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Abstract: Targeted drug delivery and real-time detection 
both play an important role for studying the specificity 
of a single cancer cell and the development of anticancer 
drugs. However, a method that simultaneously enables 
safe and efficient targeted drug delivery and noninvasive, 
free-label cell detection is highly desirable but challeng-
ing. Here, we report an all-optical method that combines 
fiber optical tweezers with laser Raman microspectros-
copy, which can achieve targeted drug delivery to a single 
cancer cell using optical manipulation in vitro quickly and 
accurately by a tapered fiber probe, and simultaneously 
record the corresponding active characteristics of the 
targeted cancer cell under the contact of delivered drug 
through a Raman spectrometer. Using the method, drug 
delivery and release can be flexibly controlled by turning 
on/off the trapping laser beam propagating in the fiber, 
which can avoid the complex systems and is highly auton-
omous and controllable. Moreover, the detection of cell 
activity does not require any dye calibration and process-
ing, and it is noninvasive. In addition, for a single suspen-
sion cell, optical trapping of the cell using another fiber 
tip can overcome the low efficiency of targeted drug deliv-
ery and the poor stability of the Raman spectrum caused 
by Brownian motion of the cell. This all-optical method 
provides a promising approach to conduct pharmacologic 
studies with the reaction of cancer cell and drugs at the 
level of a single cell.

Keywords: optical tweezers; Raman detection; drug 
delivery.

1   Introduction
Targeted drug delivery and real-time detection of a single 
cell are particularly important in the field of cell biology 
and biomedicine, such as drug development [1–3], tissue 
engineering [4, 5], genetic engineering [5, 6] and cell heter-
ogeneity [7], especially in testing of drugs [8, 9]. In order to 
improve the specificity, safety and efficiency of drug deliv-
ery, various drug delivery systems have been developed. 
For example, the chemically powered micro/nanomo-
tors consisting of tiny synthetic devices can be powered 
by ejected hydrogen bubbles resulting from the chemical 
reaction between the internal fuel (hydrogen peroxide) 
and the modified metal nanoparticles on motors [10, 11]. 
To achieve a nontoxic and fuel-free drug delivery, research-
ers have explored some physically powered delivery 
systems [12, 13], such as magnet-actuated, light-driven and 
 ultrasound-propelled systems. For the magnet-actuated 
system, some magnetic metal compounds such as NdFeB, 
CoFe2O4 and MnFe2O4@CoFe2O4 were deposited on the drug 
carriers as power sources, so that the drug carriers can move 
along the specified direction under a magnetic field regu-
lation [14–16]. The uniqueness of the light-driven system is 
that the light can be utilized as the tunable energy source 
to drive the directional movement of drug carriers [17–19], 
which have demonstrated their potential in targeted drug 
delivery as a proof of concept. In the systems, some pho-
toactive semiconductors (e.g. TiO2, silicon) were fabricated 
as microswimmers [17, 18] and nanomotors [19]. They can 
move only in the presence of light, which was mainly 
based on light-induced self-electrophoresis, and they can 
stop at places of interest when the light is switched off. In 
other light-controlled systems for targeted drug delivery, 
light can only be used for releasing loaded drugs [20, 21]. 
The ultrasound-propelled systems use the pressure gradi-
ent generated by the geometric asymmetry of drug carriers 
under an action of the ultrasound to control the move-
ment of drug carriers [22, 23]. The above delivery systems 
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require complex structures or additional modification of 
drug carriers to respond to the action of various physical 
fields. Besides, these physical methods are generally suit-
able for overall control of all drug carriers in the system, 
so they cannot be applied for precise manipulation of a 
single drug carrier or quantitative delivery of multiple drug 
carriers to a single cell. Moreover, to verify the effective-
ness of the targeted drugs in the above systems, the activ-
ity of cancer cells was detected by the complex methods 
of chemical labeling, fluorescence imaging and metabolite 
detection. Therefore, there is an urgent demand to explore 
a safe, convenient, flexible and efficient method that can 
achieve both a controllable targeted drug delivery and real-
time detection of a single cancer cell.

