 24-h cul-

tivation of Jurkat T cells encapsulated with different forms

was also measured. It showed that the cell viability of all

encapsulated cells significantly decreased (P\ 0.01) to

around 8–15% depending on the encapsulation method.

Similar to the cell viability at 0 h, PSS/PAH@Jurkat

cells at 24 h showed the lowest percentage of cell viability

at 85.3 ± 0.7% (Fig. 5b). The cell viabilities of PSS-GNR/

PAH@Jurkat and PAH@Jurkat were 87.0 ± 0.5% and

91.5 ± 0.6%, respectively (Fig. 5b). Although the results

indicate that the metabolic activity of encapsulated cells

was still active after culturing for 24 h, it seems that the

number of layers could influence cell viability. Cells

encapsulated with a layer of PAH (PAH@Jurkat cells) had

a higher cell viability than cells encapsulated with two

layers (PSS/PAH@Jurkat and PSS-GNR/PAH@Jurkat

cells) after 24-h cultivation. The reason for this could be

that there was a higher limitation of nutrient and waste

diffusion through cells in cells encapsulated with two

layers than that of encapsulation with one layer.

As reported in the review paper (Antipov and Sukho-

rukov 2004), a higher layer number could lead to a lower

amount of penetrated molecules. When compared to the

cell viability between PSS/PAH@Jurkat and PSS-GNR/

PAH@Jurkat cells, there was no significant difference in

cell viability (P B 0.01). Furthermore, cell proliferation

was determined gain more information on the metabolic

function of cells after encapsulation. Unlike cell viability

assay that is normally used to determine the ratio of live

and dead cells, it is well known that cell proliferation assay

can be used to monitor the growth rate and metabolic

activity of cells.

CellTiter 96� AQueous One Solution cell proliferation

assay was used to measure cell proliferation by measuring

metabolic activity of cells through the reduction of MTS

tetrazolium (3-(4,5-dimethylthiazol-2-yl)-5-(3-car-

boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

compounds. We found that cell proliferation of PAH@-

Jurkat, PSS/PAH@Jurkat, PSS-GNR/PAH@Jurkat, and

Jurkat T cells was increased when we increased the cul-

turing time from 24 h to 48 and 72 h, respectively (Fig. 6).

This indicates that the encapsulation of cells, using our

approach here, could influence the growth rate of Jurkat

cells. However, cell proliferation of unencapsulated Jurkat

T cells was much higher than that of encapsulated cells.

The relative growth rates of unencapsulated Jurkat T

cells at 48 and 72 h were increased *1.4- and 2.3-fold,

respectively, above unencapsulated Jurkat T cells cultured

for 24 h. Around a 1.3-fold increase in the proliferation

rate of PSS/PAH@Jurkat and PSS-GNR/PAH@Jurkat cells

cultured for 48 h was detected as compared to encapsulated

Jurkat cells after 24 h culture. The proliferation rate of

PAH@Jurkat at 48 h was * 1.1-fold increased as com-

pared to at 24 h culture. At 72-h culture, the increase in

proliferation rate of all encapsulated Jurkat T cells

(* 1.4–1.6-fold) was lower than that of unencapsulated

Jurkat T cells (* 2.3-fold) when compared to 24-h culture

of each cell condition (Fig. 6). The relative proliferating

cell percentages of PAH@Jurkat, PSS/PAH@Jurkat, and

PSS-GNR/PAH@Jurkat cells at 24 h significantly

decreased from 100% (of unencapsulated Jurkat T cells) to

* 71.9 ± 1.7%, 56.8 ± 1.1%, and 50.2 ± 1.5%,

Fig. 4 TEM images of unencapsulated Jurkat T cells (a), PSS/

PAH@Jurkat (b), and PSS-GNR/PAH@Jurkat cells (c). PSS-GNRs
are located (arrow) at the cell membrane of PSS-GNR/PAH@Jurkat

cells
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respectively. A significant decrease in proliferation rate of

PAH@Jurkat, PSS/PAH@Jurkat, and PSS-GNR/PAH@

Jurkat cells cultured for 48 and 72 h was also detected as

compared to unencapsulated Jurkat T cells (P\ 0.01).

