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Biophotonics is an exciting and fast-expanding frontier which involves a fusion 

of advanced photonics and biology. 11 has not only developed many novel 

methodologies for biomedical research, but also achieved significant results as an 

independent field. Aided with femtosecond (fs) laser technologies, important 

progresses have been made on manipiiiatiiig, imaging, and engineering of biological 

samples from single molecules to tissues in the last 10 years. The laser beam of 

ultra-short pulses at near-infrared band enjoys a lot of advantages: high nonlinear 

efficiency, low absorption by biological samples, high spatial and temporal 

resolution with tight confinement, low photo-loxicity, non-invasive, and ease of 

control. In this thesis, we report new findings from cell manipulation by fs laser, 

iiiclitciing (ransfection, cell-cell fusion, and incUiction of apoptosis in cells, which 

are detailed as follows: 

I. Transfection is a key technique in cell and molecular biology with many 

important biochemical applications. We selected a fiber fs laser at 1554 nm, an 

instrument widely used in optical comiminication research, as the excitation source. 

Our results demonstrated that the Is laser could perforate the cell membrane and the 

hole would close in sub-second interval after the laser exposure. We determined the 



safe exposure duration by detecting if there was any sign of mitochondrial 

depolarization at 1.5 hours after photoporation. Fuitherniore, we had successfully 

traiisfected HepG2 cells with a plasm id DNA containing the GFP gene, whose 

fluorescence could still be detected 24 hours after exposure. The transfection 

efficiency was as high as 77.3%. We also observed the proliferation of the 

transfecled cells after 48 hours. 

2. Cell-cell fusion is a powerful tool tor the analysis of gene expression, 

chromosomal mapping, monoclonal antibody production, and cancer 

immunotherapy. One of the challenges of in vitro cell fusion is to improve the 

fusion efficiency without adding extra chemicals while maintaining the cells alive 

and healthy. We show here that targeted human cancer cells could be selected by an 

optical tweezer and fused by a finely focused fs laser beam at 1554 nm with a high 

fusion efficiency. The result confirmed that human cells could be fused exclusively 

by fs laser pulses, and this is the first time human cells are fused together 

all-oplically. Mixing of cytoplasm in the fused cells was subsequently observed, and 

cells from different cell lines were also fused. Based on these, we firstly developed 

the method of optical cell-cell fusion. 

3. Failure in the induction of apoptosis or prograninied cell death is one of the 

niajoi contributions to the development of cancer and autoimmune diseases. Here 

we used a Is laser as a novel melhod to provide a direct apoptosis trigger to observe 

dynamic changes at subcellular level during apoptosis. First, we examined the effect 

of ts laser irradiation on the creation of reactive oxygen species (ROS) in exposed 



cells, which could trigger piogmnimed cell death. By controlling the mitochondria » • 

electron transport chain (ETC), \ve investigated the mechanism of ROS generation 

by the fs pulses, including thermal effect and direct free electron liberation. Second, 

we induced apoptosis to targeted cells by the fs laser and found that the nuclear 

envelope (NE) formed tubular or tunnel-like structures (nuclear tubules - NT) 

inside the luicleus. The average miinbei of NTs in each cell with laser treatment was 

significantly larger than in the control. Besides, the'development of a NT was 

observed since its inception and it eventually merged with another one to form a 

larger NT. Meanwhile, mitochondria and tiibiiiin were found inside the NT, and the 

NT formation always occurred after an upsurge of cellular Ca'^ concentration. More 

DMA iVagmentation were also found in the region around the NTs. Based on this, 

we propose that NTs are developed during apoptosis and mitochondria migrate into 

(he nucleus through the NTs to release death signals to trigger DMA tVagmentalion. 

Third, we used the fs laser to induce Ca'"̂  in cells in the form ot a slow release, and 

firstly discoveredjhat most Ca'"* was stored in the cytoplasm, and could diffuse into 

the nucleus after the optical trigger. Using fast contbcal scanning, we obtained the 

path way of Ca'^ diffusion after the trigger in different cases. Oiii findings thus 

provide o new method of regulating the rate of apoptosis. 



摘要 

光子生物學是一門由高級光學和生物學的交叉的，令人振蜜和快速擴展的 

前沿科學。它不僅為生物騎學研究開發出了很多新方法，而且作為一門獨立學 

科，也取得了令人矚目的結果。在過去的H)年褒，通過飛秒雷射技術的輔助， 

在從單分子到組織量級的成像、操控、和生物工程領域取得了一系列進键。近 

紅外波段的超短脈衝具備很多優點：高非線性效率，生物樣品對它的低吸收 

率.高空間和時間解析度，低毒性，潔淨，非侵入，和可控。在本文中，我們 

報導了一些細胞操控的新發現，包括用飛秒铺肘產生的轉蕃因，細胞融合，和 

細胞调亡。以下是它們的詳細介紹： 

« 

1轉基因是讓原本無法穿透細胞膜的分子，如DMA，穿越細胞膜而在細胞 

内表達相應蛋白質的一個過程。它是細胞生物學和分子生物學的一項核心技 

術.具有很多重要的生物醫學應用。我們採用了在光通信領域廣泛使用的波長 

在1554nni的光缴飛秒雷射器，作為激發源。我們的結果表明，這種飛秒鍾射 

可以在細胞膜上開孔，而細胞膜也可以在曝光後一秒之内再次恢復。我們通過 

對線粒體的膜電壓的測量來決定了安全的曙光時間。此外，我們成功地把綠色 

普光蛋白（;FP的DNA鸭基因到人體肝癌細胞He|)G2中，並在曙光之後的24小 

時後檢測到了 GFP的表達。轉基因的效率達到了 77.3%。我們也親測到了轉基 

因細胞在48小時後的繁殖。 

2細胞融合是一種分析基因表達，染色體定位，單克隆抗體生成，和癌症 

免疫治療的有力的工具。在體外細胞融合的一個難點是如何提高融合效率，而 



同時不引入多餘的化學藥物，並保持細胞活性和健康。我們發現，人體癌症細 

胞可以被光 i i自由挑選移動，然後被波長為1554mn的飛秒光融合，融合效率 

相對較高。我們的結果表明，人體細胞可以僅由飛秒鍾射來產生融合，而這也 

是人體細胞第一次由全光技術融合。我們也親察到了融合之後細胞的細胞質之 

間的混合。此外，我們也敝到了不同株之間的細胞交叉融合。在此基礎上，我 

們系統地傲出了全光細胞融合的方法。 

3細胞调亡的失敗是癌症和自免疫疾病的主要原因之一。我們使用飛秒鍾 

射作為一種激發細胞丨周亡並在小於細胞的尺度上親測細胞调亡變化動態的新 

方法。首先，我們測量了飛秒鍾射在被曝光的細胞中產生活性载化物（ROS) 

的效果，而ROS可以出發細胞调亡。通過控制線粒體的電子傳輸鏈，我們研究 

了飛秒光產生ROS的機理，包括熱效應和直接產生自由電子。其次，我們用飛 

秒光來觸發細胞调亡，發現細胞核的核膜在細胞核内形成了管狀或通道狀結 

構。庄鍾射處理過的細胞中，核管的平均數量顯著高於未被處理的對照組。此 

外，核管的動態發展過程也被觀測到，並且記錄了它與另一個核管融合而形成 

—個更大核管的過程同時，線粒體和微管蛋白也在核管中被發現。而在核管 

的形成過程總是在細胞内弼離子濃度的顯著上升之後。在核管周圍的區域裹， 

更多的DNA碎片也被發現。在此基礎上，我們提出核管是在洞亡過程中形成， 

線粒體會通過核管遷移到細胞核中來釋放DMA碎片的信號。第三，我們使用飛 

秒鍾射來觸發細胞的釣離子的緩慢增長，首次發現鹤離子主要儲存於細胞質 

中.並且在光激發後可以擴散到細胞核中。使用快速共聚焦掃描，我們獲得了 

躬離子擴散的路徑。我們的發現提供了一個研究細胞调亡過程的新方法。 
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Chapter 1: Introduction 

1.1 Introduction to Biophotoiiics 

Biophotonics is a fast developing science combining with photonics and biology, 

which has been being applied in many fields such as biology, biochemistry, 

molecular biology, medicine, agriculture, and environmental science. It is not only 

research tools and methodologies of biology, but an independent field attracting 

more aiKi more attentions all over the world. With great progresses of laser 

technologies in last 20 years, significant results have been made，and a lot of fields 

have been developed in this science, as shown in Fig. 1-1 [ I ] . 

Photonics Biophotonics Biology 

-Z 

Imaging 
Mieroscopy 

. ： , B i O r s e n s i n g — … 、 

.Diagnostics ’ 
Cytometry ‘ 、 ‘ ‘ . 

• Optical Coherence Tomography. 
：戲j$sue imaging , 

Manipulation; 
,Optical tweezer , 

、\ Transection : 二 

、\Cell-cell fusion r〜、 

、Cell surgery \ .、： : : 
,Cell/Tissue engineering 

> -‘Photo-dynamic therapy _ 

V / 

Fig. I-I. The conteiUs of Biophotonics: Imaging and Manipulation. 
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Generally speaking, Biopliotonics can be divided into two directions, imaging 

and manipulation. A lot of imaging methods have been developed and used for 

man}' years. Based on iicmnal trans-iiluininating microscope and aided by lasers, 

in veiled, fluorescent, confocal scanning [2]’ and near field microscopes [3] have 

been quite widely used for daily researches. Fluorescence is the most important 

bridge between the micro- and real world. Almost all imaging methods are based on 

the tluoiescence excitation and detection. Total internal reflection fluorescence 

(TIRF) [4], fluorescence resonance energy transfer (FRET) [5], fluorescence 

recovery after photo-bleaching (FRAP) [6]，fluorescence coherence spectroscopy 

(FCS) [7], fluorescence lifetime imaging microscopy (FUM> [8] and cytometry [9] 

are direct fluorescent imaging methods. Cytometry has been quite developed and 

widely used in biology and bio-statistics. 

With pulsed lasers, especially femtosecond (fs) lasers, multi-photon 

microscopy (MPM) [10] and some other nonlinear imaging methods like second 

harmonic geneiation (SHO) [ i i ] are more and more important optical imaging 

method to get the ultra high resolution at both space and time dimension. Some 

far-fie Id optica) imaging methods can even get the resolution at tens of nanometers 
i 

or single molecule level, such as STORM and STED [12, 13]. 

Imaging for cancer diagnostic is also very attractive, which is mainly based on 

special fluorescence spectrum. Auto-fluorescence imaging (AFI) [14] and Raman 

spectrum of some cancer cells [15] have been measured and the differences with 

normal cells have been confirmed in laboratories. Coherent ami-Stokes Raman 
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scattering (CARS) [16] lias been developing very fast as a nonlinear diagnostic 

method. Since photons in the near infrared (NIR) range have a much better 

propagation property in tissue, such methods by NIR lasers are developing very fast 

for in vivo tissue imaging. Optical coherence tomography (OCT) [17] is another 

very i in porta nl method for tissue imaging, and it can reacli the deepest distance in 

tissue. 

Optical imaging method is the 'eye’ for human to observe biological samples, 

and manipulation is the 'hand' to operate on them. Arthur Ashkin pioneered the 

field of laser-based optical trapping in 1980s [18，19]. In a series of seminal papers, 

he demonstrated that optical forces could displace and levitate micron-sized 

dielectric particles in both water and air. it has come to be known when Ashkin and 

co-workers employed optical trapping in a wide-ranging series of experiments f rom 

the cooling and trapping ofneiitral atoms to manipulating live bacteria and viruses. 

Optical tweezers were developed quite fast to control, trap, and move particles like 

cells, polymer beads, and even single macro molecules (such as DNA) [20]. A lot of 

techniques have been combined with optical tweezers, especially holography, which 

can conliol the distribution of laser beam intensity. 

After controlling of the targeted cells，pulsed lasers, especially the fs lasers, 

have been used to operate on cells like scissors, knives, and injectors [2J]. Surgeries 

at the level of micron can be done under microscope with no invasive contact with 

cells [22]. Transaction [23], cell-cell fusion [24]. and sub-cellular operations [25] 

have been developing very fast, providing lots of alternative methods to the 
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traditional biological engineering. The lasers also work as special stimulations to 

biological samples, to research sub-cellular dynamics instead of chemical and 

mechanical stimuli [26]. In the field of cancer researches, lasers play now not only a 

role of diagnostics, but also supplying methods of therapy，for example, 

photodyiiamic Iherapy is a very promising method [27]. Fundamental biological 

researches such as gene engiiieeriivg [28]，apoptosis (programmed cell death) [29], 

and anti-body analyzing [30]. also involve lasers more and more. Biophotonics has 

been attracting attentions all over the world and making progresses at every 

inoiiieiit. 
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1.2 Optical manipulation of mammalian cells 

Traditionally, there are a lot of methods to manipulate cells, mostly by 

mechanical equipments [31], chemicals [32], and biological approaches [33]. For 

example, micro-manipulator has been used to control and move cells for many 

years, which needs a very sharp tip or a couple of metal tip to trap cells. Indeed, 

such a setup is very expensive, complicated, huge, and ditTicull to operate. What is 

the worse is that the tip needs mechanical contact with cells [34]. Possible 

contamination and mechanical harni to cells are two severe problems. 

A. Aslikin and his co-workers introduced optical tweezer, which originally is 

used to trap and cool atoms’ to manipulate cells in media [18]. By focusing a single 

laser beam onto the targeted cell，it can be trapped in the laser focus. The trapping 

force is formed by Ihe momentum change of photons, which needs to conditions: I) 

the object has a ditferenl retractive index (Rl) with the media; 2) the laser intensity 

has a radial gradient distribution. The resulting force will point to the niaxinnim 

intensity spot, the center of the laser focus. The principle of optical tweezer can be 

simply demonstrated by Fig. 1-2 [19]. 



Fig. 1-2. The principle of optical (weezers. If a transparent bead is illuminated by a parallel 

beam of light with an intensity gradient increasing from left to right [19], Two representative 

rays of light of different intensities (represented by black lines of different thickness) from the 

beam are shown. The refraction of the rays by the bead changes the momentum of the photons, 

equal to the change in the direction of the input and output rays. Conservation of momentum 

dictates that the inomenium of the bead changes by an equal but opposite amount, which results 

in the forces depicted by gray arrows. The net force on the bead is to the right, in the direction 

of the intensity gradienl, and slightly down. However, lo form a stable ！rap, the light must be 

focused, producing a three-dimensional intensity gradient, in this case, the bead b illuminated 

by a focused beam of light with a radial intensity gradient. Two representative rays are again 

relVacted by the bead but the change in niomentimi in this instance leads to a net force towards 

the focus. Gray arrows represent the forces. The lateral forces balance each oilier out and ^ e 
I 

axial force is balanced by (he scattering force (not shown), which decreases away from the 

focus. If the bead moves in the focused beam，the imbalance of optical forces will draw it back 

to the equilibrium position. 

• ntro<“ictioii Chapter 

Light intensify profile Light Intensity profile 
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Technically, considering the small difference of Rl between cells and water, the 

numerical aperture (NA) of the objective should be very high, usually larger than 1 

[35]. The laser power has also a reqiiiremenl, depending on different cells. However, 

if the laser power is too high，optical liarni to cells is also a problem. 

Lasers also have side effects on cells. When the wavelength is short, like, the 

visible range, the energy of pliotons is relatively high, very easy to be absorbed by 

proteins in cells to cause harm. The absorption spectrum by some important 

proteins in cells is shown as in Fig. 1-3 (a)'[36]. The scattering of visible or even 

ultra violet (UV) is also very large, according to Rayleigh's law, promoting photon 

absorption. In the contrast, i f the wavelength is as long as in the IR range, such as 

1600 nm, there wi l l be little cellular scattering and absorption, but the absorption by 

water wi l l be quite high and the thermal effect wil l affect cells a lot, as shown in Fig. 

3 (b). And thus, the NIR range in 700-1100 nm, which has very little absorption 

coefficient of water and very low photon energy, resulting in quite transparence to 

both cells and water’ is called the ''optical window’’. Most interactions between the 

laser beam and cells can be thus confined inside the laser focus to prevent cells 

from pholo-claiiiage. 
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100 n m 1000 nm 
Wavelonglh 

Fig. 1-3. Absorption specmiin of biological materials, (a) The absorption spectrum of Mb 

and Hb02. which are important proteins in cells, (b) The absorption spectrum of waler. 

Contiiuioiis wave (CW) lasers in such a range thus are relatively safe to cells 

when they illuminate cells to trap and move them for seconds. However, since the 

CW laser power works at only some hundreds mW, the application is quite limited 

except tweezers，and at that power level, the thermal effect of the laser beam is a 

severe problem to cells. The temperature in the focus can reach tens of degrees and 

diffuse away and influence an area in hundreds of microns. To get higher photon 

density with compromising to the mean power, pulsed lasers were considered to 

extend the interaction between photons and cells while produce little hann to them. 

But pulses longer than about 10 f.is a stationary temperature distribution similar to p-

that produced by continuous-wave (cw) irradiation evolves around the laser focus 

[37]. It was demonstrated that pulsed laser microdissection relies on plasma 
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formation supported by linear absorption, and that this is associated with violent 

mechanical effects (shock-wave emission and cavitation bubble formation) reaching 

well beyond the region of energy deposition (38, 39]. Pulse energies in the 

micro joule range typical for nanosecond laser microbeams, which means, the 

photon density in the Ibciis at the peak of (lie pulse is aroiind lO'〜10…W cm'^, can 

therefore severely affect the cell viability. 

With the advent of fs laser technology, due to the ultra-short pulse, if the NA of 

the objective is large enough (usually > 0 ’ tlie photon density at the peak of the 

pulse can reach a level of more than lO'' W cm ", and thus most interactions are 

based on nonlinear absorption [40】.Then, fs pulses exhibit a much weaker 

dependence on the absorption coefficient of the target material but mostly relative 

with the optical parameters of the laser itself, i f which is high enough to introduce 

the nonlinear absorption. In this way, Ihe laser effects are very finely confined in the 

focal volume, whose spatial extent is below the optical diffraction limit [41] as 

shown in Fig. 1-4. 
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(a) Laser pulse train 
t 10ns-1ms 

(b) Femtosecond Pulse 
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(c) Fluorescence excitation 
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Fig. 1-4. Femtosecond laser pulses for fluorescence excitation, (a) Typical fs pulse (rain, (b) 

Typical fs pulse. Dashed red line: original intensity distribution of a pulse. Solid red line: square 

of the original intensity distribution, (c) fluorescence excitation by several methods, (d) spatial 

optical intensity distribution after focus. 

Inside the fs pulse, the ultra-high power (>10'" W cm'") can excite electrons in 

most molecules directly to be free. Such plasma-formation can thus work as a kind 

of optical knife to operate on cells. This has been demonstrated in chromosomes 

[42], various other cell organelles [43，44], small organisms [45，46], anci even 

tissu«?s [47, 48]. And when the beam is focus on cell membrane, the pulses can open 

the inejnbraiie by disrupting the lipid, resulting free molecule exchange between the 

cytoplasm and the environment. Thus, optical transfection and cell-cell fusion can 

be performed based on this effect [23]. Currently, fs lasers have been one of the 

most important tools of Biophotonics, and now widely used for both imaging and 

manipulation of cells, making quite a lot of significant results. Such ultra-short 

10 
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pulses provide a lot of advantages: high nonlinear efficiency, low absorption by 

biological samples, high spatial and temporal resolution and confinement, low 

phototoxicity，clean, non-invasive, and controllable. 
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1.3 Organization of the thesis 

The structure of this thesis is arranged as follows: 

in Chapter I，a simple introduction of Biophotonics is introduced. The striictuie 

of Biophotonics is analyzed, and a brief introduction to the application is also given. * 

The concept of manipulation is explained, and advantages of fs lasers at NIR range 

is briefly pieseiUed for the following works. 

In Chapter 2, some basic concepts and structures of mammalian cells are 

described, following by the working principle of fs laser. Interactions between fs 

pulses and cells are analyzed with details. The nonlinear process of niulti-plioton 

absorption is analyzed with a simplification (hat the materials in cells are treated as 

H2O molecules. Properties of the fs pulses, including plasma formation, thermal 

elTecls, and implication confinemenl are briefly explained. 

in Chapter 3，the development of trans feet ion is introduced, and different 

methods of liansfection are compared. We developed an optical transfection 

approacli by a fiber fs laser at 1554 nm. Our results demonstrated that the fs laser 

could peiforate cell inenibraiie and the hole would close in sub-second interval after 

the "laser exposiii e. We determined the safe exposure duration by detecting if there 

was any sign of mitochondrial depolarization at 1.5 hours after photoporation, 

Fuhhernioie, we had successfully transfected HepG2 cells with a plasmid DNA 

containing the GFP gene, whose fluorescence could still be detected 24 hours after 

12 
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exposure. The transfection efficiency was as high as 77.3%. nanorods, automatic 

transfection. 

Chapter 4 presents the further work, cell-cell fusion, based on the same 

mechanism of fs pulses and cell membrane, but with much more complicated 

interactions between membrane and the control of multi-cells. We show here that 

targeiecl human cancer cells could be selected by an optical tweezer and fused by a 

finely focused fs laser beam at 1554 nm with a high fusion efficiency. This is the 

fust time human cells are fused together ail-optically. Mixing of cytoplasm in the 

fused cells was subsequently observed, and cells from different cell lines were also 

fused. Based on> these, we propose the mechanism of such a process. 

However, fs lasers can harm cells during such processes, and can work as a 

kind of apoptosis stimulation. In Cliapter 5, we used a fs laser as a novel method to 

provide a direct apoptosis trigger to observe dynamic changes at subcellular level 

during apoptosis. First, we examined the effect of fs laser irradiation on the creation 

or reactive oxygen species (ROS) in exposed cells, which can trigger programmed 

cell death. By controlling the mitochondria electron transport chain (ETC), we 

investigated Ihe mechanism of ROS generation by the fs pulses, including thermal 

effect and direct free electron liberation. Second, we induced apoptosis to targeted 

cells by the fs laser and found that the nuclear envelope (NE) forms tubular or 

tunnel-like structures inside the nucleus. The average number of NTs in each cell 

with laser treatment is significantly larger than the control. Besides, the 

development of a NT was observed and it eventually merged with another one to 

13 



Introduction Cli»|>tcr i 

form a larger NT. Meanwhile, mitochondria and tiibiiiin were found inside the NT, 

and the NT formation always occurs after an upsurge of cellular Ca'^ concentration. 

More DNA fragmentation were also found in the region around the NTs. Based on 

this，we propose that NTs are developed during apoptosis and mitochondria migrate 

into the nucleus tliroiigh the NTs to release death signals to trigger DNA 

iVagmenltilion. Third, we induced subcellular Ca'"̂  release by femtosecond laser 

exposure in Ca'^-free media and PBS with Ca"^ channels in cell membrane blocked, 

and observed its propagation by con focal scanning, ft was found Ca""̂  store volume 

in cytoplasm is significantly more tlian in nucleus, and will diffuse into 

luicleiis al'ler trigger. CV+ release inside nucleus can also influence Ca"^ in 

cytoplasm. Our findings thus provide a new method of regulating the rate of 

apoptosis. 

Chapter 6 gives n summary on the whole vvorlT/ Potential and ciineni 

applications of related techniques are introduced, and some important works from 

other groups are also introduced. Then we propose some rutiire works based on 

current results. 
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Chapter 2: Biophotonics with 
Femtosecond Laser 
2.1 Working principle of fs lasers 

2.1.1 Ti : Sapphire laser 

The Ti: sapphire laser has achieved a gieal deal of success in applications due 

to a variety of factors since the first report of a Kerr Lens mode- locked system in 

the early 1990s [) ] . The operation of Ti; sapphire is generally limited to the 

700-1000 nm, which is relatively highly penetrating into tissue but causes low 

amounts of damage by absorption of biological materials. When working for the 

nonlinear two-photon excitation geometry, it is readily absorbed by a wide range of 

common fliiorophores and other materials. Thus Ti: sapphire lasers have been quite 

widely used for Biophotonics，especially for nonlinear imaging of biological 

samples. 

The key principle of Ti: sapphire laser is Kerr Lens mode locking, which is 

based on spatial Ken effect’ resulting in self focusing of the beam. Consider a pulse 

propagating through a nonlinear material. The pulse wi l l typically have a Gaussian 

spatial gain profile; hence, the centre of the beam wil l have a higher intensity than 

tlie edges, in the presence of the Kerr effect，the centre of the pulse wil l be subject 

to a greater nonlinear refractive index within the Kerr medium than the edges. The 

phase velocity of the wavefronl will be less at the centre of the pulse than at the 

edges. Thus, in effect a weak positive lens is induced within the medium and the 
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beam becomes focused, Fig. 2-1. This self-focusing or induced lens effect is known 

as a Kerr lens. 

. K c i T Meclium 

Phase fronts 

Fig. 2-1. The self-focusing of an intense laser beam propagating through a Kei r medium. 

