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Efficient and controlled gene delivery remains a critical requirement in biomedical research, particularly for applications 
in tissue engineering, gene therapy and cell-based assays. Conventional non-viral gene delivery methods often  
face limitations such as low transfection efficiency, lack of spatial control and cytotoxicity. Hence there is need for 
innovative platforms that enable precise, efficient and localized gene transfer. In this study, in-house developed  
Poly(N-isopropylacrylamide)-Co-Glycidyl Metharylate (NGMA) polymer has been evaluated as a non-viral gene transfer 
platform by transferring plasmid DNA encoded with Green Fluorescent Protein (GFP). The NGMA–plasmid complexes 
were coated onto tissue culture polystyrene surfaces and L-929 cells were cultured on these surfaces. Gene transfer was 
induced through temperature modulation in the presence of a transfection reagent, enabling intracellular uptake and 
functional expression of GFP. The delivery of plasmids into the cell monolayer was evaluated in different conditions. 
Results demonstrated rapid and efficient cellular internalization of plasmid DNA, with distinct GFP expression observed 
only on polymer-coated regions, confirming the spatial and temporal control of this solid-state gene delivery system. This 
novel approach merges non-viral gene delivery with substrate-associated cell culture, providing a versatile platform for 
generating genetically modified cell monolayers.  
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Gene or DNA delivery is a complex process of tightly 
involved steps condensation or packing of DNA, 
transporting of DNA in to the cells, facilitates its 
release and expression of gene and subsequent 
synthesis of protein of interest. Though a number of 
vectors for gene therapy has been studied so far the 
delivery of negatively charged DNA through 
negatively charged plasma membrane also not 
feasible. Successful formulation of a gene delivery 
system requires thorough understanding of the 
mechanism between tracking of the gene and target 
cells. DNA can be inserted into cells using a range of 
techniques including chemical, electrical, lipid/ 
protein-based and viral methods1,2. Each of the 
methods has its own advantages and disadvantages. A 
very common vector used to insert DNA into cells is 
plasmid which is a small circular DNA to which the 
gene of interest is inserted along with genes for 
selecting the transfected cells. Green Fluorescent 
Protein (GFP) is a well-established marker used in 
plasmids to track the gene delivery and protein 
expression3. Generally, plasmids are provided in 

medium reagents that promotes transfection. This 
solution-based method has challenges in the 
degradation of DNA and complex formation in liquid 
state gene transfer. Synthetic polymers have become 
an alternative to viral vectors in gene delivery4-6. 
Stimuli responsive polymeric hydrogel has been 
reported to stabilize plasmids and augment the 
transfection process7,8. Thermoresponsive polymers or 
smart polymers are class of synthetic materials 
capable of change in the property based on the change 
in temperature render them as a good agent for 
delivering drugs, biomolecules and gene delivery to 
the cells or tissues9,10. These materials have advantage 
over viral vector due to low cost and ease of 
production. Smart polymers have major attraction in 
the field of tissue engineering applications as they are 
capable of inserting gene in to cells and there by 
treating diseases at the molecular level. There are 
many studies so far reporting the use of 
thermoresponsive polymer in gene delivery 
applications2,10-12. In a study based on poly 
(ethyleneimine) (PEI) with grafted neutral responsive 
poly(N-isopropylacrylamide) (PNIPAM) the DNA 
was condensed in to particles with architecture 
varying with LCST of graft polymer reported13. 
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Another study also detailed using chitosan grafted 
(PNIPAm) as a gene delivery vector14. The 
compressed hydrophobic globule protects DNA from 
nucleases prior to and during intracellular transport. 
Inside cell it enhances to a hydrophilic structure and 
there by release DNA causing transfection.  

In this study we propose to provide plasmid 
entrapped in a thermoresponsive polymer  
matrix to cells that are cultured on it. The in-house 
developed Poly(N-isopropylacrylamide)-Co-Glycidyl 
Metharylate (NGMA) polymer expresses thermally 
induced phase transition around a Lower Critical 
Solution Temperature at 28C that has been proved to 
be useful in cell sheet engineering15. The NGMA Co-
polymer based ‘solid state’ transfection process 
involves forming polymer–plasmid complex solution, 
coating tissue culture plates with these complexes, 
culturing cells on the coated surfaces and study the 
gene transfer and expression in the presence of 
transfection reagent and low temperature treatment. 