At 72 h, PSS-GNR/PAH@Jurkat cells had the highest

increase in growth rate ratio (* 1.6-fold increase)

among all types of encapsulated Jurkat T cells compared

to a 24-h culture of encapsulated cells (PSS-GNR/

PAH@Jurkat) (Fig. 6). The reason that encapsulated

cells could proliferate could be a result of the mild layer-

by-layer processing technique. In our case, it appears

that the charge density of PAH, PSS, and PSS-GNRs

might have no major effect on cell proliferation. This

might be due to the low concentration of PAH, PSS, and

PSS-GNRs used for cell encapsulation. Although

encapsulated cells could proliferate, it seems that the

encapsulating layer could reduce the rate of proliferation

when compared to unencapsulated Jurkat T cells. This

could have occurred due to the effect of the encapsu-

lating layer that is possibly impacting on the diffusion

rate of molecules that pass through encapsulated cells

(Cook et al. 2013).

Fig. 5 Cell viability of

different encapsulated Jurkat T

cells at 0 h (a) and 24 h

(b) compared with

unencapsulated Jurkat T cells.

*Significant difference in cell

viability at P\ 0.01 compared

with unencapsulated Jurkat T

cells (Jurkat). Statistical

analysis was performed by

Tukey–Kramer test (n C 9)

Fig. 6 Cell proliferation of unencapsulated Jurkat T cells and

encapsulated Jurkat T cells at 24, 48, and 72 h. The percentage of

cell proliferation is a mean value of cell proliferation relative to the

control (unencapsulated Jurkat T cells cultured for 24 h). =Significant

difference in cell proliferation at P\ 0.01 compared with unencap-

sulated Jurkat T cells (Jurkat) at 24 h. #Significant difference in cell

proliferation at P\ 0.01 compared with encapsulated PAH@Jurkat

cells at 24 h. $Significant difference in cell proliferation at P\ 0.01

compared with encapsulated PSS/PAH@Jurkat cells at 24 h.
*Significant difference in cell proliferation at P\ 0.01 compared

with encapsulated PSS-GNR/PAH@Jurkat cells at 24 h. Statistical

analysis was performed by Tukey–Kramer test (n C 6)

674 Appl Nanosci (2017) 7:667–679

123



Inflammatory cytokine responses of unencapsulated

and encapsulated Jurkat T cells

T cells can produce inflammatory mediators such as IL-6

and TNF-a (Wang et al. 2006). However, high secretions

of IL-6 and TNF-a (Wang et al. 2006) can lead to several

diseases such as cystic fibrosis (Stecenko et al. 2001),

autoimmune disease, and chronic inflammatory prolifera-

tive disease (Ishihara and Hirano 2002). Hence, we

investigated the secretion of these cytokines from encap-

sulated and unencapsulated Jurkat cells. IL-2 is a lym-

phokine that plays an important role in maintaining

activated T cell proliferation (Pawelec et al. 1982).

Therefore, we evaluated whether different encapsulations

applied in our study affected the secretion of IL-2 by Jurkat

T cells. Besides IL-6, TNF-a, and IL-2, we also investi-

gated the secretion of IL-1b, another cytokine involved in

inflammation induction (Tang et al. 2012).

The production of cytokines and lymphokines by

encapsulated and unencapsulated Jurkat T cells was

investigated at 5 and 24 h after cell encapsulation. Unen-

capsulated Jurkat cells were used as a control sample in our

study (Fig. 7). When compared to unencapsulated Jurkat T

cells, the levels of TNF-a and IL-1b at 5 h secreted by

PAH@Jurkat, PSS/PAH@Jurkat, and PSS-GNR/PAH@-

Jurkat cells were similar to unencapsulated Jurkat T cells

(Fig. 7a, c). This indicates that the single layer (PAH) or

the double layer (PSS/PAH and PSS-GNR/PAH) used for

encapsulation of Jurkat T cells had no effect on TNF-a and

IL-1b induction. Similar results were also observed in

TNF-a production at 24 h. However, in the case of IL-1b, a
significant IL-1b reduction was found in PAH@Jurkat cells

after treating for 24 h (P\ 0.01). The reason for this is

uncertain. However, it is a possibility that some IL-1b
molecules might not be able to pass through the PAH layer.

The zeta potential of PAH@Jurkat cells was less negative

than other encapsulating formats, and this could lead to

different binding of PAH at the outer layer of cells to other

molecules in cell culture media. This binding possibly

affected IL-1b release by blocking the diffusion of IL-1b.
A decrease in IL-2 levels was found in all encapsulated

cells after culturing for 5 h. A significant reduction in IL-2

was detected in all encapsulated cells after cells were

encapsulated and cultured for 24 h (P\ 0.01). Werner

et al. (2015) also found a reduction in IL-2 by Jurkat T cells

encapsulated with polyelectrolytes (Fig. 7d).