Tapered fiber prober (TFP), as a simple, flexible and 
powerful tool, has been widely applied in the noncontact 
optical manipulation of dielectric micro-/nanoparticles, 
bacteria, cells and even DNA with good stability and high 
efficiency [24, 25], and it has also been demonstrated to 
have an advantage of controllable delivery of micro-/ 
nanoparticles and cells in three-dimensional space 
[26–29]. For example, a single yeast cell has been stably 
trapped and driven to targeted regions by a TFP [26]; 
stable trapping and three-dimensional flexible move-
ment of microparticle or cell chains was achieved using 
a TFP by optical binding [27]; multiple cells of different 
types were connected with each other and patterned 1D 
periodic cell structures by an abrupt TFP, which can also 
be flexibly moved to targeted regions [28]. Based on the 
modified TFP (assembling microlenses on the TFP), nano-
particles and biological cells were selectively trapped and 
detected by collecting the backscattering signals of the 
trapped objects in real time [29]. The modified TFP was 
also applied to the imaging of a single cell by collecting 
the fluorescence signals in real time at subwavelength 
spatial resolution [25]. Therefore, applying the optical 
manipulation technology of fiber optical tweezers to the 
targeted drug delivery and stable trapping of a single sus-
pension cancer cell will be very promising. Even more 
excitingly, the above experiment for optical manipulation 
can be carried out under a Raman microscope, so real-
time detection of a single cancer cell will be simultane-
ously obtained by monitoring the Raman spectrum of the 
cell. The noninvasive optical detection tool can obtain 
the active characteristics of cancer cells without extra 
fluorescent dyes or chemical makers, and it has been used 
extensively in the identification of health, apoptosis and 
death of cancer cells [30, 31]. Therefore, the combina-
tion of optical manipulation technology and laser Raman 
microspectroscopy is highly desired. In 2019, Stocker 
et al. combined microfluidics, traditional optical tweezers 

and Raman microspectroscopy to achieve an automated 
sorting of the isotope-probing-labeled microbial cells [32]. 
However, to our knowledge, no existing application com-
bining the fiber optical tweezers with Raman microspec-
troscopy for targeted drug delivery and real-time detection 
of a single cancer cell has been reported before.

Thus, we present an all-optical method based on fiber 
optical tweezers and laser Raman microspectroscopy. 
In the method, drug carriers, one or several mesoporous 
silica microparticles loaded with an anticancer drug –  
doxorubicin (MMD), can be stably trapped under an 
action of optical force and then delivered to a targeted 
adherent cancer cell accurately and quickly only using 
one TFP. Here, doxorubicin can initiate the formation of 
hydroxyl radicals after reduction of free doxorubicin, and 
these hydroxyl radicals can damage cellular membranes 
by lipid peroxidation or damage cellular DNA [33]. At the 
same time, the changes of the active characteristics of the 
cancer cell can be detected real-timely by Raman micros-
copy. For a single suspension cancer cell, it is necessary to 
add another TFP to trap the cell and thus avoid Brownian 
motion of the cell. The proposed all-optical method com-
bines several intriguing features, namely convenient and 
flexible structure, controllable drug loading capacity, safe 
and efficient drug delivery, controllable drug release, and 
noninvasive, free-label and real-time detection of the cell.

2   Experiment

2.1   Fabrication of TFP

The TFP was fabricated with a flame-heating technique 
from a commercial single-mode optical fiber (connec-
tor type: FC/PC, core diameter: 9 μm, cladding diameter: 
125  μm; Corning Inc.). In the first step, a fiber stripper 
(Shanghai Connet Fiber Optics Co., Ltd., Shanghai, China) 
was used to strip the buffer and polymer jacket of fiber to 
obtain a bare fiber with a 2.5 cm length and a 125 μm dia-
meter, and then the fiber was sheathed with a glass cap-
illary (Hangzhou Fuqiang Chemical Instrument Co., Ltd., 
Hangzhou, Zhejiang Province, China) (inner diameter: 
~0.9  mm, wall thickness: ~0.1  mm, length: ~120  mm) to 
protect the fiber from breakage and warping, and ensure 
the stability of the fiber movement. In the second step, 
both sides of the bare fiber were clamped by two thin-
tipped tweezers to make the midpoint of the bare fiber be 
heated by the outer flame of an alcohol lamp for approxi-
mately 50  s to reach its melting point (see Supplemen-
tary Figure S1); then the heated fiber was drawn with an 



Liu et al.: Targeted drug delivery and real-time detection of a single cancer cell      613

initial speed of about 0.5  mm/s, and the fiber diameter 
was decreased from 125 μm to approximately 15 μm over 
a 1.5 mm length to form a gradual taper. This was followed 
by increasing the drawing speed to 5–10 mm/s, which can 
form an abruptly tapered region with a different size we 
need; the fiber was then broken with a tapered tip. The 
tapered tip at the end was formed by the surface tension 
of the melting fiber. In the last step, the extra fine tip of 
the tapered fiber was wiped carefully with a piece of lens 
cleaning tissue with some alcohol.

