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from a natural source like plants (lectins as drug carriers), [ 38 ]  
bacteria (engineered outer membrane with vector proper-
ties), [ 39,40 ]  mammalian cells (protein and cell-derived micro-
vesicles), [ 41 ]  etc. with distinct material properties. [ 42–48 ]  

 However, there is no study till date reporting micromotor 
activated surgery being performed at a single-cell level to high-
light what can probably be the fi rst step toward next-generation 
tools aiming at Feynman’s futuristic vision of “swallowing the 
surgeon.” [ 49 ]  In this study, we present the fi rst proof-of-concept 
for “dual-action microdaggers” where plant-derived biogenic 
micromotors exhibit dual functionality combining the sur-
geon’s ability to create a cellular incision followed by the drug 
release feature facilitating highly localized drug administra-
tion. The drug release feature may be used to kill the harmful 
neighboring malignant cells (as shown in our study) or even 
to release supplementary medicine for the cells around to 
better compete against some infection. The loading of these 
calcifi ed biotubes with the anticancer drug Camptothecin [ 50,51 ]  
allows for the site-specifi c activation of the drug in the acidic 
environment of HeLa cancer cells. This proof-of-concept study 
shows that our “dual-action” (cell-microdrilling and drug 
release) biogenic hybrid micromotor has the potential to per-
form noninvasive surgery with the precision to target a single 
cell together with the added advantage of the drug release fea-
ture to act as “cellular microsurgery with drug-rehabilitation” 
package. 

 We extracted calcifi ed porous microneedles (40–60 µm long) 
from the  Dracaena  sp. plant [ 52,53 ]  that possess drug carrier 
capability (much like calcium based drug carriers), [ 54–56 ]  and 
coated these structures with a magnetic layer to facilitate cel-
lular drilling by external magnetic actuation. It should be noted 
that such calcifi ed biotubes are present in several plant spe-
cies within specialized cells termed idioblasts and are scattered 
among both photosynthetic and nonphotosynthetic plant tis-
sues. [ 57 ]   Figure    1  a shows a cross-section of the  Dracaenea mar-
ginata  leaf with the graphical representation of idioblast cells 
utilized for this research.  

 The calcifi ed elongated porous structures with pointed ends 
are generally referred to as “raphides” [ 58 ]  (see Figure  1 b) and 
are primarily composed of calcium oxalate (CaO  x  ) and calcium 
carbonates. They play an important role in the maintenance of 
physiological functions like calcium regulation, plant defense, 
cellular detoxifi cation, and tissue support. [ 59,60 ]  The extraction 
of biogenic structures like raphides plays a crucial role because 
similar structures with comparable properties have never been 
produced in vitro regardless of the synthesis conditions. [ 61 ]  
Another major advantage of using biogenic materials is the fact 
that contrary to elaborate clean-room fabrication techniques, 

  Modern surgery and medicine have witnessed a paradigm shift 
toward miniaturization of devices thereby attaining improved 
effi ciency as compared to their larger counterparts. [ 1–3 ]  This 
has resulted in considerable advancements in the fi elds of drug 
delivery, [ 4,5 ]  diagnostics, [ 6 ]  minimally invasive surgery (MIS), [ 7,8 ]  
and cell manipulation. [ 9,10 ]  Micromotors in particular have 
gained considerable interest owing to their robust miniaturized 
structure with functional capabilities (e.g., surface chemistry) 
promoting their application for in vivo administration [ 11 ]  and 
improved sensing capabilities, [ 12 ]  etc. Several studies have been 
reported where these micromotors have been deployed for 
cell or analyte capturing and isolation, [ 13 ]  drug delivery, [ 14 ]  and 
tissue-manipulation (drilling into soft materials like tissue). [ 15,16 ]  
Some interesting studies pertaining to biomedical application 
of micromotors via chemical [ 17 ]  or physical actuation [ 18–20 ]  has 
also been reported. Also, key challenges and opportunities for 
such micromotors/swimmers in biomedical application have 
been discussed elsewhere. [ 21–23 ]  