In the case of IL-6 (Fig. 7b), at 24 h post-encapsulation,

we found that cells encapsulated with PAH, PSS/PAH,

and PSS-GNR/PAH secreted IL-6 at a significantly higher

level than unencapsulated cells (P\ 0.01). It was reported

that the IL-6 secretion in encapsulated cells could be

enhanced by polyelectrolytes used for encapsulation

(Mooranian et al. 2016). Based on our results here, an

induction in IL-6 levels was significantly detected in

PAH@Jurkat cells at 5 h post-encapsulation. This implies

that the PAH layer could first impact IL-6 induction. After

cells were encapsulated with the second layer, higher levels

of IL-6 were detected. Thus, the second layer of PSS or

PSS-GNRs could also be involved in triggering an immune

response related to IL-6 expression. Furthermore, the sec-

ond layer of encapsulation might lead to a decrease in

porosity that could cause an accumulation of metabolic by-

products related to IL-6 production (Mooranian et al. 2016;

Schmidt et al. 2008).

Biological activity in co-culture

between macrophage cells and Jurkat T cells

encapsulated with polyelectrolytes and PSS-coated

GNRs

It is well known that macrophage cells play an important

role in the immune system. Because of the lack of infor-

mation on biological activities between encapsulated cells

and macrophages, we were therefore interested in the

biological activities of these two cells in co-culture. The

co-culture system of macrophages and T cells can be used

to acquire more information on immune responses between

encapsulated T cells and macrophages.

We used non-activated Jurkat T cells, with and without

encapsulation, to investigate whether the encapsulation of

cells could influence inflammatory cytokine enhancement

in the co-culture system between human macrophages and

human T cells. Here, we only focused on the investigation

of the double layer encapsulation (PSS/PAH@Jurkat &

PSS-GNR/PAH@Jurkat cells) because we aim to use PSS-

GNR/PAH@Jurkat cells in a future study for therapeutic

applications. The ratio of THP-1 macrophage per Jurkat T

cell used in the co-culture system was 1:1. The results

showed that there were no significant differences in IL-2

and IL-1b expression in THP-1 macrophage and Jurkat T

cell co-cultures when both encapsulated and unencapsu-

lated Jurkat T cells were used (Fig. 8c, d). This implies that

there was no cell-contact-mediated activation of THP-1

macrophages by encapsulated and unencapsulated Jurkat T

cells. As stated previously, TNF-a and IL-6 cytokines are

inflammatory cytokines and they may be involved in some

disease pathogenesis (Rossol et al. 2005). Therefore, it was

also worthwhile to test whether encapsulated cells could

lead to induction of IL-6 and TNF-a expression.

Our results showed that there was a significant induction

of TNF-a in THP-1 macrophages/unencapsulated Jurkat T

cells after co-culturing for 24 h when compared with THP-

1 macrophages cultured alone. However, there was no

increase in TNF-a level when THP-1 macrophages were

cultured with encapsulated Jurkat T cells (PSS/PAH@

Jurkat or PSS-GNR/PAH@Jurkat) (Fig. 8b). These results
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indicate that the encapsulation of Jurkat T cells could help

prevent the induction of TNF-a production through cell-

contact-mediated activation of THP-1 macrophages by

Jurkat T cells. The layer of PSS/PAH or PSS-GNR/PAH

could block the ligand interactions involved in TNF-a
production by THP-1 macrophages resulting in no activa-

tion of the THP-1 macrophages to enhance TNF-a pro-

duction. The TNF-a levels in co-cultures of THP-1

macrophages with PSS/PAH@Jurkat or PSS-GNR/

PAH@Jurkat cells were similar. This implies that GNRs

had no impact on inducing TNF-a. These two types of cell

encapsulation resulted in different zeta potential values

(-21.1 ± 0.4 for PSS/PAH@Jurkat and -11.3 ± 0.4 for

PSS-GNR/PAH@Jurkat cells), but it seems that the dif-

ferent degree of zeta potential values did not impact on the

induction of TNF-a in our system.

