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The introduction of foreign cargo into living cells with high delivery efficiency and cell viability is a challenge

in cell biology and biomedical research. Here, we demonstrate a nanosecond pulse laser-activated

photoporation for highly efficient intracellular delivery using titanium dioxide (TiO2) microspikes as

a substratum. The TiO2 microspikes were formed on titanium (Ti) substrate using an electrochemical

anodization process. Cells were cultured on top of the TiO2 microspikes as a monolayer, and the

biomolecule was added. Due to pulse laser exposure of the TiO2 microspike–cell membrane interface,

the microspikes heat up and induce cavitation bubbles, which rapidly grow, coalesce and collapse to

induce explosion, resulting in very strong fluid flow at the cell membrane surface. Thus, the cell plasma

membrane disrupts and creates transient nanopores, allowing delivery of biomolecules into cells by

a simple diffusion process. By this technique, we successfully delivered propidium iodide (PI) dye in HeLa

cells with high delivery efficiency (93%) and high cell viability (98%) using 7 mJ pulse energy at 650 nm

wavelength. Thus, our TiO2 microspike-based platform is compact, easy to use, and potentially

applicable for therapeutic and diagnostic purposes.

1. Introduction

Titanium (Ti) and Ti-based alloys are commonly used for dental

prosthetics and orthopedic applications owing to their higher

mechanical strength, biocompatibility, corrosion resistance,

and micro/nanostructured features.1–3 In recent years, micro/

nanotechnology has emerged as a vital research area with

various applications. Micro/nanostructured metal oxide

synthesis has gained signicant research interest due to its

favorable application for micro and nanodevice fabrication.4

The micro/nanostructures on titanium metal are advantageous,

as they are less costly, possess a tailorable surface chemistry,

well-ordered micro/nanostructures, exibility, high surface

area, mechanical rigidity, and outstanding biocompatibility.5–8

Nanostructured materials such as nanorods, nanowires, nano-

particles, nanolms, nanotubes, etc., have been constructed

due to their promising applications in numerous elds. The

electrochemical formation of porous/micro/nanostructures for

different types of materials such as Al,9 Fe,10 Hf,11 Mg,12 Nb,13

Ni,14 Ru,15 Si,16 W,17 and Ti18–20 already exists. Besides the metal

substrate, nanostructures can also be formed using anodization

on Ti alloy substrates, such as Ti–6Al–7Nb,8,21 Ni–Ti,22,23 Ti–6Al–

4V,7 Ti13Nb13Zr24,25 and Ti15Mo.26 Among the many nano-

structured oxide materials, TiO2-based nanostructures have

signicant characteristics, such as improved ion-exchangeable

ability, photocatalytic properties, environmental safety, and

nontoxicity. However, the formation of TiO2 microspikes on

titanium substrate by electrochemical anodization process and

their biomedical applications, such as drug delivery or intra-

cellular delivery, have not yet been studied.

Intracellular delivery is a critical task in nanomedicine-based

drug delivery. The past few decades have witnessed the progress

of nanomedicine from biologically inert materials to smart

systems, intended at evolving in vivo functionality. Probing the

nano-bio interactions and the necessary functionalities at the

molecular, cellular, and tissue levels are oen ignored. Devel-

opment towards a response to these queries will yield more

effective chemo-physical approaches.32 The intracellular

delivery of foreign macromolecules into cells is essential to

basic biomedical research and the analysis of many

diseases.27–31 The capability to transport foreign macromole-

cules into living cells with high transfection efficacy and high

cell viability is of great interest in cell biology for the applica-

tions in therapeutics, diagnostics, and drug delivery.27–31 In the

last two decades, different drug delivery methods have been

developed to control drug dosage, target delivery and reduce the

side effects. These methods can be classied as viral, chemical

and physical.31,33–37 Viral vectors are predominantly used for
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gene therapy; however, this technique is cell-specic and