2.2   Treatment for cells

HeLa cells were cultured in Dulbecco’s modified Eagle’s 
medium with 10% fetal bovine serum (FBS), 1% glutamine 
and 1% penicillin streptomycin are all purchased from 
Guangzhou Hengyan Biotechnology Co., Ltd., Guang-
zhou, Guangdong Province, China. Myelogenous leuke-
mia tumor cells (K562 cell) with STR identification were 
purchased from Procell Life Science & Technology Co., 
Ltd. K562 cells were cultured in RPMI Medium 1640 basic 
with 10% FBS, 1% glutamine and 1% penicillin streptomy-
cin. Both types of cells were incubated in the incubator 
at 37°C and with 5% CO2. The day before the experiment, 
HeLa cells were seeded on a cover glass (15  mm in dia-
meter), and then incubated in a CO2 incubator for 12  h. 
At the beginning of the experiment, the HeLa cells were 
washed four times with phosphate-buffered saline (PBS), 
and the cells were taken on the cover glass on a slide of the 
translation stage. Then the immediately formulated MMD 
suspension was dripped into the cell medium. In the case 
of K562 cells, that needs to be diluted with PBS.

2.3   Characterization of the mesoporous 
silica microparticles and preparation of 
MMDs

The mesoporous silica microparticles with a 3 μm dia-
meter were purchased from Wuhan Huake Microtechnol-
ogy Co., Ltd. The mesoporous silica microparticles were 
characterized via scanning electron microscopy (SEM) 
at an acceleration voltage of 15  kV and a transmission 
electron microscope (TEM) at an acceleration voltage 
of 120 kV. Ultra-thin sectioning of samples was required 
before testing TEM. For preparation of MMDs, 3  mg dry 
mesoporous silica was mixed with 3  ml of doxorubicin 
PBS solution (2 mg ml−1), and an ultrasonic treatment of 
5 min was needed to obtain a good dispersion. The solu-
tion was then stirred in a magnetic stirrer for 24 h. After 

stirring, the solution was divided into two equal parts and 
centrifuged at 3000 RPM, which was followed by drawing 
out the supernatant and washing the sample three times 
with PBS. Finally, the sample was dried in a vacuum 
drying cabinet for 12 h to get dry MMDs.

2.4   Raman microscope for the detection of 
cells

All Raman spectra were obtained using a Horiba XploRA 
PLUS Confocal Raman microscope (Horiba, Kyoto, Japan). 
We used a 50× /0.5 NA objective lens, both for illuminat-
ing the cells and for collecting the Raman signal. A 532 nm 
laser with a power of 10 mW was used for excitation. Each 
Raman spectrum detection was performed with an inte-
gral time of 5 s and an accumulation number of 5, which 
could be averaged to reduce an error.

