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Abstract  

 

The thermo-responsive polymer poly(N-isopropylacrylamide) has received widespread 

attention for its in vitro application in the non-invasive, non-destructive release of adherent 

cells on two dimensional surfaces. In this study, 3D non-woven scaffolds fabricated from 

poly(propylene) (PP), poly(ethylene terephthalate) (PET) and nylon that had been grafted 

with PNIPAAm were tested for their ability to support the proliferation and subsequent 

thermal release of HC04 and HepG2 hepatocytes. Hepatocyte viability and proliferation was 

estimated using the Alamar Blue assay and Hoechst 33258 total DNA quantification. The 

assays revealed that the pure and grafted non-woven scaffolds maintained the hepatocytes 

within the matrix and promoted 3D proliferation comparable to that of the commercially 
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available Algimatrix
TM

 alginate scaffold. Albumin production and selected cytochrome P450 

genes expression was found to be superior in cells growing on pure and grafted non-woven 

PP scaffolds as compared to cells grown as a 2D monolayer. Two scaffolds, namely, PP-g-

PNIPAAm-A and PP-g-PNIPAAm-B were identified as having far superior thermal release 

capabilities; releasing the majority of the cells from the matrices within 2 h. This is the first 

report for the development of 3D non-woven, thermo-responsive scaffolds able to release 

cells from the matrix without the use of any enzymatic assistance or scaffold degradation. 
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1. Introduction 

 

Cells growing in vitro are traditionally grown on two-dimensional (2D) surfaces of tissue 

culture plastic and bear little resemblance to the complexities of the three-dimensional (3D) 

tissues from which they are derived (Bokhari et al., 2007b). Two-dimensional monolayer 

cultures are convenient for routine work but impose unnatural geometric and mechanical 

constraints upon the cells. The inherent problem with cells growing on 2D surfaces is the lack 

of dorsal anchorage points, which affects the balance between cells spreading or retracting. 

This creates an unnatural stimulatory environment for the cells resulting in an imbalance 

which causes the aberrant spreading of the cells (Bokhari et al., 2007a).  
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In native tissue, cells connect to each other as well as to the extracellular matrix (ECM). 

Various culture applications have shown that the growth and function of cells as multi-

cellular, 3D structures is significantly different and more representative of the physiological 

state compared to 2D monolayer cultures (Beningo et al., 2004; Bokhari et al., 2007b; 

Cukierman et al., 2001; Schmeichel and Bissell, 2003; Witte and Kao, 2005). The difference 

lies in the formation of chemical signal or molecular gradients which are important for 

biological differentiation, cell fate, organ development and signal transduction to name but a 

few. Other changes in metabolic and gene expression patterns as well as a significant 

reduction in the production of ECM proteins have been observed for 2D monolayer cultures 

(Zhang, 2004). A change of environment for the cells, therefore, translates into a change in 

function and capacity for growth and differentiation. These enhanced interactions in the 3D 

environment enable the cells to interpret the multitude of biochemical and physical cues from 

the immediate environment (Bokhari et al., 2007a). This insight into cell phenotype and 

function in vitro and the desire to have cells functioning closely to their in vivo counterparts 

has intensified the demand for the best materials able to support 3D cell growth. 

 

Extensive research has been conducted on the use of thermo-responsive, “smart” polymers 

for non-invasive cell harvesting over the past three decades. A temperature-sensitive 

polymer, poly-(N-isopropylacrylamide) (PNIPAAm), has been covalently grafted onto 

polystyrene cell culture tray surfaces to facilitate cell attachment and trypsin-independent cell 

release induced by a temperature change (Okano et al., 1995). PNIPAAm switches reversibly 

between hydrophobic and hydrophilic states when the temperature crosses its lower critical 

solution temperature (LCST) of approximately 32°C. This allows cells to attach onto the 

PNIPAAm surface at 37°C when the surface is hydrophobic while spontaneously releasing 

cells from the hydrophilic surface at 25°C (Okano et al., 1995). The major advantage of using 
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PNIPAAm in cell culture is that cells are non-invasively harvested as intact cell sheets with 

critical cell surface proteins, growth factor receptors, and cell-to-cell junction proteins 

remaining intact (Curti et al., 2005; Kushida et al., 1999; Yamato et al., 2001).  

 

With much effort being dedicated to the fabrication and testing of materials that can support 

3D cell growth (including biodegradable polymers, hydrogels and inert solid scaffolds), this 

study proposes combining the two technologies to create a novel 3D non-woven scaffold 

grafted with PNIPAAm for simple non-invasive cell harvesting. As we demonstrate, this new 

technology creates an enhanced environment where cells can grow in 3D thereby benefitting 

from the proposed advantages of this morphological state and, furthermore, 

release/harvesting of cells in a 3D conformation is achieved non-enzymatically through 

temperature changes.  

 

2. Materials and Methods 

 

2.1. Scaffold fabrication 

  

Three different non-woven polymer scaffolds were investigated in this study as substrates for 

cell proliferation. Fabrics made from poly(propylene) (PP) and poly(ethylene terephthalate) 

(PET) non-woven polymers with a median flow pore (MFP) size of 150-300 µm were 

developed based on needle-punching technology. The non-woven mats used as scaffolds 

were thermo-fused at 145°C and 180°C respectively in order to prevent the dissociation of 

the fibres during cell culture. Nylon non-woven scaffolds with pores sizes in the range of 40-

80 µm were developed due to the lower fibre density of the nylon compared to PP and PET 

fibres, and thermofused at 200°C. Scaffolds were characterised for porosity, water 
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permeability, compressibility, fabric density, tensile strength, area weight and thickness (A, 

Chetty, data not presented). Algimatrix
TM

 alginate scaffolds (Invitrogen, Eugene, Oregon, 

USA) were included as a comparison.  