In the case of IL-6 expression, we found that there was

no significant difference in IL-6 production of THP-1

macrophage/Jurkat T cell (both unencapsulated and

encapsulated cells) co-cultures. These results also revealed

that there was no cell-contact-mediated activation of THP-

1 macrophages through ligand interactions by encapsulated

and unencapsulated Jurkat T cells (Fig. 8a). However, it is

worth noting that though, there was an induction of IL-6 in

Fig. 7 Different pro-

inflammatory responses of TNF-

a (a), IL-6 (b), IL-1b (c), and
IL-2 (d) from each type of

encapsulated and

unencapsulated cells at 5 and

24 h post-encapsulation.
*Significant difference in pro-

inflammatory responses at

P\ 0.01 compared with

unencapsulated cells at 5 h and
= at 24 h. Statistical analysis

was performed by Tukey–

Kramer test (n C 4)
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encapsulated Jurkat T cells. Nonetheless, the induction

amount of IL-6 was much lower than Jurkat cells treated

with a positive control chemical (phorbol 12-myristate

13-acetate; PMA) (Supplementary Material, Fig. S1) and

there was no significant production of IL-6 in THP-1

macrophage/Jurkat T cell co-culture. This implies that the

induction amount of IL-6 in encapsulated Jurkat T cells

might be at a level that does not lead to an adverse effect.

Fig. 8 The expression of

inflammatory cytokines IL-6

(a), TNF-a (b), IL-1b (c), and
IL-2 (d) in THP-1 macrophages

co-cultured with unencapsulated

and encapsulated Jurkat T cells.

Two different types of

encapsulated Jurkat T cells

(PSS/PAH@Jurkat and PSS-

GNR/PAH@Jurkat) were used

in this co-culture system.
*Significant difference in TNF-a
level at P\ 0.01 compared with

THP-1 macrophages alone.

Statistical analysis was

performed by Tukey–Kramer

test (n C 7)
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Conclusions

We demonstrate a single-cell encapsulation of Jurkat T cells

and biological activities of cells after encapsulation. Jurkat T

cells were successfully encapsulated with PAH, PSS/PAH,

or PSS-GNR/PAH. Encapsulated cells mostly maintained

viability and theirmetabolic activity. This could be due to the

mild interaction between PAH, PSS/PAH, or PSS-GNR/

PAH and the cell membrane. The cell proliferation assay

confirmed that encapsulated cells were capable of cell divi-

sion, and PSS-GNR/PAH@Jurkat cells had the highest cell

proliferation rate. In THP-1 macrophage/Jurkat cell co-cul-

tures, the encapsulation of Jurkat T cells could shield some

cell surface functions that impacts cell-to-cell signaling

between THP-1 macrophages and Jurkat T cells, resulting in

no induction of TNF-a or other cytokines observed in the co-
cultures. Unlike the macro- or microcapsule cell encapsu-

lation technique, cells were singly encapsulated with a thin

layer of polyelectrolytes and polyelectrolyte-coated GNRs,

which had no significant effect on cell size. Therefore, this

technique should avoid the problem of blood flow blockage

when cells are applied in a blood circulation system. Aswell,

with the property of GNRs mentioned earlier, to combine

GNRs on a layer of encapsulated cells should help increase

the efficiency for diagnostic or therapeutic purposes. Over-

all, the assessment of biological activities found in this study

suggests that the combination of polyelectrolytes and GNRs

for single-cell encapsulation was reasonably biocompatible

with Jurkat T cells and macrophages. The results from this

study support continuing and further developing studies

based on using this encapsulation technique, combined with

GNRs, in various biomedical applications without adverse

inflammatory effects.
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Abstract 
 Cytotoxic T-cells can destroy cancer cells by releasing cytotoxic molecules 
to attack cancer cells. Therefore, the cell therapy by implanting cytotoxic T–cells for 
cancer treatment has been of interest. However, to avoid the reaction of the immune 
system on the implanted cells, the encapsulation technique has been applied. In this 
study, the encapsulated cytotoxic T-cells were used for destroying breast cancer cells 
(MCF-7 cells). Cytotoxic T-cells were encapsulated in poly(allylamine hydrochloride) 
(PAH) as a first encapsulating layer and poly(styrene sulfonate) (PSS) as a second  
layer. Thereafter, encapsulated cytotoxic T-cells were co-cultured with MCF-7 cells. 
When compared with the control cells (MCF-7 cells cultured alone), the results 
showed the significant percentage of dead MCF-7 cells at 13.11±1.2 in MCF-7 cells 
co-cultured with encapsulated cytotoxic T-cells, as compared to MCF-7 cells co-
cultured with non-encapsulated cytotoxic T cells, which had the percentage of dead 
MCF-7 at 14.67±1.2. This implies that the encapsulation of cytotoxic cells could 
remain some cell functions that could involve in cancer cell destruction.  
 