 These microrobots fabricated via microelectromechanical 
systems (MEMS) technology [ 24 ]  also highlight the fourth gen-
eration of “untethered microsurgeons” much coveted for their 
small size with the ability to “navigate intracorporeally by 
penetrating tissue or using anatomical pathways.” [ 25 ]  Most of 
these microbots are magnetically actuated via an electromag-
netic fi eld control due to the miniaturized scaling of electro-
magnetic forces with respect to the device volume. [ 26 ]  This is 
generally achieved by incorporating a layer of ferromagnetic 
material (like Ni or Fe) allowing their propulsion and actuation 
under the infl uence of an applied magnetic fi eld. [ 27 ]  Likewise, 
magneto-polymer composites have been reported for motile 
micromotors exhibiting the hyperthermia effect for possible 
usage in cancer treatment. [ 28–30 ]  The applicability of micro-
motors [ 31–33 ]  in the fi eld of biomedicine is further promoted by 
the incorporation of biogenic materials which provide advanced 
functionalities [ 34,35 ]  (like complex hierarchical structure, 
multifunctional surfaces with remarkable wetting, adhesive 
properties, etc.) with relatively low toxicity as compared to their 
synthetic counterparts. [ 36,37 ]  These biogenic materials can be 
described as functional and structural components extracted 
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a large amount of material can be obtained in relatively short 
time with minimal process control. We extracted these elon-
gated porous structures to be utilized as a dual-action drug 
delivery unit with microdrilling capability as described in the 
Supporting Information. The calcifi ed biotubes were coated 
with an Fe–Ti layer via an e-beam deposition process to incor-
porate magnetic control. Next, incubation with the drug Camp-
tothecin for 3 d and subsequent purifi cation steps conferred 
the dual-action capabilities (referred to as “microdaggers”) as 
highlighted in Figure  1 c.  Figure    2  a shows a large quantity of 

extracted biotubes which were subsequently utilized for this 
study.  

 The surface of the purifi ed biotube structures was analyzed 
by an XPS study as shown in Figure  2 b. The obtained spectra 
showed characteristic peaks for carbon, calcium (overlapping 
with carbon), and oxygen along with the absence of impurities 
over the biotube surface. The C1s peak for carbon at 288 eV 
shows the presence of an oxygenated framework with an O1s 
peak at ≈510 eV. Interesting structural features were observed 
by scanning electon microscopy (SEM) imaging as depicted in 
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 Figure 1.    Schematics of biogenic microstructure extraction and the imparting of functional properties: a)  D. marginata  leaf with inset highlighting 
plant cell walls. b) Calcifi ed biotubes (raphides) present in the idioblast cells. c) Schematic representation of imparting magnetic and drug delivery 
properties to the biotube.

 Figure 2.    Material characterization of biotubes: a) optical microscope image showing extracted calcifi ed biotubes. b) XPS spectra of the unmodifi ed 
biotube surface. c) SEM images showing (i) single biotube, (ii) surface of the biotubes with structural break, (iii) inset highlighting internal cavity inside 
the porous biotube, and (iv) edged running along the biotube.
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Figure  2 c. The calcifi ed biotubes were ≈60 µm in length and 
2.5 µm in width as shown in Figure  2 c (i). We observe a distinct 
polygonal surface arrangement of the biotubes as highlighted 
in Figure  2 c (ii) exhibiting a structural break in one of the tubes. 
This break is magnifi ed in Figure  2 c (iii) revealing a hollow 
space in the middle of these calcifi ed microstructures with an 
internal cavity ≈0.8 µm 2  in area, capable of ferrying drug/parti-
cles inside. Another interesting feature for the drilling activity 
under magnetic actuation can be observed in Figure  2 c (iv). We 
identifi ed distinct edges (much like a broadsword) along the 
sides of the biotube constituting an ideal geometry for stabbing 
or piercing of cells (see Video S1 in the Supporting Informa-
tion). Therefore, we see that the unique chemical and structural 
features offered by these calcifi ed biotubes enable their applica-
tion for subsequent cellular drilling and drug release. 

 Cellular drilling of HeLa cells is demonstrated with the Fe–
Ti-coated biotubes under the infl uence of an external rotating 
magnetic fi eld. We note that one structure is moving under the 
magnetic fi eld, but the other is not moving at all. This happens 
because these biotubes tend to aggregate upon being deposited 
on a glass substrate prior to e-beam deposition resulting in lim-
ited Fe–Ti coating on the surface on some of the biotubes. Also, 
since our microdaggers are biogenic (plant derived), at times 
the Ti–Fe layer does not adhere perfectly all across the surface 
thereby restricting magnetic actuation. Therefore, while the 
majority of biotubes are magnetically actuated, a few may not 
show similar behavior. 