A typical striictiiie of Ti:sappliiie laser is shown as in Fig. 2-2. It has a wide 

gain bandwidth, capable of supporting many modes of oscillation simultaneously, 

between which mode beating occurs and produces self-amplitude modulation of the 

CW output. Primitive pulses can arise，from the modulation of the CW output, of 

sufficient intensity to induce the Kerr effect within the gain medium. The resulting 

Kerr lens and SPM change the spatial and spectral profile of the beam by 

self-foe using, thus changing the profile from that of the CW beam. The modulated 

beam profile can be made smaller than that of the CW beam by suitable 

configuration of the laser cavity elements. Then insertion of an apeituie into the 

cavity causes increased losses to only the CW beam，thus favoring pulsed operation 

and allowing a train of pulses to build. The aperture used may be 'hard' or ‘soft’. 

Hard-aperture mode locking uses a physical aperture to discriminate against the CW 

mode. Soft-aperture mode locking occurs when the laser is configured so that the 

pulsed mode experiences greater overlap with the pump beam in the laser crystal 

than the CW mode, and therefore experiences higher gain. 
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Fig. 2-2. Setup ot Trsapphire oscillator with prism pair for dispersion compensation. L: 

focusing lens, to focus the pump laser to the crystal. M l , M2, plane-concave mirror to 

construct a cavity. M3, M4, M5, plane mirror. OC, Output coupler. PL P2, Brewster angle cut 

‘ prism dispersion compensation. The pumping laser from M l into (he cavity is usually a high 

power CW laser. 

Ken lens mode locking lasers require a primitive pulse of siiflicient intensity to 

initiate the mode locked pulse sequence. This doesn't spontaneously occur from 

CW operation which means that Kerr lens mode locking is generally not 

self-starting. Some fonn of action is required to initiate Kerr lens mode locking, be 

it a genuine pulse or a noise spike. The easiest way to do this is to produce a sudden 

change in cavity length by tapping an end mirror, which causes an intense 

amplitude fluctuation to occur. 

The output of Ti: sapphire laser is usually ranging from 700 nm to 1000 mii, 

with repetition rate around 40 to more than 80 MHz. The average power can be as 
» 

high as some watts, with the pulse width only around 100 fs. Thus the peak power 

of each pulse is very high. The temporal and the spectral bandwidth of the pulse has 

a following relationship. Tlie product of the pulse width and the spectral width 

(bandwidth) is called the time-bandwidth product (TBWP), which has a defined 
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minimum value. If the TBWP is equal to this minimum value, the pulses are 

transform-limited and assuming a Gaussian pulse shape, the temporal and spectral 

widths are related by the equation following: 

A . - ^ (2-1) 
A/ i 

where At is the pulse width, A^ is the peak wavelength of the spectrum, c is the 

light speed and A/1 is the spectral width. And it can be estimated and monitored 

the pulse width in this way. However’ in the NIR region, all materials have positive 

dispersion, and Ihiis the pulse is always positively chirped. When the pulses are 

propagating in optics, they will be thus broadened in temporal domain, but remain 

the same in spectral domain. In practical cases, negative dispersion needs to be 
I 

added which is known as dispersion compensation (2]. -

、 
2.1.2 Femtosecond fiber lasers 

A further major growth area in recent years has been Ihe development of fs 
V 

fiber lasers. Such systems have advanced rapidly and are now capable of competing 

with the Ti: sapphire lasers discussed above. Intense ultra-short laser pulse 

generation IVoin diode-piiinped rare-earth-doped photonic crystal fiber lasers is a 

novel approach to achieve low-cost and compact femtosecond laser source, which is 
• 1 

a promising work-horse on industry and scientific research. 
. » 

Er- and Yb- doped ts fiber lasers have been developing for years. E卜doped 

lasers emitting pulses at 1550 nm are very widely used in optical communication. 
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， 

They are relatively cheap, quite compact, and stable in different environments. 
• % • 

Yb-dopecf fiber lasers have a very high efficiency of pumping-lasing conversion, 

, > 

more than 80%, and it is potential to develop high power lasers. Since in fiber lasers 

optical field is finely confined in single mode (SM) cores, which is only several 

microns，the nonlinear efficiency is much move higher than IVee-space lasers, and 

thus thefe are much more mode locking mechanisms than solid state lasers. 

El-doped fiber laser usually produce short pulses by soliton mode locking [3]. 

Considering the E field E(z, t) in the fiber propagating a length L, self phase 

modulation (SPM) can be clearly described as following equation 
- £ a , 0 = £(0，/)exp[/va，/)l’ (2-2) 、 

where ^(Lj) =| E{oj)[“(乙收丨丄对)the phase, and L州-[1 -QXp{-aL)]/a, 

a is the loss in the fiber. L^,, is the nonlinear length, related with the second 

order nonlinear refractive index of the media at the wavelength of the pulse, the 

peak power of the pulse, and the effective mode area. Thus, SPM produces pulses 

with consisting shape but changing phase related with the light intensity. In this way, 

the abnormal dispersion in fiber may get equality with SPM, and thus produce • 、 

i ‘ , 
soliton. To ensure the soliton propagate stably in the fiber，the length ot the soliton 

、 ：•' • ‘ 

should be much lagei than the amplification length, which is actually the length of 

the E卜doped fiber. This means, the phase change in such a fiber should meet the 
I . » * • » 

following condition: ’ 
» • 

• 、. -

命《\ ‘ (2-3). / 
• • = . • 

Thfs is also a kind of limitation to tlie power of the solitc^i. 
» > 
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To trigger mode locking and make the fiber laser working stably, usually 

semiconductor saturable absorber mirror (SESAM) is widely used to remove the 

CW parts in fiber thai have higher gain. SESAM can reflect light, and the larger the 

power of the inducing light is, the higher reflective index SESAM will be. When 

CW and pulsed beams illuminate on SESAM, photons can pump electrons in the 

semiconductor to conductive band. And when enough electrons are excited, 

SESAM is bleached, and the loss of the cavity is decreased, producing pulses with 

higher power. Usually, CW light can hardly bleach SESAM and is mostly absoibed 

by it. This is the mechanism of passive mode locking by SESAM. Besides, 

nonlinear polarizalion-rolalion effect is also used lo fonn pulses. The principle is as 

following: the linear polarization of incident pulses are firstly converted to 

circular/elliptical by a wave plate, and then coupled into the fiber. Wlien pulses 

propagate in fiber, the nonlinear eft'ecl will form intensity-related polarization of the 

pulse. Anothei polarizer is put in the output of the fiber, working as a kind of loss 
» » 

modulation of the pulses. The photons that do not have that polarization will be 

lenxwed by that polarizer. This role is the same as the aperture in the Kerr lens 

mode locking. 

SESAM has two important time constants, intra-band thermalization, and 

inter-band transition. The semiconductor absorbs photons, exciting carriers from 

valence band lo conductive band. Iiitra-band thermalization is the process of 

exciting electron transition to a sub-band, in around 100-200 fs. Inter-band 

transition is from (he valence band to the conductive band, usually costing some ps 

26 



Fig. 2-3. Setup of a Yb-doped fiber laser with mode locked by SESAM. LD: laser diode for 

pumping. DM: dichroic minor. PBS: polarization beam splitter. The Yb-doped fiber is in the 

orange box. 

Fiber lasers have been developing very fast, and now combined with lots of 

other technologies, especially photonic crystal fiber to get a inore.broadened output 

range, higher power、and narrower pulses. Compared with Ti: sapphire lasers, they 

are more flexible, stable, and compact. 
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I •. 一 . 

to huiidreds of ps. These two constants are very important for mode locking, to form 

sub-ps pulses. A typical SESAM mode locked fiber laser setup is shown as in Fig. 
2 -3 
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2.2 Introduction to mammalian cells 

2.2.1 Cell structure 

All most nil living beings compose with cells. Although each kind of lives is 

quite different, tlie molecules inside cells are almost the same, which are mainly 

DNA, RNA, and proteins. Cells differentiate and also connect together to form 

tissues, which, then, integrale to be organs. The size of cells has a range from 

several microns to more than 0.1 mm. For mammalian cells, the size concentrates 

on around 5-20 fim. The structure of a mammalian cell is very complicated, as 

shown in Fig. 2-4. [4] 
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Fig. 2-4. Basic structure of a mammalian cell[4]. 

The cell is covered by plasma membrane, which is a kind of semi-permeable 

barrier defining tlie outline of the cell. The thickness is only around 5 nni. It is made 

from a bilayer of phospholipids，and cholesterol molecules inside provide rigidity of 



Biopiiotonics witli Femtosecond L:iser Chapter 2 

such bilayer, without which, the lipid is only fluidic. The structure is shown as in 

Fig. 2-5. Besides, there are also a lot of proteins inside the membrane, and they 

form receptors, ion and other molecular channels, and enzymes to control transport 

and communication with the environment. 
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Fig. 2-5. Structure of the plasma membrane: double liplid (4]. 

Cytoskeleton is just behind membrane, which is mainly a network of protein 

filaments connecting with organelles. It provides cell shape, deformation, kinesis, 

transport, strength, and locomotion. What is more important, it can separate 

chromosomes during mitosis. 

The central part of a mammalian cell is nucleus, which is the largest organelle, 

and its diameter is around 4-10 (.ini. Each cell has only one nucleus, with double 

layers of nuclear membrane. The structure is shown as in Fig. 2-6. Chromosomes 

with DNA are inside nucleus controlling genes. Usually, DNA molecules are 

combined with proteins and packaged in chromosomes. Besides, nucleolus is also 

inside nucleus, which can produce RNA. RNA is the bridge between genes in DNA 

and the synthesis of proteins. There are three kinds of RNA working for this process. 

First, messenger RNA (mRNA) can copy the information in DNA. This process is 
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called transcription、during which, the famous structure 'double helix' of DMA is 

iinvvoiind, and mRMA can exactly copy the gene from one single strand. After that, 

mRNA migrates into cytoplasm from nucleus, combining with ribosome. The RNA 

integrate with proteins to form ribosome in nucleolus is called rRNA. At last, some 

other RNA molecules transport special amino acid together to form proteins 

according to the information in in RNA. Those RNA binding with amino acids for 

Iransportation is called tRMA, and this process is called translation. 
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Fig. 2-6. Structure of nucleus and nuclear double membrane [4]. 

Since mRNA needs migrate from nucleus to cytoplasm, tliere should be some 

channels in the nuclear membrane, and they are called as nuclear pores. Actually, 

not only mRNA, but also a lot of ions and proteins can also diffuse through nuclear 

membrane, ft is very important for the interaction between nucleus and cytoplasm. 

As can be seen in Fig. 2-6, the nucleus membrane is connected with another 

complex network structure. It is called as endoplasmic reticulum (ER), composed 

by sheets, sacs, and tubes of membranes, as shown in Fig. 2-7. Its enclosing 

intracellular space is called lumen, which is very important to the 3D structure of 

folding proteins. ER has two types, rough ER and smooth ER. Rough ER is close to 
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nucleus, attached with a lot of ribosomes, working for the formation of proteins. 

Rough ER can transit to smooth ER, the site of synthesis of lipids and sugars. 
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Fig. 2-7. Structure of ER, including rough ER and smooth ER [4]. 

Mitochondria are the power plant of the cell. There are many mitochondria 

inside cytoplasm, and their total volume is around 20% of the cell. Each 

mitochondrion is in a cylindrical shape, with a length of around 3-10 îm and 

diameter of 0.5-1.5 |_im. It also has double membrane. The inner membrane 

convolute to form cristae, enlarging more area for enzymes attaching, producing 

energy by respiration. The structure is shown in Fig. 2-8. Besides the role of power 

plant, mitochondria have a lot of other functions. For example, they can modulate 

cellular ion concentration [5], and produce reactive oxygen species [6]. 

Mitochondria have their own DMA，RNA，and ribosome. The role of mitochondria 

in cellular processes remains something unclear. 

31 



Biopiiotonics witl i Femtosecond L:iser Chapter 2 

Smooth outer 
nienibraae 

Coijvolurecl 
inner 
ineinbrane.s 

\ 氣 

The； convoluted umer membrane houses the protenis that l̂。。 
generate ATP fi oni the oxidation of food molecules “ 

Fig. 2-8. Cross section of a mitochondrion in the election microscopy [4]. 

Golgi apparatus is named from Camillo Golgi, who is the first scientist 

describing its structure. Golgi apparatus is slacked by some flattened sacs of 

membranes. It can ship proteins to other organelles by use of vesicles, and even 

transport proteins out of cells. 

At last, lysosomes are very simple single membrane vesivcles, witlv a diameter 

around 0.2-0.5 |.im. Tliey contain enzymes in an acidic environment for cellular 

digestion. 

Besides those organelles, the other Inside the membrane is cytoplasm. It is 

mainly viscid liquid media，consisting with salts, sugar, tat, vitamins, proteins, 

amino acid, and RNA. They are ail quite important for cellular daily life. A lot of 

functions of cells are processing in cytoplasm，such as metabolism. 
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2.2.2 Cell types 

There are more than 200 types of cells in human body. Different cells combine 

together to form different tissues and organs. Here only several normal cells are 

introduced as following [7]: 

1) Epithelial cells have many subgroups like: absorptive cells to increase the 

area of absorption; mucosal cells to protect cells troin inbreak of dirty and 

microbe; endocrine glands; ciliated cells, and secretary cells. 

2) Blood cells have three ty|5es of cells: erythrocytes (red blood cells) 

containing liemoglobiii and transporting O2 and CO2； leukocytes (white 

blood cells) incliiciing lymphocytes (T cell for cell-mediated immunity and 

B cell for antibody production) and macrophages/neiitrophiIs (moving to 

the site of infection to digest bacteria), only I/1000 of red blood cells; 

thrombocytes (platelets) for blood coagulation. 

-3 ) Muscle cells form muscle tissue and produce mechanical force by 

contraction. 

4) Neurons work for the communication tliroiiglioiit body by nerve network. 

5) Stem cells are cells that are not yet differentiated. In theory, they can turn 

into any type of cell in the specialized stimuli and environment. They have 

great potential in a lot of fields, especially organ clone, cancer therapy, and 

fundamental cellular biology. 

Tumors and cancer cells are abnormal cells which have differences in growth, 

morphology，interaction between cells, production of proteins, and expression of 
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genes with normal cells. In the proliferation of normal cells，the replication ot cells 

needs the participation of some growth-promoting factors. But tumors can grow 

very fast without those factors. Meanwhile, tumors can not be controlled by the 

signal of apoptosis, and they are very hard to die. Normal cells can turn to tumors, 

by the activation of oncogenes in chromosomes stimulated by some unknown 

factors. This process is called as transformation. Those oncogenes influence the 

iioniial processes of cells and the cells are then out of control of proliferation. 

Tumors have two types, benign and malignant tumors (cancers). Benign cells 

are very similar to normal cells with little threatens to body, and can be cut without 

any influence to normal tissues. But cancer cells can develop very fast, and will not 

be limited in an area. They can diffuse along the circulation system of the body, and 

grow in another place. This is called as metastasis. 

Cancer cells can produce some special receptors and enzymes, and this has 

been used to the research of early cancer diagnostic and cancer therapy. Besides, the 

nuclear plasma of cancer cells is significantly more than normal cells. This enables 

many imaging methods of cancers, such as x-ray [8], computed tomography [9], 

and positron emission tomography [10]. 
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2.3 Photo-processes in cells 

Cells have sizes ranging from sub-micron to tens of microns, containing a lot of 

difterent organelles. Generally speaking, there are two kinds of interactions between 

cells and photons, scattering and absorption. Considering the size of cells, the cell 

itself, sub-cellular organelles, and even macro molecules can be the center of Mie or 

Reighley scattering, as shown in Fig. 2-9. In theory, light at longer wavelength can 

pro|)agate through cells with less scattering. But water, -CH, and -OH have large 

absorption at infrared range, and thus tlie NIR range is usually considered as the 

window. 

Mie Scattering Reighley Scattering 
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Fig. 2-9. Scattering by cells and subcellular structures. 

Absorption by cells is very complicated. From sugars, proteins, DMA and RNA, 

to water, the absorption band covers from deep UV to infrared range. Such 

materials absorb photons and can convert the photon energy to thermal and 

chemical energy, while sometimes some special molecules are even able to emit 

fluorescence. The chemical processes induced by photons include photo-addition, 
* ‘ 

photo-fragmentation, photo-oxidation, pholo-hydration, photo-isomerization, and 

photo-rearrangement. Photo-oxidation is a very interesting process, which can 

generate reactive oxygen species related with programmed cell death and 
¥ 
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dilTerentiation of stem cells. We have researched this topic using an fs laser and 

found the fs pulses can be a powerful and precise tool to control the oxidation inside 

cells. Photo-oxidation is also very widely used in photoclynaniic therapy. Generally, 

the shorter the wavelength of the photon is, the more possible such processes occur. 

For example, photons at UV band can break the double/single strand structure and 

Ihe combination between molecules of DNA to form DNA fragmentations. 

Some macro-molecules inside cells can emit fluorescence after the excitation. 

At the visible range, NADH, flavins, and elastin are famous natural fluorophores of 

cells, which are very important for the auto-fluorescence imaging with applications 

in cancer diagnostics. The excitation and emission spectrum of such molecules are 

shown as in Fig. 2-10. However, besides these linear absorptions, nonlinear imaging 

is now more important and attracting more attentions. Raman spectroscopy at NIR 

range is not very developed in diagnostics to several kinds of cancers. 
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Fig. 2-10. Th^"excitation and emission spectrum of natural fluorophores inside cells [7). 

Direct physical effects by photons including thermal effects，optical disruption, 

plasma formation, and optical breakdown are mainly used in cell surgery. Thermal 

effect is very common, and most lasers ranging from UV to NIR have thermal effect. 
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The efficiency depends on the absorption coefficient of different wavelength. 

Proteins, water, and other molecules in cells have different absorption spectrum. 

Also, the laser power and pulse duration are two important parameters to calculate 

the tempeiatuie rise. Usually, high thermal effect of lasers is used for small 

non-invasive surgery on ski" by high power long-pulsed and CW lasers. For 

example, micro-second lasers are widely used to cut tissue by heating the targeted 

tissue more than lOOK in several tens of microseconds. Water in the focal volume 

can he vaporized and vapor generated in such a short moment can cut the targeted 

tissue. High power nanosecond pulses can even melt tissues，and this is used for 

tissue sealing. 

Before the invention of fs lasers, optical disruption can be only achieved by 

excimer lasers at UV range (193 nm -351 nm) with pulse width around 10 ns. The 

peak power density needs around 10̂  一 W/cnr. Actually photo-lVagnientation 

processes are induced by the short UV pulses to form tiny fragmentations of cells， 

and thus optical disruption effect can cut tissue this way. This eftect has a very 

famous and popular application in refractive corneal surgery, LASIK (laser-assisted 

in situ keratomileusis) [II，12]. 

Fs pulses can generate an even larger power density very easily，and they can 

generate a very large electrical field. For example, at the optical power 10" W/cm" 

the electrical field is around I0 ' V/cm，whose force on electrons is much larger than 

the Coulomb force between elections and atomic nucleus. Thus the electrons can be 

ionized to form high density of free electrons in the focal volume. And when that 
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18 3 

density is more than 10 cm*，plasma forms. 

I f the optical power density is even larger, generating plasma with higher 

density electrons，it wi l l form shock wave and bubbles in cells. Such optical break 

clown effect can cut cells and tissue easily, and much more controllable and precise 

than the traditional long-pulsed lasers. Surgeries by t's lasers on cells and tissues 
/ 

have been done a lot in labs, and the potenlial is very promising [13-15). 
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2.4 Properties of fs pulses in a microscope system 

Femtosecond lasers have been used more and more for imaging and operations 

at cellular and sub-cellular level. Most of such systems are based on a microscope. 

The laser beam is focused by an objective, which can be used for observation at the 

same time. To get higher resolution and better foe used volume of tlie laser beam, 
. 、 

high N.A. objectives are preferred. By the iiitra-high peak power of the fs pulses 

and the tiny volume of the focal spot (at the level of ditfraction limitation), the 

photon density can reach a high level，at which most nonlinear effects can be 
/ 

introduced. Properties of focused fs pulses are discussed as follow ing. 

2.4.1 Plasma formation in media 

Low density induced by fs laser is a versatile tool for manipulation of 

transparent biological samples，with very precise localization and little harm. The 

plasma formation is a very high order nonlinear effect and in most cases induced by 

long pulsed lasers it is quite hard to happen. To be simple, only plasma formation in' 

vyater is analyzed here since tlie optical breakdown threshold in water is very 
1 
1 

similar to that in ocular and other biological media [16]. Also, the retractive index 

of water (1.34) is very similar to most cells (1.45-1.55). 

The band gap of electron in H2O molecule is 6.5 eV. In some breakdown 

models，it was often assumed that a free electron could be produced as soon as the 

pump energy exceeded the band gap either by the sum of the simultaneously 

absorbed photons or by the kinetic energy of an impacting free electron [17-19]. 
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However, pointed by A. Vogel el al. [20]，if the electron is ionized by large volume 

of photons, the band gap energy has to be added by the oscillation energy of ihe 

electron due to the electrical laser Held. And then the effective hand gap is 

A = A + (2-4), 

where A is the original band gap, e and m are the electrical charge and 

effective mass. E and ⑴ are the electrical field and angular trequeiicy of the light. 

The secoiul term can be neglected in long pulsed laser cases, but must be considered 

in Is l.nser case since the E field of the focused \'s pulses is very large. 

The ionization of electrons by pholons can be explained by llie following 

mechanism. If one electron in the valence band absorbs photons simultaneously the 

sum of whose energy is larger than the band gap, it con be excited l)>' such a 

imilti-photoii absorption and energy tiansfer. The photon energy is 1.2 eV at 1040 

nm. and 0.8 eV ni 1550 nm. ll means to excite one electron, at least 6 photons at 

1040 nm or 9 photons at 1550 iim are needed. The chance that one electron absorb 

so many photons is very small and thus the efficiency of such high orclei 

nonlineaiity is ultra low. Only when the photon density is high enough, the 

nonlinearity can occur. As a macro criterion, one electron in water can he ionized 

only when the snenglh of electrical field of the light is larger lhan 100 MV/cm 

which means the photon density should be larger than 1.5、'H)丨）W/cm‘ at 1040 iim 

01-2.5 x |0 ' " W/cm-at 1550 nm. 

Once a free electron is produced in the medium, it can absorb photons in a 
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non-resonaiU process 'inverse Brenisstrahlung' in the course of collisions with 

heavy charged particles which are necessary. The energy of the photon can be 

coiiverlecl (o he the kinetic energy of I he free electron. Al ler n sequence ol' several 

inverse Bremsstrahliing absorption events, the electron gains kinetic energy 

surficiently large enoiigli lo produce another tVee electron through impact ionization. 

Thus, there are (wo niechai^isnis in the ionization process by is pulses in media, 

direct imiltiphoton ionization and impact ionization. According to the assumption in 

[21, 22], the critical energy tor impact ionization for water can be esliniatecl as 

around 1.5 A . 

Besides, all free electrons can s(ill gain energy through Inverse Bremsstrahliing 

absorption. The i.eci"Ting sequence o f Inverse Breinsstralilung absorption events 

and impact ionization leads to nn avalanche growth in the number o f free electrons 

i f the irmdiance is high enough to overcome I he losses of free electrons Ihrough 

clift\isioii out o f the focal volume and through recombination. The energy gain 

through inverse Bieinsstiahlung should be more rapid than the energy loss by 

collisions with heavy particles occurring without simultaneous absorption of a 

photon. The whole process is called 'avalanche ionization、or 'cascade ionization", 

as shown in Fig. 2-11, 
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Fig. 2-11 Mechanisms of ionization by fs pulses, miillipholon ionization and impaci 

ionization, leading to an avalanche free election growth and resulting plasma toimation [20] 

Assuming the inducing fs pulses at 1040 mn have a pulse duration 100 Is, the 

〜 

effective ionization energy for water A = , a little larger than its original 

baiui gap 6.5 eV. And thus the energy for impact ionization is even larger. 10.95 eV. 

To induce miillipholon ionization, one free election needs seven photons. Suppose 

die ideal objective can give a tbcal S|>ol with the diameter around Airy limitation 
J = 1.22 丄 )

/
 

5
 

where Ihe niaxinnim NA can be as large as 1.45, and thus the focal diameter is 

around 875 nni. For the Gaussian intensity distribution, we can only consider the 

main pari of the intensity whose diameter is around 500 nm. The leqiiireinent of the 

photon density is 1.5、lO'、W/ciii', and thus the peak power of the fs pulse should 

be 30k W. which means the energy of one fs pulse (100 fs) is aiouncl 1 nJ. 

Al this critical power level of the inducing laser, according to the numerical 

simulations, [20] presents the result of the average electron density inside the focal 

volume around 10'"^ ~ 10'''̂  /cn')'\ Actually Ibe ciislribiition of the elections is 
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exactly depending on the photon distribution, as shown in Fig. 2-12. 

Normalcert irters;ty Normaiizod electron density 
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fjOO 

Fig. 2-12 Photon and electron density distribution, (a) Normalized irradiance distrilnilion 

and electron-density distribution (b) in the focal region for NA = 1.3 and X = 800 nm, and (b) 

the election density vs. the induced laser power at different wavelengths. Ir: the critical laser 

power density, p , the mnximiim free electron density [20]. 