 

2.2. Grafting methods 

 

PP, PET and nylon non-woven scaffolds were grafted with PNIPAAm using a solution free-

radical polymerisation (SFRP) technique. Briefly, the grafting methods investigated involved 

swelling of pure (or functionalised) non-woven scaffolds in an initiator solution followed by 

SFRP in an aqueous NIPAAm monomer solution with heat activation (70ºC or 50ºC). Two 

functionalisation methods were investigated prior to grafting, i.e. oxyfluorination (performed 

using a proprietary method at Pelchem (Pty) Ltd, South Africa) or a chemical oxidation 

method using APS. Grafting of PNIPAAm onto the surface of the fibres was confirmed by 

attenuated total reflection-fourier transform infrared spectroscopy (ATR-FTIR), differential 

scanning calorimetry (DSC), X-ray photoelectron spectroscopy (XPS) and scanning electron 

microscopy (A. Chetty, manuscript under review). 

 

2.3. Cell-scaffolds interaction 

 

HC04 (MRA-156, MR4, ATCC
®
 Manassas, Virginia) and HepG2 (ATCC HB-8065

TM
, 

ATCC
®
) hepatocyte cell lines were used in the study. HC04 cells are human hepatocytes 

immortalised by Sattabongkot and colleagues (Sattabongkot et al., 2006) from healthy human 

primary liver cells to support the in vitro development of human malaria species. HepG2 cells 

are human hepatocellular liver carcinoma cells routinely used worldwide for in vitro liver 

studies. Scaffolds of size 5 mm x 5 mm x 3 mm were sterilised in 70% ethanol for 1 h, rinsed 
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three times in 1xPBS and allowed to dry in a laminar hood. The scaffolds were soaked 

overnight at 37 °C  in the cell culture media specific for the cell line used, to reduce any 

surface tension effects (Wagner et al., 1997) as well as to ascertain whether the scaffolds had 

been effectively sterilised, prior to seeding the non-woven scaffolds with the hepatocytes. 

HepG2 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Lonza 

Walkersville, Inc. Maryland, USA) with 2 mM L-glutamine and supplemented with 10% 

(v/v) foetal calf serum (FCS), 100 g mL
−1 

penicillin and 10 μg mL
−1 

streptomycin (Sigma-

Aldrich Chemie, GmbH, Steinheim, Germany). HC04 cells were cultured in 1:1 

DMEM:Hams F12 media (Lonza) with 2 mM L-glutamine and supplemented with 10% (v/v) 

FCS, 100 g mL
−1 

penicillin and 10 μg mL
−1 

streptomycin (Sigma-Aldrich Chemie). HC04 and 

HepG2 hepatocytes growing in culture flasks were trypsinized and resuspended to a 

concentration of 1 x 10
6
 cells mL

-1
. A 200 μL aliquot of this cell suspension was gently 

dripped onto each of the non-woven and Algimatrix
TM

 scaffolds in a 96-well plate, resulting 

in a final concentration of 2 x 10
5
 cells seeded into each scaffold.  

 

The scaffolds were incubated at 37°C for 2 h to allow the cells to attach to the scaffolds. 

Thereafter, the scaffolds were removed from the 96-well tissue culture plate using sterile 

tweezers and placed into the well of a 12-well tissue culture plate with 2 mL media and 

cultured under standard conditions. Scaffolds containing the HepG2 and HC04 hepatocytes 

were maintained in culture for a period of 21 days with media changes performed every 48 h. 
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2.3.1. Cell viability and proliferation 

 

2.3.1.1 Alamar Blue assay 

 

The Alamar Blue (AB) assay (Promega, Madison, WI), a fluorometric indicator of cell 

metabolic activity, was performed to determine cell viability and proliferation. The cell-

scaffold constructs were removed from the culture plates on day 0 (estimation of cell 

retention in the scaffolds), 3, 7, 11, 14 and 21 post-seeding. Scaffolds (n=5) were gently 

washed with PBS, re-fed with 450 μL medium and 50 μL AB dye and incubated for 30 min at 

37°C. Fluorescence was measured at room temperature with a GENios Fluorimeter (TECAN, 

Männedorf, Switzerland) at excitation and emission wavelengths of 520 nm and 590 nm, 

respectively.  A cell number was obtained through a calibration curve derived by correlating 

a known cell number (determined by counting in a haemocytometer) with the fluorescence 

intensity of the solution.  

 

2.3.1.2 DNA quantification using Hoechst 33258 

 

Hoechst 33258 (Invitrogen) is a bisbenzimide DNA intercalator which binds to the A+T-rich 

regions of double stranded DNA and was used to quantify cellular DNA accumulation on the 

scaffolds. 3D cell-scaffolds (n=5) were washed in PBS, frozen and thawed in 500 µL of 

distilled water at 37°C for 1 h and cell lysis further ensured by three consecutive freeze-thaw 

cycles. Fluorescence was measured on a FLX800 microplate fluorescence reader (Bio-Tek 

Instruments, Inc., Vermont, USA) using equal volumes cell lysates and Hoechst 33258 dye 

solution (20 µg  mL
-1

). Hoechst 33258 excites in the near UV (350 nm) and emits in the blue 
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region (450 nm). The number of viable cells per scaffold was calculated by extrapolation 

from a calibration curve that was generated as described in Rago and colleagues (1990). 