  Figure    3  a depicts an angular frequency study of the Fe–Ti-
coated biotubes in water and cell culture medium, respectively.  

 In both cases, we observed that upon increasing the fre-
quency of the magnetic fi eld, the magnetically actuated bio-
tube adjusted its rotation from horizontal to vertical along its 

axis, thereby shifting from rotating parallel to the substrate to 
vertically standing [ 16 ]  (Figure  3 a inset), facilitating a stabbing/
drill-like action. In Figure  3 a, at the applied magnetic angular 
frequency of 500 rpm, we observed that the magnetically actu-
ated biotube changes its orientation from horizontal to that of 
a vertical position allowing greater maneuvering around the 
target cell (see Video S4 in the Supporting Information). We 
achieved full vertical orientation (stand-up/drill-like position) 
for the biotubes at 800 rpm in both liquids. [ 62 ]  Upon initiation 
of the drill-like motion in the presence of HeLa cells in cell cul-
ture medium, we observed the stabbing of biotubes into the cel-
lular membrane resulting in cell death as confi rmed by LIVE/
DEAD cell viability test as shown in Figures  3 b,c (see Video S2 
in the Supporting Information). The nucleic acid stain SYBR 
Green was employed to label all cells with green fl uorescence, 
while the red fl uorescence of the membrane-impermeant dye 
Prodidium iodide (PI) was only observed in dead cells with a 
ruptured cell membrane. [ 63,64 ]  Figure  3 b shows our microdag-
gers in the vicinity of HeLa cells which display no red PI fl uo-
rescence highlighting that the cells are alive with intact cellular 
membranes. Upon magnetic actuation, the microdaggger initi-
ates a drill-like motion around the target cell (highlighted by 
a dashed circle, see Video S2 in the Supporting Information) 
and successfully drills into the target cell by rupturing its cel-
lular membrane. Thereby the PI dye is able to enter the rup-
tured cell and counterstain it red as shown in Figure  3 c. Also, 
as observed in the video data (Video 2, Supporting Informa-
tion), the moment the microdagger ruptures the cellular mem-
brane of the target cell, it becomes locked/jammed by the cell. 
This is expected primarily for the reason that upon rupturing 
the cell, the viscous intracellular microenvironment increases 
the inertial force at the tip of the microdagger which can be 
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 Figure 3.    Magnetic control of biotube microdrillers: a) biotube angular frequency (rpm) and covered area in comparison to the applied magnetic 
angular frequency (rpm). Note that the blue color highlights biotube angular frequency while black denotes the area covered by that biotube. 
b,c) Brightfi eld and fl uorescence images of HeLa cells b) before and c) after microdrilling. The target cell is highlighted by a dotted circle. Live cells 
display green and dead cells additionally red fl uorescence. Note that a slight rearrangement of the cells before and after the drilling is normal due to 
the fl ow generated by the rotation of the microdagger (see Video S2 in the Supporting Information).
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water (1 cP) to that of a cell (150–250 cP). [ 65 ]  Another signifi cant 
reason can be the rapid cellular response to attempt resealing 
of the ruptured membrane as reported by Terasaki et al. [ 66–68 ]  
“Living, nucleated cells respond to microneedle punctures of 
their plasma membranes by rapidly (within second) resealing 
the breach created. The mechanism used is Ca 2+  dependent 
and hypothesized to be an active process governed by specifi c 
protein–protein interactions that result in a local exocytotic 
reaction. As a result of this exocytotic response, new membrane 
is added locally to the site of cell surface injury.” 