Since tlie electron density is quite dependent on the peak power in the pulse, the 

pulse duration is very important to the plasma formation i f the average ))ower is tlie 

same. To gel the threshold, difterenl pulse widths have quite different energy 

requirements, as shown in Fig. 2-13. it can be found, if the pulse is too long, the 

energy at the threshold is quite large. 
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Fig. 2-13. Cnlculaled optical breakdown thresholds (for the electron density lO'Vcm^) as 
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function of laser pulse duration for various laser wavelengths, (a) the threshold of photon 

densily at difl'eient pulse witlths, (b) Ihe energy density for different ptilse widths [20]. 

2.4.2 Experimental details 

In experiments, lasers with pulse width less than 100 fs are usually not 

considered due to pulse broadening during transmission resulting from optical 

dispersion in the optical system. The major impact is from the objective, which may 

consist or a variety of different glass types and thicknesses. Typical optical 

dispersion values D for glasses in objectives at 800 nm are 251 fs" cm'' for CaF?， 

300 fs- cm'' lor quartz, 389 fs' cm'' for FK-3, 445 fs" cm'' for BK7 glass, 1030 ts' 

cm'' for SF2，and 1600 fs" cm'' for SFIO. At shorter wavelengths, these numbers 

increase [25]. A typical microscopy system can have from 3000 to 20000 fs' of 

dispersion in total. 

To complete the microscope system with a fs laser, at first a microscope, such 

as inverted or con focal microscope is needed, with high N.A. objectives. Leica, 

Nikon. Olympus, Zeiss, and some other companies have developed a lot of 

commercial versions for researches. To couple Ihe fs beam into the microscope, an 

extra port in the microscope is needed, through which the laser beam can transmit 

into the microscope. Some commercial versions have such special design for 
« 

additional laser coupling. Inside the microscope, the NIR beam will be reflected 

into the objective to focus on the target by a dichroic mirror. Commercial minors 

with NIR reflection and visible transmission both more than 90% have been 
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developed. To improve the coupling efficiency, people can choose objectives with 

coatings for NIR range. But in that case, the N.A. of such objectives are usually 

smaller than 1.0 since that type of objectives mostly has no oil-immersion. Even 

though water immersed objectives with NIR coating have been developed, the N.A. 

has still such limit since the refractive index of water is not large enough. It should 

be noted that since the refractive index for visible and NIR light have a difference, 

and imaging and coupling light path are also clitTerent, the focus position of the NIR 

is usually not the same plane of the imaging plane. Usually, to be convenient, the 

laser beam can be adjusted to focus at the imaging plane using some lenses, usually 

a lens pair with tunable distance between them. 
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2.5 Summary 

In this section, we briefly introduced fs lasers and some basis of cells. Fs lasers 

can be mainly divided into two types，free space and fiber lasers. The mode locking 

principle of them is quite different. The development of fs lasers is very fast and 

now more and more advanced ultra-short pulsed lasers can be chosen. 

There are many organelles with different functions inside one single cell. The 

interactions between cells and lasers are quite complex, involving a lot of physical 

and chemical processes. However, for fs pulses irradiation, nonlinear efleet is the 

main part of the interactions. Due to the ultra short pulse width and ultra high peak 

power, fs beams show a lot of novel and perfect properties for imaging aiul 

manipulation of biological samples. The nonlinear process of how multiphoton 

pump one electron to high energy level is analyzed here, which is the basis of all 

nonlinear imaging and manipulation methods. Plasma formation is now considered 

as the most probable mechanism for changing cellular membrane permeability by fs 

lasers. The most important side effect’ thermal effect, is also analyzed here and 

some numerical results are given. It can be concluded that fs beams are very 

powerful lor manipulating biological samples, especially at single cellular level’ and 

relatively safe to them. 
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Chapter 3: Transfection by the 
Femtosecond Laser 
3.1 Introduction 

The transfer into living cells of macromoleciiles, named transfection, which 

monitor or modify molecule-specific intracellular processes, provides an efficient 

way to study the temporal and spatial regulation of protein systems that underlie 

basic cellular functions. With recent advances (e.g., worldwide genomic and cDNA 

sequencing projects) in moleculai. biology, gene therapy is expected to assume a 

pivotal role in the treatment of genetic diseases. This innovative therapy involves 

the introduction of healthy copies of mutated or absent genes into target cells so as 

to promote the expression of normal protein and to restore correct cellular ftmctioii. 

The developmeiil of gene therapy vectors with sulTicienl targeting ability, 

transfection efficiency, and safety must be achieved before gene therapy can be 

routinely used in man [1-3]. Thus, transfection of DNA and other molecules has 

attracted attentions all over the world, even since more than 30 years before [4). 

In general terms, gene delivery methods can be sub-divided into two categories: 

(a) the use of biological vectors and (b) techniques employing either chemical or 

physical approaches. Biological methods, refened to as infection, however, have 

many iindesired side effects, such as viral toxicity, host immune rejection, as well as 

being difficult to prepare (5]. Chemical methods are relatively straightforward and 

easily §caled-up, and do not provoke specific immune responses. But efficiency and 
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targeting remain extremely poor [2]. Compared with ihose above, physical or 

mechanical approaches seem to be simple, safe, and efficient, and thus a lot of 

techniques have been developed. 

3.1.1 Mechanical methods 

The most natural idea is to use glass capillary microinjeclion to introduce DNA 

or other materials into cytoplasm or nuclei directly, which is developed 30 years 

ago [6, 7] and now widely iLsed. This technique adopts glass niicropipettes with a 

fine tip of less than 0.5 iim (iiiicroinjector) and a precise positioning device (a 

miciomanipulalor) to control the movemenl of the micropipette. Therefore, it costs 

a lot of money and time to buy and be familiar with such a mechanical device 

system. 

As an iniprovemeiU, gene gun was developed in 1987 [8]. (t utilizes heavy, 

non-toxic, and non-reactive metal particles (e.g. 1-1.5 urn golden spheres), onto 

which naked DNA is precipitated, propelled at a sufficient velocity into the target 

cell. Acceleration is achieved by a high-voltage electric spark, or a helium discharge 

(9,10). It is cheap, tasi and convenient, but the efficiency is not high and influenced 
、 

by many parameters, such as the loading of DNA onto the particles, the particle size, 

and the timing of delivery. In addition, DNA distribution of coating on the sphere 

and spheres in the cell influence the final results a lot [ I I ] . 

3.1.2 Electroporation 
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To overcome limitations of mechanical devices, electropoiation, a no-oscnlanl 

method, was developed [12]. Microsecond, high-voltage electrical pulses aie 

localized onto membrane of cells, which then becomes highly permeable \o 

exogenous molecules, present in the surrounding medium. But there can be 

subslaniial damage associated with the procedure and thai this can limit the 

efficiency oi tiansfection [13]. The method becomes more doubted after finding that 

tiaiisgeiie expression is not homogeneously distributed in the treated tissue [14], 

3.1.3 Femtosecond laser transfection 

Compared with electrical field which is not convenient and precise to control 

and localize, laser is a much better choice to open the door of cells. However, lasers 

can also harm cells, especially short waveleugths, such as photon-damage outside 

the focal volume, photo-disniptioii [15]’ and what is the worse，it may bring 

abeirances. But in some intra red range (800-1600nm), continuous wave (CW) 

lasers have little influence to cells, even very high power density (I O'̂ W/cni") [16], 

which is called as *'cell window". Thus, if short wavelengths (usually no inore than 

700nm) are chosen, enabling each photon with high energy that can disrupt 

menibiane to dill holes in it [17-21], the viability of cells is very low after 

transfection. To solve this problem, femtosecond infrared laser is the final optimal 

choice, whose pulses are ultra-short (around I OOfs), and thus very high peak power 

can be got (around 7kW). it has no oiit-of -focus absorption and no significant 

transfer of heat or mechanical energy to surrounding stnicliiies, thus relatively safe 
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to cells [22]. Meanwhile, the peak power is high enough to drill holes in the 

membrane for transfection [22, 23], 

In the technique, the laser beam is typically focused throiigli a high lUiinerical 

aperture objective lens onto the membrane of the targeted cell. The highly localized 

laser beam serves at least to modify the permeability of the cell membrane if not 

creating n transient pore, and then it should be shut to protect the cell. Foreign DNA 

ill the siiirounding medium can enter before the pore closes, and the cell heals itself. 

Therefore, if there are several kinds of molecules in the buffer, it can not be ensured 

that all kinds of molecules have been transferred, and just for one kind, the 

transferred quantity also can not be controlled. Even though, quite successful 

transfection tor a single kind of DMA experiment was done in 2002 [24】，but the 

efficiency still remains aigumeiils [25]. Besides，the exposing time of cells should 

be controlled in some milliseconds. Long Ume exposing will reduce viability of 

tells significantly, but till now, the optimal time length and laser power have not 
“ J 

been work out. 

3.1.4 Liposoine/Carrier-mediateii transfer 

Considering properties of cell membrane, indirect transfection 丨nethocJs were 

also developed. DNA，proteins, or genes can be loaded onto cell-permeable 

molecules, and then carried into cells. Such molecules are genetic carriers, which 

can “cheat” nienibiane to open. The protocols for carrier-mediated transfer are 

usually simple and allow targeting of tlwusands or millions of cells at the same time 
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[26]. But the elTiciency is not high, and types and sizes of molecules to be 

tiansferred are quite limited by the ceu'rier. ' 

To overcome those limitations, carriers are changed into liposome，and 

molecules to be trnnsfened are packaged in it. Since no interaction is needed 

between molecules and carriers, liposome has no harm to cells、and the size of it can 

be controlled, there is almost no iiinilation to the molecules. Solutions of liposome 

and cells are tlien mixed, and a liposome has a probability to contact with a cell, 

which cn» be fused together by some chemical drugs. A tier I he fiision, which is 

actually a lipid metabolism of the cell (the liposome becomes one part of the cell), 

the molecules nie Iransfenecl [27]. The fusion takes n quite long lime, usually more 

than 10 hours, <inci the transfection efficiency is low, limited by several factors [28], 

These methods are shown in Fig. 3-1. 
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Fig. .>-!. Traditional Iraiisfection methods, (a) Micro-inject ion (h) Eleciropoiation (c) 

」posome mediated transfection [figure from Nikon website]. 
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3.2 Optical transfection 

3.2.1 IntrcHli ict ion 

The delivery of foreign molecules such as DNA, proteins, and other 

macromolecules into cells through the plasma membrane, is a key technique in cell 

and molecular biology with many important biochemical applications. Traditional 

methods like electropoiation and liposomal transfeclion normally transfecl a large 

population of cells without selectivity while the efficiency is not very high. On the 

other hand, niicroinjectioii is operated at single cell level but it is an invasive 

procedure. , 

Lasers, especially fs lasers working in the near infra red region, have shown n 

lot of advantages in biological fields. For example, by using laser illumination, 

there is no mechanical or chemical conlacl with cells. Also, lasers are clean, and the 

side elTect is quite weak Ibi infra red photons as a resuh of its lower photon energy 

and reduced scattering when compared to that of UV beam. In 2002, Konig et al. 

firstly reported the use of Ti: Sapphire Is laser a I 800nm with a repel il ion j'requency 

of 80MHz aiui a mean power of 50-100IHW to transfect Chinese hamster ovarian 

(CHO) and rat-kangaroo kidney epithelial (PlK2) cells [24] In their study, ihey 

iiseJ 0 very higli power laser intensity of IO'"Wcin"% and such a laser beam 

produced a single, site-specific, transient perforation in the cell membrane through 

which DNA could enter. To reduce the damage to cells, they suggesled the exposure 

time should not be longer than 16ms, and the laser beam should be focused on the 

edge of the membrane of target cells. Subsequently, work from Stevenson et al. 
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(2006) indicated that the efficiency of such a method was around 50% 士 10% [25]. 

Also，Stevenson et al. found that many CHO cells died even when the exposure time 
I 

was strictly controlled within 100ms. This arises because the fs lasers at a 

wavelength <800nni with a mean power >7mW could generate reactive oxygen 

species，perturb the cell plasma iiieinbrane integrity, detbnn the nuclei, and 

introduce DNA strand breaks [29]. To solve these problems, it is of interest to try a 

laser of longer wavelength to reduce the optical damage. In this study, we coupled a 

liber Is laser ai 1554nm, a setup widely used in optical commiinicalion research, 

into an inverted inicioscope to examine its effect on transfection and photoporation, 

whereby exogenous materials were iiUrodiiced into the human liver cancer HepG2 

cells. The energy level of photons at 1554nm is too low to induce any chemical 

effects directly and the senile ring is also smaller than that of 800mn. implying thai 

(he use of 1554nm fs laser is relatively sale to biological samples. Our results 

indicated that the fs laser at 1554mii beam was able to perforate the cell membrane 

lo allow the tliioiescent DNA intercalating dye PI to label the nuclear DNA while ai 

the same time no mitochondrial depolarization was detected 1.5 hours after 

pliotoporalion. Fuithenioie, the 1554nm fs laser wns able to Iraiisfecl HepG2 cells 

with a plasm id DNA containing the GFP gene, whose fluorescence was detected 24 

hours after phototransfection. The optical design is shown in Fig. 3-2. 
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Ceils 

The FS Beam 

Fluorescence 
Excitation 

Fluorescence 

Fig. 3-2 Optical design ol the transfectlon system by the fs laser at 1554 nm. 

In om setup, the fs laser was coupled to a Nikon TE2000U inverted microscope 

with n 40X objective lens (N.A.= 1.0). There were 2 lasers in this study. The fs fiber 

laser had a central wavelength at I554nm and a repetition iVeqiiency of 20MHz with 

a mean power around lOOmW. The pulse width was around 170fs. The diameter of 

the laser beam focus was around 2iim, and thus the peak power was lO'' Wcm'' in 

the focus, which was high enough to perforate the cell membrane^. Another laser 

diode working at 980niii had a power of 400m W, which was used to trap and move 

cells as an optical tweezer. This laser was continuous wave and had no observable 

influence on the cells. 

Human Hej)G2 hepatocellular carcinoma cells, obtained from American Type 

Culture Collection, were cultured in RPMI 1640 medium (Sigma) supplemented 

with 10% (v/v) fetal calf semm (FCS) (Gibco) or phenol-red free RPMI 1640 

medium (Invitrogen) at 37®C and 5% CO〕. For microscopic studies, cells (3x lOVml) 
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were seeded on a 35mm peilii dish with a glass slide (0.17mm thick) at the bottom 

(MatTek). 

3.2.2 Use of PI to show membrane perforation ^ 

In our study, PI was used to delect the effect of fs laser on the integrity of the 

plasma membrane. PI is a DMA fluorescent dye. When it binds to DMA，it emits red 

fluorescence when excited by UV or 488nm laser. Interestingly, PI can only pass 

through leaky or damaged plasma membrane to label the DNA in the cell luicleiis in 

the late stage of apoptosis and any red fluorescence observed from live cells under 

the microscope is ai) indication of loss of membrane integrity. ]n our experiments, 

PI (final concentration 1.5iig/ml) was added into HepG2 cells with phenol-red tVee 

RPMl 1640 medium. After 20 minutes of incubation, no red fluorescence could be 

observed from'the healthy cells. The fs laser was then targeted on the healthy cells 

each with an exposure time of ) to 10 seconds. Fifty cells were exposed and they 

were kepi on the stage of the microscope at 37®C and 5% CO：. Red fluorescence 

was observed from all the cells two hours after the laser exposure (Fig. 3-3)， 

whereas no fluorescence was obtained from cells without the exposure. 

Fig. 3-3. Effect of fs laser on cell membrane. A healthy HepG2 cell at time zero was 
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exposed to fs laser for 5 seconds; white light (a) and red PI fluorescence (b) images were 

observed 2 hours after the fs laser illumination (t=2h). Three hours later, (his cell was still viable 

(c) (t=5h). (d) is a healthy cell without laser exposure and no PI fluorescence was found at t=4h. 

As a control, photos of a dying cell judged by membrane blebbing (e) without fs laser 

illumination were taken at t = 2b and no lecl PI fluorescence was recorded at t=4h (f). Scale bar: 

lOum. While arrow： membrane blebblngs on the dying cell. 

Fig. 3-3a shows a micrograph of a healthy HepG2 cell under white light while 

Fig. 3-3b illiislrates (he red PI fluorescence from the same cell 2 hours after an 

illumination of 5 seconds with the fs laser at 1554nm. Three hours later, this cell 

was still in round shape with red fluorescence and no blebbing was found on the 

cell surface as shown in Fig. 3-3c，suggesting that the cell with fs laser exposure 

was still alive. As expected, healthy cells in the same dish without fs laser 

illumination could not be labeled by PI (Fig. 3-3d) indicating that PI could nol pass 

through the plasma membrane of viable cell. For comparison, the photo of an early 

apoptotic cell judged by the nieinbrane blebbings was also taken before the 

experiment and no fs laser illumination was performed on this cell (Fig. 3-3e). 

Again no red fluorescence could be obtained in this apoptollc cell 2 hours after the 

experiment (Fig. 3-3f). This demonstrates that PI could not diffuse into the early 

apoptotic cell either. Consequently, the possibility tiiat the red PI fluorescence found 

in Fig. 3-3(b) was a spontaneous phenomenon during apoptosis can be eliminated. 
H 

Taken together, our results demonstrate that holes might have been formed on the 

cell membrane after the exposure to the I554nm fs laser,beam. This process can be 
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applied to transfer DNA or other inoleciiles into some target cells. 

3.2.3 Recovery of the ccll membrane 

As it is clear that the fs laser pulses could puncture the membrane，it would be 

of interest lo examine whether such holes could be sealed back or not. To study this, 

cells ill a petri dish were divided into 2 groups, A and B, as shown in Fig. 3-4. Al 

first, each of the Group A cells wab exposed lo the fs laser for 10 seconds, and 

presumably holes would be formed on their membrane. Immediately after that, PI 

was added into the buffer. If the membrane holes closed before the PI molecules had 

sufficient lime to diffuse into the cells, the subsequently added PI could not label 

the DNA in the Group A cells. Then，cells in Group B were exposed to the fs laser 

for 10 seconds twenty minutes after the addition of PI. After a wailing period of 4 

hours, il was no surprise that fluorescence was detected only in the Group B cells 

but not in the Oioiip A cells. This strongly suggests that the membrane could mend 

itself during the incubation time with PI. 

A 丨 B 
CI：：) I Q 

Expose A I 
Add PI 

wait for 20min 
I Expose B 
1 wait for 4 hours 

l、G f iuorevceficel " iuore^cence of P! 
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Fig. 3-4. Membrane sealed back after laser iliiiniinntion. HepG2 cells in petri dish were 

divided into Group A (a-d) and Group B (e-h) and treated with Is laser at I554nm for 10 

seconds with Ihe procedures as iiuiicated. PI (final concenlratlon 1.5ug/ml) was added after the 

first laser illumination. («) the cell in Group A before laser exposure (t=0>; (b) 20 minutes atrei 

laser exposure (t=20min); (c) the same cell vvilh laser exposure and PI in the medium (t=4h 20 

min), (d) fluorescence ofihe same eel); (e) Ibe cell in Group B before laser exposure ((=20 min); 

(f) the same cell in Group B after laser exposure (t=20min); (g) the same cell under white light 

(t=4h 20min); (h) fluorescence of the cell in (f). (l=4h 20 min). 

3.2.4 Cell viability 

To determine whether cells underwent apoptosis (a programmed cell death 

process) after laser illumination, we examined whether the fs laser induced any 

mitochondrial depolarization, a key step in apoptosis [30], in HepG2 cells by using 

JC-I. JC-I is a mitochondrial potential-sensitive fluorescent indicator. It exists in 

monomelic form in depolarized mitochondria and emits green fluorescence after 

excitation. In healthy cells with polarized mitochondria, IC-l aggregates and emits 

reel tliiorescence. Therefore, from the JC-I red/green (R/G) ratio, mitochondrial 

depolarization during apoptosis can be determined. In oin study, JC-I al a final 
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concentration of lOiig/ml was added to the culture medium. One hour after labeling, 

the JC-1 signals were acquired and then the cells were exposed to the 1554nm fs 

laser for different time intervals. Fluorescence photos were taken before and 1.5 

hours after the fs laser exposure and shown in Fig. 3-

i W l 

i i S f i 
I (0 second) II (5 seconds) 

l i i (10 seconds) IV (20 seconds) 

V (Valinomycin (I iiM), 5 miniiles) 

Fig. 3-5. Effect of Is I554nm laser exposure on the mitochondrial depolarization in HepG2 

cells determined by JC-1 fluorescence HepG2 cells loaded with JC-1 (final concentration 
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lOug/ml) for 15 minutes. Subsequently, cells were exposed to the fs laser at I554nni for the 

time as indleafed (MV) or treated wiih valinomycin (l i iM) for 5 minutes (V) a( 37。C and 5% 

COj. Laser iiiumination time: I: Os: II: 5s; 111: 10s; IV; 20s. (a) and (d) are white ligh( 

micrographs and the JC-I red (b, e) and green fluorescence (c, f) of the cell were acquired 

before (a-c) and 1.51、aOer exposure (d-f). Bar: lOiim. 

Table 3-1. Average R/G Ratio of Cells at Different Exposure Times. 

Exposure Time Os 5s lOs 20s Valinomycin Treated 

R/G Before Exposure (15 cells) 1.3 丨 1.46 1.07 1.18 丨.15 
1 

R/G 丨.5 h After Exposure (丨5 cells) 1.08 0.99 0.77 0.27 0.39 

Fig. 3-51 is a control in which a healthy cell was not exposed to the fs laser, and 

the JC-1 led and green fluorescence were taken at time zero and 1.5 hours after. It 

can be seen that no significant change in both JC-I red and green intensity was 

observed in the experiment. For comparison, Fig. 3-5V is a positive control treated 

vvilh valinomycin (I uM), -a classicnl 1< ionophoie thai clissipales ihe mitochcMulrial 

membrane poieiilit)! in cells. After valinomycin treatment, (he JC-1 red signal was 

significantly reduced with a simultaneous increase in green signal, indicating the 

occiineiKe of the depolarization of mitochondrial membrane potential. According to 

the results depicted in Fig. 3-511-111，the JC-1 red and green signals from the cells 

before and 1.5 hours after the fs laser exposure (5 and 10 seconds) were nearly the 

same as' those of the control sample with no laser exposure (Fig. 3-51), thereby 

64 



Traiisreciioii l>y the FcnitosccoiKl Laser Chapter 3 

demonstrating that laser exposure times less than or equal to 10 seconds did not 

trigger mitochondrial membrane potential change, a process known as "the point of 

no-retim、” in apoptosis. If the exposure time was prolonged to 20 seconds (Fig. 

3-5IV)，the change in JC-1 red and green fluorescence was similar to the positive 

control sample shown in Fig. 3-5V. Obviously a laser exposure time less than 10 

seconds is safe to cells. 

3.2.5 Targeted traiisfection with GFP plasm id 

Next, we employed the fs 1554 nm laser to introduce foreign DNA plasm ids 

containing GFP gene pEGFP-Cl (4.7kb) into HepG2 cells to test whether the DNA 

would be expressed after transfection. In this experiment. 50 HepG2 cells adhering 

on a cover glass in 0.5inl of culture medium containing 20 îg plasm id DNA were 

individually exposed lo the laser beam for 7 seconds. The temperature rise caused 

by fs beams was calculated to be only around 7K according to the physical model of 

a previous study, and was confined only in the focal volume. After illumination, the 

cells were cultured at 37。C and 5% CO： for GFP expression for 24 hours. 

Thirty-eight healthy cells in an elongated form emitted the green fluorescence as 

shown in Fig. 4，indicating that GFP was expressed. To eliminate the error 

introduced by cell proliferation (the doubling time of HepG2 is -48 hours), adjacent 

cells were intentionally not exposed to achieve a minimum distance between any 

two exposed cells around 50nm. Consequently, if one single cell with green 

niiorescence was observed in an area 50…n by 50^m, it should be the mother cell. 
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111 the case of two or more neighboring cells emitting green fluorescence, we only 

counted them as one transfected cell. This experiment was repeated twice, and 36 

and 42 healthy cells with the GFP expressed were observed separately out of 50 

exposed cells. Thus, the tiansfection efficiency was around 77.3% with a p-value of 

2.82e-52 according to Fisher exact test. A control experiment was also performed in 

which cells were cultured vviih tlie same amount of DNA plasm ids for 24 hours but 

without laser exposure and no fluorescence was found from all those cells, as shown 

in Fig. 3-6. The perforation of the transfected cells are shown in Fig. 3-7 after 48 

hours of the tiansfection event, which means the transfected cells can not only 

survive, but also generate next generation. 