Materials and Methods  
 

Materials 
NIPPAm was purchased from Acros Organics, 

India. GMA (Guanidyl methacrylate), 2,2 0-
azobis(isobutyronitrile) (AIBN) and tetrahydrofuran 
(THF), isopropanol were obtained from Merck 
Chemicals, India. Polystyrene culture dishes for 
coating polymer were purchased from Nunc,US. Cell 
culture reagents, Minimum Essential Medium 
(MEM), Glutamine, Sodium bicarbonate Trypsin, 
Neutral red, Penicillin, and Streptomycin, was 
purchased from Sigma, India. Foetal Bovine Serum 
(GIBCO, USA), pEYFP N1 plasmid from Clontech 
and Cell Transfection kit Transit 2020 (Mirus). 
 
Synthesis of thermo responsive polymer 

The NGMA copolymer was prepared by previously 
reported method15. Briefly, N-isopropyl acrylamide 
and Glycidyl Methacrylate was copolymerized at 
60C under a blanket of nitrogen gas and AIBN as 
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plasmid was coated in pattern. A thin circular area in 
the 35 mm tissue culture dish was coated with 
NGMA-plasmid. L-929 cells were cultured as 
described before. 
 
Cell viability after transfection 

Cells exposed to the successful gene transfer using 
NGMA-plasmid dishes were cultured for 24 h and 
subjected to Neutral Red staining. 0.5% neutral red 
solution in PBS was added to cell monolayer on 
NGMA-plasmid dishes and incubated for 20 min at 
room temperature (253°C). The cells were then 
observed under inverted light microscope (Motic, 
China) 
 
Results and Discussion  

Gene therapy is fundamentally constrained by the 
difficulty of delivering nucleic acids into target cells 
without losing the efficiency of transfection while 
minimizing cytotoxicity and preserving gene 
expression16. Among non-viral vectors, thermo 
responsive polymers like PNIPPAM or PNIPPAM 
based polymers have attracted significant interest for 
drug and gene delivery due to their reversible phase 
transition behavior in response to temperature 
changes4,7,17. PNIPAM exhibits a lower critical 
solution temperature (LCST) of approximately 32°C 
is very close to the body temperature (37°C), enabling 
temperature-controlled modulation of polymer–
biomolecule interactions18. Polymeric gene delivery 
system typically involves sequential steps such as 
electrostatic condensation of plasmid DNA with the 
polymer to form a polyplex, incubation of the 
polyplex with cells to facilitate cellular uptake via 
endocytosis and intracellular trafficking and 
expression of the gene of interest. 

A major limitation arises while using existing 
systems is the gene uptake by cells and subsequent 

removal of polyplexes from the cell surface19.  
This limitation ultimately can compromise cell 
viability and transfection efficiency. The success  
rate of transfection depends on the delivery of gene  
of interest in to the cells without rendering any 
damage to the cells. Interestingly, thermoresponsive 
polymers provide a unique strategy to address  
this limitation, as changes in temperature below  
the LCST induce polymer hydration and 
conformational expansion, enabling controlled  
release of the genetic payload without harsh chemical 
or mechanical stimuli. The most successful 
application of the PNIPPAm was reported as a 
substratum for the culture and development of  
cell sheet for tissue engineering applications12.  
A co-polymer formulation known as Poly(N-
isopropyl acrylamide)-Co-Glycidyl Methacrylate or 
NGMA has been reported as a temperature-responsive 
cell culture substrate, allowing nonenzymatic 
harvesting of intact cell sheets for tissue engineering 
applications. Building on this concept, NGMA has 
been used as a ‘solid state’ gene delivery platform, 
designed to achieve controlled plasmid DNA release 
directly to cell monolayer with simple change in 
temperature within short duration. This design enables 
selective release and cellular internalization of 
plasmid DNA while minimizing polymer-associated 
cytotoxicity, thereby addressing a key challenge  
in thermoresponsive polymer–mediated gene delivery 
systems. 
 