 Finally, these microdaggers were loaded with the anticancer 
drug Camptothecin to study the associated drug-release effect 
of these biotubes. We chose Camptothecin as a model drug 
due to its known anticancer activity, with two of its deriva-
tives already being approved for cancer treatment, [ 69,70 ]  and its 
low solubility in aqueous environments. Additionally, it exists 
in two distinguishable forms: the inactive carboxylate form 
at physiological pH and the active lactone form at acidic pH 
(pH 5-6). [ 71 ]  While the physiological pH of healthy tissue is usu-
ally estimated to be slightly basic (around pH 7.5), the microen-
vironment of most tumors can be more acidic (pH 5.8-7.6), [ 72 ]  
e.g., due to an increased production of lactic acid. [ 73,74 ]  In this 
study, we exploited this feature of tumor tissue to selectively 

activate the effective lactone form of Camptothecin. This also 
provides an inherent advantage over the traditional drug car-
riers as we can fuse the dual functionality of magnetic control 
(microdrilling) with that of the drug vector (see Video S3 in the 
Supporting Information) thereby limiting the inadvertent side 
effects on healthy tissue by site-specifi c delivery. Detailed infor-
mation about the experimental conditions and setup assembly 
can be found in the Supporting Information. 

 To demonstrate the same, fl uorescently labeled human HeLa 
cervical cancer cells were incubated with the Camptothecin-
loaded microdaggers for up to 3 d. The Camptothecin loading 
can be nicely visualized due to the blue autofl uorescence upon 
UV excitation (Figure S1, Supporting Information). The HeLa 
cells expressed GFP-tubulin and histone H2B-mCherry, labe-
ling the cell cytoskeleton with green and the cell nuclei with 
red fl uorescence. In  Figure    4  , brightfi eld as well as fl uorescence 
images of HeLa cells are shown that depict the cell growth in 
the presence of control and drug-loaded biotubes. Over the 
course of 3 d, the HeLa cells of the control experiment prolif-
erated actively until forming a dense and tightly packed cell 
monolayer. This demonstrated the general biocompatibility of 
the biotube material. Occasionally, we observed localized cell 
rupturing through unloaded biotubes thereby emphasizing the 
penetration potential of these biotubes. In the presence of the 
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 Figure 4.    Drug administration via biotubes. HeLa cells are incubated with the unmodifi ed (control) and camptothecin-loaded biotubes for 3 d. For 
each condition and time point indicated at the top, a DIC (differential interference contrast) image overlayed with the blue drug autofl uorescence, as 
well as a fl uorescence image visualizing the cell cytoskeleton (green), cell nuclei (red), and drug autofl uorescence (blue) are shown. For the 72 h time 
point, parts of the images (indicated by dotted white squares) are magnifi ed in the very right panels. Here, the open arrow head points at a proper cell 
division, whereas fi lled arrow heads indicate dividing cells with a defective assembly of the mitotic spindle (e.g., tripolar). Small arrows point at cells 
with two nuclei, and white circles highlight dead cells. The scale bars equal 50 µm.
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drug-loaded microdaggers, the cell layer grew strikingly less 
dense and after 24 h already aberrant cell divisions (in Figure  4 , 
cells highlighted by fi lled arrow heads) characterized by, e.g., 
tripolar mitotic spindles in cells rounded for division occurred. 
The round aberrant cell morphologies accumulated over time, 
indicating that the HeLa cells could no longer properly divide 
and were caught in mitosis. [ 75,76 ]  Additionally, dead cells were 
present in these samples (see Figure  4 , cells highlighted by 
white circles). Therefore, the Camptothecin transmitted via the 
biotube carrier did remarkably reduce HeLa cell proliferation 
and facilitated cell death. This unique combination of single-
cell microsurgery with drug release capability has the potential 
to explore similar porous inorganic/biogenic materials as a new 
class of drug delivery/cell-manipulation and hybrid micromotor 
system in the near future.  

 In conclusion, we presented a next generation concept for 
“microsurgery with drug rehabilitation” feature where can-
cerous/infected cells can be targeted followed by drug-release 
(like anticancer or supplementary medication). The ability of 
the microdagger to drill into a single cell can also be used as 
an anchoring mechanism to dock them for subsequent release 
of drug in case of other drug mediated secondary treatments. 
This dual-functionality of creating cellular incision together 
with site-directed drug delivery will signifi cantly reduce lateral 
health damages associated with treatment regimens like that of 
chemotherapy among others. Finally, the future of such “medi-
bots” will be greatly infl uenced by their choice of propulsion 
medium (harnessing power from the in vivo environment), 
ability to provide target specifi c signals (microsensors) or 
real-time imaging modalities and high-volume powering with 
robust controlling system.  
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