3   Results and discussion

3.1   Experimental schematic

Figure 1A shows the schematic of the experimental setup. 
All the experiments were carried out under a Raman micro-
scope with a charge-coupled device camera and objective 
lens. A personal computer interfacing the microscope 
was used to observe and record the experimental process. 
The substrate of the cell medium was placed on the trans-
lation stage of the Raman microscope, and a rocker can 
precisely control the movement of the translation stage. 
A TFP (see methods for fabrication) sheathed partly by a 
glass capillary was inserted into the cell medium using a 
tunable six-axis micromanipulator (Kohzu Precision Co., 
Ltd., resolution: 50  nm). A 980-nm laser beam (Beijing 
wavicle laser Co., Ltd., Beijing, China) with an optical 
power of 20  mW, which exhibits relatively low absorp-
tion for biological specimens [28], was launched into the 
TFP to create a stable optical trap. By precisely moving 
the TFP to approach the drug carriers [mesoporous silica 
microparticles loaded with an anticancer drug – doxoru-
bicin (MMD)] sequentially, one or several drug carriers 
can be trapped near the tip of the TFP by the optical gra-
dient force. Then, the trapped drug carriers can be deliv-
ered to the adherent cancer cell accurately, and finally 
they can be released by turning off the 980-nm laser 
source. For a single suspension cell, another TFP with an 
additional 980-nm laser beam and micromanipulator is 
necessary to trap the cell stably (see the dotted box). To 
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verify the effectiveness of the drug delivery, the activity 
of the cancer cell can be detected real-timely by moni-
toring the Raman spectrum of the cell. Here, a 532-nm 
laser beam was coupled to the Raman microscope to 
excite Raman signals of the targeted cell. Figure 1B and 
C presents schematics of targeted drug delivery and real-
time detection for a single adherent cancer cell (HeLa 
cell as an example) and a single suspension cancer cell 
(K562 cell as an example), respectively. Figure 1D shows 
an optical micrograph of TFP used for the targeted drug 
delivery in the experiment. The diameter of the TFP was 
first gradually decreased from 11 to 6 μm with a length of 
18 μm and then rapidly decreased from 6 to 1.6 μm over a 
length of 5 μm, and finally ended with a taper in the form 
of a parabola. Here, it should be emphasized that the 
geometry of the fiber tip is critical to trap and manipulate 
micro-objects, because the tip of TFP acts as a high NA 
objective that can focus the laser beam to further gener-
ate a strong optical force for the micro-objects.

3.2   Characterization of the mesoporous 
silica microparticles

Due to a good biocompatibility, high drug loading and 
release ability, and easily modified feature, mesoporous 
silica microparticles have been widely used in the devel-
opment of anticancer drug carriers [3, 34]. Figure 2A 
shows the SEM image of mesoporous silica microparticles 
with diameters of 3 μm used in the experiment. In order to 
observe the morphology of pore structure, the TEM image 
of mesoporous silica microparticle is shown in Figure 2B, 
and a large number of pore structures are relatively evenly 
distributed in the sphere plane. Here, it is needed to point 
out that the TEM image in Figure 2B just shows a small 
broken piece of the mesoporous silica microparticle, 
because the microparticle has to be treated with ultrathin 
sectioning due to a limit of sample thickness in the TEM 
detection. To obtain a specific information of the drug-
carrying ability of the mesoporous silica microparticles, 
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Figure 1: Schematic of the experiments.
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Figure 2C and D shows the N2 adsorption/desorption iso-
therm and the Barrett-Joyner-Halenda desorption pore 
size distribution curve of the microparticles, respectively. 
Through calculation, the results show that the surface 
area, pore size and pore volume of the microparticle are 
166  m2/g, 9  nm and 0.5  ml/g, respectively (see method 
for characterization). It indicates that the mesoporous 
silica microparticles used in the experiments have a high 
loading capacity. Based on the measured pore volume of 
the mesoporous silica microparticle in Figure 2C and D, 
the drug dose loaded in a mesoporous silica particle can 
be estimated to be about 11.92 × 10−12 g, which agrees with 
the experimental value (see details in Section 2 of Supple-
mentary Material).

3.3   Targeted drug delivery and real-time 
detection of a single HeLa cell

HeLa cell, as an adherent cancer cell, has been widely 
used in the experiments of targeted drug delivery. Taking 
a HeLa cell as the targeted cell in our experiment (see 
the activity demonstration of cells before the experiment 
in Section 3 of Supplementary Material), Figure 3A–H 
shows the experimental process for delivering MMDs to a 

