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Cellular micromotors are attractive for locally delivering high concentrations of drug, and targeting hard-

to-reach disease sites such as cervical cancer and early ovarian cancer lesions by non-invasive means.

Spermatozoa are highly efficient micromotors perfectly adapted to traveling up the female reproductive

system. Indeed, bovine sperm-based micromotors have shown potential to carry drugs toward gynecolo-

gical cancers. However, due to major differences in the molecular make-up of bovine and human sperm,

a key translational bottleneck for bringing this technology closer to the clinic is to transfer this concept to

human material. Here, we successfully load human sperm with Doxorubicin (DOX) and perform treatment

of 3D cervical cancer and patient-representative ovarian cancer cell cultures, resulting in strong anti-

cancer cell effects. Additionally, we define the subcellular localization of the chemotherapeutic drug

within human sperm, using high-resolution optical microscopy. We also assess drug effects on sperm

motility and viability over time, employing sperm samples from healthy donors as well as assisted repro-

duction patients. Finally, we demonstrate guidance and release of human drug-loaded sperm onto

cancer tissues using magnetic microcaps, and show the sperm microcap loaded with a second anticancer

drug, camptothecin (CPT), which unlike DOX is not suitable for directly loading into sperm due to its

hydrophobic nature. This co-drug delivery approach opens up novel targeted combinatorial drug thera-

pies for future applications.

1. Introduction

Most current anticancer treatments rely on generic che-
motherapies and can lead to severe side effects, such as
nausea, fatigue, anemia and infection.3 Drug delivery of che-
motherapeutics is usually mediated by passive carriers that
rely on the body’s circulatory system, and thus, pose signifi-

cant challenges regarding their applicability for long-distance
transport and targeting.4 Due to the controllability of their
motion and function by external or local stimuli, engineered
motile eukaryotic cells and microorganisms,5 as well as bio-
hybrid micromotors combining cellular and synthetic com-
ponents,6 are excellent candidates to overcome this limitation
and open up new non-invasive targeted therapies. Integrated
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with artificial enhancements, cell-based carriers, such as
erythrocytes,7 macrophages,8 bacteria9 and sperm,10 harbor
unique properties over synthetic carriers due to their high per-
formance in terms of drug protection by intracellular encapsu-
lation,11 targeted transportation by specific migration (e.g. che-
motaxis, aerotaxis)12 and environment-sensitive responses that
can improve their targeting abilities.13 Vice versa, the synthetic
components of bio-hybrid micromotors can be used to
support micromotor motion (e.g. guidance or propulsion) for
instance via external physical actuation mediated by magnetic
fields14 or ultrasound.15 Such structures can be furthermore
functionalized with reporters (e.g. infrared labels, radioactive
isotopes, absorber molecules) to enhance their visualization in
deep tissue.16–18

Among most commonly diagnosed cancers, ovarian cancer
ranks fifth amongst cancer deaths in women, and top amidst
all gynecological cancers. Less than 30 percent of women
survive the disease for more than ten years.1 Fallopian tubes
have recently been found to be major sites of origin for early
ovarian cancer lesions particularly for those of high-grade
serous ovarian cancer (HGSOC), the most common and aggres-
sive type of ovarian cancer.2 However, fallopian tubes are
narrow structures situated deep inside the body, and thus,
notoriously difficult to access, making it challenging to
examine or manipulate them in a non-invasive manner.
Therefore, new technologies that can access fallopian tubes to
treat or eliminate such cancer precursor lesions are sorely
required.