 

2.3.2. Imaging cell-scaffold-interaction  

 

Cells were visualised on the scaffolds using fluorescein diacetate (FDA, Sigma-Aldrich 

Chemie) as described by Dvir-Ginsberg and colleagues (2003). Essentially, the non-specific 

esterase activity in the cytoplasm of viable cells converts non-fluorescent FDA to fluorescein, 

a green fluorescent dye. Cell-scaffolds were incubated in FDA for 5 min and rinsed in PBS. 

Both the top and bottom of the scaffolds were viewed 3, 7, 11, 14 and 21 days post seeding. 

Visualisation was performed at 40x magnification using a standard fluorescence microscope 

(Olympus BX41, Olympus Microscopy, Essex, UK) equipped with a 490 nm bandpass filter 

with a 510 nm cut-off filter for fluorescence emission. 

 

2.3.3. Hepatocyte metabolic activity 

 

2.3.3.1 Albumin assay 

 

Albumin production was used to establish hepatocyte metabolic activity when growing in 3D 

versus 2D. Pure PP (un-grafted scaffolds, mean pore size of 200 µm) were punched into disks 

(15 mm in diameter and 3 mm thick) and seeded with 1.5 x 10
6
 HC04 or HepG2 hepatocytes 

and cultured for 21 days; medium changes were performed every 24 h. 24 h culture 

supernatant samples were collected for albumin quantification on days 3, 7, 10, 14 and 21. 

The 24 h culture supernatant from a 70% confluent 75 cm
2
 flask of HC04 or HepG2 

hepatocytes was used as the 2D comparison. Levels of albumin secreted into the media were 

determined using the Albumin Fluorescence Assay Kit (Sigma-Aldrich) and normalised to 
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total protein in the media as determined by the Bradford assay. Statistical analysis was 

performed using a paired t-test of unequal variance where p< 0.01 and p<0.05. 

 

2.3.3.2 Cytochrome P450 mRNA expression 

 

Pure PP non-woven scaffolds with a mean pore size of 200 µm seeded with HC04 

hepatocytes (as in section 2.3.3.1) were frozen away on days 10, 14 and 21 post-seeding. 

Scaffolds seeded with HepG2 hepatocytes were frozen away on day 21 post-seeding. To 

investigate the effect of scaffold pore size and grafting on gene expression, PP-g-PNIPAAm 

scaffolds with mean pore sizes of 100 μm, 150 μm, 200 μm (PP-g-PNIPAAm-B1, B2 and B3; 

Table 1) were seeded with HC04 hepatocytes and frozen away on day 21 post-seeding. 

Hepatocytes growing in a control 75 cm
2
 cell culture flask were harvested at 70% confluence 

and frozen at -80°C until further use. RNA extractions were performed as described by Clark 

et al., (2008) and cDNA-synthesis was performed using the high-capacity RNA-to-cDNA Kit 

(Applied Biosystems, Foster City, CA, USA). Cytochrome P450 (CYP) 2C19, 2C9, 1A2, 

2D6, 3A4 and 3A5 mRNA expression levels were determined using quantitative real time-

PCR (qRT-PCR). The qRT-PCR was conducted according to manufacturer’s instructions 

(Life Technologies Corporation, Carlsbad, CA, USA) with an annealing temperature of 60°C. 

Relative quantification of gene expression levels was determined using the comparative Ct 

method (2
-ΔΔCt

) (Livak and Schmittgen, 2001) and normalised to the β-actin gene (Sainz et 

al., 2009). Statistical analysis was performed as described in 2.3.3.1. 
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Table I: A summary of successful methods used to achieve a grafted layer of PNIPAAm onto the 

surfaces of poly(propylene) (PP), poly(ethylene terephthalate) (PET) and nylon non-woven polymers 

(light grey). The darker grey panel represents scaffolds of different pore sizes grafted as per PP-g-

PNIPAAm-B and the darkest grey panel summarises the variations of grafting method PP-g-

PNIPPAm-B to serve as additional controls for thermal release assessment.  
 

 

2.4. Thermal release 

 

Hepatocytes were cultured on all grafted scaffolds (5x5x3 mm; light grey shaded area in 

Table 1) for 10 days. On day 10 the scaffolds were gently rinsed in warm, sterile PBS to 

remove loose or dead cells and were placed (3/well) into a 6-well plate containing 2 mL of 

cooled (20°C) culture media. Nine scaffolds were used per grafting and sterilisation method: 

three scaffolds which remained in the incubator at 37°C, three at 20°C for 1 h and three at 

20°C for 2 h to establish the length of time necessary for temperature-mediated cell 

detachment. The cell culture plates containing the scaffolds were periodically agitated by 
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gentle swirling during the incubations, where after the scaffolds were removed and the 

released cells on the bottom of the wells photographed at x40 magnification using a standard 

microscope (Olympus BX41). 