Efficacy of transfection reagent 

The efficiency of cell transfection reagent also 
confirmed using conventional solution based where 
the plasmid is complexed with transfection reagent 
and incubated for 24 h with cells on TCPS. GFP 
expression observed after 24 h of incubation with 
plasmid complex as shown in (Fig. 2).  

 
 

Fig. 2 — Lipofectamine-mediated transfection of plasmid DNA in L-929cells cultured on TCPS. (a) Cells incubated plasmid with gene
transfection reagent; and (b) GFP expression in cells confirms the efficiency of the conventional solution-based transfection method 



RAJ et al.: SUBSTRATE-CONTROLLED PLASMID TRANSFER 
 
 

715

Cell culture on NGMA-plasmid plates 
The concentration of NGMA plays a crucial role in 

the release and uptake of plasmid20. The thin layer of 
approximately <10  thickness is more efficient in 
maintaining cell morphology. A thick layer is more 
hydrogphilic than the thin and there will be difficulty 
in cell adhesion and proliferation12. The concentration 
of polymer is also a critical factor in 
thermoresponsiveness, when the polymer is used for 
coating cell culture surface and plasmid entrapment. 
Higher concentration brings more polymer chains 
which affect the release of GFP-plasmid from the 
polymer. NGMA at higher concentration (4000 µg) 
showed distinct white precipitate at 37C and this 
induced cytotoxicity of cells by polymer and the 
proliferation was less (Fig. 3). Hence the lower 
concentration of 400 g was taken for transfection 
studies. Introduction of decreased toxicity and high 
transfection efficiency is considered as one of the 
major criteria in choosing synthetic polymers as gene 
carriers2. Since the NGMA is non toxic and stable at 
room temperature as the cells are growing and 
proliferating on coated surfaces. The highest 
concentration of Polymer causes a coiled structure 
which will prevent the release of plasmid during 
change in temperature21. The low concentration of 
NGMA is also helpful in forming polyplexes with less 
penetrating network which in turn enhance the rate of 
transfection7. 
 
Gene transfection experiment  

The gene transfection experiments were carried out 
by analyzing various factors affecting the delivery and 
expression of GFP tagged plasmid inside cells. All 
critical factors were investigated to rule out the 
effectiveness of proposed method of gene delivery 
systems. Solution based gene delivery system is the 
most widely accepted protocol for gene delivery while 

using synthetic carriers7. Before expressing the 
desired protein the synthetic DNA carriers have to 
navigate series of obstacles both intracellular and 
extracellular22. Our proposed solid state gene delivery 
system outweighs the major challenge in solution 
based gene carriers as the cells are directly cultured 
on polymer-plasmid coated surfaces and which in turn 
enhances the efficiency of transfection. Since the 
success of newly proposed system depends on various 
factors like, temperature, transfection reagent and 
time of incubation each and every parameter were 
analyzed to avoid unintended interference of factors 
affecting the efficacy of transfection.  
 
Gene transfer at normal culture condition (37ºC) without 
transfection reagents 

At normal culture condition the polymer DNA 
complex were compacted above LCST and that may 
be the reason behind no specific release and uptake of 
plasmid by cells7. The cells were attached and 
proliferated in coated surface as shown in (Fig. 4). 
Since there was no discernable difference in Plasmid 
expression observed at 37ºC, the experiment 
substantiate temperature as one of the major factor in 
thermos-response gene delivery experiments. This 
also supports the pervious findings of Sang-oh Han et 
al23, where the transfection efficiency of a terpolymer, 
is high at low temperature due to the 
formation/dissociation control of thermosensitive 
polymer. Temperature plays crucial role in the release 
of plasmid from polymeric network of copolymer of 
PNIPPAm and GMA again substantiate by the 
R.Yoshida24. They have reported that the fast 
response to temperature stimuli, the drug can be 
released from the hydrogel quickly and act as an on-
off switching release system. The Terpolymer/DNA 
complex was easily being dissociated below the 
LCST, while above the LCST, these complexes were 

 
 

Fig. 3 — L-929 cells cultured on plasmid entrapped NGMA at different polymer concentrations (a) 4000 g/mL; and (b) 400 g/mL. 
At higher concentration, the NGMA-Plasmid showed cytotoxicity and at low concentrations non-cytotoxic  
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formed by additional hydrophobic interaction due to 
thermo-responsive copolymer aggregation. The 
results demonstrated that L-929 cells cultured on the 
NGMA-Plasmid surface under normal culture 
conditions did not express GFP, indicating negligible 
gene transfer when plasmid DNA is merely presented 
on the cell culture surface without additional 
facilitating factors.  
 