HeLa cell. To avoid the drug impact on the targeted cell in 
advance, in our experiment, the MMDs were highly diluted 
into the cell suspension in order to ensure that no MMDs 
exist within a range of 1000 μm of the targeted HeLa cell. 
The tip of the TFP in Figure 1A was prepared for the follow-
ing experiment. Once a 980-nm laser beam was launched 
into the TFP with an optical power of 20 mW, a focused 
optical field generated at the end of the TFP. By moving 
the TFP to approach an MMD, the MMD can be trapped 
due to an action of optical force with a direction toward 
the end of the TFP. Then, by adjusting the fiber microman-
ipulator or the sample translation stage, the trapped MMD 
can be translated in three-dimensional space and thus 
delivered into the targeted cell. Figure 3B–D shows that a 
trapped MMD was delivered to the position with distances 
of 115, 27 and 0 μm from the targeted cell. The whole deliv-
ery process of the first MMD took 15  s, and the average 
delivery speed was calculated to be about 100  μm/s, 
which is faster than 19.6, 48.5 and 59 μm/s achieved by 
the mentioned chemically or physically powered deliv-
ery system [11, 19, 20]. Moreover, it is worth to note that a 
more stable trapping and faster delivery rate of MMDs can  
be obtained with a higher laser power. But, accordingly, a 
higher photothermal effect can also be generated, which 
can lead to the instability of liquid environment and is 
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Figure 2: Characterization of the mesoporous silica microparticles.
(A) SEM image of the mesoporous silica microparticles. (B) TEM image of a small broken piece of the mesoporous silica microparticle.  
(C) N2 adsorption/desorption isotherm of the mesoporous silica microparticles. (D) Barrett-Joyner-Halenda desorption pore size distribution 
curve of the mesoporous silica microparticles.
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also harmful to biological specimens. In our experiment, 
to avoid an obvious photothermic effect, the laser power 
is generally set as less than 40 mW [28]. When the delivery 
process was completed, the trapped MMD can be released 
by turning off the laser source. Thus, the anticancer drug 
(doxorubicin) will autonomously diffuse into the cell 
and then interacts with the cell. To investigate an impact 
of drug doses on the cell, more MMDs (five particles as 
examples) were successively trapped and delivered into 
the targeted cell by the above method with the same time 
intervals (5  min), as shown in Figure 3E–H. Meanwhile, 
the effect of each MMD on the targeted cell was detected 
and recorded real-timely through the Raman microscope, 
as shown in Figure 3I. To ensure the enough drug release, 
the Raman spectrum was recorded after every MMD had 
been released for 5 min. Moreover, all Raman spectra aver-
aged from 5 spectra. The time of collecting spectrum is very 
short (~5 s), which was ignored in our experiment. Accord-
ing to the literature, Raman peaks of HeLa cells can be 
assigned to several vibrational modes [35–38]. The Raman 
peaks at 753, 1130, 1314 and 1583 cm−1 can be assigned to 

the Pyrrole breathing mode ν15, C–N stretching of protein, 
C–H deformation of protein and CαCm asymmetric stretch-
ing in cytochrome c, respectively. The other Raman peaks 
appearing at 1003, 1451 and 1660  cm−1 can be assigned 
to the ring breathing mode of phenylalanine, CH2 defor-
mation and Amide-I vibrational mode of peptide bonds, 
respectively. For comparison, the Raman spectrum of the 
targeted cell with no MMDs nearby was also detected and 
recorded. It is corresponding to the curve with number = 0 
in Figure 3I, which shows a good activity of the targeted 
cell. With the delivery of the first MMD and the release of 
drugs, the second Raman spectrum with number = 1 was 
detected at the contact point between the targeted cell 
and the first MMD. There was only a slight decrease at the 
peak of 1130 cm−1, which indicates that only cytochrome 
c changed a little under the influence of the first MMD in 
5  min. For the third Raman spectrum with number = 2,  
the signal intensity presents an obvious attenuation at the 
peaks of 753, 1003 and 1583 cm−1, which indicates that the 
cytochrome c and proteins of the targeted cell were both 
affected. For the fourth Raman spectrum with number = 3, 
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the Raman peaks at 1314 and 1451 cm−1 were attenuated, 
which indicates that the condition of phospholipids in 
the targeted cell started to change. As the fourth MMD 
was delivered to the targeted cell (Figure 3G), the corre-
sponding Raman signals with number = 4 were recorded, 
which shows that only the peaks at 1003, 1130, 1451 and 
1660  cm−1 are slightly obvious and the cell activity has 
been greatly challenged. After the fifth MMD was delivered 
to the targeted cell, the corresponding Raman spectrum 
recorded with number = 5 in Figure 3I shows that only the 
peaks at 1451 and 1660 cm−1 exist, which indicates a sig-
nificant apoptosis of the targeted cell. Here, the curve with 
number = 5 in Figure 3I is the Raman spectrum recorded in 
25 min. The above results indicate that severe apoptosis 
occurred in the targeted cells after the drug doses of five 
MMDs were successively released into the targeted cell 
every 5 min.