Fig. 3-6. GFP fluorescence in HepG2 cells with targeted transfection Hep(j2 cells were 

cultured at 3T、C and 5% CO： for 24 hours. Adherent cells were then exposed to the I554nm fs 

beam for 7s in the medium with a plasmid encoding enhanced GFP (final concentraiion 

40iig/ml). 
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,Fig. 3-7. Pei foialion of transfected cells, (R) Green fluorescence image of several He|)G2 ‘ • 

cells tiansfected with GFP pinsmid: (b) image of the same cells with GFP expression under 

white light. Red arrows: cells translected. ‘ 

3.2.6 Discussions 細 • conclusion 

Finely focused fs pulses above the power threshold for drilling holes on the 

inenibrane can be understood as a process of free-electron introduction or plasma 

formation in the lipid layer [31]’ wliicli is very similar to the optical breakdown in 

water (32]. Usually in such processes, water i；. treated as an amorphous 

1, 0 
semiconductor for simplification [33]. At a high photon density (10 'Wcm"'), 

efficient multi-photon absorption inside the focus volume can excite electrons 
• 

originally bound to molecules into the conduction band and set them free. These 

free electrons can then absorb more photoi^ by some inverse Bremsstrahliing 

processes and gain a very high kinetic energy (1.5 times of the gap)’ enough to 

excite more free electrons. This process will continue to result in an avalanche 

growth of free electrons. When the density of the free electrons is large enough 

(10 丨 7〜10-”cm-3), the plasma is formed. 
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To explain the different resiiIts obtained between SOOmii and 1554niii 

illumination, we may invoke the following conjecture. The IVee electron tleiisify 

depends a great deal on fhe inverse Bienisstrahliing process, which is much more 

efficient when the photon energy is higher. Therefore, the nvalanclie giowit^ of free 

I 

electrons by I he illiiniiiialion at SOOniii (1.56eV) is ivmcl、more efficient than llint at 

1554nm (0.79eV) for the same photon densily. Thus the plasmn formed by BOOniii 

pulses has nn enormously liigliei IVee-electroii density than the one by 1554nni 

pulses. The higli-density-election plasma resulting iVom 8()0nni laser pulses cnn 

easily generate a shock wave that can expand, and even produce cavitation bubbles 

[34], Not only is the membrane opened this way, but also the cell will be in Hie ted 

with severe mechanical harm. Free electrons can also create reactive oxygen species 

(ROS) in \vn(ei\ forming OH* and HiO：，both causing cell damage. But lor the 

plasmn geneinied by I 554nm laser pulses, tlie shock wave is signillcanily weaker 

and most free electrons can be c a pi u red by the lipid molecules inside the focus 

volume. The bonds in Ihe lipid molecules will be broken and lience the membrane is 

opened, by which safe Imnsfection can be perlbi'mecl. Therefore, tiansrection by 

1554 nm Is laser is safe. 

Option I perforation for trans feet ion is a cleaji, precise, and controllahle method 

which can be achieved by fs loser pulses. Coinparecl with SOOnni Ti: Sapphire lasers. 

Ihe 1554nm fiber laser is safe as evidenced by tlx? viability study with JC-1. The 
、 

high success rate of this cell-compatible method is due to the longer \vavelengtl> of 

the laser at I554mn. Besides, tlie exposure lime is easily coiKioiled over <\ wide 
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window iVoni I lo 10$. There Tore, Ihe photOjX>ia(ion and lianslection by fs laser at 

1554nin is an attmclive solution for targeted iraiisfectioi) as ihe tlber laser is very 

com pact and the system is very convenienl to use. 

N 
\ 
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3.3 Thermal Effect 

Thermal effect of the las<fi is very important to .biological samples since they 

are very sensitive to (enipeinliiie ami will die if fhe temperature is not siiitahle. The 

temperature rise by ts pulses is quite ili lie rent from CVV laser which is only related 

with linear absorption However, in the local volume of (he fs beam, the 

(eniperatiire rise is mninly dependent on the IVee electron density induced and not 

very reloled with the liiienr absorption. 

To esnniale (he leiiiperatine rise, two paranielers need to be considered, the 

chorncterislic time lot electron cooling (the transfer of kinetic electron energy 

ciiiiing collisions, nromul a lew picoseconds |351) and iW Ihe time scnie lor 

recombination, vviiich in water progresses through hydration of the tree elections, 

arounti only 300 (s [36]. Hence these two time constants are both longer than a Is 

pulse {100 Is). Therefore, the energy density dej)osiled into the interaction volume 

is simply given by the total number density of Ihe free electrons produced during 

the pulse multiplied by ihe mean energy gain of each election. The mean energy 

〜 

gain of an eleclron is given by the sum of ionization energy and average kinelic 

energy (5/4) A tor tVee electrons prudiicecl by cnscacle ionization. Tluis ihe plasnin 

energy density is given l>y 
= (3-1) ’ 

where is the electron density. The temperature rise can be then 
J 

^ T ^ e I P S . . . (3-2) 

where is Ihe mass density and C…is the heal capacily of the mecliiim. It can 
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be then estimate the tenipeiature rise inside each pulse. 

I low ever, it should be noted that this estimation is only tor the average thermal 

effect in the focal volume nnd inside only one pulse. In fad, in the practical case, 

the teniperatiire rise is related with the pulse width, repetition rate of the pulse train, 

and the NA of the objective. It is very obvious that the pulse width and the 

repehlioii rale determine llie ncciinuilation of the heal. IT the lieat time is short, the 

heating duration will he short and then the thermal energy can (lilYiise away more 

rapidly. AI so, if the space l>el\veen two pulses is long enough for ihe heat produced 

by previous pnlse decay away, there will be no accumulation of heat. The criiical 

repetition lale is around I MHz, and Ihose lasers with less thai) I MHz repelilion 

rate can increase Ihe temperature only in a single pulse. 

The NA of the objective determines the focal volume.*IT llie beam is tightly 

focused, Ihe focal volume is very small and it is also good for tiie Ifcat dilTiision to 

the .s^moiincliiigs. Usually if the NA is larger than 1.0, there will be little 

accuiiuiialion of the heot. And if Ihe NA is small, say, 0.6, the heat nccumiilation 

will significantly increase the temperature. Fig. 2-14 presents some mmierical 

results of the I henna I elTecl of I lie fs laser a! 800 mn with a repetition rate 80 MHz 

focused by Jiffeient objectives. It can be concluded the thermal effect of fs laser can 

be finely confined inside the focal volume, and is thus safe to biological samples. 

Besides, a I the same inducing power, the thermal effecJ by fs beam is much less 

(hail by C'W beam. 
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Fig. 3-8. Calciilaled lemperature rise in water induced l>y fs laser at 800 nm with a 

repetition rate 80 MHz focused by different objectives, (a) NA= 1.3. (b) NA=0.6. r is the 

distance Iroin the cenier ol the focus. 

We would like to state that the 〜I OK temperature increase in single cell at the 

focal volume due to Is laser irradiation is comniensiirate with calculations based on 

established work nnci that the cells treated by our fs laser remain alive, as evidenced 

by the figiiies attached in below. These figures will not be included in the text 

because ot liiDitations in the length of the article. The teniperatiire rise caused by llie 

fs laser can be accounted for by the total energy of the tree electrons generated by 

MPI. The energy density deposited into the inteiaction volume is simply given by 

the density of tree electrons produced during tlie laser pulse period multiplied by 

the mean energy gain of each electron. In our case with a pholon density of 10" 

W/cin". the fi.ee electron density can be estimated as 

10-̂  to 10-' /c"r-、in the 

nonlinear volume vvlieie the laser intensity is high enough to cause MPI (usually 

FWHM of the peak power), while the mean election density in the tbcal volume is 

around lO'̂ /̂cm"̂  [we used the inodel developed by A. Vogel, .1. Noack, 0. HiUtman, 

and O. Pallauf, Applied Physics B: Lasers and Optics, 81, 1015 (2005)]. The mean 
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energy gain of an electron is given by the sum of ionization energy and average 

kinetic energy, which is 9/4 times thai of the ionization energy and which amounts 

to 〜14.6 eV. The temperature rise in the focal volume is calculated by dividing the 

total energy gain by the heat capacity of water, which results in 〜10 K. Of course, 

the temperature in the cenlral pari of the focal volume will be much higher than this 

value, but it will decay very quickly in less than one pulse cliiiation and drop very 

sharply towards the edge of the focus region (corresponding to the distribution of 

IVee electron density). Since the fiee elections are considered to be distribiiiecl only 

inside tlie focal volume, this kind of temperature rise is tightly confined inside a 

small part of the focus region, which therefore would not result in significnnt harm 

to the cells. 

73 



Ti-;)iisrcctioi) by tiic Femlosccoiitl Laser Chapter 3 

3.4 Proposed Mechanism 

it is very hard to detect directly what happened when a fs pulse focuses in cell 

membrane since the process is too fast (less than I ps). Thus the mechanism of 

photoporation remains unclear. Mostly, people believe that the cell membrane can 

be open because the imiltiphoton ionization effect, wliich forms plasma to break the 

double layer lipid molecules. This point has a good indirect providence that the 

pulses at nrounci 800 m、i can open cell membrane with little tlieniial effect. 

However, t lie re is an opinion that the thermal effect in a single pulse is quite 

different from the thermal effect of CW beam. Tlie "femtosecond thermal effect” 

just simply changes the permeability of cell membrane witlioiit damage the lipid. 

Inside the pulse or even longer, the membrane seems to be "transparent". For 

iransfection, this ''transparence" should be long enough to let DNA molecules 

diffuse into cells. However, this can not explain why the fs beam can fuse cells (see 

next chapter) if the membrane keeps the integrality. Besides, the thermal diffusion 

is also a fast process, aiui will decay quickly in around some nanoseconds after the 

fs pulse. This is too sliort foi the DNA molecules outside to diffuse into cells. Only 
•4 

if the fs pulses work as a control, or a "open" of the permeability of the membrane 

for a longer time，it can explain the photoporation. 

To make this clear, we would like to investigate the details of cell menibiane. 

The cell membrane consists primarily of a thin layer of amphipathic phospholipids 

which spontaneously arrange so that the hydrophobic "tail" regions are shielded 

from the surrounding polar fluid, causing the more hydrophilic "head" regions to 
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associate with the cytosolic and extracellular faces of the resulting bilayer. This 

forms a continuous, spherical lipid bilayer. 

The anangeinent oriiydropliilic heads and hydrophobic tails of the lipid bilayer 

prevent polar solutes (e.g. amino acids, nucleic acids, carbohydrates, proteins, and 

ions) from diffusing across Ihe membrane, but generally allows for the passive 

diffusion of hydrophobic molecules. This affords t.he cell the ability to control the 

movement of these substances via transmembrane protein complexes such as pores 

and gates. 

Membranes serve diverse functions in eukaryotic and prokaryotic cells. One 

important role is to regulate the movement of materials into and out of cells. The 

phospholipid bilayer structure (fluid mosaic model) with specific membrane 

proteins accounts for the selective permeability of the membrane and passive and 

active transporl mechanisms. It can be understood thai the lipid can “ f low” from 

time to time around the cell for the transportation, kinetic, and kinesis of cells. 

A good example is the natural fusion of intracellular vesicles with the 

membrane (exocytosis). it not only excretes the contents of the vesicle but also 

incorporates (he vesicle membrane's components into the cell membrane. The 

membrane may form blebs around extracellular material that pinch off to become 

vesicles (endocytosis). Besides, if a membrane is continuous with a tubular 

structure made of membrane nialerial, then material fro in the tube can be drawn into 

the membrane continuously. 

It should be noted that，although the concentration of membrane components in 
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the aqueous phase is low (stable membrane components have low solubility in 

water), there is an exchange of molecules between the lipid and aqueous phases. 

Thus, the plasma formation mode (see section 2.4,1 in Chapter 2) can explain 

the photopoiation like this. The plasma damages membrane, to form holes through 

which every thing can pass. But the lipid flow to the hole, and get 

contacting/connecting again in around less than I s, to leseal itself. Then the 

molecules can not enter the cell again. 

However, since the permeability depends mainly on the electric charge of the 

molecule and to a lesser extent the molar mass of the molecule. Electrically neutral 

and small molecules pass the membrane easier than charged, large ernes. When the 

fs pulse toe used on the membrane, it may depolarize or polarize the membrane or 

Ihe DNA molecule, which makes the membrane to form a kind of “open” or 

"transparent" to the DNA molecules, and they can diffuse into cells. A1\er some 

time, everything recovers the original electrical charge and the membrane seems 

“i.esealed，’. 

Till now, there is no experimental evidence of the mechanisiu of、photopoiation. 

it can be expected the fast AFM scanning can delect directly which actually 

happens when the fs beam "0|>en" cell membrane. 
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3.5 Summary 

With progresses in molecular biology, gene therapy is expected to assume a 

pivotal role in the treatment of genetic diseases, and thus Irons feet ion, which 

transfers genes, DNA. and other molecules into cells，becomes more and more 

important in biological and medical researches. Many methods of Iransfection have 

been developed in past 30 years, and physical approaches seem lo be better than 

biological and chemical ways. Along with the development of femtosecond lasers, 

scientists tried to utilize such precise and efficient techniques in this area, and got 

successes. We firstly use the t"s laser at 1554 mii which is quite widely used in 

optical coniimiiiication lor lianstection and the efficiency is relatively high 

compared with Ti: Sapphire lasers. Besides, this fiber fs laser is much more 

compacl, quite easy to move around, ami very cheap. Not like Ti: Sapphire lasers, 

the commercial fiber lasers do not need any optical adjustments or maintenance for 

mode locking. People without any optical backgicmml can use them easily. This 

means such an optical translection approach can he easily used in any other 

biological reseaicli labs. 

The exposure time on cells by this laser also do no( need strict coiilrol. Ranging 

from I s to 10 s, every mechanical or manual shutter can cover it. At the same time, 

tlie trans feet ion efficiency is much higher than traditionai methods, and even a little 

higher than Ti: Sappliire lasers. Probably (his is due to the longer exposure lime 

which enables larger chance of、DMA molecules in the media diffuse into cells and 

also the lower density of plasma formed by the low-pholon-energy of, the 1554 nm 
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laser. Cells aftei. the exposure can still generate daiigluer cells with GFP showed 

good viability. The thermal effect of the fs laser is much smaiier than the CW one at 

the same wavelength and cells are well prolecleci this way. 

78 



Ti-»ii$rectioii l>> liie reiiilosecoiid Laser Chapter 

References 

1. S. Mehier-Huinbert and R.H. Guy, “Physical methods for gene transfer: 

Improving Ihe kinetics of gene delivery into cells" Advanced Drug Delivery 

Reviews, vol. 57 p|)733-753 (2005) 

2. David J. Stephens and Rainei Pepperkok, “The many ways to cross the plasma 

membrane", PNAS. vol. 98 pp4295-4298 (2001) 

3. D.J. Wells，“Gene Tliempy Progress and Prospects: Electroporalioii and other 

physical methods". Gene Therapy, vol. 11，pp1363-1369 (2004) 

4. Oraessmann, A., Graessman, M., Hotmann, H.. Niebel, .1.、Brancller, G. & 

Mueller, N. (1974) FEBS Lett. Vol. 39, pp249-25I 

5. M.K. Cluiah, D. Co I leu, T. VandenDriessche, "Biosafety of adenoviral vectors". 

Cun. Gene Thei. Vol. 3 pp527- 543 (2003) 

6. Celis, J. E. Brookhaven Symp. Biol. Vol. 29，pp 178-196 (1978) 

7. M.R. Capecclii, “High efficiency transformation by direct microinjection of 

DNA into cultured mammalian cells”，Cell, vol. 22, pp479-488 (1980) 

8. T.M. Klein，E.D. Wolf, R. Wii, J.C. Sanforcl, "High-velocity niicropiojectiles 

for delivering nucleic acids into living cells", Nature, vol. 327, pp70- 73 (1987) 

9. N.S. Yang, .1. BiiikhoMei; B. Roberts，B. Martinell, D. McCabe, "In vivo and in 

vitro gene transfer to mammalian somatic cells by particle bombardment", Proc. 

Natl. Acad. Sci. U. S. A. vol. 87, pp9568-9572 (1990) 

10. R.S. Williams, S.A. Johnston，M. Riedy, M.J. DeVit, S.G. McElligott, J.C. 

San ford. ''Introduction of foreign genes into tissues of living mice by 

79 



Ti-niisTcclion l>y (lie rcmio.secoiul LA-SCI* Cl iapfcr 3 

DNA-coated microprqjectiles", Proc. Natl. Acad. Sci. U. S. A. vol. 88, pp2726-

2730(1991) 

I i. K.E. Matthews, GB. Mills, W. Horsfall, N. Hack, K. Skorecki, A. Keating, 

"Bead tiansfection: rapid and efficient gene transfer into miu.row stromal and 

other adherent mammalian cells", Exp. HeniatoL vol. 21，pp697-702 (1993) 

12. R. Heller, M. .laioszeski, A. Alkin, D. Moraclpour, R. Gilbert, .1 Wands, C. 

Nicolaii, "In vivo gene electioinjection and expression in rat l iver', FEBS Lett. 

Vol. 389. pp225-228(1996) 

13. McMahon JM et al. "Optimisation of electrotransfer of plasm id into skeletal 

muscle by pretrealineiil with hyaliironidase 一 increased expression with reduced 

muscle damage，，，Gene Therapy, vol. 8 pp1264-1270 (2001) 

14. K. Mikata, H. Uemura, H. Oluichi, S. Ohta, Y. Nagashima, Y. Kubota, 
4 

"Inhibition ot growth of human prostate cancer xenogralt by transfeclion ol、|)53 

gene: gene Iransler by electroporation'', Mol. Cancer Thei., Vol. I , pp247-252 

(2002) 

I 5. Paras N. Prnsad, IniroducHon to hiophotonics, Wiley-lnteiscience. 2003 

16. Karsten Konig, "Laser tweezers and multiphoton microscopes in life sciences", 

Histocliem. Cell Biol. Vol. 114, pp79-92 (2000) 

17. H. vSchneckenbiiiger, A. Hendinger, R. Sailer, W. S. L. Strauss, ami M. Schmidtt, 

"Laser-assisted optoporation of single cells", J. Biomed. Opt. vol. 7, pp410-416 

(2002) 

18. L. Paterson, B. Agate, M. Connie, R. Ferguson, T. K. Lake, J. E. Morris, A. E. 

80 



Tniiisfcciiol) by tiic Fenilo.sccoiid L^ser Cl i i ip ler 3 

Carriithers, C. T. A. Brown, W. Sibbett, P. E. Bryant, F. Gunn-Mooie, A. C. 

Riches, and K. Dholakia, "Photopoiation and cell transfection using a violet 

diode laser". Opt. Express, vol. 13, pp595-600 (2005) 

19. M. Tsukakoslii, S. Kiirata. Y. Nomiya, Y. Ikawa, and T. Kasuya, "A novel 

method of DNA transfection by laser microbeain cell surgery," Appl. Phys. B, 

vol. 35, ppl35-l40()984) 

20. S. Sagi, T. Knoll, L. Trojan. A. Schaaf, P. Alkeii, and M. S. Michel, "Gene 

(lefivery into prostate cancer cells by holmiiim laser application," Prostate 

Cancer Prostatic Dis., vol. 6，pp127-130 (2003). 

21. S. K. Mohanty, M. Sharma, and P. K. Gupta, "Laser-assisted micro inject ion into 

targeted animal cells’" Biotech. Lett. Vol. 25’ pp895-899 (2003) 

22. Watam Watanabe, Naomi Arakawa, Sachihiro Matsunaga, Tsiinehilo Higashi, 

Kiichi Fukui, Keisiike Isobe, and Kaziiyoshi Itoh, “Femtosecond laser 

disruption of subcellular organelles iii a living cell”，Optics Express, Vol. 12，pp. 

4203-4213(2004) 

23. K. Konig, I). T. C. So, W. W. Mantulin, B. .1. Trombeig, and E. Gratton. 

''Cellular response to near-infrared femtosecond laser pulses in two-photon 

microscopes," Opt. Lett., vol. 22，pp 135-136 (1997) 

24. U. K. Tiilapiii and K. Konig, "Targeted traiTSfection by temtosecoiul laser," 

Nature 418, pp290-29l (2002) 

25. D. Stevenson, B. Agate, X. Tsampoula, P. Fischer, C. T. A. Brown, W. Sibbett,A. 

Riches, F. Gunn-Moore, and K. Dholakia, "Femtosecond optical transfeclion of 

z - - z Z 81 



TrAiisr^clinii by the Ffnitosecoiid Laser Chapter 3 

cells:viability and efficiency’，. Optics Express, Vol. 14，pp7125-7133 (2006) 

26. Schwarze, S. R., Hruska, K. A. & Dowdy，S. F. Trends Cell Biol. 10, 290-2Q5 

(2000) 

27. Tilkins, M. L., Hawley-Nelson’ P. & Ciccaroiie, V. in Cell Biology: A 

Laboratory Handbook, ed. Celis，J. E. (Academic, Dan Diego), Vol. 4，pp. 

145-154(1998) 

28. Yong Liu, Leslie C. Moimkes, H. Denny Liggitt, Carolyn S. Brown. Igor 

Solodin, Timothy D. Heath & Robert J. Debs’ “Factors influencing the 

efficiency of cationic liposome-mediated intravenous gene delivery". Nature 

Biotechnology, vol. 15，ppI67 - 173 (1997) 

29. Uday K. Tirlapur, Karsten K5nig, Christiane Peiickeit, Reimar Krieg and Karl-.l. 

Halbluiber, Femtosecond Near-lntVared Laser Pulses Elicit Generation of 

Reactive Oxygen Species in Mammalian Cells Leading to Apoptosis-like Dealli. 

Experimental Cell Research, 263, 88-97 (2001). 

30. Smiley， S. T. et ol. Intracellular Heterogeneity in Mitochondrial Membrane 

Potentials Revealed by a J-Aggregate-Forming Lipophilic Cation .IC-1. 

Proceedings of the National Academy of Sciences of the United States of 

America, 88, 3671-3675 (1991). 

31. F. Docchio, C.A. Sacchi, and J. Marshall, Experimental investigation of optical 

breakdown thresholds in ocular media under single pulse irradiation with 

clifteient pulse duration. Lasers Ophthalmol. 1，83-93 (1986). 

32. C.A. Sacchi. Lasei-induced electric breakdown in water. J. Opt. Soc. Am. B, 8, 

82 



Trnii.srrctioii by I lie Femloscconcl Laser Cliapter 3 

337-345 (1991). 

33. A. Vogel. J. Noack, G HUttman, G Paltaiif, Mechanisms of femtosecond laser 

nanosiirgery of" cells and tissues. Applied Physics B: Lasers and Optics, 81， 

1015-1047 (2005). 
i 

34. Vasan Vemigopalan, Arnold Oiiena, Kester Nahe», and Alfred Vogel. Role of 

Laser-Induced Plasma Formation in Pulsed Cellular Microsurgery and 

Micromanipulation. Pliys. Rev. Lett. 88, 078103 (2002). 

35. B. Reihfelcl. Pliys. Rev. Lett. 92, 187 401 (2004) 

3,6. S. Nolte, C. Momma, H. Jacobs, A. TUnnerinann, B.N. Chikov. B. 

Wellegehaiisen, H. Welling, J. Opt. Soc. Am. B 14,2716(1997) 

83 



Optical Cell-Cell Fusion Cii»|>ter 4 

Chapter 4: Optical Cell-Cell Fusion 

4.1 Introckiction 

At present, couples of cell fusion methods have been developed to introduce 

genetic molecules into cells or to produce hybrid cells with special properties such 

as the production of monoclonal antibodies [1 ]. it is thus a powerful tool for the 

analysis of gene expression, chromosomal mapping, monoclonal antibody 

production, and cancer iinniiinotherapy [2]. After some biological techniques 

invented, tor example, mixed cells could fused in the presence of Sendai virus (3, 4】， 

|)olyelhylei)e glycol (PEG) has become a standard chemical agent for cell-cell 

fusion [5] and is now quite popular especially in hybridoma technology. It is very 

easy and cheap to perform, and a very large number of cells can be fused in a short 

time, around a few minutes to hours. But the fusion efficiency is low, and the fusion 

pairs are out of control. Man)' unwanted fusion productions make this method 

complex on hybrid selection. 

To solve such problems, people began to think about physical methods. Electric 

field was found lo be able to break cell membrane and induce cell-cell 1 us ion in 

1980 [6, 7]，and fusion efficiency was improved. However, new problems came out. 

Cells could not move to pairs themselves like in the method by PEG and then it was 

very hard to I M K I right cell pairs to fuse. Besides, electric field was hard to control. 

Meanwhile, another method^ single ultraviolet (UV) lasers inducing cell fusion was 
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also found limited with this problem [8], although only it could fuse mammalian 

cells [8] while electric method could not. Considering moving cells by mechanical 

ways also causes liaim to them, people noticed optical tweezers could manipulate 

cells [9】，which, in fact, was developed to control atoms at first [10]. 

Optical tweezers were developed quite fast. It was also found laser beam at UV 

range harm cells very much due to the high pholon energy, but al the near infrared 

(NIR) range, especially i |.im, cells have little absorption and other side effects [11] 

Oplical Iweezers were introduced into the fusion system，and the UV beam was 

only used to fuse cells [12], This is the first time people could fuse any targeted 

cells, and everything was under control except the harm lo cells. To protect cells, 

tenitosecohcl (fs) pulsed lasers at NIR range showed a lot of advantages [13, 14]. 

