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Introduction of foreign cargo into the targeted living cell with high transfection efficiency and high
cell viability is an important mean for many biological and biomedical research purpose. Here, we
have demonstrated a newly developed Titanium oxide micro-flower structure (TMS) for
intracellular delivery. The TMS were formed on titanium (Ti) substrate using an electrochemical
anodization process. The TMS consists of branches of titanium dioxide (TiO2) nanotubes, which
play an important role in efficient cargo delivery. Due to nanosecond pulse laser exposure, Ti
substrate heat-up, generating cavitation bubbles. These bubbles can rapidly grow, coalesce, and
collapse to induce explosion resulting in very strong fluid flow through the TiO2 nanotubes and
disrupt the cell plasma membrane promoting the delivery of biomolecules into cells. Using this
platform, we successfully deliver dyes with 93% efficiency and nearly 98% cell viability into HCT
cells, and this technique is potentially applicable for cellular therapy and diagnostics.
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The introduction of foreign biomolecules into cells through intracellular delivery, with high
transfection efficiency and high cell viability, is a challenging task for therapeutics,
diagnostics, and many biological and biomedical research [1,2]. Over the years, many
transfection techniques have been developed, including biological, chemical, and physical
methods [3–9]. The chemical and biological methods such as cationic polymers, cellpenetrating peptide, viral vectors have been widely used for intracellular delivery [6,7,10];
however, most of these techniques are limited with cell-specific plasmid delivery due to
plasmid degradation, toxicity or safety concerns [11,12]. The physical methods such as
microinjection [13], electroporation [8,14,15], jet injection [16], and sonoporation [17] have
widely been developed, which use physical energy to disrupt the cell membranes and deliver
foreign biomolecules into cells with high transfection efficiency and high cell viability. The
microinjection technique can deliver biomolecules in all cell types with high transfection
efficiency; however, it is a time-consuming process, limited with low throughput delivery,
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and demands high skill person. The sonoporation technique uses shockwaves to deliver
biomolecules into cells; however, it produces high toxicity and strong shear force that can
cause cell damage easily and results in low cell viability [18]. In contrast, the electroporation
technique is widely used for gene transfer due to its simplicity, short process time, and high
throughput delivery; though, these techniques are often limited due to pH variation, easy
sample contamination, toxicity, and electrolysis effect [8,19].
In the last two decades, the photoporation method has been emerging for a highly efficient
intracellular delivery [20–26]. There are several techniques for photoporation mediated by
light energy. Among them, a common methodology is the usage of metallic nanoparticles to
interact with laser light and generate cavitation bubbles causing shear stress that deforms
cell membrane and deliver biomolecules into cell. However, their delivery efficiency and
viability need to be improved [27]. For photoporation, titanium (Ti) and Ti-based alloys can
be a good choice due to their cost-effectiveness and easy to fabricate. Moreover, it exhibits
superior mechanical properties, high corrosion resistance, and good biocompatibility
[28,29]. Here, we proposed a proof-of-concept TiO2 micro-flowers-based photoporation
platform for intracellular delivery. Each TiO2 micro-flower consists of a branch of TiO2
nanotubes arranged in a flower-like manner on top of Ti substrate. Upon pulse laser
irradiation, Ti substrate heat-up and induces vapor bubbles due to heating. The bubbles grow
through TiO2 nanotubes, and finally disrupt the cell membrane, which allows molecular
delivery. Fig. 1 shows the schematic of this delivery process. The results show highly
efficient intracellular Propidium iodide (PI) dye delivery (93%) into HCT cells with cell
viability ~ 98%. This newly invented and highly biocompatible optoporation platform can be
adapted as standard, safe, and cost-effective methods to perform intracellular delivery.
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The TiO2 micro-flowers were fabricated on titanium substrate using the electrochemical
anodization technique. The detailed anodization and fabrication process are illustrated in
supplementary materials. Fig. 2 (a) shows the field emission scanning electron microscopy
(FESEM) image of the fabricated TiO2 micro-flowers. A single micro-flower diameter is
approximately 35–40 μm and inter-flower distance ~10–15 μm with height ~2.5–3 μm. The
micro-flower construct with a branch of petals, and each petal thickness is approximately
300–400 nm. Again each petal is a construct of the branch of TiO2 nanotubes, which is
shown in Supplementary Figure. S1 Each TiO2 nanotubes have approximately 60–80 nm
diameter with 400 nm height. Fig. 2b shows a higher magnification image of Fig. 2a. Fig. 2
(c) and (d) show 3D construction images from FESEM image. The images confirm the high
degree of ordering of the micro flowers. The detailed characterization techniques such as