generates an immune response with high toxicity.38 Chemical

methods, such as basic protein and calcium phosphate, are

frequently restricted by the low efficacy of plasmid delivery in

various cell types due to their toxicity and plasmid degrada-

tion.39 Different physical methods, such as jet injection,

microinjection, mechanoporation, electroporation, photo-

poration, etc., are being widely used for highly efficient cargo

delivery with low toxicity.40–49

Physical approaches are widely being developed, which use

physical energy to deform the cell plasma membrane and deliver

cargo into cells.27,31,35,50 For example, in electroporation, an electric

eld is required to deform cell membranes and create transient

membrane pores for cargo delivery. However, it has limitations,

such as electric eld distortion, pH variation, sample contami-

nation, and high toxicity effect, reducing cell viability.41,42 The

microinjection technique is time-consuming, and highly skilled

technicians are required, whichmeans delivery throughput is low,

and therefore, microinjection not widely used.27,28 The sonopora-

tion method creates temporary membrane pores using shock-

waves to carry biomolecules into cells. However, it produces high

toxicity, and the substantial shear force easily causes cell damage

and produces low cell viability.51 On the other hand, photo-

poration technique involves light–matter interactions to disrupt

the plasmamembrane and deliver biomolecules into cells.47,49 It is

a contactless delivery technique, less invasiveness, less toxic for

cells, and has been widely used in the past few years. However, its

transfection efficacy in terms of different cell types and cell

viability needs to be enhanced.

To address the various hurdles for cargo delivery into cells,

we proposed a TiO2 microspike-based photoporation platform

to achieve highly controllable intracellular delivery with high

delivery efficiency and cell viability. In this work, we fabricated

microspikes on titanium substrate by electrochemical anod-

ization process, and cells were cultured on them. Pulsed laser

on the microspikes induces heat, resulting in cavitation bubble

formation and jet ow on the cell membrane. Thus, the cell

membrane creates transient membrane pores that allow

delivery of molecules into cells with high efficiency and cell

viability. Our TiO2-based photoporation platform is exible and

highly effective for intracellular delivery, and it is appropriate

for cellular therapy and diagnostics.

2. Materials and methods
2.1. Sample preparation

The titanium substrate was purchased from Sigma Aldrich,

USA, with 0.25 mm sheet thickness. The sheet was cut to 20 �

20 mm in length and width. Aerward, the small sheets were

etched with Kroll's reagent to eliminate the native oxides.

Finally, they were ultrasonically cleaned using acetone and

isopropyl alcohol (IPA), then dried under nitrogen.

2.2. Electrochemical anodization

TiO2 microspikes were fabricated on a Ti (titanium) substrate

using the electrochemical anodization technique. To fabricate

microspikes, initially, Ti substrate was introduced into the

beaker containing electrolyte, then a counter electrode was

inserted with a xed separation distance of 2 cm. A platinum

electrode acted as a cathode, and Ti was used as anode. For Ti

anodization, different voltages, time, and electrolyte composi-

tions were used to fabricate the microspikes. The electrolyte was

prepared by mixing 50 ml of 0.08 M hydrouoric acid (HF) in

50 ml of 1 M sulfuric acid (H2SO4). The 100 ml electrolyte

solution was continuously maintained, and the magnetic stirrer

was rotated continuously at 300 rpm. The anodization voltage

was varied from 0 to 40 V for 1 h with a DC power supply using

rampmode (2 V min�1). The anodic current density was veried

throughout the experimental process.25 Aer fabrication, the

sample was cleaned using a standard cleaning procedure with

acetone, IPA (isopropyl alcohol), and deionized water, then

dried by nitrogen gas. Finally, the cleaned sample was heated on

a hot plate at 120 �C for ve minutes.

2.3. Cell culture

For our photoporation experiment, human cervical cancer cells

(HeLa) were used, purchased from the National Centre for Cell

Science (NCCC), Pune, India. To culture HeLa cells, initially, the

old medium was withdrawn from the cell culture dish using

a pipette. Phosphate-Buffered Saline (PBS) was added into the

cell culture dish, which was shaken in different orientations to

properly clean the cell surface. The PBS cleaning procedure was

carried out three times, and nally, it was completely removed

from the dish surface. Aerward, 1 ml trypsin (0.05% trypsin–

EDTA, GIBCO) was added to the cell culture dish. The culture

was incubated for 5–7 minutes in an incubator at 37 �C in a 5%

CO2 atmosphere. As a result, cells were detached from the cell

culture dish surface. Finally, 9 ml of DMEM (Dulbecco's Modi-

ed Eagle Medium, Thermo Fisher Scientic, USA, with 10%

fetal bovine serum [FBS], Gibco, USA, and 1% penicillin–strep-

tomycin) was added into the dish and mixed adequately with

cells. The cells with DMEM medium were transferred on UV-

treated microspike chip surface with a cell concentration of

1.2 � 106 cells per ml and incubated overnight in an incubator

for the photoporation experiment.