Gong (it ai firstly fused yeast cells using an fs laser and 10% PEG (15], and we 

firstly fused human hepatocellular carcinoma (HepG2) and He La cells all-optically 

also by an ts beam [16]. Here some traditional methods for cell-cell fusion are 

introduced as lollowing. 

4.1.1 Virus mediated cell fusion 

Originally, cell hybridization was an uncontrolled, apparently spontaneous 

event which occurred rarely when cells were simply mixed [17]. Harris and Watkins 

firstly fused cells with Sendai vims (18]. Like other paramyxoviruses, it consists of 

a ribomicleoprotein core and a lipoprotein envelope. Virus particles mature by 

budding from the cell surface, and the envelope contains virus-determined proteins 
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and lipids incorporated from the host cell. The bility to fuse cells may afeo depend 
« * 

* 9 

on the resence of other components of the viral envelope. Since iixany cells carry 
• .•’ .. . 1 

eceptors for Sendai virus, including those of itTerenl species, it became possible to. 
• . < 

fuse a variety f cell types, including ditTerentiated and nondividing cells. But the 
% 

fusion efficiency was not h^l i , the fusion process was slow，and the system was out 
‘ . 
of control. 、 

4.1.2 PEG mefllifted cell fusion 

Polyethylene glycol (PEG) of high molecular weight is widely used to mediate 

cell-cell Ills ion. PEG causes the redistribution of inlramembrane particles (IMPs) of 

cellular membranes, this ability being attributed to the ordering of water by high 

concentrations of the polymer. When aqueous solutions of PEG exceed 35%, cell 

aggregation and fusion are observed, although maxiimim fusion efficiency occurs at 

concentrations between 40 and 50%, Since all water is bound to PEG in solutions 

having concentrations of 35% by weight or greater, dehydration appears to play a 

role in PEG-inediated fusion. The fusion mechanism is as following: first, adjacent 

|)lasma membranes are brought into close apposition. Next, a Iransient 

destabilization of the normai bilayer structure of the apposed membranes occurs， 

leading to a molecular rearrangement which results in the continuity of the two 

membranes. Finally, the previously separated cytoplasmic compartments of the two 

cells become one. It permits fusion of large numbers of cells and takes only minutes 

lo hours. The etTiciency is still low and very different for different cell species. 
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I ' , • . * * 
Another drawback is it is difficult to select right hybrids, since cells some together 

very randomly. However, PEG was found very toxic to cells. Organelles were 

frequently found lost after fusion. 
f 

4.1.3 Cell fusion by electric field 

Invented in 1980, the electric field-induced lusion technicjtie avoids most of the 

disadvantages of (he chemically and virus-induced fusion procedures, but it Is hard 
V-

to find right cell |)air$ to fuse, and electric field could also harm cells a lot. People 

tried to use special electrodes to drive cells come to contact [7]. At low electric field 

strengths the contact area between two adjacent spherical cells may be rather small. 

Suitable field strengths are in the range of 100 to 200 V/cm. In order to initiate cell 

fusion, closer membrane contact has to be established by increasing field strength of 

I he a-c field for a very short time. The optimum conditions for the electric 

fjeld-hiduced fusion process are achieved when the membranes of two adjacent 

cells flatten out on coming into contact with each，thus forming a relatively large 

zone of contact. Much higher field strengths result in stretching and deformation of 

the cells, budding and vesicle formation, particularly if the field strength of the a-c 

field exceeds the breakdown voltage of the membrane. 

4.1.4 Cell fusion by UV lasers • 

Optical fusion system has two very important advantages: it has no mechanical 

contact with cells and could manipulate cells by optical tweezers. People could fuse 
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any cell pairs they wanted in a relatively clean environment. A milestone in such 
. . . - : 、 • • . 、 . ， . 、 

： • . . . . . 、 
field was made by M. W. Berm et al. in 1991 [12]. They used a Nd:YAG laser.at 

• . . •. • ‘ 
1.06 "m and 220niW focused by a 63X objective as an optical tweezer to 

manipulate cells to anywhere they wanted. A pulsed dye laser at 366 nm was used to 

fuse cells they selected by a 2 to 8 iniinites ex|>^ure. But the efficiency was very 

low. Only 1.3% cells were. ftised successfully in pure culture medium, and this 

efficiency could be improved to around 10% if PEG was added. 
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4.2 All-optical cell-cell fusion by a femtosecond laser at 

1554 nm 

Cell-cell fusion is a powerful tool for the analysis of gene expression, 

chromosomal mapping, monoclonal antibody production, and cancer 

imiminotherapy [20]. One of the challenges of in vitro cell fusion is to improve the 

fusion efficiency without the need of adding extra chemicals while maintaining the 

cells alive and healthy. Steubing et ai. (1991) first described the use of a 

nanosecond pulsed UV laser to fuse two single cells with an efficiency less than 

10% [21]. Not only the high energy UV photons could harm cells a lot, but also the 

thermal effect by this long pulsed beam could not be confined. To overcome such 

disadvantages, Gong et al. used polyethylene glycol (PEG) and a Ti: Sapphire 

femtosecond (fs) laser to fuse yeast cells at a very high efficiency (80%) [15]. 

However, as PEG is used conventionally as a fusion chemical to generate 

hybridomas for monoclonal antibody production [22, 23], it is »ot clear whether the 

high cell fusion efficiency in the yeast system is due more to the effect of fs laser or 

of PEG. tn fact, PEG is toxic to cells [24]. in this connection, we sought to develop 

a better method to fuse human cells solely by using an optical technique that does 

not involve PEG or any other chemical at all. And now here we show for the first 
I 

time that human cancer ceils can be fused by a finely focused femtosecond laser « 

beam at 1550 nni all-optically with high fusion efficiency and the mixing of 

cytoplasm in the fused cells can be clearly observed. 

In our work, we fused iuiman hepatocellular carcinoma (HepG2) and HeLa cells 
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by using a femtosecond laser under an inverted microscope (Nikon TE2000U). The 

cells obtained from American Type Culture Collection were ciiltiired in RPMI 1640 

medium (Sigma) or phenol-red free RPMI 1640 medium (Invitrogen) supplemented 

with 10% (v/v) fetal calf serum (FCS) (Gibco) at 37V and 5% CO：. For fusion 

studies, the cells (3x lOVml) were seeded on a 35mm culture dish with a 0.17mm 

thick glass slide at the bottom (MatTek). In our entire experiments, no other 

chemicals for cell fusion were added while the cells were fused all-optically by an 

is laser beam a( ihe wavelength of 1550 "m. 

Experimentally, the high intensity fs pulsed laser beam was directed into a 40X 

oil immersion objective (N.A.= 1.0) of the microscope to finely focus at a 

sub-femtoliter volume of the cell membrane. The beam came from a fibei laser with 

a lepetition frequency of 20MHz, an output mean power of lOOinW and a pulse 

width of 2oofs, was then collimaled by a fiber collimator, and reflected by a 

dichroic minor to couple into the objective. The coupling efficiency at 1550 nm 

was around 65% and the diameter of the focus of the beam was around 2 nm. Under 

this condition, the peak optical power density was larger than 10'"Wcm '. This 

power level could photoionize the lipid and water at (he interface of two contacting 

cells. Tlie free electrons generated would puncture tlie membrane in the focal 

volume of the beam, providing a channel for contact and exchange of cytoplasm 

molecules from the two cells. The broken lipid membrane of the two cells could 

connect and join together because of the flowing property, forming a stable 

exchange channel, and this channel would be broaden by the increasing exchange of 
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the cyloplasm. Finally a hybrid cell was formed by the mixing of the cytoplasm (25, 

26]. Photons at 1550 nm had a very low energy (0.79 eV)，and thus it needed a 

niiie-photoii absorption to ionize one H2O molecule (band gap 6.5eV). Compared 

with photons at 800 nm (l.56eV)，which was needed only five to excite an H2O 

molecule, the efficiency of the multi-photon ionization by 1550 nm photons would 

be much lower. And thus the illumination time for fusion by 1550 nm beam would 

be much longer than the previous work [15], around 5s to 10s. 

To move n targeted pair of cells to contact with each other, a laser diode a( 980 

nm was also coupled into the same light path working as an optical tweezer. The 

oiilpiil power of the 980 nm laser was 150 mW with a coupling efficiency of 60%, 

and it took usually no more than 20s to move the cell to the target. The influence of 

V 

this optical tweezer to cells was very little according to the previous works [27]. As 

shown in Fig. 4-1(a)’ a HepG2 cell was moved to contact with another, and this cell 
* 

pair was then illuminated by the fs beam at 1550 nm at for 10s at the contacting 

interface. Each pulse had a power at lO'̂ W. Afterwards, the two HepG2 cells 

were then incubated at 37X1 and 5% CO2. Ninety minutes later, the fusion process 

could be observed as shown in Fig. 1(b). The hybrid cell eventually became roiii)d 

and round as shown in Fig. 4-1(c) to (d). 
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Fig. 4-1. A pair of HepG2 cells fused by a 1550 nm fs laser, (a) The largeted pair of HepG2 

cells to be fused at laser power of lOOmW for lOs Red arrow: the laser spot at the interface of 

the (wo cells, (b) At 1.5 hours after laser exposure, the membranes fused together, (c) A( 3 lioms 

after exposure, (he hybrid cell became rounded, (d) At 4 hours after exposure, rhe two 
t 

contacting cells became one single hybrid cell. Bar: 10 jim. This is a typical example of 21 

similar cases. 

In this study, we had irradiated 56 HepG2 cell pairs by the fs laser, and 21 pairs 

were successfully fused. The efficiency was therefore around 37.5%. The 

unsuccessful cases might be due lo the fact that cells were in loose contact and 

could not stick together tightly initially for fusion lo take place. Also, since lipid 

could flow along the membrane, the cells might repair the holes in the membrane 

opened by the laser beam and thus close the exchange channel. 

Next, we examined whether this method is cell type specific. In this regard, two 

contacting HeLa cells，one of which had been loaded with a non-toxic fluorescent 

dye calceiii/AM (Molecular Probes) as a label, and was then moved by the optical 

tweezer to contact with the other without the dye, were irradiated by ihe same fs 
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laser for lOs and then cultured at and 5% CO2. Subsequently, any mixing of 

cytoplasm between the two cells could be observed by the fluorescence under a UV 

microscope. Figure 4-2(a) shows (he fused He La cell pair immediately after laser 

exposure. Here the fluorescence was observed to come from only the lower cell in 

the adjoining fluorescence micrograph. Two hours after laser fusion, the cell 

membranes were already connected together and calcein diffusion into the ''upper" 

cell was seen, indicating that cytoplasm mixing had occurred, as displayed in Fig. 

4-2(b). Fig. 4-2(c) reveals that the hybrid cell became rounded up foi" hours alter 

fusion while Fig. 4-2(d) indicates that cytoplasm mixing was still continuing eight 

hours after fiisioi) had taken place. In our expeiimem，7 pairs were successfully 

fused among 20 exposed pairs. This efficiency of 35% was similar to that of the 

Hep02 cell-cell fusion. 

Fig. 4-2. Mixing of cytoplasm of fused cells, (a) Two HeLa cells were fused together in 

which one was loaded with calcein and the other was not. The two cells were exposed to the fs 

laser f'oi lOs and cultured at 37®C and 5% CO2. (b) Two hours later, the two membranes fused 

into one and calcein ditTiision into the upper cell was observed, (c) Four hours later, more 
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t 

calcein diffusion was observed and (d) The mixing of cytoplasm was still continuing at 8 hours 

after fusion. The bubble in the light was a fragment from other cells. Bar 10 ̂ iin. 
/ 

/ 
" I n order to test whether the artificial hybrid cell synthesized by fs laser ftision is 

I 

viable, we added propiclium iodide (PI) into the culture medium containing fused 

He La-He La cells. In principle, the plasma membrane ot viable cells is impermeable 

to PI while that of apoptotic or necrotic cells allows PI to pass through, which 

subsequently labels the nuclear DMA by emitting a red fluorescence. Figure 4-3 

compares the while light and UV images of a live HeLa-HeLa fused pair with those 

of a control dead cell. No red fluorescence was emitted by the fused cell 40 miiuites 

after PI had been added to the culture medium at 4 hours after fusion This strongly 

suggests that the hybrid cell was viable and alive. 

Fig. 4-> PI test of the fused cells, (a) Image of the fused HeLa-HeLa cell at 4 hours after 

fusion; (b) absence of fluoresce,、ce signal from the fused cell; (c) Image of a control dead cell 

and (d) iis associated red PI fluorescence. All images were recorded at 40 minutes after adding 

the P! Paper size should be U.S. Letter. 21.505 cm x 27.83 cni (8.5 in. x 11 in.)- Tlie priming 
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area should be set to 13.28 cm x 21.54 cm (5.25 in. x 8.5 in.); margins should be set for a 

2.54-cm (I in.) top nnci 4.11-cm (1.625 in.) left, right, and bottom. 

As a step further, we also investigated whether this fusion technique could be 

applied between two different cell types, such as HepG2 and HeLa. The HeLa cells 

were also loaded with calcein, and tlien mixed with HepG2 cells at 1:1. Thirty 

HepG2-HeLa cell pairs were irradiated by the ts laser for 10s and then cultured at 

37"C and 5% CO2. Fig. 4-4 shows that three hours after fusion, the two cells were 

already fused together. In our attempts, the fusion efficiency between HepG2 and 

HeLa was only 10%, much lower than in the case of HepG2-HepG2 or HeLa-HeLa. 

The cells not fused together miglU be due to the process of incubation. Because 

HepG2 and HeLa cells were both adherent arnl would flat on the bottom at ^TC 

and 5% CO2, the deformation process of these two different cell types would be 

veiy (iifterem. And thus, after the exposure under the ts beam, tlie contacting 

cytoplasm of the (wo contacting cells might depart from each .other during the 
If 

incubation because of the different deformation ways, and thus they could not be 

fused together. 

Fig. 4-4. A labeled HeLa cell was fused with a HepG2 cell without calcein. (a) A white 

light image of the hybrid cell taken at 3 hours after laser iiiumination. (b) Corresponding 
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fluorescence image of the hybrid cell. The cytoplasm of HeLa cell with calcein was shown in 

green. Fusion condition: exposure for 20s with lOOmW laser power. Bar: 10 f.im. 

Just like HeLa-HeLa, the mixing of cytoplasm between HepG2-HeLa cells was 

also slow, taking longer than 8 hours, in the human lymphoid cell line TF228.1.16. 

the rate of cytoplasm fusion was slow as well (>6 hours alter membrane liision) 

[28]. In extreme cases, the cytoplasm did not exchange [29] at all. On the other 

hand, in human embryonic kidney 293T cells, the exchange of cytoplasm was as 

fast as within seconds [30]. The reason for this extremely different cytoplasmic 

mixing behavior is iincleai at the moment. 

in conclusion, we have developed an all-optical technique of using fs fiber laser 

at 1550nm to fuse together cells of either the same (HepG2-HepG2 and HeLa-HeLa) 

or different types (HepG2-HeLa) that exhibits a high efficiency and easy targeting 
t 

without any detrimental effects. This method of synthesizing viable fused cells free 

of any chemical addition may become an important tool for cell-cell fusion in 

biotechnology and bioengineering. 
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4.3 Summary 

Cell fusion happens naturally, but the ability to do it artificially provides cell 

biologists with a better understanding of the process. This in turn could lead to 

developments in genetic techniques and cancer treatments. Previous optics-based 

fusion techniques", such as the use of nanosecond-long pulses of UV light, have 

suffered from poor fusion success rates, about 10%, and simoiincling cells were 

damaged by scattered light. Polyethylene glycol was found to improve the 

elficiency lor fusing yeast cells, but it is toxic. Besides, the effect of solving lipids 

of PEG produces the argument of where the high efficiency comes from and the 

confusing mechanism of cell-cell fusion by lasers. Thus, the challenge of cell-cell 

fusion by lasers is to improve the efficiency, but at the same time keep the cells 

alive. 

In 111 is work, we take an all-optical approach that does not require any 

chemicals. Optical tweezers moved two hum an heptocelliilai carcinoma cells 

(He|>G2) into contact. Pulses of light 200 fs long，at a wavelength of 1,550 nni were 

focused onto the contact area for about 10 s. The cells were then incubated for 90 

minutes at 37 °C. The fusion was successful in 37.5% of the tests. Thermal effects 

were limited to the focal volume, reducing disruption to surrounding cells. The 

technique was also used to join two different types of cell，H£pG2 and human 

cervical cancer cells, although this was achieved at a much lower efficiency of 10%. 

The exposure time on cells by this laser, around 5 s to 10 s, very similar to the 

optical traiisfection, also do not need strict control. Mechanical or manual shutter 
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can cover this. The fs pulses generate plasma at the contacting interface of the cell 

pairs, which wil l open the membrane resulting in a free exchange for any molecules 

diffusing. The two cells can then exchange materials through this channel if it 

remains stable. After some hours, the broken ineinbiane will connect again, but 

with the lipid fVoni the other cell. In this way, the cells can be fused together. 

However, during the incubation period, if the exchange channel is unstable, for 

example, the two cells are not contacting very tightly, or the cytoplasm inside them 

have very strong kinetics, the fusion can not be finished. The membrane of the two 

cells vvil) reveal them selves and be still independent. Unlike PEG solving effect, 

tlie exchange channel by the laser is very unstable. This factor is the reason of llie 

low efficiency. 

98 



Optical Cell-Cell Fusion Chapter 4 

References 

1. MATHEW M. S. LO. TIAN YOW TSONG, MARY K. CONRAD, STEPHEN 

M. STRITTMATTER, LYNDA D. HESTER & SOLOMON H. SNYDER, 

Monoclonal antibody production by receptor-mediated electrically induced cell 

fusion，Nature 310，792 - 794 (1984) 

2. U Trefzer, G Herberth, K Wohlan, A Milling, M Thiemann, T Slierev, K 

Sparbiei, W Steny, and P Walden, fnt. J. Cancer 110, 730 (2004). 

3. PW Choppin, HD Klenk, RW Com pans, LA Caligiiiri, The parainfluenza virus 

SV5 and its relationship to the cell membrane, Perspectives in Virology, 7, 

127-158 (1971) 

4. SclieicI A, Choppin PW, Identification of biological activities of paramyxovirus 

glycoproteins. Activation of cell fusion, hemolysis, and infectiviiy of 

proteolytic cleavage of an inactive precursor protein of Sendai virus. Virology, 

57,475-90.(1974) 

5. de StGroth SF’ Scheidegger D, Production of monoclonal antibodies: strategy 

and tactics, J Immunol Methods.35, 1 -21.( 1980) 

6. Neumann, E.; Gerisch, G; 0|)atz, K., Cell fusion induced by high electric 

impulses applied to Dictyosteliiim, Natiirwissenschaften, 67, 414-415 (1980) 

7. U. Zimmermann, Electric field-mediated fusion and related electrical 

phenomena, Biochimica et Biophysica Acta (BBA) - Reviews on 

Bioinembrnnes, Volume 694，227-277 (1982) 

8. Schieieiiberg E: Laser-induced cell fusion. Cell Fusion, Sowers AE (ed). 

99 



0|>ticni Cell-Cell Fusion Chapter 4 

Plenum Press, New York, 1987, pp 409-418. 

9. Ashkin A, Dziedzic JM» Bjorkholin J, Clui S: Observation of a single-beam 

gradient force optical trap for dielectric particles. Opt Lett 11:288-290, 1986. 

10. Ashkin A: Trapping of atoms by resonance radiation pressure. Phys Rev Lett 

40:729, 1978. 

1 I. Paras N： Prasad, Introduction lo biophoionicSy Wiley-lnterscience, 2003 

12. R. W. Steiibing, S Cheng, W. H. Wright, Y. Numajiri, and M. W. Berns, 

Cytometry 12, 505 (1991) 

13. R. M. Kiietz, X. Lin, and V. M. EIner’ J. Refract. Surg. 13，653 (1997) 

14. A. Vogel, J. Noack, G. Hiittmann, G Pallaut； Appl. Phys. B: Lasers Opt. 81, 

1015 (2005) 

15. Jixian Gong, Xiieming Zhao. Qiiong Xing, Fang Li, Hiianyu Li, Yanfeng Li, Lu 

Chai’ and Qingyue Wang, Appl. Phys. Lett. 92，093901 (2008) 

16. Hao He, Kam Tai Chan, Siu Kai Kong, and Rebecca Kit Ying Lee, APPLIED 

PHYSICS LETTERS 93’ I (2008) 

)7. B Ephrussi and M C Weiss, Interspecific hybridization of somatic cells, 

Proceedings of the National Academy of Sciences (1965) 

18. HENRY HARRIS & j . F. WATKINS, Hybrid Cells Derived from Mouse and 

Man : Artificial Heterokaryons of Mammalian Cells from Different Species, 

Nature 205，640 - 646 (1965) 

19. Gereon Htittmanna, Benno Radta, Jesper Serbina, Bjorn Ingo Langea and 

Reginald Birngriibera, High Precision Cell Surgery with Nanoparticles? 

100 



0|>ticAl Cell-Cell Fusion Cliaptci- 4 

Medical Laser Application. Volume 17’ 9-14 (2002) 

20. Tiefzer U, Herbertli G, Wohlan K, Mil l ing A, Thiemann M, Sherev 丁，Sparbier 

K, Steiry W, and Walden P., Vaccination with hybrids of tumor and dendritic 

cells induces tunior-specific T-cell and clinical responses in melanoma stage 111 

and IV patients. Int. J. Cancer, 110，730-740 (2004) 

21. R. W. Steiibing, S. Ciieng、W. H. Wright, Y. Niimajiri, and M. W. Berns. Laser 

induced cell fusion in combination with optical tweezers: The laser cell fusion 

nap. Cytometry, 12, 505- 510(1991) 

22. Richard L. Davidson and Park S. Gerald. Improved techniques for the induction 

of mammalian cell hybridization by polyethylene glycol. Somatic Cell and 

Molecular Genetics, 2，165-176(1976). 

23. Lane RD. A short-duration polyethylene glycol fusion technique for increasing 

production of monoclonal antibody-secreting hybridomas. J. Immunol Methods. 

81,223-8(1985). 
N . 

24. T. H. Norwood, C. J. Zeigler and G. M. Martin. Dimethyl sulfoxide enhances 

polyethylene glycol-mediated somatic cell ftision Somatic Cell and Molecular 

Genetics. 2，263-270(1976) 

25. Vogel A, Noack J, HUttmann G，Paltaiif G. Mechanisms of femtosecond laser 

iianosiirgeiy of cells and tissues. Appl. Phys. B，81, 1015-1047 (2005). 

26. A.E. Wurmser and F.H. Gage，Cell fusion causes confusion, Nature, 416, 

485-486 (2002) 

101 



Optical Cell-Cell Fusion Cii»|>ter 4 

27. Molianty S.K.、Sharma M.，Gupta P.K., "Generation of ROS in cells on 

exposure to CW and pulsed near-infrared laser tweezers，” Pliotochein Pliotobiol 

Sci.，5, 134-139(2006) 

28. Isabel Mufioz-Bairoso, Stewart Dure 11, Kazuyasii Sakagiichi, Ettore Appella, 

and Robert Bliimenihai. Dilation of the Human Immunodeficiency Virus-1 

Envelope Glycoprotein Fusion Pore Revealed by the Inhibitory Action of a 

Synthetic Peptide from gp41. J. Cell Biol., 140，315-323 (1998). 

29. Amir Sapir, Claii Valansi, Meital Siiissa,Gidi Sliemer, and Leonid V. 

Chernomordik. The C. elegans Developmental Fusogen EFF-I Mediates 

Homotypic Fusion in Heterologous Cells and In Vivo. Benjamin Podbilewicz, 

Evgenia Leikina, Developmental Cell, 11，471-481 (2006). 

30. Rika A. Fiiruta, Masao Nishikawa and Jun-ichi Fiijisawa. Real-time analysis of 

human immunodeficiency virus type I Env-mediated membrane fusion by 

tluorescence resonance energy transfer. Microbes and Infection, 8, 520-532 

(2006). 

102 



Analysis of Apoptosis Induccd by Femtosecoii<l Liiser Chapter 5 

Chapter 5: Analysis of Apoptosis Induced 
by Femtosecond Laser 

5.1 Introduction 

Failure of apoptosis may be one of the most important reasons of causing 

cancers and the aiiti-apoptosis protein, BCL-2 family, is found in the endoplasmic 

reticiiiuin (ER) structures in cancer cells [ I ] . Naturally, apoptosis can be induced by 

the legation of death receptors in cell inenibiane stimulating the extrinsic pathway， 

or by the |>ertiirbatioii of intracellular homeostasis, the intrinsic pathway. The 

apoptosis is very complex, and a lot of probable mechanisms have been proposed to 

explain and describe such a process. Organelles inside cells wil l be ali involved, but 

the most important participants are mitochondria [2], which are the main source of 

cellular adenosine triphosphate, also modulate and synchronize Ca""̂  signaling. Ca""̂  

can be released from cellular calcium store under some other kinds of triggering or 

stimuli, and can be also taken up by mitochondria. It has long been recognized Ca'"^ 

is also a participant in apoptotic pathways, and a prominent modulator of 

mitochondrial permeability transition controlled by the permeability transition pore. 