 

3. Results 

 

Grafting methods that yielded a layer of PNIPAAm on the surface of the non-woven fibres as 

verified by ATR-FTIR, DSC XPS and scanning electron microscopy (data not shown) are 

summarised in Table 1. 

3.1. Cell viability and proliferation  

 

The AB assay was performed to determine cell proliferation and viability of the HC04 and 

HepG2 hepatocytes within the various grafted and control scaffolds. Cells were observed to 

proliferate and their numbers increased over time on all the 3D control and grafted scaffolds 

(Fig. 1). The HC04 hepatocytes grown on the PP scaffolds had a first maximum on day 7 

with a general decline in numbers on day 11. Cell numbers were observed to recover 

thereafter. This phenomenon was noted on all scaffolds regardless of the cell line except in a 

few instances e.g. HC04 cells growing in the Algimatrix
TM

 alginate scaffolds and grafted 

nylon scaffolds. On the PP scaffolds the PP-g- PNIPAAm-1a and PP-g-PNIPAAm-B 

supported the highest number of HC04 hepatocytes; these results were comparable to the 

proliferation seen within the Algimatrix
TM

 scaffold. HepG2 hepatocytes growing on PP 

scaffolds were best supported by PP-g-PNIPAAm-1, PP-g-PNIPAAm-1a and PP-g-

PNIPAAm-B; these scaffolds supported more cells than the Algimatrix
TM

 scaffold. HC04 and 

HepG2 hepatocytes growing on the PET scaffolds were, by comparison, better supported by 

the Algimatrix
TM

 scaffold as well as the control scaffold. HepG2 hepatocytes did not  
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Figure 1. Cell proliferation on poly(propylene) (PP), poly(ethylene terephthalate) (PET) and nylon 

non-woven scaffolds, determined by the AB assay. HC04 (A) and HepG2 (B) hepatocyte cell lines 

growing on different scaffolds as summarised in Table 1 were assayed for viability and proliferation 

using AB on days 0 (hepatocyte retention in the scaffolds), 3, 7, 11, 14 and 21 and are represented as 

number of cells. The data are presented as the average of five individual scaffolds ± standard 

deviation.  

 

proliferate well on the grafted PET scaffolds. Both cell lines grew well on the nylon 

scaffolds. HC04 hepatocytes grown on nylon-g-PNIPAAm-B matched the proliferation trend 

seen for the Algimatrix
TM

 scaffold and, together with nylon-cont, surpassed the Algimatrix
TM

 

proliferation when supporting HepG2 hepatocytes. 
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Figure 2. Cell proliferation of cell growing on poly(propylene) (PP), poly(ethylene terephthalate) 

(PET) and nylon non-woven scaffolds, determined by DNA staining. The proliferation of HC04 (A) 

and HepG2 (B) hepatocyte cell lines growing on different scaffolds as summarised in Table 1 was 

calculated using Hoechst 33258 fluorescence on days 3, 7, 11, 14 and 21. The data are presented as 

the average of five individual scaffolds ± standard deviation. 

 

Total DNA was measured on days 3, 7, 11, 14 and 21 as an alternative means to measure cell 

proliferation on the 3D scaffolds. Cell numbers derived from the DNA quantification results 

indicated that up to 5-fold more HC04 hepatocytes, were growing on the scaffolds than 

suggested by the AB assay (Fig. 2). The HC04 hepatocytes growing on the PP, PET and 

nylon scaffolds showed an approximate linear increase in numbers over time, however, there 
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was not one scaffold that stood out as being far superior (or inferior) to the control scaffolds 

and Algimatrix
TM

. Overall, DNA quantification-derived cell numbers of the HepG2 

hepatocytes on the scaffolds more closely resembled the trend observed in the AB assay. As 

with the HC04 cells, no significant difference in growth on the grafted scaffolds as compared 

to the control scaffolds and Algimatrix
TM 

(Fig. 2) was observed. A general decrease in 

HepG2 DNA levels was seen on day 11 on the PET and nylon scaffolds and on day 14 on the 

PP scaffolds after which DNA levels recovered or remained relatively constant.  

 

Figure 3. Representative fluorescence microscopy of HC04 (top panel) and HepG2 (bottom panel) 

cells growing on the PP-g-PNIPAAm-B scaffold after 3, 7, 11, 14 and 21 days (A-E) Cells were 

stained with Fluorescein Diacetate (FDA) and visualisation was performed at 40x magnification using 

a standard fluorescence microscope (Olympus BX41) equipped with a 490 nm bandpass filter with a 

510 nm cut-off filter for fluorescence emission. 

 

Representative cell morphology and proliferation of the HC04 and HepG2 hepatocytes on the 

PP-g-PNIPAAm-B scaffold over 21 days is shown in Figure 3. HC04 hepatocytes grow along 

the non-woven fibres and at later time points form large cell clusters whereas the HepG2 

hepatocytes have a greater tendency to form spheroids soon after seeding. Additionally, the 

metabolic activity of cells grown on a pure PP scaffold (mean pore size of 200 µm) was 

monitored as an indicator of viability and functionality. HC04 hepatocytes secreted on 

average twice the amount of albumin when cultured on the 3D PP non-grafted scaffolds as 

compared to the 2D monolayer, indicating that cells growing in the 3D context were more 

metabolically active than their 2D counterparts (Fig. 4). In contrast, the HepG2 cells took 
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longer to exceed the levels of albumin secreted by the 2D monolayer, achieving a maximum 

1.5 -fold increase on day 21.  