2.4. Photoporation experimental procedure

Aer overnight cell culture, the HeLa cells have rmly adhered

on the microspike chip surface. Then, we cleaned the cell

surface using PBS, and the process was continuously repeated

three times. Aerward, a fresh PBS solution with diluted PI dye

was added into the chip surface with a PI dye concentration of

0.05 ml ml�1. Then, the pulse laser was exposed and scanned on

top of the chip surface. Photoporation experiments were carried

out using Ekspla NT 342B-10-AW10 tunable nanosecond pulsed

laser at 650 nm wavelength, with 5 ns pulse width and 10 Hz

pulse frequency. For successful photoporation experiments,

different pulse laser energies, PI dye concentrations, and laser

scanning speeds were used to achieve highly efficient intracel-

lular delivery with high cell viability.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 9336–9348 | 9337
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2.5. Fluorescence microscopy

We used a non-inverted industrial uorescence microscope

(Nikon LV150N, Tokyo, Japan) with brighteld, darkeld,

simple polarizing, double beam interferometry, and DIC

attachments. To visualize uorescence images, a 20� objective

lens (NA/WD ¼ 0.45/4.5 mm) was used, and a DS-Ri2 micro-

scope CMOS camera (Nikon, 6fps [4908 � 3246 pixels] to 45 fps

[1636 � 1088 pixels]) was used to capture the uorescence

images. Fluorescence excitation was provided by a 100 W

mercury lamp. The excitation and emission of propidium

iodide (PI) dye and calcein-AM were EX 535–550 nm/DM 575

nm/DM 580 nm and EX 470–540 nm/DM 505 nm/EM 510 nm.

2.6. Cell viability studies

Initially, PI dye delivery (red uorescence) and calcein-AM

stained live cells (green uorescence) were recorded by a uo-

rescence microscope. Then, the images were analyzed using the

Image J soware.52 The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide, analytical grade, TCI, Japan)

assay was accomplished using HeLa cells to measure the cell

viability of all the tested samples, following the well-dened

process in previous studies.12,53 Each sample was added to

a 30 mm cell culture plate, and HeLa cells were seeded with

a density of 0.5 � 105 cells per mL. The MTT assay was per-

formed aer 2 h, 3 days, and 7 days before and aer laser

exposure of the samples. For the assay, 50 ml of 5 mg ml�1 MTT

(stock) was added in each plate and then incubated at

a temperature of 37 �C in a 5% CO2 incubator for four hours,

resulting in the formation of formazan crystals. Aerward, the

cell culture medium containing MTT was removed from the

culture plate by aspiration. Then, formazan crystals were dis-

solved by adding 500 ml dimethyl sulfoxide (DMSO, Sigma-

Aldrich). Finally, 200 ml of dissolved formazan crystals with

DMSO solution was transferred into a 96-well plate for the

reading of optical density at 570 nm through a plate reader (AS

ONE MPR-A 100).54

2.7. Characterization techniques

Attenuated total reectance Fourier transform infrared spectra

(ATR-FTIR) were recorded in the range of 400 to 4000 cm�1

using a Jasco FT/IR-6300 spectrometer to determine oxide

formation on themicrospike chip surface. Raman analyses were

carried out using Jasco NRS-1000 laser Raman spectropho-

tometer with a 532 nm laser. The sample surface morphology

was examined by a Quanta 400 eld emission scanning electron

microscope (FESEM) equipped with an Inca Penta Fetx3

(Oxford) energy-dispersive X-ray spectroscopy (EDS) analyzer for

elemental analysis. The 3D proles of FESEM images were ob-

tained using the scanning probe image processor WSxM 7.0

soware.5 Water contact angles were measured using Surface

Electro-Optics Phoenix contact angle meter through the sessile

drop process. Water droplets of around �8 mL were cautiously

dropped onto the titanium and microspike surface using

Fig. 1 The TiO2 micro-spikes fabrication on Ti substrate using the electrochemical anodization process (a) the FESEM image of micro-spikes (b)

single microspike at higher magnification (c and d) the 3D construction of micro-spikes from FESEM image at different magnifications.
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a syringe. The contact angle was measured at different places on

each sample, then the average value was reported. The

composition of the samples was analyzed by X-ray photoelec-

tron spectroscopy (XPS) using Quantera SXM-CI, scanning X-ray

Microprobe, ULVAC-PHI, INC XPS system with 25 W, 15 kV non-

monochromatic Al Ka radiation with 1486.6 eV energy. Core

level spectra of Ti 2p, O 1s, and C 1s were obtained at the pass

energy of 12.6 eV. The Ti 2p and O 1s core-level spectra were

tted with Gaussian–Lorentzian peaks to identify various

species aer subtracting a Shirley-type background using the

CASAXPS soware.6 COMSOL multiphysics simulation soware

was used to calculate the spatial distribution of temperature.