Benefited from the abruptly tapered shape of the 
TFP, the laser beam output from the TFP is more concen-
trated along the fiber axis, which allows multiple MMDs 
to be trapped by the strong optical gradient force along 
the fiber axis [28]. Specially, the trapped MMD at the end 
of the TFP can acts as a microlens to focus the transmis-
sion light output from itself again, and the refocused light 
can continue to generate an enough optical force to trap 
the next MMD again. Thus, more MMDs can be trapped 
and connected. Therefore, the above TFP can be used to 
realize not only an accurate, quick and noncontact deliv-
ery of a single MMD, but also quantitative delivery of mul-
tiple MMDs at one time, which is beneficial to achieve a 
controllable drug delivery capacity. Taking five MMDs as 
an example, Figure 4A–D shows the delivery process of 
the five MMDs at one time. In Figure 4A, no MMDs exist 
around the targeted HeLa cell and the TFP was adjusted 

to the same plane with the targeted cell to prepare for 
the trapping and delivering experiment. With a 980-nm 
laser beam launched into the TFP with an optical power of 
30 mW, five MMDs were successively trapped by moving 
the fiber micromanipulator or the translation stage to 
make the TFP near the five MMDs one by one. Subse-
quently, continuing to move the TFP, the five trapped 
MMDs were delivered to the position with distances of 130, 
65 and 0 μm from the targeted cell, respectively, as shown 
in Figure 4B–D. The delivery process of the five MMDs from 
Figure 4B–D took 21 s, and the average delivery speed was 
calculated to be about 60 μm/s. After the five MMDs were 
released to the targeted cell, the relations of the drug doses 
versus the therapeutic time were investigated by detect-
ing and recording the Raman spectrum of the targeted cell 
every 5 min, as shown in Figure 4E. The first Raman spec-
trum at time = 0 was recorded immediately once the five 
MMDs were released, which shows that the activity of tar-
geted cell is great at the beginning. The Raman spectrum 
at time = 5  min shows that besides a slight decrease at 
the peak of 1130 cm−1, the peaks at 753, 1314 and 1583 cm−1 
present a significant decline. Compared with the impact 
of one MMD on the HeLa cell in 5  min (Figure 3I), the 
changes of cytochrome c were more significant here. The 
third Raman spectrum at time = 10  min shows that the 
peaks at 753, 1314 and 1660  cm−1 were decreased, which 
indicates that cytochrome c and peptide bonds in proteins 
were further changed. As time = 15  min, the two slightly 
obvious peaks at 1451 and 1660 cm−1 and three weak peaks 
at 1003, 1130 and 1314 cm−1 existed, which indicates that 
the activity of targeted cell was severely affected. When 
time is 20 min, the Raman spectrum was similar to that of 
the cell with five MMDs successively released every 5 min 
(see the curve with number = 5 in Figure 3I); it means the 
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targeted cell underwent a severe apoptosis. The above 
results indicate that severe apoptosis occurred in the tar-
geted cells after the drug doses of five MMDs were one-
timely released into the targeted cell in 20  min, which 
is more effective than that with five MMDs successively 
released into the targeted cell every 5 min.

To confirm that the changes in spectra are attribut-
able to the drug and not the interaction of the unloaded 
microspheres, an additional experiment was performed 
(see Section 4 in Supplementary Material). The results 
show that the influence of mesoporous silica micropar-
ticles can be ignored in our work and the reductions in 
Raman spectra were resulted from the drug. In the above 
experiments, only reduction in the intensities of the spe-
cific peaks was recorded and there is no biological effect 
described. To further prove the apoptosis of targeted cells 
after the drug release, an additional experiment was 
performed by injecting a trypan blue staining assay. The 
results show that the targeted cell was stained blue, and 
it means that the apoptosis occurred in the targeted cells 
after the drug release. The details are described in Supple-
mentary Material (Section 5).