 

Figure 4. Relative albumin secretion in HC04 (A) and HepG2 (B) hepatocytes growing on a 3D non-

woven control scaffold (pore size 200 µm). Known quantities of human albumin were used to 

establish a calibration curve and the quantities of albumin secreted into culture media were 

normalised to total protein levels in the media as determined by the Bradford assay to correct for 

differences in cell numbers. The data are indicated as fold change of cells growing in 3D compared to 

cells grown as a 2D monolayer. Data are the average of three individual scaffolds ± standard 

deviations; * indicates significance at p<0.05. 

 

3.2. Cytochrome P450 mRNA expression 

 

CYP gene expression was monitored using qRT-PCR in HC04 cells grown on the pure PP 

non-woven scaffolds with a mean pore size of 200 µm (Fig. 5A). CYP genes code for 

enzymes that are involved in the oxidation of organic compounds to enhance excretion and 

play a major role in the metabolism of drugs and xenobiotics. It has been hypothesised that 

hepatocytes growing in 3D may display enhanced drug metabolism due to higher levels of 

endogenous CYP gene expression. Expression levels of CYP2C9, 2C19, 3A4 and 3A5 

increased over time as the 3D scaffold became more densely populated, with CYP1A2, 2C19 

and 3A5, up-regulated compared to the 2D control. CYP2C19 for example, was expressed 79 

times higher in the cells growing on the scaffold compared to the 2D control, using beta-actin 

as internal qRT-PCR reference control for cell numbers. For two genes, namely CYP2C9 and 

3A4, levels of gene expression remained equal to, or below, that seen for HC04 cells grown 
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in 2D. This experiment revealed the highest level of CYP expression to be at day 21. On this 

basis, similar quantification of the selected CYP genes was performed at day 21 using HepG2 

hepatocytes grown on the scaffold. CYP genes 1A2, 2C9 and 2C19 were up regulated at day 

21 while the expression levels of CYP genes 3A4 and 3A5 were less than that of the 2D 

control. CYP2D6 was expressed at a similar level to that of the 2D control (Fig. 5B). When 

 

 

Figure 5: CYP gene expression. (A) HC04 hepatocyte CYP gene expression after 10, 14 and 21 days 

of growth on the non-grafted, 200 um pore size, poly(propylene) (PP) scaffolds. (B) HepG2 

cytochrome gene expression after 21 days of growth on the same PP non-woven scaffolds as 

described for graph A. (C) HC04 cytochrome gene expression after 21 days of growth on scaffolds 

PP-g-PNIPAAm-B1 (100 µm), PP-g-PNIPAAm-B2 (150 µm) and PP-g-PNIPAAm-B3 (200 µm). 

Expression of each transcript, relative to a 2D HC04 monolayer culture, was determined using the 2
-

ΔΔCt
 method by normalizing to β-actin expression and is graphed as fold induction compared to 2D. 

Data are represented as the average of three independent experiments performed in triplicate ± 

standard deviations. * indicates significance at p< 0.05 and ** indicates significance at p<0.01. 
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the CYP gene expression levels were assessed on scaffolds of different mean pore size that 

had been grafted (using grafting method of scaffold PP-g-PNIPAAm-B) it was noted that 

gene expression was increased for all the selected genes as depicted in Figure 5C. No specific 

conclusion can be drawn as to which pore size performed the best; however, the scaffolds PP-

g-PNIPAAm-B1 (100 µm mean pore size) and PP-g-PNIPAAm-B2 (150 µm mean pore size) 

appeared to support higher levels of gene expression then PP-g-PNIPAAm-B3 (200 µm mean 

pore size). 

 

3.3. Thermal release 

 

An initial thermal release trial was conducted to ascertain which non-woven polymer, 

grafting and sterilisation method (autoclaving or ethanol) permits optimal cell release at 20°C 

using HC04 hepatocytes that had grown on the scaffolds for 10 days. Thermal release of 

HC04 hepatocytes at 20°C was observed most significantly after 2 h on the PP-g-PNIPAAm-

A and PP-g-PNIPAAm-B scaffolds that had been ethanol sterilised (Fig. 6A). No other 

scaffold displayed significant thermal cell release. Although some scaffolds did appear to 

release cells, including PET-g-PNIPAAm-A (autoclaved, 1 h release), PET-g-PNIPAAm-B 

(ethanol, 2 h release) and nylon-g-PNIPAAm-A (autoclaved, 2 h release), these scaffolds 

were also observed to drop non-woven fibres, ruling out the possibility that thermal release 

alone was responsible for the released cells. This result was subsequently confirmed using 

HepG2 cells (Fig. 6B). 

 

Additional controls were included to verify that none of the other components of the grafting 

process other than the presence of PNIPAAm was responsible for the observed cell release. 

Scaffold PP-g-PNIPAAm-B which had been oxyfluorinated and grafted displayed greater  
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Figure 6: Thermal release of HC04 and HepG2 hepatocytes. Cells were grown on either PP-g-

PNIPAAm-A (left hand panels) or PP-g-PNIPAAm-B scaffolds (right hand panels) for 10 days. Cell 

release was compared between scaffolds kept at 37 °C (A, C) or at 20°C (B, D) for 2 h for both HC04 

(top panels, A-D) and HepG2 cells (bottom panels, A-D). Images of cells dropped from the scaffolds 

were taken using a standard microscope (Olympus BX41) at 40x magnification. 