3. Results and discussion
3.1. Morphology of microspikes

The surface morphology of the microspike device is shown in

Fig. 1a. Fig. 1b shows the high-resolution FESEM image of

a single microspike. 3D proles of the FESEM images were

acquired using the scanning probe image processor WSxM 7.0

soware. Fig. 1c and d show the 3D images of the microspikes

acquired from FESEM images. From these images, the high

degree of arrangement of themicrospike structure is conrmed.

The height of microspikes is�1.5 to 2 mm, with diameters of�4

to 5 mm, and the average interspike spacing is �8 to 10 mm. The

wettability of the titanium substrate and microspikes was esti-

mated using the water contact angle measurement. The water

contact angle is �66� on a bare titanium substrate, whereas

water completely spreads on the microspike samples, conrm-

ing the super hydrophilicity.

3.2. TiO2 microspike characterizations

3.2.1. ATR-FTIR analysis. The ATR-FTIR measurements

were carried out in the range of 400–4000 cm�1 to dene the

oxide formation (Fig. 2a) on microspikes. The bands in the

Fig. 2 (a) ATR-FTIR spectrum of micro-spikes (b) Raman spectra of micro-spikes and Ti substrate.

Fig. 3 The XPS core-level spectra of Ti 2p and O 1s: (a) substrate before etching, (b) substrate after etching, (c) micro-spikes before etching, (d)

micro-spikes after etching.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 9336–9348 | 9339
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range of 500–800 cm�1 could be due to the formation of Ti–O

and Ti–O–Ti bonds, which originate from the oxide layer of the

TixOy.
55,56 The peak from the 800 cm�1 to 900 cm�1 range is

assigned to the formation of a O–O bond. The bands positioned

at around 1620 to 1630 cm�1 and 3000 to 3350 cm�1 indicate

the features of surface adsorbed hydroxyl groups and H2O.
57,58

3.2.2. Raman spectroscopy analysis. The Raman spectros-

copy results (Fig. 2b) conrmed that the typical structures of

titanium oxides are anatase and rutile in the tetragonal space

group. The anatase structure has six Raman active modes,

including 3Eg, 2B1g, 1A1g, with Raman frequencies at 639 (Eg),

519 (B1g), 513 (A1g), 399 (B1g), 197 (Eg), and 144 (Eg) cm
�1.59–61

The rutile has four Raman active modes, B1g, B2g, Eg, and A1g.

The bulk Raman frequencies of the rutile phase are at 143 (B1g),

447 (Eg), 612 (A1g), and 826 (B1g) cm�1.59 The existence of

anatase and rutile peak shi from their positions, along with

scattered Raman peaks, may be due to the abundant band

structure.61,62

3.2.3. EDS and XPS analysis. The composition obtained

using EDS on titanium substrate is 77.5 wt% Ti and 22.5 wt%

oxygen. Microspikes have the elemental composition of

56.57 wt% oxygen and 43.43 wt% Ti. Furthermore, detailed XPS

characterization has been carried out to understand the surface

nature of the titanium substrate andmicrospikes. The Ti 2p and

O 1s core-level spectra of Ti substrate and microspikes before

and aer etching were recorded and are presented in Fig. 3. The

Ti 2p and O 1s core-level spectra from the substrate and

microspike samples were tted with Gaussian–Lorentzian

peaks and are shown in Fig. 4 and Fig. 5, respectively. The bare

Ti substrate shows several peaks indicating the presence of

different Ti species, and they are resolved by curve tting. The Ti

2p3/2 peaks at 454.1 and 458.4, along with spin–orbit peaks in

the curve-tted core-level spectrum, conrmed the presence of

Ti metal and Ti4+ species in the substrate.63,64 However, the

relative concentration of TiO2 species obtained from the area

under the peak is much more than that of Ti metal in the

Fig. 4 The deconvoluted XPS spectra of Ti 2p core-level from (a) substrate before etching, (b) substrate after etching, (c) micro-spikes before

etching, and (d) micro-spikes after etching.
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substrate, indicating surface oxidation of the Ti substrate