The permeability transition has been implicated as a mechanism of both apoptotic 

and necrotic cell death after selected stimuli. It has been found the overexpression 

of BCL-2 protects cells from death responsible for uptake of Ca"^ from the cytosol 

into the ER lumen [3). Cells overexpressing BCL-2 display reduced ER Ca""̂  

concentration and decreased c昨acitative Ca'* entry [4，5]. 
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Numerous pro-apoptotic signal transduction and damage pathways converge on 

mitochondrial membranes to induce their permeabilization (mitochondrial 

membrane permeabilization (MMP)). MMP differentially affects the outer 

membrane, which becomes protein-permeable, and the inner membrane，which 

continues to retain matrix proteins yet can dissipate the mitochondrial 

(ransinenibrane potential (A卞m). The temporary order of outer and inner membrane 

permeabilization, as well as their relative contributions to cell death, are a matter of 

debate and probably depend on the MMP-initiating stimulus. MMP triggers the 

activation of catabolic hydrolases, mainly caspases and nucleases. Such hydrolases 

are activated secondarily to the release of proteins that are normally strictly 

confined to the mitochondria) inteniiembrane space, in particular cytochrome c and 

apoptosis-inducing factor (AlF, which activates a DNase located in the inicleiis). 

Numerous proteins translocate to, reside in, act on or are released from 

mitochondria in different models of cell death induction, and the most important 

one is BCL-2, with members like Bax and Bak. It is a continuing conimdriim 

whether Bax-1 ike proteins form pores and induce MMP autonomously or whether 

tliey induce MMP upon interaction with a multi-protein complex built up at liie 

contact sites between the outer and inner membranes，the permeability transition 

pore complex [6, 7]. Besides, reactive oxygen species (ROS) and ions like Ca'^ also 

take their own roles in forming MMP. This is very direct and significant i f the cells 

are stimulated by some physical tools，after which a lot of ROS and Ca"^ wil l be 

generated. It should be noted MMP depends on the membrane potential, which can 
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be depolarized by ROS and uptake of too much ions. ROS and Ca" released from 

niitocliondria or other resources can then induce more mitochondria depolarized. In 

such a loop, if the volume of ROS and Ca'^ is too much, ROS and Ca^^ will be 

accumulated in cells and MMP will be caused in more and more mitochondria. 

However, since this mechanism is too complicated, a lot of unclear processes 

J email) still argumenls, and the probable mechanism can be shown in Fig. 5-1 [2]. 

Afiopiuli. 

t 

Cell deaUi 

Fig. 5-1. Proposed organelie-specific permeabilization reactions in apoptosis [2]. 

Nuclear DMA damage is also an important process during cell death and finally 

forms DNA fragmentations. Ft seems that the apoptotic DNA damage response is 

mediated mainly by MMP induction. However, the interactions between those 

organelles are very complex and it is very ditTicult to get a clear regulation by 

which the cell dies step by step. But signals passing apoptosis messages between 
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organelles and inner and outer of nucleus have been well studied. These signaling 

are related with the ER and nuclear membrane, which can pass those signals into 

nucleus. The mechanism of how such signals diffuse into nucleus also remains 

unclear. Fig. 5-2 shows the summary and a plausible mechanism of the programmed 

death. 

acUvaiion. 'i/iTT*̂ , nclivatlori 

Fig. 5-2. Proposed interactions between organelles during apoptosis [2】.The most 

important player is the mitochondria. The resources of those molecules and how they diffuse in 

cells are the problems we are trying to solve. 
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5.2 Mechanism of oxidative stress generation in cells by 

localized near-infrared femtosecond laser excitation 
i 

Using lasers to manipulate cells is a very useful and fast developing technology 

[8]. in particular, pulsed lasers, especially femtosecond (fs) lasers, have been 

applied to precise microsurgery on cells【9^ cell transfection [10], cell fusion { I I ] 

and nuillipiioton imaging [12]. Al l of these applications need to focus the beam to a 

tiny focal volume to create a high density of localized photons. However, this may 

induce undesirable side effects such as DMA fragmentation [13], mitochondrial 

tiaiisniembrane (Ai|ym) depolarization, or generation of ROS [14], which can trigger 

stem cell differentialioii [15] and programmed cell death [16]. Hence，the effects of 

laser irradiation on cells should be investigated more thoioiiglily in order limit their 

potential damage. In this study, we compared the effects of continuous-wave (CW) 

lasers at both 1550 nni and 980 mn with an fs fiber laser at 1554 nni on the 

production of ROS, A\|川i depolarization and DMA fragmentation in a human 

hepatocellular carcinoma cell line, HepG2, under different excitation conditions. 

Based on our ex(?eiiment results, we propose that the ROS are generated mainly by 

the induced thermal effect due to laser excitation and partly by the tree electron 

liberation in the case of fs laser excitation. 

In our setup, the laser light was coupled to a Nikon TE2000U inverted 

microscope with a 40X objective lens (N,A.= I.O). There were three lasers in this 

study and the diameter of the laser beam focus was around 2 fim (〜X/N.A.>， 

conesjX>ndlng to an area of cm". The fs fiber laser had a central wavelength 
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at 1554 nm and a repetition frequency of 20 MHz with a maximum mean power 

a I omul 100 mW and a pulse width around 170 fs (the peak power was thus 〜I (>5 W, 

and the peak photon density in the focus region was 〜10丨）Wcm''). The other two 

were CW lasers at 1550 urn with a variable power up to 120 mW and at 980 nm 

with a maximum power up to 350 mW. These lasers were fiber-coupled into the 

microscope to excite target cells with an etTiciency of around 70 %. 

Human HepG2 cells, obtained from American Type Culture Collection, were 

cultured in RPMl 1640 medium (Sigma) supplemented with 10% (v/v) fetal calf 

serum (FCS) (Gibco) or phenol-red free RPMI 1640 medium (Invitrogen) at 37'C 

and 5% CO：. For microscopic studies, ceils (3x lOVml) were seeded on a 35 mm 

culture dish with a glass slide (0.17 mm thick) at the bottom (MatTek). 

The ROvS inside the HepG2 cells were measured by loading the cells with 

dihydroethidiiim bromide (DHE, Invitrogen, final concentration: 5 fiM) and 
f 

detecting the red fluorescence emitted by the ROS thus labeled. The cells had been 

randomly selected and assigned to one of four groups, where they were individually 

and separately irradiated by the CW laser at 1550 nm and 80 mW. CW laser at 980 

nni and 120 mW，the fs laser at 1554 nin and 80 mW，and no laser at all. The laser 

power at 980 nm was higher in order to compensate for its higher loss since the 

optical compojieiits in this system were designed for 1550 nm. The laser exposure 

time was 10 s in all the cases and the laser powers were commonly used levels for 

optical transfection (fs laser). After laser exposure, the fluorescence intensity (Fl) of 

DHE from each cell was recorded by a CCD camera at different times with the 
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shiilter open for I second nt the excitation wavelength of 510 nni as shown in Fig. 

5-3. The temporal Fl signals averaged over 50 samples each and normalized by the 

signal at time=0 were then plotted and shown in Fig. 5-4. As can be seen in Fig, 5-3， 

the control Cell IV receiving no laser illumination showed the least Fl, while Cell 
* 

I illuminated by CW 1550 nm laser gave the strongest Fl. followed by Cell II (fs 

s 

1554 nm laser) and then Cell III (CW 980 nin laser). The Fl measured represents 

the amount of ROS produced. Besides, we also tested different 它艾jX)siire durations 

ranging from 5 seconds to 30 seconds, and found they did not significantly affect 

the rate of Increase of the Fl (data not shown). From these results, we hypothesize 

that ROS (lie mainly generated by tUe thermal effect of lasers, which can lieal the 

cell up to a maximuDi stable temperature within a short interval of 10 ms [17]. it is 

this fast response time that explains why the Fl obtained from longer exposures are 

not much different from those obtained at shorter exposures. 
(b) . fc) 

•举 
.書:. -it.,. 
;• 1 川 

•c. ‘.執舞 
1 - “ r 

IV i 

Fig. 5-3. The ROS response from cells exposed to different lasers. I: CW 1550 nm laser, II: 

fs 1554 i、m laser; III; CW 980 nin laser, IV: no laser illumination. Panels A to D are typical 

results recorded respectively at I，5, 10, and 15 minutes after laser exposure. Bar: 10 …ii. Color 

palene: the relative DHE flijorescence. Green cross: laser focus. 
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Fluorescence Intensitjr for ROS 
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Fig. 5-4. The temporal ROS response from cells alter different laser exposures. The plots 

show the normalized signals [Fl(t)/FI(0)) versus time. 

To study the mechanism of ROS generation by laser irradiation and where the 

source of ROS is，we added sodium azide into the culture medium to inhibit the 

inilochondrial electron transport chain (ETC) in cells so that ROS from (he 

mitochondria would have been liberated completely after this treatment. We reason 

that if laser light acts on the same path as sodium azide does, there will be no more 

ROS generation by irradiating the treated cells with laser. In this set of ex|>eriments, 

cells were treated with sodium azide at a final concentration of 50 jiM tor one hour 

and then DHE was added. Fluorescence nieasuiements were made alter staining the 

cells with DHE. Five minutes later, three cells in one group were given different 

laser treatments. The first was exposed to the CW 1550 nm laser, the second to the 

fs 1554 nm laser, both for 10 seconds, while the last received no laser treatment as 

control. Fluorescence was recorded again afterwards and results from averaging 39 

groups are shown in Fig. 5-5. It is worth to note that the control cell (only sodium 

azide treated) and the cell exposed to both sodium azide and subsequent CW laser 

excitation showed a similar response as shown in Fig. 5-5(a). Coupled with the 
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previous hypothesis regarding the generation of ROS from thermal effect，one can 

further iiifei liere tliat the thermal effect can generate ROS only when the 

mitochondria are iniaci. Once the mitochondria ETC is disrupted by the sodium 

azicle. the laser induced thermal effect cannot generate any more ROS than that 

causeti by sodium azicle alone as observed. On the other hand, the fs laser could 

soineliovv elicit an additional FI signal. This can be seen more clearly in Fig.3(b), 

which shows the relative change of the Fl shown in Fig. 5-5(a) for each successive 

iiiiniKe that is calculated by [Fl(t+I)- FI(t)]/<FI>, with <F1> being the average 

intensity over 39 samples. The peak at the sixth minute observed only from the fs 

laser excited cell is a direct and obvious res nil of the fs laser excitation. It is 

therefore quite possible that fs laser excitation can also generate ROS from some 

other avenue as wil l be discussed in below. 
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Fig. 5-5. The temporal ROS response from cells exposed to different lasers in I he presence 

of sodium azide. (a) The normalized intensity [FI(1)/FI(0)]. (b) The ratio of relative change in 

the FI calculated by (FI(t+l)- FI(t)]/<Fl> 
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Subsequently, we studied the depolarization of mitochondria A^m by ROS 

after laser exposure, which could induce cells to undergo apoptosis [)8]. In this 

investigation, the cells were loaded with JC-I, whose fluorescence would turn IVoiii 

red to green when mitochondria were depolarized, and the Red/Green fluorescence 

ratio was calculated from Ihe Huorescence signals collecled by ihe CCD camera and 

treated as an indicator of the degree of depolarization. Three cells chosen randomly 

as a group were inacliated by the three lasers under conditions identical to those 

used in Ihe ROS study described above. Both the red and green JC-I fluorescence 

were recorded before and after the laser exposure, as shown in Fig. 5-6. The 

average R/G ratios from the 50 groups were calculated and sliown in Table 5-1. The 

extent of increase in A\|/m depolarization due to laser irradiation is observed to be 

consistent with the ROS response behavior: Set I (CW laser at 1550 nm) > Set 11 (fs 

laser at 1554 nin) > Set 111 (CW laser at 980 mn). Set IV is the control receiving no 

laser treatment. For the positive control shown in Set V, it had been treated with 

valinomycin ( 1 ^iM), a classical ionophore that dissipates tlie A、”m, tor^O 

minutes [19], which caused a significant reduction of the .IC-1 R/G ratio, thereby 

verifying the occiine»ce of the depolariziition of Ai|/m. Since this depolarization 

behavior of mitochondria correlates well with the extent of ROS generation when 

the cells were subjected to the same laser excitation, the ROS must originate from 

ihe mitocliondi ia. 
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； r 

I l l IV V 

Fig. 5-6. Effect of different lasers on the mitochondrial depolarization in HepG2 cells 

loaded with JC-I. The changes in Avj/in from cells exposed to different lasers were determined 

by using JC-) and fluorescence microscopy. HepG2 cells after loading with JC-I (final 

concentialion of 10 ng/ml) as described in the 'Materials and Methods' were exposed lo 

different lasers lor 10 seconds at room temperature. Five minutes after laser exposure, both I he 

JC-I red and green fluorescence were captured with appropriate band pass filler. Laser 

illumination: (1) CW laser at 1550 nm; (II) CW laser at 980 nm; (111) fs laser oi 1554 nni. (IV) 
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cells without nny laser exposure. (V) cells treated with valinomycin (I |.iM) for 30 minutes 

without laser illumination. Panels (a, c) and (b, d) were the JC-1 red and green images, 

respectively, acquired before (a, b) and 5 minutes after laser exposure (c, cl). Bar: 10 pm. Green 

cross: laser focus. 

Treatment l :CW II: fs 1554 in:cw FV: No laser V: 
1550 nm 11 m laser 980 nm Exposure Valinomycin 

laser laser 
R/G Before 2.98 土 3.17 土 3.04 土 3.06 土 0.35 2.81 士 0.32 
Exposure 0.34 0.26 0.41 
R/G After 0.61 土 1.93 士 2.10 士 2.76 土 0.39 0.28 土 0.19 
Exposure 0.57 0.47 0.46 

Net Change 2.37 1.24 0.94 0.30 2.53 

Table 5-1. Changes in the mitochondrial potential of He|)G2 cells after exposure to 

differenl lasers. The changes were determined by the JC-1 Red/Green fluorescence ratio. (I) 

CVV laser at 1550 nm; (II) CW laser at 980 nm; (III) fs laser at 1554 nm; (IV) cells without any 

laser exposure; (V) cells treated with valinomycin (I pM) for 30 minutes without laser 

illumination. 

To explore the degree of apoptosis induced by laser excitations, DNA 

fragmentations in cells receiving different laser treatments were examined by the 

TUNEL assay [20]. As shown in Fig. 5-7, the severity of DNA damage caused by 

these lasers as measured by the fluorescence intensity was (in descending order): 

CW laser (1550 nm) > fs laser (1554 nm) > CW laser (980 nm). 
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Fig. 5-7. DMA fragmentations induced by lasers focused at site X as indicated in He|>G2 

cells. Cells have been exposed to:'(a) CW laser at 1550 nm; (b) fs laser at 1554 nm; (c) CW 

laser at 980 nm; (d) medium alone; and (e) staiirosporine (0.7 nM). Dotted line: cell shape Bar: 

10 îm. 

The above findings can be discussed as follows. The absorption coefficient of 

water at 980 nni is 0.5 cm'' and the temperature rise in the focal volume was 

estimated to be about 2.7 K, which was too small to produce any significant ROS, 

By contrasl, Ihe absorption coefficient at 1550 nm was around 9.6 cm'' so that the 

local temperature rise clue to the CW 1550nm laser at the same power level was 

estimated to be 30 K. It is therefore quite reasonable to assert that it was this large 

thermal effect that caused such a significant ROS production in samples treated 

with CW 1550 mil laser. The similar behavior between tlie CW 1550 nni laser 

heated sample and the control sample in terms of DHE Fl as shown in Fig. 5-5 

strongly suggests that the ROS generated in the former sample should occur 

preferentially in (he mitochondria, and only by means of thermal effect. In the case 

of fs laser excitation at 1554nm, the final temperature rise can be evaluated from the 

total energy of the free electrons generated. In our case, the free electron density in 

the nonlinear volume can be estimated as to 10 '̂ cm'^ (nonlinear volume refers 
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to the region where the photon density is high enough to cause nonlinear effect, 

such as MPJ; liere the photon density is 〜10^ W/cm', corresponding to the field 

strength around ‘ 100 MVcm'', which according to the model of Keldysh [21] can 

ionize one H2O molecule to free one electron from 9 photons nt 1554 nm and cause 

further impact ionization to create MPl) while the mean free electron density in the 

local volume is around lO'*̂  cm" .̂ The average energy gain of an election is given 

by the sum of the ionization energy and the average kinetic energy, which is 9/4 

times that of the ionization energy and which amounts to -14.6 eV. The temperature 

rise is then calculated by dividing the total energy gain of the free electrons in the 

focal volume by its heat capability, which results in 〜10 K. Since the free electrons 

are distributed only inside the focal volume, this kind of temperature rise is tightly 

confined within a small part of the focal volume, which therefore would not create 

significant harm to the cells. As this temperature increase will not produce imich 

ROS, there must an additional avenue for ROS generation. This other avenue 

naluraily comes from the free elections described in above, which can generate 

ROS in an aqueous environment by the following dissociative attachment (DA) 

process: 

e + O2 — O r ; 

2O2- + 2H2O — O2 + H2O2 + 2 O H ( ” 

The spike signal from the fs laser treated sample shown in Fig. 5-5(b) tends to 

confirm this hypothesis because even the CW 1550 nm laser treated sample did not 

show any extra signal above that of the control sample as the CW beam has little 

116 



Analysis of Apoptosis li idiiccd by Fcmtosecoiwl Laser Cliiiptei- 5 

nonlinear effect. This hypothesis is further supported by the behavior of Av|/m 

depolarization induced by ROS shown in Table 5-1. From the data shown, the net 

change of mitochondria polarization due to fs beam (1.24-0.3=0.94) is slightly less 

than 50% of that due to the CW 1550 mil laser (2.37-0.3=2.07), where 0.3 is 

subtracted from the tabulated net change to account for photo-bleaching. IT the net 

change of Av|/m depolarization can be considered to represent the degree of ROS 

generation caused by local heating of mitochondria, then one may argue that the 

0mount of ROS due to the fs laser is slightly less than 50% of that due to the CW 

1550 nm laser. However, the ROS generated by the fs laser is more than 70% of that 

by the CW laser from data shown in Fig. 5-4. These two results can reconcile with 

each other only if the fs laser has another mechanism to generate extra ROS apart 

from the thermal effect acting on mitochondria. This additional mechanism is 

nothing other than the DA process enabled by the free electrons liberated by the fs 

laser beam. 

In conclusion, our study has clarified the mechanism of ROS generation in 

animal cells by the fs laser, which is through both thermal effect and free electron 

generation. It can be inferred that a fs laser at around 1000 nm will have little 

thermal effect while possessing the ability to liberate appreciable quantities of free 

electrons in the cells. Since ROS are critical in many biological processes, our study 

may help the selection of an optimal laser for specific biological or medical 

applications. 
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5.3 Role of nuclear tubule on the apoptosis of HeLa cells 

induced by femtosecond laser 

Failure in the induction of apoptosis or programmed cell death is one of the 

major contributions to the development of cancer and autoimmune diseases [22]. 

With the intense research etTort in the past 15 years，specific apoptogenic molecules 

such as cytochrome c, caspases, anti- and pro-death BCL-2 family proteins have 

been identified [23]. During apoptosis, apoptogenic proteins wil l be released from 

mitochondria, and double-stranded DNA wil l be broken down into small fragments, 

a hallmark of apoptosis. Although signals for DNA fragmentation during apoptosis 

have well been studied [24], however, the mechanism of liow the signals ditTuse 

into nucleus remains unclear. It has been reported that the nuclear envelope (NE) 

forms tubular or tunnel-like structures inside the nucleus to facilitate apoptosis after 

stimulation with apoptolic chemicals [25-27]. These nuclear tubule (NT) structures 

are double-membrane invaginations of NE and usually orient to the center of 

nucleus horizontally or vertically. However, to induce apoptosis, staurosporine A, a 

common apoptogenic agent, has to be added and incubated for 24 hours. And then 

there wil l be some percentages of cells undergoing the apoptosis program, and it is 

hard to select them out. Besides, the time slot of when the cells going to the 

programmed death is unknown and totally out of control. Thus there are few 

progresses on the research of NTs due to these limitations of traditional chemical 

methods. 

c 
In this study, we exposed target cells to a femtosecond laser at 1554 nm under 
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microscope, which can trigger apoptosis in seconds but keep cells in shape for 

observation [28]. We found that all the cells exposed for 40 s significantly exhibited 

more NT development inside their nuclei 6 hours after illumination. In one such 

experiment, the development of a NT was observed since its start after laser 

illmination, and it was found that the NT was eventually merged with another one to 

form a larger NT. Meanwhile, milochondria and tubulin (a track tor mitochondrial 

motility) were found inside the NT. In the TUNEL (Terminal deoxyniicleotidyl 

iraiisferase dUTP nick end labeling) assay [29], more signals lot DMA 

fragmentation were found in the region around the NTs. Our results therefore 

strongly suggest that NTs are developed during apoptosis and mitochondria migrate 

into the nucleus through the NTs to release death signals to trigger DNA 

fragmentation. Obviously, our method provides a precise direct trigger at the 

subcellular level to observe dynamic changes in the cell nucleus during apoptosis 

when compared to other invasive interventions. 

To induce apoptosis, cells were selected randomly and exposed under the fs 

laser for 40 s. This exposure time was used according to our previous test [30]. Six 

hours al^er fs laser illumination, formation of NTs was studied by using confocal 

microscopy and DiOC6{3), a fluorescent dye for staining internal membrane. In our 

experiment, 80 cells were treated with the laser for 40 s. The interaction between 

the laser and cells is mainly imiltiphoton absorption and thermal effect [31], causing 

ionization and temperature rise. NTs were found in all the treated cells (Fig. 5-8). 

Usually, i f structures in the nucleus have a horizontal tubular shape with a length 
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more than I ”m，they will be counted as NTs. The number of NTs per cell on 

average was 4.7 and 2.2 respectively in the laser-treated and control cells (n=80, 

p=l .2x 10''^). The number of NTs here is underestimated because in our study only 

horizontal NTs were counted (vertical NTs are easily missed during examination 

since they only appear as a small spot in the x-y cofocal plane). F…tliermoie, 

focusing the fs laser beam onto the nucleus or to the cytoplasm near the cell nucleus 

made no difference in the numbers of NTs suggesting that the trigger was mediated 

by diffusible molecules across the nucleocytoplasmic interface. The size and length 

of the NT in the laser treated cells were invariably much larger and longer (7-10 …ii 

in length) when compared with those of the control (<5 ^im). Besides, “、the 

exposure time was reduced to a harmless duration of 10 s, in terms of change in the 

mitochondria) transmembrane potential, the average number of NT per cell was 

only 2.3 (n=80), a niiinber similar, if not identical, to the control. These 

observations therefore strongly suggest that NTs are generated and gradually 

develop during apoptosis after laser illumination for 40 s. 

20 



Analysis of Apoptosis ln<liiced by Femtosecond Laser Chapter 

Fig. 5-8. NTs were formed inside the nucleus of He La cells 6 hours after laser exposure. 

HeLa cells with (a) or wilhout (b) fs laser illumination) at the site X for 40 s were labeled with 

DiOC6(3) (final concentration: 100 iiM) 6 h after ilhiinination and optical sections were obtained 

by confocal microscopy. Bar; 10 urn. X: laser focal point. 

By controlling the laser exposure duration，cells could be induced lo undergo 

apoptosis in an efficient and rapid manner. As shown in Fig. 5-9, a cell was 

selectively illuminated with the fs laser for 80 s and the development of NTs was 

recoidecl by confocal microscopy for 80 min. As can be seen, Ihe target NT was 

small originally and it grew larger and wider in a time-dependent manner. 

Interestingly, two neighboring NTs merged together to form a large NT. The 

connection between the second NT and the NE did not show in the photos since it is 

out of the plane. These results indicate that NTs could be tbniied within one hour 

after long fs laser illumination. A second finding worth to note is that the NT might 

be large enough to allow cytoplasm and organelles to migrate into the core region of 

cell nucleus. 