 

capacity for thermal release than the “test 2” and “test 4” scaffolds (Table 1), which had not 

been grafted with PNIPAAm. In addition scaffold PP-g-PNIPAAm-B released more cells 

than scaffold “test 3” which had been grafted but had no prior surface functionalisation i.e. 

oxyfluorination. It can thus be concluded that only the addition of PNIPAAm during the 

grafting procedure will result in release of cells from the scaffolds when the temperature is 

lowered below the LCST and that no other exogenous factors contribute to the observed cell 

release. In addition to this, grafted scaffolds with different pore sizes were tested to see if this 

had any affect on thermal release of the cells; after 10 days in culture it was observed that 
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pore size does not significantly affect cell release from the scaffolds with mean pore sizes of 

100, 150 or 200 µm, based on visual estimation.  

An estimation of cell recovery rates from the scaffolds was also conducted.  Scaffolds PP-g-

PNIPAAm-B1, PP-g-PNIPAAm-B2 and PP-g-PNIPAAm-B3 were seeded with hepatocytes; 

14 days thereafter the number of total cells on the scaffolds was estimated using AB. Trypsin 

treatment of the scaffolds or thermal release was used to remove cells from the scaffolds 

(n=3). Viable cells released from the scaffolds were counted using trypan blue dye exclusion. 

Trypsin treatment of scaffolds PP-g-PNIPAAm-B1 and PP-g-PNIPAAm-B2 yielded 

approximately as many cells as the thermal release, however, more viable cells were released 

from PP-g-PNIPAAm-B3 after trypsin treatment than thermal release. In all instances with 

the exception of scaffold PP-g-PNIPAAm-B3 treated with trypsin (Table 2), fewer cells were 

released than the total estimated to be growing on the scaffold using AB thus indicating that 

neither trypsin nor thermal release is fully effective in releasing all the cells. Viable cells 

released from the scaffolds were seeded into a 6 well plate and assessed for re-attachment and 

growth as an additional indication of viability (data not shown). 

 

Table II: Hepatocyte cell release from scaffolds PP-g-PNIPAAm-B1, PP-g-PNIPAAm-B2 and PP-g-

PNIPAAm-B3 via trypsin treatment or thermal release. Total hepatocyte numbers on the scaffolds 

prior to cell release were estimated using AB. Viable cells released from the scaffolds were counted 

using trypan blue dye exclusion on a haemocytometer. The data are presented as the average of three 

individual scaffolds. 

 

 

 

 

 

 

 



 
 

20 
 

4. Discussion 

 

A growing body of evidence has emerged where cells grown in vitro in 3D structures have 

been shown to be significantly different and more representative of the physiological state of 

the native source tissue than those grown in conventional 2D monolayer cultures. The 

development of new culturing systems that enhance this capability is therefore expected to 

lead to significant advances in the predictive accuracy of multiple in vitro cell culture 

applications, including the fundamental study of cell growth and signalling, host-pathogen 

interactions, and the drug discovery process. In this study, the need was identified to develop 

a scaffold which could not only support cell attachment and enhanced proliferation, but could 

furthermore be capable of releasing  3D cell structures non-invasively with surface and 

extracellular matrix proteins largely intact for downstream applications. This is the first 

report for the development of 3D, thermo-responsive, non-woven scaffolds able to release 

cells from a 3D matrix without the use of enzymatic detachment or degradation of the 

scaffold. The feasibility of using three different polymers for enhanced 3D cell culture, 

grafted by various means with PNIPAAm, was investigated.  

 

AB and Hoechst 33258 were used independently for determining cell proliferation on the 

scaffolds as, to date, there is not one wholly accepted method for cell enumeration in 3D (Kee 

et al., 2005). For the majority of scaffolds tested with the AB assay, cell numbers, for both 

HC04 and HepG2 hepatocytes, were observed to initially increase after seeding but 

subsequently decline between days 7 and 11; thereafter cell numbers recovered and 

increased. Similar results have previously been observed by Shor and colleagues (2007) in 

the interaction of osteoblasts with polycaprolacton/ hydroxyapatite scaffolds. It has been 

suggested that this observed trend is due to the inability of the dye to penetrate the scaffolds 
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and react with the cells in the interior of the scaffolds. The recovery in cell numbers can be 

attributed to cells subsequently populating areas of the scaffold where the dye can more 

easily penetrate. The cell numbers estimated using the AB assay will not be accurately 

representative of the inner construct environment if a metabolite concentration gradient 

existed between the interior and the exterior of the construct and is therefore dependent on 

the efficiency of metabolite diffusion into and out of the construct. This can be overcome to a 

degree by swirling the wells containing the scaffolds during the incubation period to assist 

dye diffusion, however, this diffusivity of reagents into the 3D environment can ultimately 

become a confounding factor in this type of assay and it is thus important to use AB in 

combination with another cell quantification assay. The AB assay did, however, reveal that 

the cells were able to proliferate on the grafted scaffolds at a level comparable to, and in 

some instances better than that of the commercially available alginate scaffold, Algimatrix
TM

 

and the control scaffolds, suggesting an absence of scaffold-induced cytotoxicity. 