(Fig. 4a). Themild sputter etching of the substrate shows only Ti

metal peaks (2p3/2 at 454.2 eV), as presented in Fig. 4b. The Ti

2p3/2,1/2 peaks at 458.7 and 464.4 eV in microspikes indicate the

presence of TiO2 species, which is clear from its Ti 2p core-level

spectrum (Fig. 4c). The Ti 2p core-level spectrum of microspikes

aer sputter etching is broad in nature, containing several Ti

species, and is decomposed into component peaks by curve-

tting, as displayed in Fig. 4d. The decomposed Ti 2p3/2 peaks

observed at 454.2, 456.3, and 458.1 eV are assigned to Ti metal,

Ti sub-oxide (TixOy/defects), and TiO2 species, respec-

tively.63,65–68 The relative concentration of the TiO2 is the domi-

nating one among all the Ti species. It is important to note that

an intermediate sub-oxide species was observed around

456.3 eV, which could be due to defect formation.66–69 The

surface concentrations, binding energies of the Ti substrate,

and microspike component species evaluated from XPS studies

are shown in Tables 1 and 2. The O 1s core levels of Ti substrate

Fig. 5 The deconvoluted XPS spectra of O 1s core-level from (a) substrate before etching, (b) substrate after etching, (c) micro-spikes before

etching, and (d) microspikes after etching.

Table 1 Composition of substrate and microspike samples obtained from XPS

Sample/species

Titanium substrate

before etching (at%)

Titanium substrate

aer etching (at%)

Microspikes before

etching (at%)

Microspikes aer

etching (at%)

Ti 2p 20.7 65.6 31.5 32.1

O 1s 79.3 34.4 68.5 67.9

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 9336–9348 | 9341
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and of the microspikes before and aer etching conditions were

also recorded and are shown in Fig. 5. The broad nature of their

spectra suggests the existence of different oxygen species

present on their surface, and the spectra can be curve-tted into

several components of oxygen species.65 An intense peak around

530 eV is ascribed to oxide species present in the substrate and

microspikes at different conditions. The observed peaks around

531 eV and >532.5 eV correspond to oxygen adsorbed on the

surface or are related to the hydroxyl (OH�) species and surface-

adsorbed H2O.
6,65 In the case of microspike O 1s aer sputter

etching, the peak around 531.5 eV could correspond to TixOy

(may overlap with OH�), which is due to the oxygen vacancies

(defective oxides).67 The O 1s component (defects and OH�)

peaks' area under the curve (AUC) was measured and is pre-

sented in Fig. 6a. The increase in the AUC of TixOy aer etching

microspike samples conrms the oxygen defects (TixOy) on

microspikes. Similarly, the AUC of the microspike Ti 2p (from

Fig. 4d) is presented in Fig. 6b. This substantiates the presence

of Ti and TixOy, along with TiO2. The corresponding defect oxide

peaks are also observed in the microspike Ti 2p spectrum aer

etching (Fig. 3d, 4d, and 5d).

3.3. Theoretical study

To unveil the causes of intracellular delivery in microspikes

structures, we performed Comsol Multiphysics simulations of

electromagnetic radiation in the mixed titanium oxide struc-

tures. To reduce the mesh size, we simplied the complex

structure of microspikes consisting of a 2 mm wide TiO2

(anatase phase is considered here) rectangular microsubstrate,

which emerged in a water environment. The surface of this

substrate is decorated with semi-circular Ti3O5 structures. Here,

we have considered Ti3O5 as the dominant suboxide of Ti

species, as seen in the peak at �456.3 eV in XPS spectra

(Fig. 3d).70 Since the shape and size distributions of these Ti3O5

structures are unknown, we have taken the arbitrary diameter of

around 400 nm in themodel. To simulated resistive heating due

to pulsed laser exposure with the uence of 35 mJ cm�2 (5 ns

pulse duration), we used the emw module of Comsol Multi-

physics. In the simulation, values of refractive indices are n ¼

3.2 + i1.8 for Ti3O5,
71 n ¼ 2.55 for TiO2 and n ¼ 1.33 for water.