Gene transfer at LCST without transfection reagents 

Temperature treatment alone could not able to 
release plasmid from the polymer as there was no 
gene expression by method 2 (Fig. 5). Here the cells 
were treated to below LCST of polymer but no 
significant expression of plasmid was observed when 
transfection reagent was not added to the culture 
system. This confirms the pivotal role of transfection 
reagent in solid state gene delivery. Mirus 2020 low 
toxic transfection reagent was used to carry plasmid 
DNA to the cytoplasm of the target cells. The results 
suggest that absence of transfection reagent even if 
the temperature of the polymer is lowered to below 
LCST, the plasmid could not be internalized. The 
cells exposed to a transient low-temperature (below 

LCST) did not express GFP, underscoring that 
temperature modulation alone is insufficient to trigger 
internalization of plasmid DNA from a solid interface. 
Thus the above observations evidenced by the 
absence of GFP gene expression under standard cell 
culture conditions and short duration temperature 
stimuli does not inherently confer efficient cellular. 
This also confirms that the NGMA-plasmid plate is 
behaving like normal tissue culture grade surface 
under standard conditions. This is consistent with 
studies showing that substrate-immobilized DNA, 
without additional facilitating vectors or 
mechanical/physicochemical triggers, is poorly 
internalized by adherent cells because the critical 
steps of plasmid detachment and membrane 
translocation are rate-limiting barriers25.  
 
Gene transfer at normal temperature (37C) with transfection 
reagent  

The possibility of plasmid internalization as per 
standard lipofectamine based gene transfer protocol 
was also studied. It was performed to show whether 
the plasmid in NGMA-plasmid complex coatings or 
free plasmids from the coated surface are available to 

 
 

Fig. 4 — (a) L-929 cells cultured on NGMA-Plasmid surface; and (b) Absence of GFP expression by cells shows no occurrence of gene
delivery during normal culture conditions 
 

 
 

Fig. 5 — L-929 cells on NGMA-Plasmid surface. (a) Cells incubated at 10C for 20 min in normal culture medium; and (b) Absence of
GFP expression confirms absence of gene transfer 
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give false positive results. Conventional transfection 
reagents (e.g., lipofectamine) operate by complexing 
with plasmid DNA in the medium to enable endocytic 
uptake into the cells8. NGMA-plasmid system is same 
as conventional system of gene delivery by 
complexing released plasmid with transfection agent. 
The results showed that cells cultured with a 
conventional transfection reagent did not show 
fluorescence of GFP gene expression, confirming that 
soluble transfection complexes do not carry free 
plasmids on its surface to be delivered into cells  
(Fig. 6). The lack of GFP expression in Figure 6 in the 
presence of transfection reagent supports the notion 
that plasmid DNA was not accessible to the cells. 
 
Gene transfer below LCST with transfection reagents  

The conventional procedure of gene transfection 
involves complexing the non-viral carrier with a 
plasmid DNA and then adding it to a cell culture 
medium. This requires incubation of the target cells 
with culture medium for 24 h prior to transfection. 

Besides serum cannot be used for transfection 
experiment as it affects the process of DNA-carrier 
complex thereby suppressing the efficacy of 
transfection. Studies reported that Reverse 
transfection is found to be more successful in 
delivering plasmid DNA than conventional solution 
based methods26. One of the desirable criteria for 
using thermoresponsive polymers is it should not 
interfere with transfection efficiency of plasmid. The 
formation of polyplex neither affects the transfection 
efficiency nor the constant expression potential of 
plasmid. 