3.4   Targeted drug delivery and real-time 
detection of a single K562 cell

For suspension cells, due to their disadvantages of Brown-
ian motion, they require an extra assist of complex equip-
ment to implement the targeted drug delivery and a stable 
Raman detection. Benefited from the development of 
optical manipulation technology, the optical fiber has 
been proven to be a more flexible, convenient and efficient 
tool to limit Brownian motion of the suspension cells and 
can further to obtain physical or chemical information of 
the trapped suspension cells. In our experiment, taking 
a single suspension K562 cell with a 30 μm diameter as a 
sample, it was first trapped using another TFP with a large 
tapered angle as shown in Figure 5A. Here, the TFP with 
a large tapered angle is very crucial for trapping the large 
size cells stably [28]. The optical power of the 980-nm laser 
beam for trapping the K562 cell was 30 mW, which is not 
harmful to the cell [25]. Similar to the above experiment, 
at the beginning of the recording experiment (Figure 5A), 
no active MMDs exist around the targeted K562 cell and 
the TFP at the left was adjusted to the same plane with 
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the targeted cell to prepare for the following trapping 
and delivering experiment of MMDs. Keeping the K562 
cell stably trapped in the whole process, multiple MMDs 
(10) were successively trapped and then delivered into 
the trapped K562 cell in a similar way as the above, as 
shown in Figure 5B–H. Figure 5B1 and B2 shows the deliv-
ery process of the first MMD; Figure 5C1 and C2 shows the 
simultaneous delivery process of the second and third 
MMDs; Figure 5D and E shows the delivery of the fourth 
and fifth MMD, respectively; Figure 5F1 and F2 shows the 
simultaneous delivery of sixth and seventh MMDs; Figure 
5G1 and G2 shows the delivery process of the eighth, ninth 
and tenth MMDs simultaneously; Figure 5H shows the fin-
ished delivery of 10 MMDs. Here, it should be noted that to 
avoid the trapped K562 cell from getting out of the trap due 
to the environmental disturbance, the movement of the 
translation stage cannot be too fast. In the experiment, the 
moving velocity was controlled below 80 μm/s. In order to 
detect the effects of 10 MMDs on the targeted K562 cell, the 
Raman detection was performed on the targeted cell every 
5 min staring from the delivery completion of 10 MMDs, as 
shown in Figure 5I. Compared with the HeLa cell, the new 
Raman peaks at 1255 and 1343  cm−1 of K562 cells can be 
assigned to Amide III and C-H deformation [39, 40]. From 
the first Raman spectrum at time = 0 in Figure 5I, we can 
see that the activity of the targeted cell was in a good con-
dition. At time = 5 min, the peaks at 1130, 1255, 1343 cm−1 
decline severely and the state of the targeted cell changed 
significantly. At time = 10  min, the peaks at 1001, 1343, 
1658  cm−1 for the Raman spectrum show sharp declines 
too, which indicates that the targeted cell underwent apop-
tosis significantly. The above results indicate that a single 
suspension cancer cell needs to be first trapped by adding 
another TFP for the further delivery of drugs and a severe 
apoptosis occurred in the targeted cell with the release of 
the drug doses of 10 MMDs in 10 min.

To confirm that the changes in spectra are attributable 
to the drug and not the laser beam, an additional experi-
ment was performed (see Section 4 in Supplementary 
Material). The results show that the photothermal damage 
of the laser beam on the K562 cell can be ignored in our 
work and the reductions in Raman spectra were resulted 
from the drug.

3.5   Numerical analysis

The above experiments proved the accurate and quick 
delivery of one or multiple MMDs to a single adherent 
cell and a single suspension cell, respectively, only by a 
TFP. To deeply investigate the TFP’s trapping stability and 

delivery capability for one or multiple MMDs, a theoreti-
cal model was built with a finite element method using 
COMSOL Multiphysic (COMSOL Co., Ltd., Beijing, China). 
Figure 6A and B shows the simulated energy density of the 
980-nm laser beam output from the TFP, with one and five 
MMDs trapped at the TFP tip, respectively. In the simula-
tion, the shape of the TFP was set as the same as that in 
Figure 1D and the MMD was set as a ball with a diameter 
of 3 μm. The refractive indices of the TFP, cell medium and 
MMDs were set to be 1.44, 1.33, and 1.45, respectively. The 
optical power of the 980-nm laser beam was normalized 
to be 1 W. Obviously, the light was highly concentrated, 
confined and propagated along the trapped MMDs (the 
optical fiber axis). From the distribution of energy density, 
the optical forces acted on the MMDs can be obtained 
by taking the integral of the time-independent Maxwell 
stress tensor ⟨TM⟩ on the external surface of the MMDs. Fo 
can be expressed as [27]