The spatial distribution of resistive heating, as shown in Fig. 7a,

clearly shows that the heating effect is localized into the Ti3O5

structures, which act as heat sources due to pulsed laser expo-

sure. To probe the temporal and spatial distribution of

temperatures, the following transient model has been adapted:

Cl

vTl

vt
¼ VðklVTlÞ � glwðTl � TwÞ � glsðTl � TnÞ þQðtÞ (1)

Table 2 Binding energy of Ti 2p and O 1s core levels in different compounds with relative peak area percentage

Sample Ti species

Ti 2p3/2 binding

energy (eV)

Relative peak

area (%) O species

O binding energy

(eV)

Relative peak

area (%)

Ti substrate before etching Ti0 454.1 20.5 Oxide 530.0 54.6

Ti4+ 458.4 79.5 OH� 531.1 25.7

Adsorbed H2O 532.1 19.7
Ti substrate aer etching Ti0 454.2 100 Oxide 530.0 31.4

OH� 530.8 63.3

Adsorbed H2O 532.8 5.3

Microspikes before etching Ti4+ 458.7 100 Oxide 530.3 77.3
OH� 531.1 12.4

Adsorbed H2O 532.3 10.3

Microspikes aer etching Ti0 454.2 30 Oxide 530.1 44.4
TixOy (Ti

3+/Ti2+) 456.3 27 OH�/defects 531.5 35.1

Ti4+ 458.2 43 Adsorbed H2O 532.2 19.5

Fig. 6 Area under the curve (AUC) obtained from components peaks

of (a) O 1s and (b) Ti 2p of micro-spikes after etching.
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rsCs

vTs

vt
¼ VðksVTsÞ þ glsðTl � TsÞ � gswðTs � TwÞ (2)

rwCw

vTw

vt
¼ VðkwVTwÞ þ glwðTl � TwÞ þ gswðTs � TwÞ (3)

Here, Tl is the lattice temperature of Ti3O5, Ts is the temperature

of TiO2 micro-substrate and Tw is water temperature. Q(t) is the

transient heat due to pulsed laser irradiation. gab(Ta � Tb) is the

heat transfer from medium a to b, with gab being the boundary

interface heat exchange with the Ti3O5/water interface, glw ¼ 28

� 108 W m�2 K�1; Ti/TiO2 interface gls ¼ 28 � 108 W m�2 K�1;

and TiO2/water interface gsw ¼ 31 � 108 W m�2 K�1, calculated

following ref. 72. kl ¼ 0.4 Wm�1 K�1 is the thermal conductivity

of lattice and Cl ¼ 3.6 � 106 J m�3 K�1 is the lattice specic heat

of Ti3O5.
73 Cw ¼ 4182 J kg�1 K�1 and Cs ¼ 938 J kg�1 K�1 are the

heat capacities of water and TiO2 substrate (obtained from

Dulong Petit law), respectively. The mass density is rw¼ 1000 kg

m�3 of water and rn ¼ 4260 kg m�3 of TiO2, respectively. The

transient temperatures Tl and Tw are shown in Fig. 7b for an

arbitrary point on the Ti3O5/water interface. The temperature

distribution in themodel at the peak of temperature transient is

shown in Fig. 7c and d at 23 ns and 100 ns, respectively. It is

shown that the temperature diffuses from the Ti3O5 structures

to the surrounding environments aer pulse laser exposure.

The temperature rise is signicantly high enough (>550 K) to

induce cavitation bubbles at the Ti3O5/water interface.
50,74 These

bubbles were generated, expanded, and destroyed, eventually

resulting in strong jet ow in the vicinity of the cell membrane.

As a result, the cell membranes deformed, generating transient

pores which allow extracellular molecules to diffuse into the cell

cytosol. It is worth mentioning that we did not include any

phase transitions induced by the temperature rise of the

materials in the simulation. Also, note that the heating effect

would be different for different shapes and sizes of materials.

This model is just presented to establish the fact that the

Fig. 7 (a) Spatial distribution of resistive heating in the model structure. (b) Temporal heating and cooling at an arbitrary point of b-Ti3O5/water

interface. (c) Spatial distribution of the temperatures at 23 ns (the peak position of the transient in (b)). (d) Spatial distribution of the temperatures

at 100 ns of the transient.