  

The Hoechst 333258 assay indicated that the HC04 cells proliferated rapidly on the scaffolds 

whereas the growth of the HepG2 hepatocytes was relatively static over time. This can be 

largely attributed to the different way in which these cells grow. Fluorescence microscopy 

revealed that the HC04’s displayed guided growth according to the non-woven fibre 

orientation forming 3D structures as depicted in Figure 3 and populating the majority of the 

scaffold surface area. HepG2 cells formed spheroids with a small area of attachment to the 

non-woven fibres soon after seeding into the scaffolds thus they did not populate the 

scaffolds as rapidly or as extensively as the HC04 cells. This discrepancy in morphology is 

also evident when looking at the images of cells liberated during thermal release (Fig. 6); 

HepG2 cells form definite spheroids whereas the released HC04 hepatocytes are in the form 

of long, multi-layered cell sheets and in some instances the imprint of the non-woven fibre 
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can be seen on the cell sheets. The disparity in the scaffold-associated HC04 cell numbers 

derived from the AB vs. DNA results may be attributable to differences in scaffold 

penetration of the respective reagents used. This discrepancy was not observed for HepG2 

cells which do not populate the matrix as densely and may allow for more uniform reagent 

diffusion. 

 

The albumin assay indicated that the cell lines are metabolically superior, when grown in 3D 

as compared to a conventional 2D monolayer, particularly in the case of HC04 cells. The 

comparison of 3D vs. 2D was carried out using an approximately 70% confluent 2D 

monolayer as this cell confluency is typically the benchmark used in conventional 

experimentation to represent the most optimal log phase of 2D hepatocyte growth. More 

mature, confluent 2D-cultured cells experience increased cellular stress and eventual cell 

death (Gómez-Lechón et al., 2000). Some fluctuation in albumin secretion was observed for 

both cell lines, which is not unusual (Gómez-Lechón et al., 2000) and Glicklis and colleagues 

(2004) also reported a decline in albumin production on day 7 in their 3D alginate scaffolds. 

Prestwich (2007) suggests a possible cyclic production of albumin, as well as urea and EROD 

activity of hepatocytes (primary and HepG2-C3A cells) cultured on hydrogel surfaces or in 

3D by encapsulation in Extragel, a synthetic extracellular matrix; our data suggests this to be 

accurate. HepG2 3D cultures had lower levels of albumin production as compared to HC04 

3D cultures. This may be as a result of restrictions on mass transfer of essential nutrients 

caused by the formation of spheroids. This was observed by Dvir-Ginzberg and colleagues 

(2004) when the spheroids in their alginate scaffolds reached sizes of 100 µm or larger. The 

compaction of the spheroids over time and the deposition of ECM proteins (Dvir-Ginzberg et 

al., 2004; Glicklis et al., 2000) could lead to the decreased ability to remove cell secretions 
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and reduce albumin levels in 3D HepG2 culture supernatants compared to the HC04 

hepatocytes. 

 

An additional indicator of superior hepatocyte growth on the scaffolds is increased CYP gene 

expression. Hepatocytes absorb drugs from the blood stream and metabolize them through 

phase-I and phase-II reactions (Hamilton et al., 2001). During phase-I metabolism, 90% of all 

drugs are oxidized by CYP isozymes with different substrate selectivities. Seven isoforms 

account for 95% of this activity namely 1A1, 1A2, 2C9, 2C19, 2D6, 2E1, and 3A4, with 3A4 

responsible for over 65% of the metabolism of current therapeutic agents (Prestwich, 2007). 

Cytochrome isozymes are downregulated within 24 h after plating fresh hepatocytes onto 

conventional 2D tissue culture plastic (Prestwich, 2007), thus in vitro culture models that 

reflect the increased physiological CYP levels of primary hepatic tissues and cells are sought 

after in the pharmaceutical industry as surrogates for predicting in vivo phase I drug 

metabolism (Lübberstedt et al., 2011). In several instances the 3D non-woven scaffolds 

developed in this study promoted increases in CYP gene transcripts in both the HC04 and 

HepG2 cell lines relative to their respective monolayers. Gene expression increased in a time-

dependent manner for the HC04 cells grown on the 200 µm pore size scaffolds that had not 

been grafted with PNIPAAm. Expression of the CYP2C9 and CYP3A4 isoforms, however, 

remained below that of the 2D monolayer cells. Similarly, after 21 days of growth on the 

non-grafted scaffolds, HepG2 cells displayed increased expression of three out of six CYP 

isoforms compared to 2D monolayer cells, while the remaining isoforms had levels of gene 

expression equivalent or less than that observed for the 2D monolayer. This contrasts with the 

results observed for the scaffolds grafted with PNIPAAm. All the CYP genes tested 

demonstrated increased levels of expression as compared to the 2D control on scaffolds with 

pores sizes 100 µm and 150 µm. This is a good indication that the grafted layer serves not 
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only as a mechanism for cell release from the scaffolds but positively influences hepatocyte 

growth and metabolism.  