Fourier transform infrared spectroscopy (ATR-FTIR), Raman spectra and EDS confirm the
TiO2 microstructure formation on titanium substrate. ATR-FTIR, Raman spectra and EDS
data with detailed explanations (Fig. S2 and S3 and Table 1) are provided in the
supplementary material.
After micro-flowers fabrication, the device was cleaned with the standard cleaning process
and treated under ultraviolet light for 2 h for sterilization. Afterward, the device was cleaned
using ultrapure water (18 MΩ) to remove the contaminations from the device surface. After
introducing the cells with medium, the device was transferred into an incubator (37 °C with
5% CO2) overnight to obtain proper cell adhesion on top of the device surface. The detailed
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cell culture protocol is provided in the supplementary material. Supplementary Figure (S4
shown calcein-AM staining (cell-permeable dye produce green color for live cells) live cells
have adhered on top of the microflower surface as monolayer and it confirm that cells were
grown healthy in nature. When cells strongly adhere to the micro-flower device surface, then
cell impermeable molecules were added onto the device, and pulse laser was exposed for
photoporation experiment.
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In our study, first, PI dye was added on device surface (without adding any other dye), then
6.5 mJ laser energy with 5 ns pulse duration at 680 nm wavelength, with 10 Hz pulsing
frequency was irradiated on the sample and finally the device was scanned at a speed of 150
mm/min. The PI dye is cell impermeable, and it can deliver into cell cytosol and produce red
fluorescence imaging only if any mechanical membrane rupture happens [30]. Here due to
pulsed laser irradiation, the Ti substrate heats-up and produces vapor bubbles. These bubbles
can rapidly grow, coalesce and collapse to induce explosion resulting in very strong fluid
flow through the branch of nanotubes in each petal of micro-flower and finally disrupt the
cell plasma membrane to create transient membrane pores. As a result, PI dye was
successfully delivered into the cells from outside by a simple diffusion process, due to
concentration variation. Fig. 3a shows the successful PI dye delivery into HCT cells with
93% delivery efficiency. To check if the cells are alive or dead (because PI dye also can stain
the nucleus of dead cells) after delivery, we added Calcein AM after 5 h of laser exposure.
The calcein-AM hydrolysis inside live-cell and produce green fluorescence; in contrast, no
color is generated for dead cells. Fig. 3b shows the live-cell imaging using calcein-AM
(green). Fig. 3c shows the merged image of both (Fig. 3 a,b) distinguishing live and dead
cells. Most of the cells of this image are green to yellowish-green color, indicating that cells
are highly viable after delivery and very few red colors appear due to dead cells. Thus, these
figures confirm that, after delivery, most of the cells are alive, and the cell viability reached
approximately 98%.
In order to affirm bubble generation, we perform COMSOL multiphysics simulation that
gives a clear picture of light-induced heating in this device. Since the micro-flower surface
shows complete wettability (contact angle ~0°), each nanotube within the flower is
considered to be filled by water medium in this simulation. We have simulated a model
system (shown in supporting information Figure S5) containing four nanotube arrays on Ti
substrate. Each nanotube has an outer diameter of 60 nm, thickness 10 nm and height 80 nm.
This model has been simulated for laser excitation at 680 nm with a pulse duration of 5 ns
and fluence 35 mJ/cm2. After irradiating with nanosecond laser pulse, the Ti substrate
absorbs the laser energy and acts as a transient heat generator [31]. The simulation result
shows local electric field enhancement in-between the nanotubes’ nano-spaces near the Ti
metallic substrates, as shown in Fig. 4a. This observation is similar to the local field
enhancement at the nano-gap between the metallic substrate and dielectric nanoparticle
[32,33]. Resistive heatings, as shown in Fig. 4b, is more at Ti/TiO2 interface compare to bare
Ti substrate without nanotubes. Half part of water on the Ti substrate is visually inactivated
to show the heat distribution across the nanotubes in Fig. 4b. This happens due to
confinement of more electric field at the nanogap in-between the TiO2 nanotubes. It shows
that heating occurs at the top surface of the Ti substrate due to its metallic characteristics. No
heating effect is observed for TiO2 nanotubes because the excitation energy (680 nm) is far
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below the bandgap energy (3.2 eV) of TiO2. The heat flux diffuses to the adjacent TiO2
micro/nanostructures and the confined water medium with time. Once the local Ti/water
temperature rises above the critical temperature [34] the vapor bubble nucleates within the
nanotube (maybe at the dead-end at Ti/water interface). Local expansion of the
nanostructures due to temperature can also help to nucleate the vapor bubble in nanochannel
[35]. To calculate electron (Te) and lattice temperature (Tl) in Ti substrate two-temperature
model is used. The temperature dynamics for the whole model in time and space is obtained
by following the equations below:
Ce T e