121 



Analysis of Apoptosis lmliicc<l by Fcnitosccond Laser Cliapter 5 

65 11113] 
w (i) 

Fig. 5-9. Spatial and temporal development of NT after fs laser illumination. Cells were 

treated as mentioned in Fig. I except that the illumination time was 80 s. (a) The original NT 

was small (30 in in after laser illumination), (b) The original NT became larger and a 

neighboring NT appeared (red arrow) (time: 45 niin). (c-d) The original and the neighboring 

tubule developed into larger NTs (time: 50 and 60 min). (e-f) These two NTs merged together to 

form a large new NT (lime: 65 and 80 min). (g-l) The neighboring NT (the second NT) 

developed very quickly (time: 45, 50, and 65 min). Bar: 10 jim. X: laser focal point Red arrow: 

the neighboring NT. _ 

To explore this possibility, we labeled cells first with JC-1 for mitochondria [32] 

and then with DiOC6(3) for internal membrane labelling after laser treatment. By 

comparing the coi responding .IC-I and DiOC6(3) confocal sections，we noticed that 

mitochondria not only appeared in the nucleus but were also found inside the NT 
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(Fig. 5-10 (a) and (b)). To prove this notion, we further examined whether 

cytoskeleton tubulin^ was located in the NTs since tubulin is a running track for 

mitochondria to move around in the cytoplasm [33]. As shown in Fig. 5-10 (c) and 

(d), fluorescence of tubulin tracker green (Invitrogen) was found inside the NT of a 

f$ laser-i If urn inated cell, indicating that tubulin also went into NTs. On the contrary, 

we could not find such phenomenon in the control cells (data not shown). Hence 

these results provide evidence that mitochondria had access to move into the NTs 

during apoptosis. The existence of tubulin iRside NTs is also an evidence that (he 

NT was formed by the double-membrane invagination of the NE. 

Fig. 5-10. Mitochondria were found inside U、e NTs after laser treatment, (a) He La cells 

treated with laser for 40 s were labeled with JC-! (final concentration: 1 pg/ml) for 30 min. (b) 

DiOC6(3) (final concentration 100 nM) signals of the corresponding NT at the same position. 
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Arrow: a mitochondrion inside a NT. Bar: 10 …ir X: Insei focal point, (c) Tubulin was found 

inside the NTs after laser treatment. HeLa cells Heated with laser I'or 40 s were labeled by 

tubulin (racker green (final concentration: 200 nM) for 30 min. Arrow: tubulin inside the NTs. (d) 

DiOC6(3) (final concentration 100 iiM) signals of the corresponding NT at the same position 

(Arrowhead). Bar: 10 fim. X: laser focal point. Color palelle represents the tubulin iracker green 

Ouorescence intensity. 

Mechanism of the development of NTs remains unclear. Results tVoni our 

previous study indicate that NT formation always occurs after an upsurge of cellutar 

Ca'^ concentration, which has also long been recognized as a stimulus in apoptotic 

pathways [34]. The fs pulses can interact with cells by introducing photoporation 

and tree electron inducing through the nonlinear effect, in which multi photons 

pump an electron from the valence band to be free, a kind of miiltipholon ionization. 

Aided will、the fs beam, it can be hypothesized that there are several possible 

processes inside the cells exposed to the fs laser: i) the fs beam discharges the Ca'"̂  

IVoni intiacdliitoi Cn'^ stores by nniItiphoton ionization [35]; ii) Ca"^ released from 

the stores and triggers more Csr* release [36]; iii) Cell membrane was opened by 

the fs laser photoporation effect causing extra Ca""̂  in the buffer influx into cells 
r 

[37]; iv) mitochondria uptake Ca^^ [38]; v) the fs beam depolarizes the 

mitochondria membrane by miiltiphoton ionization or induces mitochondria directly 

by heal; vi) loo much Ca'"* 叩taking causes mitochondrial permeability transition 

dysfunction; vii) molecules inside mitochondria, including ROS, Ca"', and AIR 

thus diffuse out freely, and the ROS and Ca'"̂  tlien induce dysfunction of more 
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mitochondria; viii) NE form NTs under the stimulus of Ca'^ and other molecules 

such as ROS; ix) mitochondria migrate into nucleus along NTs to release AlF to 

form DMA IVagnientalions; and Ca"^ to stop the gene transcription, development, 

and cell growth [39]. Those processes work simultaneously or subsequently to 

trigger the programmed death. And it could be explained why in the short exposure 

(10 s) Uealnienl case, the average number of NTs was only 2.3 per cell. Since in this 

exposure, mitochondria were not influenced a lot’ even though theie was a rise of 

those tree would be uptaken by mitochondria very quickly and ihe cells 

would not probably go to the programmed death, and NTs would not develop. 

It has been proposed NTs are complex reticular network that works as a Ca'^ 

storage organelle inside nucleus [40]’ but lieie according to our results, Ca〉diffuse 

into the nucleus along the NTs, and NTs should not be the storage of since 

mitochondria could migrate inside NTs to uptake Ca'". as shown in Fig. 5-11 and 

5-12. We first exposed cells to the laser lor 40 s to induce NT formation (there 

would be a rise of Ca'"* at the same time, as shown in Fig. 5-11(a)). Six hours later, 

the cells were loaded with Fluo-4/AM (10 fiM) to measure the changes in the 

iiitracelliilai Ca""̂  level under the second time laser exposure (10 s) to trigger ihe 

Ca"^ rise. A high concentration of Câ ^ was found inside the NTs and the free Ca"^ 

ions diffused rapidly into the nucleus along the NT (Fig. 5-11(b) and (c)). Also, it 

can be explained why focusing the fs laser beam onto the nucleus or cytoplasm 

made no difference in the numbers of NTs formation as Ca'^ Ions are diffusible 

entities across Ihe NE. 
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Fig. 5-11. Intracellular. Cst̂ * level increased inside the cell after laser illumination (a) C， 

was deierinined by Fluo-4/AM and the cell was exposed for 10 s. There is an increase of Ca'* in 

the cell, (b) Fast confocal scanning of the cell plane along time (time unit: s). Red box： strong 

Flno-4 fluorescence was found along the NT after the laser treatment, and diffused to 

surroundings, (c) The corresponding NT labeled by DiOC(6) ai the same position (Red box). 

Bar: 10 nin. 

Meanwhile, we found during the diffusion of Ca'^ triggered by laser, the 

fluorescence of Fluo-4 along the NT, coiresponding lo concentration of Ca'^. was 

weaker than surroundings. It is very possible that there were mitochondria nptakiiig 

Ca""̂  in NTs. To make the contrast higher, we firstly labeled mitochondria by JC 

2+ and Ca" by Fliio-4/AM in the treated cells with NTs, and then added ionomycin to 

the solution to let huge extracellular Ca""̂  from outside into cells. By confocal 

scanning, mitochondria labeled by JC-1 were found inside NTs in the scanning 
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2+ period, as shown in Fig. 5-12. It is clear the Ca' concentration along the NT is 

lower than the suiroiiiidings after the trigger. In our experiments, this phenomenon 

2+ occurs only when there are mitochondria inside NTs. However, since llie Ca' influx 

2+ Stimulated by ionomycin was very large and fast, the diffusion path of Ca" could 

not be seen clearly but like a sudden increase. 

Fig. 5-12. Ca""̂  change if mitochondria migrated into NT. (a) Mitochondria labeled by JC-I 

inside the NT along time (100 s). (b) inside the cell, triggered by ionomycin along time 

(100 s). It can be found after the trigger, Ca'* rise quickly and draiiialically, and ihe area along 

the NT has a lower Ca'* concentration than its surroundings, (c) The corresponding NT labeled 

by DiOC(6). Bar: 10 …i、. 

Con focal microscopic scanning was performed with a 510 nm long pass filler 

when observing JC-1, Tubulin Tracker Green, Fluo-4/AM, and TUNEL assay. JC-I 

(final concentration: 1 Mg/»】l), Tubulin Tracker Green (final concentration: 200 nM), 

and Fluo-4/AM (final concentration: 10 MM) were incubated with cells for one hour 

at 37 V and 5% CO2. Before observation, cells were washed two times by PBS. After 

scanning, the voltage of the PMT was turned down until no fluorescence signal was 
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obtained. Then DiOC6(3) (final concentration 100 nM) was added and 5 minutes 

later coiifocal scanning was performed again to get the imaging of NTs. 

lonomycin stimuli: ionomycin was added into cell solution directly to reach a 

final concentration of 2 fiM in the presence of extracellular Ca'^, and the ionophore 

caused an increase inside cells due to Ca'"̂  infiix. Free Ca""̂  in ihe media 

(concentration: 1-2 inM) diffuse into cells concentration: 1-100 iiM) very fast. 

Mitochondria have long been reported to play a key role in cell death by 

releasing apo(Mosis-inducing factor (AIF) for caspase- independent DMA 

tVagiiieiitation. In fact, results from previous studies indicate that the fs laser 

exposure can induce some other Important apoptolic events related to mitochondrial 

membrane permeabilization, sucli as mitochondrial depolarization and reactive 

oxygen species (ROS) production. The subsequent outcome is that mitochondrial 

proteins such as AIF can diffuse out of mitochondria. If mitochondria are found in 

NTs, it is very likely that the NTs are tunnels to transport death executors into the 

nucleus. Further evidence lo support this notion was obtained by TUN EL assay，a 

common method to detect apoptotic DMA fragmentation by labeling the 3'-hydroxyI 

DNA ends generated during apoptosis with fluorescein-labeled nucleotides and 

terminal deoxyriboiuicleotidyl transferase. As shown in Fig. 5-13, strong TUNEL 

signals appeared along the NT, suggesting that more DNA fragmentation occurred 

around the NT six hours after exposure to the fs laser for 40 s. Again’ no such 

phenomenon was found in the control cells. This observation suggests that 

mitochondria migrate into the NTs to speed up DNA fragmentation. 
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Fig. 5-13. fragmentations appeared around the NTs of the laser-treated HeLa cells, (a) 

HeLa cells were treated for 40s and confocal microscopy was done 6 hours later. TUN EL signals 

were very strong along NTs of the treated cell, (b) DiOC6(3) signals of the NT. (c and d) The 

TUMEL assay and DIOC(6) signals of the control cell. Bar: 10 ̂ im. X: laser focal point. Color 

palelte represents the TUNEL signal intensity. 

In conclusion, we report here for the first time that NTs were developed in 

HeLa cells after an exposure to a fs laser at 1554 nm for 40 s. The spatial and 

temporal development of NTs was successfully recorded, and fusion of two NTs 

was observed in one sample. Mitochondria and tubulin were found inside the NT. 

Besides, more DMA fragmentation was produced along the NTs. Also, it is highly 

possible that the laser effect on the NT formation is mediated by the change in Ca 2+ 

level’ and the NT works for the mitochondria migration and Ca'"̂  diffusion 

Collectively, our findings provide new information to the research field of apoptosis 

in terms of the change in cell structure and a new precise tool to trigger cell death at 

subcellular level with a direct and precise optical system. 
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5.4 The source of Ca!. released by the fs laser 

Calcium (Ca""^) is a very important messenger in all cells and tissues, relaying 

information within cells to regulate their activity [41], especially related with 

apoptosis signaling [42], Jn cytosol and nucleus, and different organelles, calcium 

plays very different roles [43]. For example, the endoplasmic reticulum (ER) has 

been well known as the principal intracellular calcium store [44], and mitochondria 

can work as a modulator of calcium, which can both release and uptake free 

calcium [45]. Free calcium in the luicleus has very important effects on gene 

transcription and cell growth, it has been reported that calcium can be released from 

the nuclear envelope directly into the nucleoplasm [46], and calciuin can diffuses 

into the nucleus from the cytosol through nuclear pores [47] or nuclear tubular 

stnicture. However, in any of such mechanisms, the stores of calcium are still 

unknown. Several possible Ca""" stores have been proposed [48]，but in traditional 

methods, Ca'^ stimuli mostly by chemicals such as insP3，is a kind of global effect 

and thus can not identify Ca'^ store in a subcellular level and get the pathway of 

how Ca'^ diffuse into nucleus. With the progresses of lasers, fenitosecond (fs) laser 

pulses have been proved to be a powerful and precise tool on biological problems, 

and previous works have been peifonned successfully as a non-invasive and 

controllable Ca'^ stimulation in both space and time [49]. Based on these, we used a 

fiber fs laser to trigger Ca'* release precisely in a subcellular region, localized the 

Ca'* stores, and presented Ca'"^ diffusion pathways in He La cells. Our results 

suggested that intracellular Ca'"^ was stored mostly in cytoplasm, which could later 
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diffiise into the nucieus after being triggered by the fs laser pulses. 

Femtosecond (fs) laser has been firstly used as a trigger in 2001 [50]. It 

was found that if the fs beam was finely focused inside cells, it could induce Ca"'' 

wave in a cell by directly activating both the intracellular store and the 

stretch-activated channel or other channels by light-induced pressure on the 

membrane or by shock waves generated from the focal spot to induce extracelliiair 

Ca2+ influx [51 ]. These mechanisms were further verified by the subsequent work in 

2009 [49]. However, these works only simply triggered the Ca2+ rise, with (he loss 

of fill ther analysis on Ca'* regulation mechanisms. 

In this study, He La cells obtained from American Type Culture Collection were 

cultured in RPMl 1640 medium (Sigma) supplemented with 10% (v/v) fetal calf 

serum (FCS) (Gibco) at 37V and 5% CO2. For microscopic studies，cells (3M05/ml) 

were seeded on a 35 mm pelri dish with a glass slide (0.17 mm thick). For Cer* 

study, cells were stained with Fliio-4/AM (Invitrogen, final concentration: 10 ^iM) 

for 40 minutes, and washed two times by PBS. The fluorescence was excited by a 

laser at 488 nm. The central wavelength of the fs laser was 1554 nm, and the 

average power was about 100 mW, with a pulse width of 170 fs and a repetition rate 

of 20 MHz. The fs laser was coupled into the microscope by a fiber collimator and a 

dichroic minor’ and then focused by a 40X objective (N.A.= 1.0). The diameter of 

the focus was around 2 ^im, and the focal plane was controlled by the con focal 

scanning. Total optical design is shown as in Fig. 5-14 (a). 
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Cells were firstly exposed at cytoplasm and nucleus respectively for I s to 

observe the diffusion of Ca""̂  into the nucleus, as shown in Fig. 5-14 (b) and (c). 

The fs laser illumination in cytosol elicited a slow release of Ca'"̂  in the cytosol, and 

then spread into the cell nucleus. The initial Ca""" release can trigger more Ca 

release from the store, forming loop amplification [52] or Ca'^ induced Ca'^ release 2+ 

(CICR) [53], and our observed results consist with this. Since the spreading of Ca 2+ 

is a result of diffusion along a concentration gradient, the Ca"^ concentration inside 

the nucleus should be less than that of the cytosol. In Ihe experiineiU the niio-4 

fluorescence in the nuclear region was stronger, and this is because FIiio-4 excited 

a1 488 11in laser gives a stronger fluorescence in cell luicleiis [54]. Subsequently, the 

fs laser beam was applied to the cell nucleus. Similar to Fig. 5-14(a), the fs laser 

triggered a slow release of Ca'^ in the nucleus and the Ca""" diffused out into Ihe 2+ 

cytosol. And when nucleus and nuclear iiiembiane was exposed, (he Ca"^ would 

expand from the focus spot. At last, Ca""" store in cytoplasm could be also 

influenced and leleased. Thus Ca""̂  is stored in both cytosol and nucleus, and can 

influence each other. 

1
 

f
 

m y'Mm. 
t s t 麵 

Fig. 5-14. Ca'̂  diffusion induced by fs pulses at different sites of cells, (a) Optical path of 
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the experiment. U : the fs laser at 1554 nni. L2: the laser at 488 nm for fluorescence excitation. 

Ca"^ was released after the I s exposure (b) on cytoplasm and (c) on nucleus. In (c), another cell 

in the left-down part of the figure was neighboring with the targeted cell. Red cross: exposure 

spot. Bar: 10 fmi. 

Cells were then incubated in Ca"''-tree HEPES buffer (concentration in mM: I 

EGTA, 140 NaCI, 5 KCI, I MgCh, 10 glucose, 10 

Na'^-N-2-hydroxyethylpipeiazlne-N'-2-ethaiiesiilphonic acid (HEPES), final pH 7.2)， 

which contains no extra Ca'^ in the media. After experiment, cell media was 

replaced by PBS and ionomycii) (2 pM) was added to work as free ion channels in 

the cell membrane to get the maximum fluorescence intensity of Ca""̂  (Fmax) for 

normalization. As shown in Fig. 5-15 (a), cells were firstly exposed by the fs beam 

at cytosol for 1 s to form a slow release of Ca^^ followed by its decrease in duration 

of around 15 s. One minute rest later, that cell was exposed at nucleus. A slow C<\'* 

level rise was again observed but the ampiitiide was much smaller. The calculated 

fluorescence value (Cell 1) was shown in Fig. 5-15 (c). To prevent that that the 

second peak in the luicleus is due to the depletion of Ca'"̂  store or fluorescence 

bleaching after the 1st laser exposure, the fs laser beam expose first to the cell 

nucleus and then cytosol (Cell 2)，as shown in Fig. 5-15 (b). Even though it was the 

second exposure, the Cq'* rise illuminated at cytosol was still much stronger than at 

nucleus. Since during this experiment there was no extra Ca'*, it can be concluded 

that the release of Ca"^ in cytosol by fs beam is more than in nucleus. And it can be 
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Fig. 5-15. Typical fluorescence change of cells after exposure by the fs beam for I s at 

100 niW in Ca'^-free buffer, (a) Cells were exposed on cytosol first and then on nucleus (cell I 

in (c)). (b) Cells were exposed on cytoplasm first and then on nucleus (cell 2 in (c)). Sections 

(1-8) were taken at 0，5，10，20, 80, 83, 85, 95 s respectively. Section (9) was the maximum 

fluoiescence by ionomycin treatment. Red cross: fs laser focusing spot. Bar: 10【mi. Calculated 

fluorescence intensity change of (c) the whole cell, (d) cytosol and nucleus respectively of Cell 

I and (e) Cell 2. Blue arrow: exposure on nucleus. Purple arrow: exposure on cytoplasm. 

Fluorescence in nucleus and cytosol was calculated respectively as shown in 

Fig 5-15 (d) and (e). It can be found the level in cytosol was always much 

higher than in nucleus. It should be noted that when the cytosol was exposed, there 
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suspected that the Cjr+ store in cytoplasm is more than in nucleus. 
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was a delay (2〜3 s) between the two Csî * peaks at cytosol and nucleus. This is due 

to the diffusion speed of from cytosol to nucleus. However, this delay did not 

show clearly when exposure at nucleus. Possibly it is because the Ca'^ diffusion 

mechanism from cytoplasm to nucleus is quite different with the inverse path, 

which is modulated by proteins in the nuclear membrane acting as nuclear poie 

complexes [54). 

Next, we tried to explore the role of extracellular Ca'^ in the Ca'"" response 

elicited by the Is laser beam by using the Ca'^ channel blocker, nifedipine, which 

can block all the Ca'"̂  channels in the membrane. At fust, cells incubated in PBS 

were exposed under the fs beam for I s. According to the mechanism [50], the fs 

laser could release the intracellular Ca'"̂  store and open the Ca'"̂  channel in cell 

membrane. Since the concentration of PBS is around 2 mM, and inside cells is 

only I-100 iiM (the high Ca" concentration in PBS is working for cellular 

membrane potential), this opening of Câ "̂  channel would induce an extracellular 

Ca'"̂  influx into cells. After that, nifedipine was added into the media (100 nM) and 

incubated for 40 miii. The cell was then exposed again but this time the extracellular 

Ca^^ could not diffuse into cells. In the control, cells were exposed twice in PBS 

without any treatment as a reference. 

As shown in Fig. 5-16 (a)’ with the calculated fluorescence intensity in Fig. 

5-16 (c) (the whole cell) and Fig. 5-16 (e) (nuclear and cytosol), the exposure site 

was cytosol. iw the first exposure, the [Ca'^j rise is very similar with the control. 
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But after the nifedipine treatment, it can be found that the second peak is lower than 
I 

the control. And that difference (around 0.05-fold of Fmax) responds to the 

extracellular Câ "̂ . It is interesting that the duration of" the Ca'^ peak of the whole 

cell is aiouncl 50 s, much longer than in the Ca'^-free media. Besides, in the Fig. 

5-16 (e), the delay between two peaks in cytoplasm and nucleus can be again, 

around 3 s, and the inicieiis showed a faster Ca"^ clearing rate than cytoplasm. 

Another group of cells were then treated the same way except exposure al 

iHicleus, as shown in Fig. 5-16 (b), (d), and (f). The first peak was still similar to the 

control, but the second was much lower. That large difference (around 0.2-fold of 

Fmax) should also responds to the extracellular Ca"^. Compared with the result of 

exposure on cytosol, it can be expected that the Ca^^ store in the nucleus is smaller 

than that of the cytosol. 
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1,00 ？ 500 

time (8) 

Fig. 5-16. Typical fluorescence of FIIK>-4 by con focal scanning with exposure on 

cytoplasm (a) and on nucleus (b). Sections (1-8) were taken at 0, 15, 30, 45, 2520, 2530, 2540, 

2550 s respectively. Section (9) was the maximum fluorescence by ionomycin treatment. Red 
‘ * -

cross: fs laser focusing spot. Bar: 10 …v». Normalized fluorescence intensity exposed by the fs 

laser (c) at cytoplasm (n=5) and (d) at nucleus (n=5), and their corresponding fluorescence 
> * 

changes in cytoplasm and nucleus were calculated respectively in (e) and (f). Blue arrow： 

exposure instant. Orange arrow in (e): peak of the fluorescence. " 

In conclusion, it was found that the fs beam can induce a slow Ca'"^ release in 
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the cell. The extracellular Ca"^ plays an inipohant role for the Ca'^ rise, especially 

exposure on luicleiis {volume: - 0.2-fold of Fmax). The Ca"" store in the nucleus 

and cylosol are separated or regulated separately, and Ca'"̂  slored in cytoplasm is 

significantly more than i" nucleus. The Ca""" diffusion path inside a cell was record, 

and due to the diffusion speed, there is a delay between the nucleus and the cylosol 

rench Uie Ca'^ rise peak. In summary，the fs beam provides a clean, non-invasive, 

controllable, aiui precise tool to trigger a slow Ca"^ release at siib-cellnlar level, 

which makes the obseivalioii of intracelliiiar Ca"^ dynamics very easy and 

convenient, compared with traditional chemical methods. 
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5.5 Summary 

Apoptosis is one of the most important processes of cellular activities, and the 

mechanism is an impoilant riindamental biological research field which is very 

complicated aiul remains unclear. Traditional biochemical methods of inducing 

a po pi OS is bring chemical side effects. However, since those approaches can not 

target on a special single cell and the cellular death is lolally out of conlrol, people 

hardly know if the cell is dead, the phase of the process and the start point of 

a po ptosis, in (his work, we investigated the effects of Is beams on cells and this 

optical iDCthod should be the potential tool for such research. 

We examined the elTect of femtosecond (fs) and continuous wave (CW) lasers 

at near-infrared range oil the creation of reactive oxygen species in a human liver 

cancer cell line. By controlling tlie milochondria electron transport chain (ETC), it 

was foiiiKl that a major part of the oxidative stress was generated by the laser 

induced rheniiai effect on the mitochondria while the remaining part was created by 

direct tree electron liberation by the f$ pulses, which could be observed after 

breaking the ETC. The study helps clarify the major effects produced on animal 

cells when excited by Is lasers. 

It was found that nuclear tubules (NTs) would develop inside the nuclei of 

HeLa cells when they were irradiated by a femtosecond laser at the wavelength of 

1554 nm for 40 s or longer. These NTs provided a pathway for the excess calcium 

generated by the laser to diffuse from the cytoplasm to the nucleus. Concurrently, 

the NTs served to spread mitochondria deep inside the nucleus so that they could 
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initiate DNA tVagmentations in regions covered by the NTs in the apoptotic cell. 

The role ot NT as tlie precursor and passage to apoptosis is firmly established. 

Calcium is an important messenger in cells, but its store and diffusion at the 

subcelliil«ir level remains unclear. We incUicecl subcellular Ca"" release by 

fenitosecond laser exposure in Ca'̂ -̂IVee media and PBS with Ca'^ channels in cell 

membrane blocked, and observed its propagation by con focal scanning It was 

loiincl Ca'' store volume in cytoplasm is significantly more than in nucleus, and 

Ca'' will dilTuse into nucleus alter trigger. Ca'"" release inside nucleus can also 

influence Ca""" in cytoplasm. 

In simimary, fs pulses can be (beused in a sub-cellular regioi) to induce 

apoptosis. The process can be controlled precisely both in spatial and temporal 

dimension. The speed of the inducing events of cells can be inodiilated by the laser 

power and exposure duration. Theie is no chemical or biological pollution in this 

inetlioci, and the cells will definitely undergo into apoptosis. People can observe the 

pie-apopiosis phenomenon and monitor the programmed deaili using this approach. 
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Chapter 6: Conclusions and Future Work 

6.1 Conclusions 

Biophotonics is an exciting and fast-spreading frontier which involves a fusion 

of advanced photonics and biology, and has been not only developing a lot ot novel 

methodologies for biomedical researches, but also getting more and more 

significant results as an independent field. In oui works，we build up a system 

coupled with a femtosecond laser based on an inverted microscope. Human cancer 

cells can be manipulated on this system by that laser and imaged at real time. The 

ultra-short pulses can be thus focused in a sub-cellular region while its side effects 

can be confined in a tiny volume with little harm lo the cells. In this thesis, we 

mainly developed novel approaches of most important operations on cells, 

including traiisfection, cell-cell fusion, and apoptosis inducing using the t$ laser. 