Key Word (s): Cytotoxic T-cells, Cell encapsulation, Cancer cells 
 
Introduction 
 It is well-known that T lymphocyte cells (T-cells) are a main player in an 
adaptive immune system. In the environment containing pathogens or malignancies, 
effector T-cells called cytotoxic T-cells could work on specific target cell (TC) 
destruction based on their antigen-specific receptor and their ability to release toxic 
molecules. Therefore, the use of cytotoxic T-cells for TC destruction has been applied 
in the field of immunotherapy. It was reported that T-cells could be induced to 
cytotoxic T cells by activating with anti-CD3 antibodies (Tsoukas et al. 1985). After 
activation, these cytotoxic   T-cells could destroy infected cells and tumor cells (de 
Alborán et al. 2003, Lindsten et al. 1989, Smith-Garvin, Koretzky, and Jordan 2009, 
Wajant, Gerspach, and Pfizenmaier 2005). However, these cytotoxic T-cells could 
also affect healthy cells. Furthermore, in the case of implanted cytotoxic T-cells into 
the body for cancer therapy, these cells may also face with the host immune reaction 
of the immune system.     
 Recently, cell encapsulation has been proposed to avoid implanted cells 
from the host immune reaction (de Vos, Hamel, and Tatarkiewicz 2002, Hernández et 
al. 2010, Lim and Sun 1980, Lund-Johansen 2003). Cell encapsulation can be done by 
immobilizing living cells within the polymer matrix. The polymer used for 
encapsulation should act as a semi-permeable membrane that can allow the diffusion 
of small molecules such as oxygen and nutrients between inside and outside cells. 
This diffusion helps maintain the cell viability and also helps implanted cells escaping 
from immune cells and some antibodies (Lim et al. 2010, Orive et al. 2004, Uludag, 
de Vos, and Tresco 2000). Some reports have shown that encapsulated living cells 



could release important molecules for some therapeutics use (Goren et al. 2010, 
Uludag, de Vos, and Tresco 2000).  Due to this reason, we were interested to 
encapsulate cytotoxic T-cells with polyelectrolyte polymers and investigated the 
possibility of using encapsulated cytotoxic T-cells for cancer treatment. In this study, 
the MCF-7 cells were used as a model cancer cell.  
 Therefore, in this study we activated T-cells with anti-CD3 anibodies and 
encapsulated activated T-cell (cytotoxic T-cells) with poly(allylamine hydrochloride) 
(PAH) and poly(styrene sulfonate) (PSS). After encapsulation, the ability of 
encapsulated cytotoxic T-cells for killing cancer cells was observed by co-culturing 
with breast cancer cell (MCF-7 cells).  
 
Objectives 
 1) To activate T-cells to cytotoxic T-cell with anti-CD3 antibodies. 
 2) To encapsulate cytotoxic  T-cell.  
                3) To investigate the cancer destruction of encapsulated and non-
encapsulated cytotoxic T-cells.  
 