 M( )d ,S= 〈 〉⋅∫oF T n�  (1)

where the integration is performed over a closed surface S 
surrounding the MMDs, n is the surface normal vector of 
S and ⟨TM⟩ is the time-independent Maxwell stress tensor, 
which is given by

 
( )M

1* * * * ,2 ⋅〉〈 = + − + ⋅T DE HB D E H B I  (2)

where D and H are the electric displacement and magnetic 
field, respectively; E* and B* are the complex conjugates 
of the electric field E and magnetic flux field B, respec-
tively; I is the isotropic tensor.

Figure 6C and D shows the energy density along the 
optical fiber axis (x-axis) corresponding to Figure 6A and 
B, respectively. The coordinate origin (x = 0) starts at the 
end of TFP. Along the positive direction of the x-axis, the 
energy density is abruptly decreased in Figure 6C, which 
indicates that a large optical gradient exists along the fiber 
axis. More specifically, two peaks at x = 2.2 and 5.8 μm 
appear in Figure 6C, which corresponds the two focuses of 
the light output from the TFP and from the MMD, respec-
tively. It further indicates that the light is highly confined 
and propagated along the MMD, and thus more MMDs can 
be trapped and connected. For an example, in Figure 6D, 
a very high peak appears yet at the end of the fifth MMD 
and the optical intensity is 72.9% of the highest optical 
intensity, which also indicates the strong focus ability 
of five MMDs and low loss of propagating light along the 
MMD chain. According to Eqs. (1) and (2), the total optical 
force Fo exerted on the trapped MMD in Figure 6A was 
−12.58 pN. The optical forces Fo exerted on five MMDs in 
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Figure 5B were calculated to be −3.75, −12.54, −9.48, −7.21 
and −6.32  pN, respectively, as shown in Figure 6E. This 
proves that the one and five MMDs can be stably trapped 
at the end of the TFP under the actions of optical forces, 
which agrees with the above experimental results.

During the delivery process of the trapped MMD, an 
extra viscous force can be exerted on the MMD, which may 
result in the trapping instability. However, in our experi-
ment, the effect can be ignored. To demonstrate this, the 
viscous force acted on the trapped MMD in the delivery 
process was calculated by Stokes’ drag formula:

 6F rην= π  (3)

where r = 1.5 μm is the MMD radius, η = 8.9 ×10−4 Pa · s is 
the dynamic viscosity of PBS and ν is the moving velocity 
of the trapped MMD. When ν = 100 μm/s corresponding to 
that of the above experiment in Figure 3, the viscous force 
was calculated to be 2.52 pN, which is smaller than the 
acted optical trapping force. So, in the delivery process, 
the MMD was yet trapped stably. Therefore, the proposed 
method for the targeted drug delivery of MMD to a single 
cancer cell is reliable.
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4   Conclusion

In summary, a convenient and efficient all-optical method 
combining fiber optical tweezers and Raman microspec-
troscopy has been experimentally demonstrated for the 
targeted drug delivery and real-time detection of a single 
cancer cell. One or multiple MMDs can be stably trapped 
and then delivered to a single cancer cell quickly and 
accurately using one TFP, which makes the drug loading 
capacity controllable. Moreover, the delivery rate and 
the drug release can also be controlled by changing the 
moving rate of the fiber micromanipulator or translation 
stage and by turning off the laser source, respectively. 
The effects of the drug doses on the targeted cell were 
recorded by detecting the Raman spectrum of the targeted 
cell real-timely without extra fluorescent dyes or chemi-
cal makers. The results show that the drug doses with 
five MMDs that were one-timely released into the targeted 
cell in 20 min can make the targeted adherent cancer cell 
undergo a severe apoptosis. Additionally, this method has 
been easily extended to a single suspension cancer cell by 
adding another TFP. The proposed all-optical method pro-
vides a new approach for the drug research of cancer cells 
at a single cell level.

5   Supplementary material
The supplementary material is available online on the 
journal’s website or from the author.
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