Cl

∂T l
∂t

∂T e
∂t

= ∇ ke ∇T e − g T e − T l + Q t ,

= ∇ kl ∇T l + g T e − T l − glw T l − T w − gln T l − T n ,

(2)

∂T n
∂t

= ∇ kn ∇T n + gln T l − T n − gnw T n − T w ,

(3)

∂T w
∂t

= ∇ kw ∇T w + glw T l − T w + gnw T n − T w

(4)

ρnCn

ρwCw

(1)
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Here, Tn is the nanotube temperature and Tw is the water temperature. g ~2 × 107 Wm−3K−1
is the electron-phonon coupling factor of Ti [36]. Electron thermal conductivity, ke = 15.3
W/m.K, and lattice thermal conductivity, kl = 5.2 W/m.K [37] of Ti. gab(Ta – Tb) is the heat
transfer from a to b medium with gab being boundary heat exchange with Ti/water interface,
glw = 105 × 106 W/m2K, Ti/TiO2 interface gln = 1725 × 106 W/m2K and TiO2/water
interface gnw = 68 × 106 W/m2K, calculated following Ref [38]. Ce = αTe is electronic
specific heat [36] with α = 328.9 J m–3 K–2 and Cl = 2.3 × 106 J m–3 K–1 is lattice specific
heat of Ti [39]. Cw = 4182 J kg–1 K–1 and Cn = 639 J kg–1 K–1 are the heat capacities of
water and TiO2 nanotube [40], respectively. The mass density is ρw = 1000 kg m–3 of water
and ρn = 4260 kg m–3 of TiO2, respectively. Q(t) is transient heating due to pulsed laser
irradiation. Fig. 4c shows the spatial temperature distribution across the whole model at the
peak of temperature transient as shown in Fig. 4d. It shows that temperature maximizes at
the upper surface of Ti and decreases gradually in both upper and lower directions.
Interestingly, the temperature rise in Ti–TiO2-water region is faster than Ti-water region
because TiO2 nanotubes act as a heat transfer medium for the former case (sincegln > glw).
The transient temperature dynamics, in Fig. 4d, shows that the water temperature rises far
above the boiling point of water. Therefore, such high rise of water temperature can generate
vapor bubbles and induce cavitation. Also, TiO2 tube wall would experience the local
expansion due to temperature rise (it is not included in the simulation). Such expansion can
promote nucleation of cavitation bubble within nanotubes [35].
The previous studies conducted on confined liquids in micro-nanochannel showed that
bubble initially starts with spherical shape and then expands until it occupies the whole
cross-section of the tube, after which it grows preferentially in the axial direction [41]. The
shape of the bubble occupies the majority of the cross-section of the tube, finally reaches the
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cooler end of the tube [41]. Since the bubbles are bound to expand through the quasi-onedimensional geometry of the tubes, flower-like shapes, drives the nano-bubbles towards the
same spot of the membrane. This region is preferentially the interface of the top center of
micro-flower and cell membrane. The collective growth and collapse of the bubbles at the
same spot can significantly enhance shear stress and jet flow of the liquid causing local
deformation of cell membrane. Thus, the peculiar arrangements of nanotubes in the micro
flower petals provide a competent means to focus mechanical energy on a micron-size small
region of the cell to produce a highly localized shear stress and strain, causing localized
membrane deformation or poration. A very recent study presents a rigorous assessment on
the impact of laser-induced bubble hydrodynamics on membrane deformation [42]. A
varying bio-effects, including necrosis, apoptosis, repairable poration and survival have been
observed. These distinct impacts were strongly dependent on the inter-distance between the
spot of bubble generation and the cell membrane and bubble shape. The dynamical
characteristics of tandem bubble and spherical bubble showed significantly distinguished
bio-effect on cell membrane. While spherical bubble leads to uniform membrane
deformation causing multiple pores at different position of the membrane, tandem bubble
causes heterogeneous pinpoint membrane poration. This was attributed to a jet caused by
asymmetric collapse of the tandem bubble leading to the splashing radial outflow or the
exponentially decaying shear stress generated by the rapid expansion of the bubble [42]. A
quantitative and detailed study of this bubble dynamics is beyond the interest of the present
work. It is important to note that we observed a significantly improved cell viability ~98%
compared to the previous studies on laser-induced intracellular delivery. This observation
can be attributed to the fact that the pores get resealed after intracellular delivery without
inducing permanent deformation. The previous studies showed that the distance between the
bubble generating position and cell membrane plays a crucial role to decide which bio-effect
would be more significant than the others. The fixed height of the TiO2 nanotubes provides a
safe distance to the cell so that the shear stress due to rapid expansion of the bubble at the
point of nucleation cannot cause significant necrosis or apoptosis. Besides, the extremely
high biocompatible surface of TiO2 micro flowers can assist the cells to live longer which is
the additional benefit for promoting high cell viability.
Furthermore, we have performed cell viability test on different days using TiO2 microflowers. The viability was conducted as a control experiment using normal cell culture Petri
dish without TiO2 micro-flower, before and after laser exposure with TiO2 micro-flower.
The MTT “(3- [4,5-dimethylthiozol-2-yl]-2,5 diphenyl tetrazolium bromide, analytical
grade, TCI, Japan)” assay was used for cell viability test using HeLa cells and the method
defined in earlier studies [43]. For this test, initially, each sample was added in a 30 mm cell
culture plate, and HeLa cells were seeded at a density of 0.5 × 105 cells/mL. The MTT assay
test was performed after 2 h, 3 days, and 7 days before and after laser exposure. The
concentration of 50 μl of 5 mg/ml, MTT (stock) was added in each plate and then incubated
at a temperature of 37 °C in a 5% CO2 incubator for 4 h. After 4 h, the cell culture medium
containing MTT was removed from the culture plate by aspiration. Thereafter, the formed
formazan crystals were dissolved by adding 500 μl dimethyl sulfoxide (DMSO, SigmaAldrich). Then, the 200 μl of DMSO dissolved formazan crystals aliquots were transferred
into a 96-well plate for reading the optical density at 570 nm through a plate reader (AS
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ONE MPR-A 100). All the samples were assayed in triplicates. The measured optical
density relates to the viability of cells, higher the optical density, better the cell viability. Fig.
5 shows the cell viability using MTT assay with a control experiment, before and after laser
exposure for 2 h, 3 days, and 7 days. It was observed that, with laser exposure on TiO2, the
cell viability was more than 96% after 2 h and continuously increase this viability even after
7 days.
In summary, we demonstrate a new proof of concept of pulsed laser activated intracellular
delivery using TiO2 micro-flowers. The micro-flowers were fabricated using electrochemical
anodization process, which consists of a branch of TiO2 nanotubes on each micro-flowers
petals. Due to pulse laser activation and bubble generation, strong fluid flow induces on
plasma membrane and creates transient membrane pores for intracellular delivery. Using our
platform, we successfully deliver molecular dyes with high delivery efficiency and high cell
viability. Our platform might be potentially applicable to basic cellular research, therapy,
diagnostics, and biomedical research purpose.
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•