In this study temperature stimuli and presence of 
transfection reagents showed that the plasmid gene 
(GFP tag) was expressed inside the cells (Fig. 7). This 
demonstrate that during cold incubation plasmid was 
released from the NGMA surface, and in the presence 
of transfection reagent, the released plasmid was 
internalized and expressed by the cells. The 
expression of plasmid inside cells again confirms the 
efficiency of solid-state transfer over other 

 
 

Fig. 6 — Assessment of plasmid internalization and potential false-positive GFP expression using a conventional lipofectamine-based 
transfection control. L-929 cells on NGMA-Plasmid surface. (a) Cells incubated at 37C in medium supplemented with gene transfection 
reagent; and (b) There was no detectable GFP fluorescence indicating absence of free plasmid DNA to the cells 
 

 
 

Fig. 7 — Temperature-triggered plasmid release and intracellular expression of GFP in the presence of a transfection reagent. L-929 cells 
on NGMA-Plasmid surface. (a) Cells incubated at 10C in medium supplemented with gene transfection reagent observed under phase
contrast microscope. Cold incubation induced the release of plasmid DNA from the NGMA surface, and subsequent exposure to a 
conventional transfection reagent enabled cellular internalization and expression of the GFP-tagged plasmid; and (b) GFP expression in
cells confirms efficient gene transfer 
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form of suspension. A chemical transfection reagent 
(lipofection, polyfection), physical techniques 
(electroporation, microinjection, magnetofection) or 
viral vectors are used for gene transfer. Non-viral 
chemical methods rely on cationic lipids or polymers 
to condense plasmid DNA into complexes that can 
interact with negatively charged cell membranes and 
be internalized via endocytosis. These methods 
require plasmid DNA to be in solution and are widely 
used for in vitro applications due to their relative 
simplicity and controllability. However, this method 
faces several constraints, such as inefficient mass 
transport to adherent cells, diffusion-mediated loss of 
plasmid DNA and nucleic acid degradation within 
culture media, that reduces the transfection efficiency 
in certain cell types. Additionally, lipid-based 
reagents such as Lipofectamine typically require 
extended incubation periods to achieve sufficient 
uptake, which can disrupt cellular membranes, induce 
cytotoxicity. These combined limitations have driven 
interest in substrate-mediated or solid-phase gene 
delivery strategies, which aim to improve transfection 
outcomes by immobilizing DNA at the cell–material 
interface, thereby minimizing diffusional losses and 
reducing reliance on long-duration, cytotoxic lipid 
exposure. The Solid-state gene transfer (substrate-
mediated delivery) involves immobilizing DNA (or 
DNA complexes) on a culture surface, so that cells 
contacting the surface experience high local 
concentrations of DNA27. Reverse transfection is one 
such approach where DNA complexes are pre-
adsorbed onto the culture substrate before cell 
seeding, which enhances local DNA availability5. 
This strategy has been shown to increase transgene 
expression and the number of transfected cells 
compared with soluble bolus delivery with improved 
cell viability. 

The results presented in this study confirms that the 
NGMA incorporated with plasmids can be a good 
platform for transfection of cell monolayer. This 
method is in line with the solid state gene transfer 
reported before26. The ‘solid state’ gene delivery 
platform was evaluated for successful cellular 
internalization and subsequent transgene expression 
was confirmed under in vitro conditions. As this study 
was limited to cell culture studies, clinical and 
preclinical parameters related to safety and efficacy 
were not assessed. Hence, the efficacy should be 
validated through functional outcome measures, 
biomarker analyses and durability of gene expression. 

Those studies will be the future steps starting from 
preclinical evaluation of this solid-state gene transfer 
system, for generating comprehensive data required 
for the translation to clinical applications. 
 
Conclusion  

The thermoresponsive polymer based gene delivery 
was developed and evaluated in vitro using L-929 
cells using plasmid. The plasmid expressing green 
fluorescent protein was incorporated within 
thermoresponsive NGMA and delivered into L-929 
cells by temperature modulation. NGMA-plasmid 
substrate will also have an advantage of retrieval of 
genetically modified cells from its surface. 
Preliminary experiment reveals that NGMA is 
capable of forming complex with plasmid DNA 
without affecting functionality. The results suggest 
that plasmid DNA can be coiled in polymer network 
which can be effectively taken up by cells within a 
short duration of time without affecting the 
functionality. More studies require to fine tune the 
duration of transfection with different cells.  
Future investigations should therefore extend this 
platform to gene-specific and disease-relevant 
models, followed by in-vivo studies to evaluate 
critical safety endpoints such as toxicity, immune 
responses, biodistribution, and long-term risks 
including insertional mutagenesis. 
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