Research Methodology         
 Cell preparation. MCF-7 cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) plus Minimum Essential Medium (MEM) (DMEM: MEM 
= 1:1) supplemented with 10% of fetal bovine serum (FBS). The media were added 
with 1% penicillin and streptomycin and cells were incubated at 37oC in a 5% CO2 
incubator.   T-cells used in this study were separated from peripheral blood 
mononuclear cells (PBMCs). PBMCs were cultured in DMEM without FBS for 3 h. 
Then, non-adherent cells (T-cells) were collected from the culture dish. The separated 
T-cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 
supplemented with 10% FBS plus 1% penicillin and streptomycin. The cells were also 
incubated in an incubator at the same condition used for MCF-7 cells. 
 Cytotoxic T-cell preparation. A 96 well plate were coated with a 50 µl of 
anti-CD3 antibodies (clone: HIT3a; antibodies 0.05 µg/ml). The plate was incubated 
at 4oC overnight. After incubation, the antibody solution was removed and the plate 
was washed 3 times with sterile phosphate buffer saline (PBS). The suspension of T-
cells (1x106 cells/ml) was dispersed in culture media and a 200 µl of T-cells was 
added into a 96-well plate coated with anti-CD3 antibodies. Next, the culture was 
incubated at 37oC in a 5% a CO2 incubator for 3 days. Finally, T-cells were activated 
and changed to cytotoxic T-cells. This change was confirmed by cytotoxic molecule 
detection. These cytotoxic T-cells were stored in liquid nitrogen for using in further 
experiments.  
 Cell encapsulation. Two polyelectrolytes were used to encapsulate cells. 
The first layer of cytotoxic T-cells was coated with PAH, which is a cationic polymer. 
Cytotoxic T-cells (at the number of 1x106 cells in 1 ml of cell culture medium 
containing FBS) were centrifuged at 6500 rpm for 5 min. The pellet after 
centrifugation was dispersed in a 1 ml of RPMI without FBS.  A 500 µl of 0.05 mg/ml 
PAH was added into cell suspension and the cell suspension was mixed on a shaker 
for 5 min. After that, cells were centrifuged to obtain PAH-encapsulated cells and the 
free PAH was removed by washing with RPMI without FBS. Thereafter, cytotoxic T-
cells were mixed with 0.1 mg/ml PSS (anionic polymer) on a shaker for 10 min.  The 



PSS formed a second encapsulating layer on the surface of cytotoxic T-cells.  Similar 
to PAH, the free PSS was removed by washing as described previously. Finally, 
cytotoxic T-cells encapsulated with PAH/PSS were suspended in RPMI-1640 
medium. These cells were called as “PSS/PAH@CT” cells. The normal T-cells 
encapsulated with PAH/PSS were also prepared using the same procedure. T-cells 
encapsulated with PAH/PSS were called as “PSS/PAH@lym” cells.  
 Cancer destruction by encapsulated cytotoxic T-cell. The MCF-7 cells at a 
number of 1x104 cells (with a volume of 100 µl) were added into a 24-well plate. The 
cells were cultured for 24 h at 37oC in a 5% CO2 incubator. After incubation, 
PSS/PAH@CT, PSS/PAH@lym non-encapsulated T-cells, and non-encapsulated 
cytotoxic T-cells at a number of 4x105 cells (with a volume of 100 µl) were added 
into a 24-well plate containing MCF-7 cells. This was a co-culture with each form of 
T-cells and MCF-7 cells. The co-culture of cells was incubated for 24 h. After 
incubation, PSS/PAH@lym, PSS/PAH@CT, non-encapsulated T-cells, and non- 
encapsulated cytotoxic T-cells were removed from the plate by washing 3 times with 
PBS containing Ca2+ and Mg2+ to avoid the detachment of cancer cells. Then, a 150 µl 
of RPMI without FBS was added into a 24-well plate containing MCF-7 cells. Next, a 
150 µl of trypan blue was added into a 24-well plate and incubated for 5 min. After 
that, the trypan blue was removed and the MCF-cells in a well plate were washed 2 
times with PBS containing Ca2+ and Mg2+. The dead MCF-7 cells stained with blue 
colour were observed under inverted microscope (15-20 fields per condition and each 
condition was run for 3 sets). 
 Statistical Analysis. The data were expressed as mean ± standard error (SE) 
which was analyzed by using one-way analysis of variance (ANOVA) following by 
Tukey’s multiple comparison test using GraphPad Prism® Version 6. Statistical 
significance was considered as significance at 95% confidence.         
 
Results 
 T-cells and cytotoxic T-cells could be encapsulated with PAH/PSS. After 
encapsulation, their relative cell viability compared to non-encapsulated cells was 
dropped from 100% to 73.19%±0.5 for PSS/PAH@lym cells and 71.50%±1.0 for 
PSS/PAH@CT cells (Figure 1).  
 As mentioned previously, cytotoxic T-cells can destroy cancer cells. Thus, 
to investigate whether encapsulated cytotoxic T-cells could destroy cancer cells, 
PSS/PAH@CT cells were co-cultured with MCF-7 cells for 24 h. After culturing, the 
dead MCF-7 cells were observed by staining with trypan blue. The results showed 
that the dead MCF-7 cells (shown in blue) were detected in MCF-7 cells co-cultured 
with non-encapsulated cytotoxic T-cells (Figure 2D) and PSS/PAH@CT cells (Figure 
2E). As expected, there were no dead MCF-cells after co-culturing with normal T-
cells with and without encapsulation (Figure 2B&C). These results confirmed that 
encapsulated cytotoxic T-cells still had an ability to destroy MCF-cells. 
  