Fig. 8 The schematic of pulse laser-assisted intracellular delivery

using micro-spikes. Due to pulse laser interaction with micro-spikes, it

heats up and induce cavitation bubbles resulting strong fluid flow at

cell membrane surface. Thus, cell membrane can deform and create

transient membrane pores and delivery molecules into cells.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 9336–9348 | 9343
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heating effect plays an important role in intracellular delivery in

the microspike platform.

3.4. Laser exposure on microspike device

3.4.1. Intracellular delivery. Photoporation experiments

were carried out using a tunable nanosecond pulse laser. Aer

performing the cell culture overnight on a microspike device,

the culture was cleaned by PBS and PI dye was added to the

device surface, and then it was exposed to a pulse laser. The PI

dye is cell impermeable, and it cannot enter inside live cells

until the membrane ruptures and creates transient membrane

nanopores. The dye only can enter due to cell membrane

deformation and produce red uorescence color in the cell

cytosol by a simple diffusion process.47,75

Fig. 8 shows the schematic of pulse laser-assisted intracel-

lular delivery using the microspike device. Due to pulse laser

exposure on the microspike device, the microspikes heat up,

resulting in vaporization of surrounding cell medium and the

creation of cavitation bubbles. These cavitation bubbles can

rapidly grow, coalesce and collapse, resulting in steady uid

ow on the microspikes–cell membrane interface. As a result,

the cell membrane deformed and created transient hydrophilic

nanopores, which allowed PI molecules to diffuse inside cells.

Aer laser exposure with PI molecules, the microspike device

surface was washed with PBS, and calcein-AM was added to the

device and incubated for ten minutes. Calcein-AM is a cell-

permeable dye, and it can cause hydrolysis inside live cells,

thus producing green uorescence.47,75

Fig. 9a shows the PI dye delivery in HeLa cells using 7 mJ

laser uence at 650 nm wavelength, with 5 ns pulse width and

10 Hz pulse frequency. The red uorescence image of the gure

conrms that PI dye is delivered successfully into the HeLa

cells. Fig. 9b shows calcein-AM imaging, where most of the cells

are live aer delivery. Fig. 9c shows the merged image of PI dye

delivery and calcein-AM imaging, which also conrmed that

most of the cells are live, with green and yellowish-green uo-

rescence. Fig. 9d–f show the same at higher magnication on

different laser exposure areas of the device.

3.4.2. Delivery efficiency and cell viability. The delivery

efficiency and cell viability reached approximately 93% and

98%, as shown in Fig. 10a. For the delivery efficiency calcula-

tion, we counted the number of uorescent cells delivered PI

dye (Fig. 10a), divided by the total number of cells and multi-

plied by 100%. To calculate cell viability, the same procedure

was followed aer calcein-AM staining and imaging (Fig. 10b).

Moreover, the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide assay was used to identify cell

viability aer laser exposure on microspikes with HeLa cells. To

check the device biocompatibility, we also compared the

microspikes device's cell viability and proliferation efficiency

without laser exposure. The MTT experiments were conducted

for 2 h, 3 days and 7 days on all samples to inspect cell prolif-

eration and cell viability. Substantial improvement of viable

Fig. 9 PI dye delivery and cell viability (a) PI dye delivery in HeLa cells (b) cell viability using calcein AM (c) merge image. (d–f) at higher

magnification.
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cells adhering on the chip surface before and aer laser expo-

sure was reected in the increased absorbance at an optical

density (OD) of 570 nm aer 3 and 7 days incubation. The

absorbance values were converted into the percentage of cell

viability, as shown in Fig. 10b. Aer 2 h of laser exposure

(microspikes), the cell viability is �95.25% � 0.95, which is

�3% deviated from the microspike device (without laser expo-

sure), viz �98.30% � 0.98 and 5% deviation for cells only

(without the device). These results also substantiate the cell

viability results obtained using uorescence images (Fig. 10a).

The numbers of viable cells on microspikes further increase

aer incubation for 3 days (�99.8 � 0.99 before and 98.2% �

0.98 aer laser exposure). No apparent cytotoxicity was observed

even aer longer incubation (7 days). These results suggest that

the fabricated device (microspikes) does not show signicant

cytotoxicity. However, aer laser exposure, about �3% cell

death was observed. Conversely, the number of cells and

proliferation efficiency increases aer incubation for 3 and 7

days. The uorescence microscopy images conrmed the

attachment of HeLa cells aer laser exposure on samples. The

cells have well-spread morphology, representing that they are

rmly attached to the surface of the microspikes. Cell growth

increases with an increase in the incubation time.