Trans feet ion is a process by which membrane-impermeable molecules such as a 

DNA sequence can be transmitted across the cell membrane and expressed the 

correspondiiig protein by the cell, it is a key technique in cell and inoleciilai biology 

with many important biochemical applications. We selected a fiber fs laser at 1554 

nm, an inslriinient widely used in optical communication research, as Ihe excitation 

source. Our results demonstrated that the fs laser could perforate cell membrane and 

the hole would close in sub-second period after the laser exposure. We tested the 

safe exposure duration by detected if there was any sign of mitochondrial 
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depolarization at 1.5 hours alter photoporation. Fintherniore, the laser had 

successfully transfected HepG2 cells with a plasm id DMA containing the GFP gene, 

whose fluorescence could be detected 24 hours alter exposure, and the efficiency 

was as high as 77.3%. Proliferalion of the transfected cells have been observed 48 

hours after the exposure event、and cells of I he new generation can still express 

GFP. 

Cell-cell fusion is n powerful tool tor tlie analysis of gene expression, 

chromosomal mapping, monoclonal antibody production, and cancer 

iiDiiHinotherapy. One of the challenges of in vitro cell fusion is to improve the 

fusion efficiency without adding extra chemicals while maintaining the cells alive 

and healthy. We show here that targeted human cancer cells could be selected by an 

optical tweezer and fused by a finely focused fs laser beam at 1550 niii with a high 

fusion efficiency, which confirmed that human cells could be fused exclusively by 

fs laser pulses, and this is the first time human cells were fused together ail-optically. 

Mixing of cytoplasm in the fused cells was subsequently observed, and cells from 

different cell lines were also fused. Based on these, we developed tlie probable 

mechanism of opt ical cell-cell fusion. 

Failure in the induction of apoptosis or programmed cell death is one of the 

major contributions to the development of cancer and autoimmune diseases. Here 

we used a fs laser as a novel method to provide a precise direct apoptosis trigger at 

the subcellular level to observe dynamic changes at subcellular level during 

apoptosis. Fiisl, we examined the effect of the fs lasers illuminating cells on the 

147 



Coiiclusioiis MIKI future work Chapter 6 

creation of reactive oxygen species, which can trigger programmed cell dealh. By 

controlling the mitochondria electron transport chain (ETC), we developed the 

mechanism of ROS generation by the fs pulses including thermal elTeci and direct 

free electron liberation. Second, we induced apoptosis to targeted cells by tlie fs 

laser and found the nuclear envelope (NE) forms tubular or tunnel-like structures 

inside the nucleus. The average number of NTs in each cell with laser treatment is 

significantly larger than the control. Besides, by the precise temporal apoptosis 

trigger, the development of a NT was observed and it was found that the NT was 

eventually merged with another one to form a larger NT. Meanwhile, mitochondria 

and tubulin were found inside the NT, and the NT formation always occurs after an 

upsurge of cellular Ca'"̂  concentration. More DMA fragmentation were also found 

in the region around the NTs. Based on this, we proposed the mechanism and 

timet ion of NT formation, which suggests that NTs are developed during apoptosis 

and mitochondria migrate into the nucleus through the NTs to release death signals 

to trigger DNA fragmentation. Third, since abnormal Ca""̂  concentration increase in 

cells was observed during the apoptosis inducing event, we used the fs laser to 

trigger Ca'^ to ge( ihe resource of it. Calcium is an important messenger in cells, but 

its store and (iiftiision at the subcellular level remains unclear. We induced 

subcellular Ca"^ release by femtosecond laser exposuie in Ca"^-fiee media and PBS 

with Ca'"̂  channels in cell membrane blocked, and observed its propagation by 

confocal scanning. It was found Ca"^ store volume in cytoplasm is significantly 

more than in nucleus, and Câ "" will diffuse into nucleus after trigger. Ca"" release 
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inside nucleus can also influence Ca""̂  in cytoplasm. 

•f： 
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6.2 Future Works 

Based on our researches above, we propose to further our methods for cell 

engineering, described as following: % 

6.2.1 Microfluidic System for Optical Cell Engineering 

Micro till id ics is a very importanl technology for the manipiUation of cells on a 

massive scale. Cytometry as an example of microtliiidics is a well developed and 

high throughout technique based on single cell flow for cell counting, sorting and 

sensing purposes. However, cytometry can only acquire optical signals from cells 

working as cell assays and cannot perform any operation to the cells in the flow [I]. 

On the other hand, it has been explained in above that the fs laser-induced 

tiansfection and fusion techniques can operate on cells either individually or in tlie 

form of a paired-up dual with high efficiency and precision. The only problem there 

is the extremely low throughput. It would make a huge impact to the entire field of 

cell engineering if we can combine microfliiidics with fs laser processing together 

to develop a system that can perform tiansfection and cell fusion with extremely 

high throughput. 

The last decade has witnessed revolutlonaiy advances in the manipulation of 

fluids at small scales [2]. Biological samples have been studied extensively in 

microfluidic devices. For example, Zhcw et ai applied the traditional electrical 

method to transfecting cells in a droplet-based microfluidic chip [3]. In their setup, 

cells were first encapsulated into aqueous droplets in oil and then the 

cell-containing droplets would flow downstream inside the chip. The droplets 
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would pass through a place where a pair of surface inicroelectrodes had been 

fabricated and the cells inside would be electro|X>rated by the voltage across the 

electrodes while passing by at a high flow rate. However, both the Iransfection 

‘efficiency and the cell viability were low, at 11% and 10%, respectively. 

We propose to design and fabricate two different microfliiidic systems for 

Iransfection and cell fusion, respectively, for inclusion in an inverted microscope 

system coupled with the most suitable fs laser. The microscope system is still the 

same as Ihe one we are using. The experimental scheme for conducting Iransfection 

and cell fusion is described in Fig. 6-1. 

Ce l l - Ce l l Fus ion 

轉 L:>，一.：；輕卜一、..丨 
::韶錄、：、•^鐵 、 . \ J 乂 

V - . 一 、 
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Coll oairs i 收她卜 Fused liybncJ cells 孔"Vactiw 
‘ p 

Fs ！3S(M Ofl ly 
Droplets basad mlcrof lutdic Sort ing nnd col lect ion ^ I rans fec t i on 
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• 

/ X • ••• . . X 、 . 一 . i . .•一 ’’ 

DNA Solutioî  f ‘ ‘ 
Transtectetl celts Cells treatecl 

Sinyle ccH f low without droplets Col lect ion Long-t ime Incubat ion 

Fig. 6-1. Experimental scheme for cell engineering in a microfluidic system. 

Two different types of microfliiidic systems wi l l be developed for cell 

Iransfection and cell-cell fusion. For cell transfection，three laminar flows wil l be 

generated in microfluidic channels as shown in Fig. 6-2a. The only ditlerence 

between the streams is that the center stream contains cells suspended in an aqueous 

solution that already has the DNA molecules to be transferred into the cells. This 
\ 
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Stream of cell suspension is sandwiched between two buffer streams, and ihe width 

of the center stream wil l be controlled by varying the flow ratios between the three 

streams [4], The width of the stream of cell suspension should be controlled to be 

smaller thai) twice the cell dimension, so that the cells wil l flow in a single-iane 

manner in (lie center stream. The ditfusion of the cells from Ihe center stream lo the 

side stream can be estimated to be i = x'/D = (10 |.im)'/l(y'^ nrs ' = 1000 s. Here v 

is the half width of the center stream, and D is the diffusion coefficienl of E. coli [5】. 

vvliich i)as a size comparable to thai of the cells in our study. As a resuli, we can 

safely nssiinie that during the optical Iranstection procedure, the cells wil l s t^ in 

the center slream. When ll、e cells pnss through the focal region of the Is laser at the 

dovvjistreoin end of the channel, the cell membrane wil l be perforated and DNA 

molecules con enter Ihe cells to achieve Iransfection. For cell-cell lusion，n 

droplet-based microHiiidic chip will be developed in order lo confine two cells 

tightly together as explained in below. Figure 6-2b shows how aqueous droplets 

encapsulating single cells are lust roimed at the junction where the I wo oil streams 

pinch otT the aqueous flow to generate the droplets. Next, cells to be fused together 

wil l be encapsulated in droplets in iwo parallel microchannels as the one shown in 

Fig. 3b. The concentration of cells and the flow rate wil l be controlled so that the 

droplets in each channel contain either one or no cell. By removing (lie empty 

droplets, we can obtain two streams of droplets, eacli of which contains a single cell 

[6]. Then the two arrays of droplets merge at a T-junclion to form a single army of 

dioplets that contain I wo cells each by synchronizing the flow of the two arrays of 
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droplets as shown in Fig. 6-2c [7]. At the downstream end, the fs laser beam will 

open up the contacting membranes of tUe cell pair to fuse I he two cells together, if 

Ihe contacting region of the cell pnir moves into the Ibcal volume ol. the laser. An 

imaging processing software will be developed to control the time gating of laser 
* 

irradiation. 

’.•.-、、 lUillo - - - _•-«••• 
ccll suspension * •會• * • -一flTt: 

(a) 

oil 

ccil suspension • • • ；'—I?)'yoC* QJ '•； 
i 

oi 1 

(b) 

" ！ 

： ― 够 J 
(c) 

Fig. 6-2. Miciotluidic systems for transfection ami cell fusion, (a) Three laminar flows will 

be y;eneraled in inicrofldidic channels tor lianst'eclion. (b) Cells encnpsulated in droplets, (c) 

Two arrays ol dropleis merge at a T-junction to form one array ol" droplets wiih Kvo cells each 

for cell-cell fusion. 

The cell viability in the syslem will be tested and the flow velocity will be 

optimized. The ettlciency will be calculated using large sample sizes. After the laser 
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treatment, cells will be collected and extracted lor long-lime culture to analyze their 

proliteratloii and gene expression. 

6.2.2 Ti rtiisfccfioii and Imaging Aided by Gold Nanorods 

Optical transfection by fs laser has shown a lot of advantages and high 

etficiency. Bui in such metliods, ultra-high pholon density for plasma foiniation is 

needed, and tluis a higii N.A. objective and laser power is necessary. The focus size 

is only aroiiiicl 2 fini ond each time only a single cell can be treated. Tliose critical 

ret|uijenien(s limit the development and popiilalion of (he optical transfection 

method. Hence we propose to use gold nanorocis (GNRs) treating with cells to 

decrease the laser power Ibr Uansfection, increase the cell luiinber of each exposure 

time, nncl maintain other advantages of optical transfection. 

C.C. Chen et al. repoileti Iheir works using fs beam at 800 nm and GNRs for 

Uansfection, hy connecting DMA molecules with GNRs through I he band of 

-I l-S-Aii (8). This Ixincl is not easy to break. Thus, after the GNRs diffuse into cells, 

it needs long lime exposure (I mi") of tlie fs laser to heat (he GNRs lo make I hem 

(leloim and separate from DMA molecules. The cell viability is then a big problem 

and Ihe transrection efficiency is quile low, only around 2()\. Here we propose to 

connect the GNRs with DMA molecules simply by electrical charge, and separate 

them by triggering the surface plasma resonance induced by the fs pulses after the 

GNRs dilTiise into cells with DNA. The electrical connection is very easy to break. 

And thus the exposure time can be decreased a lot. as short as only some seconds, 

while the laser power can be only i mW for each cell. This enables this optical 
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transfection method working at high efficiency and low laser power. 

Besides, according to the surface enhancement, we also plan to work on the cell 

membrane imaging and detection aided with GNRs. In our previous works, we 

found cell membrane has some periodic vibrations [9] (Fig 6-3), and some groups 
) 

even round this kind of motions at very high frequency band by an AFM [10】，as 

shown in Fi". 6-
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Fig. 6-3 Typical scattering signals of HepG2 cells and the Fast Fom ier Tiansform of the 

sis^nals. 

The advantage of this optical method is the cells are live and health in cell 

medium. But the fiber colled all the scallering signal liom the whole cell and thus 

the signal can not be localized in a sub-cellular level lo get a more precise result.. 
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Fig. 6-4. Spectrum of the cellular motion at different temperature. The Fourier transform of 

the motion at 30°C revest Is a prominent peak at ) .634 kHz (A). Ai 26®C at frequency of 1.092 

kHz (B) is observed and at 22°C n frequency of 0.873 kHz <C). Exposure of the cells to sodium 

nzide causes Ihe motion to cease, and only noise is observed (D). 

However, in the second work, the yeast cells aie put on carbon board, a dry 

environment. The cellular motion detected is thus influenced by such bad condition 

a lot. Hence we propose to use the near field microscope for sucli detection in a 

liquid eiivironmenl, where (he optical signal wil l be enhanced by the GNRs. The 

GNRs attached in cell membrane have been confirmed by TIRF microscopy method 

(Fig. 6-5) and wil l be delected by the fiber probe. This can be a live，real time, and 

quite localized monitor of the motion of cell membrane. 
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Fig 6-5. Imaging of GNRs with cells, (a) Con foe a I scanning of GNRs mixed with 

propiclium iodide attaching in HeLa cell membrane and emitting red fluorescence, (b) Con foe a I 

scanning of GNRs mtaching with cells directly at 488 iim. (c) Scanning of dry GNRs cluster on 

a glass slide by vvhite light, (d) Total internal reflection fluorescence microscopy of GNRs in 

cell membrane (bright spols). (e) The extinction speclium of pure GNRs. Note the peak is 

around 930 nm 

157 

Conclusions and future work C'liaptcr 6 

I
:
-
"
"
，
 

.
 .^
F
 

奮
観
脅
V
、
.
 

‘
”
，
〈
广
；
 

M
t
l
 



Conclusions and future work Chapter 6 

References 

1. H. M. Shapiro, Practical Flow Cytometry, 3rd edition, Wiley-Liss, New York. 

(1995) 

2. G. M. Whitesicles, “The origins and the future of microfluidics". Nature London 

442，368 (2006). 

3. Yihong Zhan, Jiin Wang, Ning Bao, aiKi Chang Lu, "Electroporation ot Cells in 

Miciofluidic Droplets", Anal. Chem. 81.2027-2031 (2009) 

4. James B. Knight, Ashvin Vishvvanath, James P. Biody，and Robert H. Austin, 

Hydroclynamic “Focusing on a Silicon Chip: Mixing N a no I iters in 

Microseconds". Phys. Rev. Lett. 80, 3863 - 3866(1998) 

5. Howard C. Berg, E. Coli In Motion, Springer; 1 edition (Oct 1 2003) 

6. Max Chabert and Jean-Louis Viovy. “MicrofUiidic liigh-througlipiit 

encapsulation and hydrodynamic self-sorting of single cells”. PNAS, 

105:3191-3196(2008) » 

7. Helen Song, Joshua D. Tice, Rusteni F. Ismagilov’ "A Microfliiidic System for 

Controlling Reaction Networks in Time", Angewandte Cliemie International 

Edition, 42, 768-772 (2003) 

8. Chia-Cluin Chen, et al.，DM A-Go Id Nanorod Conjugates for Remote Control of 

Localized Gene Expression by near Infrared Irradiation, J. AM. CHEM. SOC. 

2006, 128，3709-3715 

9. H He, SK Kong, KT Chan, First optical observation of periodic motion of 

native human cancer cells, CLEO/QELS，2008 

！ 58 



Conclusions niul future work Chaplei- 6 

10. Andrew E. Pel ling, Sadaf Sehali, Edith B. Gralla, Joan S. Valentine, James K. 

Gimzewski’ "Local Nanomechanical Motion of the Cell Wall of Saccharomyces 

cerevisiae：' Science. 305, 1147-1150 (2004) 

159 



Publication List 

Publication List 

Journal Paper 

1. Hao He、S.K. Kong, R.K.Y. Lee, Y.K. Sue"，K.T. Chan, "Targeted 

photoporatioii and iransfectioti in human HepG2 cells by a fiber femtosecond 

laser at 1554 "m，” Optics Letters, vol, 33, page 2961. 2008. 

2. Hno He, K.T. Chan, S.K. Kong, R.K.Y. Lee, "All-optical human cell fusion by 

a fiber femtosecond laser," Applied Physics Letters, vol. 93, page 163901. 

2008. 

(This paper was highlighted by “Femtosecond Fusion," Nature Photonics’ vol. 

2’ page 709. 2008.) 

3. Hao He, S. K. Kong, K.T. Chan. "Mechanism of oxidative stress generation in 

cells by localized near-infrared femtosecond laser excitation," Applied Physics 

Letters, vol. 96, page 173501.2010. 

(This paper was selected for the December 15, 2009, issue of Virtual Journal of 

Biological Physics Research, (by American Physical Society)) 

4. Hao He，S. K. Kong, K.T. Chan, "Role of niicleai tubule on the apoptosis of" 

HeLa cells induced by femtosecond laser’” Accepted by Applied Physics 

Letters. 2010. 

(This paper was selected for the June 15, 2010 issue of Virtual Journal of 

Biological Physics Research, (by American Physical Society)) 

160 



Publication List 

5. Hfio He, S. K. Kong, K.T. Chan, “The source of Ca2+ released by the fs laser,” 

submitted to Joiiriiiil of Biomedical Optics. 2010. 

Conferences 

1. H He, SK Kong, KT Chan, "First optical observation of periodic motion of 

native Iniiiian cancer cells," Conference on Lasers and Electro-Optics/Oiiantiini 

Electronics and Laser Science Conference (CLEO/QELS), Optical Society of 

America, 2008 

2. H He, SK Kong, RKY Lee, KT Chan, "Generation of Oxidative Stress in Cells 

by Localized Laser Radiation," IEEE PhotonicsGlobal@ Singapore, 2008 

3. Hrto He, SK Kong, RKY Lee, KT Chan, "Targeted Transfection in Human 

HepG2 Cells by Fiber Femtosecond Laser at 1550 nm，” The International 

Conference on Laser Applications in Life Sciences 2008 (LALS 2008), Taipei, 

Taiwan, 2008. 

4. Hao He, Siii Kai Kong, Kam Tai Chan, "Location of Subcellular Calcium Store 

by Femtosecond Laser," Conference on Lasers and Electro-Optics/Qiianhim 

Electronics and Laser Science Conference (CLEO/QELS), Optical Society of 

America, 2010 

161 



A|>|)eiHlix 

Appendix: Protocols 

Appendix A: Experimental Setup for Transfectioii and 

Cell-Cell Fusion 

In our setup, (he Is laser was coupled to a Nikon TE2000U inverted microscope 

with a 4OX objective lens (N.A.= I .0). The microscope is re-designed to compose 

with two layers for different laser coupling with dichroic minors. The first layer is 

used for (he NIR laser coupling, with a dichroic mirror reflecting NIR beam and 

transmitting visible light. This mirror was specially designed to get an efficiency of 

reflecting beams al around 1550 nni more than 85%, while the elficiency of 
I 

transmitting visible light from 450 nm to 650 nni more than 80%. The second layer 

is working tbr the fluorescence excitation. There are several dichroic mirrors tor 

ditTerent fluorescence, such as reflecting 488 nm and transmitting 520 nm. Those 

minors aie standard fluorescence mirror and should be selected according to tlie 

spectiiim of clitTerenl fluorophores. The optical path is shown in Fig. 3-2. 

There were 2 lasers in this study. The fs fiber laser had a central wavelength at 

I 554 nni and a repetition frequency of 20 MHz with a mean power around 100 inW 

(Calinar, FPL-04). The pulse width was around 170 fs. The diameter of the laser 

beam focus was around 2um, and tluis the peak power was 10 ' Worn"' in the focus, 

which was high enough to perforate the cell membrane. Another laser diode 

working at 980 mn had a power of 400 mW (Aligent), which was used to trap and 
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move cells as an optical tweezer. This laser was contiinioiis wave and had no 

observable influence on the cells. Both lasers are at first collimated by a fiber 

collimator (Thoriab), and then expended and further collimated by two lenses to 

couple into the objective. The working distance of the objective is less than 0.22 

mm. and fhiis the bottom of petii dishes we used is 0.17 mm glass slide. 

Appendix B: Experimental Setup and Protocols for 

Apoptosis Inducing and Confocal Scanning 

In those experiments with confocal scanning, we used the same setup for the fs 

laser coupling as in Appendix A. The confocal microscope we used is the Nikon CI 

plus、whose body is actually (he TE2000U mode. Thus the same double layers 
« 

design is used in the confocal niicroscope. 

Confocal microscopic scanning was performed with a 510 nm long pass filter 

when observing JC-1, Tubulin Tracker Green, Fluo-4/AM, and TUN EL assay. JC-) 

(TinaI concentration: I |iig/ml), Tubulin Tracker Green (final concenlralion: 200 nM), 

and Fluo-4/AM (finai concentration: 10 pM) were mixed with cells for one hour at 

37*C and 5% CO). Before observation, cells were washed two times by PBS. Aftei 

scanning, the voltage of the PMT was turned down until no fluorescence signal was 

obtained. Then DiOC6(3) (final concentration 100 nM) was added and 5 minutes 

later con focal scanning was performed again to get the images of NTs. Vertical NTs 

were also present but they appeared as small dots in the x-y focal plane image and 

were therefore neglected to avoid error in counting. Hence, the acluai number of 
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NTs generated has been underestimated in our counting method. 

lonomycin stimuli: ionomycin was added into cell solution directly to reach a 

final concentration of 2 pM in ihe presence of extracellular Ca"^, and the ionophore 

caused an increase of Ca'^ inside cells due to Ca'^ influx. Free Ca'"" in the media 

(concentration: 1-2 mM) diffuses into cells (Ca'"^ concentration: 1-100 iiM) very 

last. 

Appendix C: Protocols for Optical Traiisfection 

in our experiments, we used the DMA plasmid of GFP for the optical 

Iransfeclion in HeLa and HepG2 cells. The protocol for the transfecllon is as 

following: 

1. Preparation of cells 

Human HepG2 hepatocellular carcinoma cells were ciiltiiied in RPMI 1640 

nieclium (Sigma) supplemented with 10% (v/v) fetal calf serum (FCS) (Gibco) or 

phenol-red free RPMI 1640 medium (Invitiogen) at 37°C and 5% CO2 for more 

than 12 hours lo attach on the bottom. Cells (3x lOVml) were seeded on a 35mm 

ciilUire dish with a glass slide (0.17mm thick) at the bottom (MatTek). 

2. DMA plasmid incubation ^ 

The cell medium was at first removed away, and add only 0.5 niL new medium 

with 20 Mg GFP plasmid DMA to get the final concenlrotion of 40 ng/mL. The cells 

were then incubated for another three hours for the DMA molecules attaching on the 

membrane of cells. 
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3. Laser treatment 

The cell dish was put on the microscope and only adherent cells on the bottom 

are randomly selected to be illuminated by the fs laser for 7 s. The focus of the laser 

slum Id be in the iipper-nieiiibiane of the exposed cell, which can be adjusted by the 

lens pair and the objective. The exposure time can be controlled by an electrical or 

mechanical shutter. 

4. Cell inciibntion 

After the laser treatment, 2 mL cell medi^un was added and cells were 

incubated for 24 hours at at 37V aiui 5% CO： for the GFP expression. 
__ * 
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Appendix D: Protocols for Cell-Cell Fusion 

111 the experiment, we used He La and HepG2 cells suspension. The protocol for 

the cell-cell fusion is as following: 

1. Preparation of cells 

Human HepG2 hepatocellular carcinoma cells were cultured in RPMI 1640 

medium <Sigma) supplemented with 10% (v/v) fetal calf serum (FCS) (Gibco) or 
r 

phenol-red free RPMI 1640 medium (liivitrogen). Cells lOVml) were seeded on 
• • • ^ 

、 . . 

a 35min ciiltiiie dish with a glass slide (0.17mm thick) at the bottom (MatTek) and 

one dish of cells can be labeled by fliiorophores like ca Ice in/AM (Molecular 

Probes). The cells should be Suspended in the medium during this experiment. 

2. Cell mixture 
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Tlie cells with calcein labeled vveie at first centrifiigecl and washed two times 

by PBS and then mixed with the otiier group without any labeling. The cell mixture 
» 

can be observed by Uie Hiiorescence of calcein. 

3. Laser tieatinenf 

The cell mixture was then put in Ihe incubator (Nikon) on microscope stage 

(37"C and 5% CO：). One cell with calcein labeled was rnndonily selected and to be 

trnppetl by the optical fweezei at 980 iim. It can be moved to contact with another 

cell vvithoiil'any labeling. Alter ihe contacting, the optical tweezer was liirned olT 

and the common part of the membrane of the two ceJIs was illiiininated by the fs 

beam for I-10 s. I( should be noted (hat it would be better if the two cells had 

.similar size and weight, because optical tweezer ihe fs beam will induce different 

force to the two cells. If they iire quite different, the cell pair will rotate in the 

vertical direction. 

4. Cell ii、ci,bi”ion 

After Ihe laser I real men I, the cells were incubated in the inciibaloi lor around 4 

hours. The cells can be fused togelher by chance. During this lime, the cells would 

be ailliereni gincliially. It can be observed the dilTusion ol cytoplasm of ihe fuseJ 

cell by the tliioiescence of calcein. 
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