 
Figure 1. Cell viability of T-cells and cytotoxic T-cell encapsulated with PAH and 
PSS.  
 
In the case of MCF-7 cells cultured alone, it also found that cells were healthy (Figure 
2A). The percentage of dead MCF-7 cells after co-culturing   with different forms of 
T-cells was shown in Figure 3.   
 

 
 
Figure 2. The bright field image of MCF-7 cells cultured alone (A) and MCF-7 cells 
after co-cultured with: normal T-cells (B), encapsulated normal T-cells cells (C), non-
encapsulated cytotoxic T-cells (D), and encapsulated cytotoxic T-cells (E) for 24 h 
and stained with trypan blue.    
  
            



 
Figure 3. The percentage of dead MCF-7 cells co-cultured with T-cells (lym cells), 
cytotoxic T-cells (CT cells), PSS/PAH@lym cells (encapsulated T-cells), and 
PSS/PAH@CT cells (encapsulated cytotoxic T-cells). * Significant difference from 
MCF-7 cells cultured alone (control) at p< 0.05. 
 
The small number of dead cells at ~ 0.16±0.1% was detected in MCF-7 cells. The 
numbers of dead MCF-7 cells co-cultured with normal T-cells and PSS/PAH@lym 
cells were similar to MCF-7 cells cultured alone. However, when MCF-7 cells were 
co-cultured with cytotoxic T-cells and PSS/PAH@CT cells, the percentage of dead 
MCF-7 cells was significantly increased to ~14.67±1.2% (for MCF-7 cells co-
cultured with cytotoxic T-cells) and 13.11±1.2% (for MCF-7 cells co-cultured with 
PSS/PAH@CT cells) after comparing to MCF-7 cells cultured alone.    
 
Discussion 
 T-cells could be stimulated to cytotoxic T-cells by using anti-CD3 
antibodies. When cytotoxic T-cells were cultured with cancer cells (MCF-7 cells), the 
dead MCF-7 cells were detected. It was reported that cytotoxic T-cells could destroy 
cancer cells through three possible pathways (Andersen et al. 2006). First, cytotoxic 
T-cells may kill cancer cells by releasing cytokines such as tumour necrosis factor-α 
and IFN-γ (interferon-gamma) resulting in induction of target cell death. Second, the 
interaction between cytotoxic T-cells and target cells may lead to apoptotic cell death 
through receptor triggering. And third, the release of cytotoxic molecules (perforin 
and granzymes) can destroy their target cells. The results here could confirm that 
cytotoxic T-cells could destroy MCF-7 cancer cells. As well, encapsulated cytotoxic 
T-cells (PSS/PAH@CT cells) could effectively destroy MCF-7 cancer cells. 
However, the pathway of cancer destruction between encapsulated and non-
encapsulated cytotoxic T-cells might be different. As shown in Figure 3, the 
percentage of cell death of MCF-7 cells co-cultured with PSS/PAH@CT cells was 
lower than that of MCF-7 cells co-cultured with non-encapsulated cytotoxic T-cells. 
This implies that PSS/PAH@CT cells might destroy MCF-7 cells through indirect 
pathway by releasing toxic cytokines to destroy MCF-7 cells. The direct killing of 
MCF-7 cells by PSS/PAH@CT cells through receptor could be hardly occurred 



because the surface of cytotoxic T-cells was encapsulated with PAH and PSS. In the 
case of non-encapsulated cytotoxic T-cells, the destruction of MCF-7 cells might 
occur through all possible mechanisms mentioned above resulting in more efficiency 
in killing MCF-7 cells. This outcome provides useful data to further develop the use 
of encapsulated cytotoxic T-cells for cancer therapy.  
 
Recommendations 
 The outcome of this work has shown that encapsulated cytotoxic T-cells 
were capable to destroy cancer cells (MCF-7 cells) that used as a model cell in this 
study. The further work on detections of cytokines and toxic molecules involving in 
cancer destruction should be further performed to clearly understand the mechanism 
of cancer destruction by encapsulated cytotoxic T-cells. This information can be used 
to further development encapsulated cytotoxic T-cells for cancer therapy.  
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