3.5. Laser exposure on a bare titanium substrate (without

microspikes)

The experiments were performed on titanium substrate

(without microspikes) to cross-check the delivery efficiency/

mechanism. Fig. 11a shows the PI dye-stained nuclei of dead

cells due to laser exposure (same parameters of microspikes) on

the titanium substrate. Fig. 11b shows calcein-AM stained live

cells aer laser exposure. Cell viability was calculated using

image analysis and MTT assay before and aer laser exposure

on titanium substrate, as shown in Fig. 12. These results clearly

show that no PI dye delivery took place in the absence of

microspikes, strongly validating that PI dye delivery into cells is

mainly because of the laser and microspike interaction-based

photoporation or optoporation mechanism.

3.6. Intracellular delivery mechanism on microspikes

We hypothesize the possible photoporation mechanism of

intracellular delivery using microspikes as follows. The PI dye is

Fig. 10 (a) Delivery efficiency and cell viability on microspikes using

image analysis and (b) cell viability of HeLa cells using MTT assay on

different days before and after laser exposure on micro-spikes.

Fig. 11 Laser exposure on titanium substrate (without micro-spikes) (a) PI dye staining on the nucleus of dead cells (b) cell viability test using

calcein-AM confirmed that most of the cells are live (green color).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 9336–9348 | 9345
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cell impermeable; it can only enter the cell and produce red

uorescence color if any mechanical membrane rupture forms

by application of some external energy to create transient

membrane pores. Due to pulse laser exposure on themicrospike

device, the microspikes heated up, vaporizing the surrounding

cell medium and creating cavitation bubbles. These laser-

induced cavitation bubbles rapidly grow and burst, resulting

in steady uid ow on the TiO2 microspike–cell membrane

interface. As a result, the cell membrane deformed and created

temporary hydrophilic nanopores, which allowed PI molecules

to diffuse inside the cells.

The core-level spectra of Ti 2p and O 1s were studied by X-ray

photoelectron spectroscopy (XPS). The Ti 2p spectrum of the

microspike samples shows that it has Ti0, Ti2+/Ti3+, and Ti4+.

Simultaneously, the O 1s spectrum validates the high concen-

tration of oxygen vacancy defects in these samples' lattice.

These defects are initiated by the Ti3+ unsaturated coordination,

forming the basis for more free electrons. The oxygen defects

have quasi-metallic and metallic properties, even though they

are semiconducting. Atmospheric contamination shows oxides

that are a few �A to nm thick, whereas the interaction between

the laser andmicrospikes is perhaps at a few nm depth. The Ti0,

Ti2+/Ti3+, and Ti4+ (on microspikes) below the oxide layer

probably interact with irradiated nanosecond pulse laser to

cause the laser-induced cavitational bubbles, which disrupt the

cell membrane for intracellular delivery; this is not possible on

the pristine titanium substrate.

The oxide formed by electrochemical anodization may be

decient in oxygen, which leads to the formation of a mixed

oxide. XPS analysis indicates that the formed oxide layer mostly

contains TiO2, TixOy, and Ti, where the TixOy may have quasi-

metallic and the Ti metallic properties. The formed Ti3O5 and

TixOy have quasi-metallic properties and exhibit absorbance in

the green to red region. These oxides may photothermally create

heat, PNBs, cavitational bubbles, and/or reactive oxygen species

(ROS), which aid in creating resealable pores on the cells for

entry of PI from the outside to the inside of the cells.76 However,

the exact mechanism for intracellular delivery by the

microspike-based photoporation is uncertain. It can be under-

stood that intracellular delivery may occur due to the combi-

nation of the mechanisms stated above.

4. Conclusions

In summary, microspikes have been fabricated on titanium

substrate using an electrochemical anodization process. The

interaction between laser and microspikes induced cavitation

bubbles, which rapidly grow, coalesce, and collapse. As a result,

a strong uid ow is generated at the microspike and cell

membrane interface, which disrupts the plasmamembrane and

creates transient membrane pores for highly efficient intracel-

lular delivery into the cell. We successfully delivered propidium

iodide dye into HeLa cells with high delivery efficiency and high

cell viability. Thus, our platform can perform highly efficient

intracellular drug delivery and shows potential applicability in

cellular therapy and diagnostics.
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