 

Two scaffolds with thermo-responsive properties were successfully developed, namely PP-g-

PNIPAAm-A and PP-g-PNIPAAm-B. Large tracts of viable cells or spheroids were released 

from these scaffolds in a temperature-dependant manner and, by comparison with control 

scaffolds, this thermal release was shown to be exclusively caused by the grafted PNIPAAm 

layer. Fluorescent microscopy did, however, reveal that not all the cells were released from 

these thermo-responsive scaffolds. A comparison of thermal release versus trypsin treatment 

of the cells growing on scaffolds PP-g-PNIPAAm-B1 and PP-g-PNIPAAm-B2 revealed a 

similar efficiency in cell release from the scaffolds (Table 1). Scaffold PP-g-PNIPAAm-B3 

however was more permissive to trypsin treatment possibly owing to the more open pore 

structure of the scaffold. The cells that remain in the scaffolds may either be trypsin resistant 

due to the 3D nature of the cell clusters or may not be been able to navigate out of the non-

woven fibre network to be counted. Uneven grafting and scaffold areas devoid of PNIPAAm 

may be responsible for cells remaining on the scaffold. In addition, hepatocytes were, in 

some instances, observed to grow around the full circumference of the fibre, this means that 

when the phase transition of the PNIPAAm polymer triggers cell release it will simply repel 

the cells from the scaffold but not be sufficient for the the cells to separate from one another. 

It is for this reason that we believe some hepatocytes remain on the scaffold after the 2 h 

thermal release.  Grafting efficiency and time for cell release are potential areas for further 

improvement. Currently the commercially available thermo-responsive 2D plates 

(UPCellTM, Cell Seed Inc, Tokyo, Japan) require just over 30 min for release of a monolayer 

of cells.  
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5. Conclusion 

 

Poly(propylene), PET and nylon non-woven scaffolds grafted with PNIPAAm designed to 

serve as a new smart scaffold for use in 3D cell culture were tested in vitro. All the non-

woven scaffolds, both grafted and pure supported hepatocyte attachment and proliferation; 

the proliferation data was comparable to that of the commercially available alginate scaffold, 

Algimatrix
TM

. It is reported that cells growing in 3D on the grafted scaffolds had enhanced 

cytochrome gene expression as compared to cells growing on both the pure scaffolds and in 

2D on tissue culture plastic; albumin production of cells in 3D was marginally enhanced over 

21 days. We show detailed experiments testing the thermo-responsiveness of the various 

grafted scaffolds as compared to their controls; two scaffolds, namely, PP-g-PNIPAAm-A 

and PP-g-PNIPAAm-B were able to release viable cellular aggregates from the grafted 

scaffolds without mechanical scraping, scaffold degradation or the use of enzymes 

confirming the use of the grafted scaffolds in non-invasive 3D cell culture.  This technology 

may find applications in the proliferation and non-invasive release of cells for long-term cell 

cryopreservation, bioreactor matrices or cell differentiation. Additional applications in host-

pathogen studies and toxicology may also be optimized using the smart scaffold. 
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Supplementary Table and Figures 

 

 

Supplementary Table I. qRT-PCR cytochrome (CYP) primers sequences used quantify CYP gene 

expression in hepatocytes growing in 3D as compared to 2D monolayers. 
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Supplementary  Figure 1: Thermal release of HC04 hepatocytes from grafted and control scaffolds 

after 10 days of growth. Autoclaved and ethanol sterilised scaffolds were allowed to incubate at 37°C 

(control) and 20°C for 1 h and 2 h to assess the potential of each scaffold to undergo temperature 

induced cell release. The red box around PP-g-PNIPAAm-A and PP-g-PNIAPPM-B (both ethanol 

sterilised) after 2 h at 20°C indicates successful thermal release of the cells from the scaffolds as 

compared to their respective controls which were maintained at 37°C. Images of the dropped cells 

were taken using a standard microscope (Olympus BX41) at 40x magnification. 
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Supplementary  Figure 2. Effect of non-woven scaffolds’ pore size on thermal release. HC04 hepatocytes were 

released after 10 days of growth from ethanol sterilised scaffolds: PP-g-PNIPAAm-B1 (mean pore size 100 µm) 

PP-g-PNIPAAm-B2 (mean pore size 150 µm) and PP-g-PNIPAAm-B1 (mean pore size 200 µm) as summarised 

in Table 1 at 20°C for 2 hr. Images of the dropped cells were taken using a standard microscope (Olympus 

BX41) at 40x magnification. Fluorescent images of the cells remaining scaffolds after thermal release were 

taken using fluorescein diacetate (FDA, Sigma) using an Olympus BX41 microscope equipped with a 490 nm 

bandpass filter with a 510 nm cut-off filter for fluorescence emission. 

 
 

 
 
Supplementary Figure 3: Additional controls used to assess if omitting any stages of the grafting process have 

any effect on thermal release. Panels 1-3 are HC04 hepatocytes dropped from biological replications of each of 

the grafting variations, Test 1 – Test 4 as summarised by Table 1. Thermal release of cells that had been 

growing on ethanol sterilised scaffolds (Test 1-4) for 10 days took place at 20°C for 2 hr. Thermal release 

images of the dropped cells were taken using a standard microscope (Olympus BX41) at 40x magnification. 

HC04 hepatocytes remaining on the scaffolds Test 1 (grafted) and Test 4 (not grafted) after thermal release were 

visualised using Fluorescein diacetate (FDA, Sigma-Aldrich Chemie) at 40x magnification using an Olympus 

BX41 microscope equipped with a 490 nm bandpass filter with a 510 nm cut-off filter for fluorescence 

emission. 
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