Titanium oxide micro-flowers (TMS) was formed on titanium by
electrochemical anodization.

•

TMS consists of branches of titanium dioxide nanotubes that play an essential
role in efficient cargo delivery.

•

Pulsed laser and TMS interaction generate cavitational bubbles and deform
the cell membrane for intracellular delivery.

•

Propidium Iodide dye was delivered into HCT cells with high delivery
efficiency and cell viability.
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Fig. 1. The schematic of pulse laser-assisted vapor bubble generation and intracellular delivery
using TiO2 micro-flowers.
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Fig. 2. The TiO2 micro-flowers fabrication on Ti substrate using the electrochemical anodization
technique.

(a) FESEM image of micro-flowers, (b) single microflower with higher magnification, (c)
3D construction of micro-flowers from the above FESEM image (d) single 3D construction
of micro-flower.
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Fig. 3. PI dye delivery and cell viability of HCT cells at 680 nm wavelength with 6.5 mJ laser
fluence

(a) PI dye delivery (red) (b) live-cell staining by Calcein AM (green) (c) merge image of live
cells and PI dye delivery cells. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Simulation results for TiO2/Ti model.

(a) Field enhancement at nanospace in-between nanotubes close to the Ti substrate. (b)
Resistive heating in 3D. (c) Spatial temperature distribution at the peak of transient
temperature. (d) Transient dynamics of Te, Tl, and Tw at an arbitrary position of Ti/
water/TiO2 interface.
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Fig. 5. Cell viability of HeLa cells using MTT assay on different days before and after laser
exposure.
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