A recently developed example of bio-hybrid micromotors
relevant for biomedical applications is based on bovine sperm.
Sperm are highly specialized self-propelled cells, which are
perfectly adapted to traveling up the female reproductive
system including the fallopian tube. By engineering sperm to
incorporate new functionalities, these micromotors are excel-
lent candidates not only to perform their natural function of
fertilization but also to target gynecological cancers, in particu-
lar early pre-invasive HGSOC lesions, also known as serous
tubal intraepithelial carcinoma (STIC) lesions (occurring in
the fallopian tube with difficult accessability), as an early non-
invasive treatment option. Indeed, the swimming performance
of sperm-hybrid micromotors of both flagella-propelled and
magnetically driven bovine sperm, for various applications
including assisted fertilization and drug delivery has recently
been studied by one of our groups.14,19–21 The current knowl-
edge on sperm hybrid micromotors is based on discoveries
exclusively made with bovine sperm. However, under the
action of a sensitive mucosal immune system of the female fal-
lopian tube,22 introducing bovine sperm could bring severe
immunoreactions and inflammation in human patients,
underpinning the importance of transferring the approach to
a human spermbot system. Therefore, given the ultimate goal
of translating sperm-based drug delivery to human patients
and also considering potential patient acceptance and ethical
issues surrounding the idea of introducing bovine sperm into
human fallopian tubes, success of the next steps of this
technology critically depends on the transferability to human

material. This challenge is substantial given the major differ-
ences in the makeup between animal and human sperm.
Besides anatomical differences, sperm obtained from different
species can vary in their membrane composition, which could
impact on the drug translocation process.23 Moreover, bovine
sperm DNA is condensed via a single packaging protein
known as protamine P1, whereas human sperm involve two
different protamines, P1 and P2, with also some residual
histone packaging, leading to highly diverse chromatin struc-
tures and increased stability of chromatin in bovine over
human sperm.24 In addition, human sperm nuclei are more
variable than those of many other species, raising the question
of how feasible and uniformly such an approach could be
applied to human sperm obtained from different
individuals.25

Moreover, the efficacy of spermbots to target clinically rele-
vant cancer cells remains elusive, as previous studies have
exclusively been based on overpassaged cervical cancer HeLa
cells, in which decades of genetic and phenotypic drift have
led to major differences between cell line batches and the orig-
inal cancer26 that can manifest themselves for instance as
differences in their sensitivity to chemotherapeutic drugs.
Hence, a key question for spermbots is whether they are
efficient in targeting cancer cells that retain crucial specifics of
the original cancer. Therefore, engineering human sperm to
treat more patient-representative cancer models of the repro-
ductive tract is highly desired. As the reproductive cancer of
strongest unmet need and due to its unique etiology inside the
fallopian tube, ovarian cancer, particularly HGSOC, is
especially attractive in this regard.

In order to establish a robust pipeline for anticancer drug
loading (DOX, model drug) in human sperm, we investigate
the DOX loading mechanism and integrate the system into a
versatile enhancement platform suitable for targeting early
ovarian cancer lesions. Here, we for the first time present a
fully functional drug delivery system based on human sperm.
By optimizing the loading of DOX into human sperm after
detailed factorial optimization experiments, we were able to
determine an optimal loading temperature (25 °C), warranting
the preservation of sperm motility for further experiments. We
also shed light on the subcellular localization of a chemothera-
peutic drug loaded inside the sperm, investigate the inter-
action between the drug and human sperm and measure the
anticancer efficacy of this system on 3D cancer cell cultures of
the reproductive system, including early-passage ovarian
cancer HGSOC patient samples (Fig. 1).

In view of future in vivo applications, another technical
challenge that free-swimming sperm are facing is how to
efficiently reach the target and avoid the accumulation in
undesired tissues, to prevent toxic effects on healthy cells. Due
to somatic-cell fusion abilities previously reported for
sperm,27,28 drug-loaded sperm in random motion could unse-
lectively fuse with cells encountered on their path and thus,
harm healthy tissues. Therefore, a precise guidance mecha-
nism for targeting the drug-loaded human sperm will be key
on the way to clinical application. Thus, we engineered a mag-
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netic streamlined microcap to transport up to three human
sperm with low energy loss and a simple release mechanism.
We also functionalized the cap with a second anticancer drug
(CPT). For the second drug functionalization onto the sperm
microcap, and considering the hydrophobic nature of CPT, we
developed a micro-precipitation method which enhanced its
loading capacity and stability compared to the physical absorp-
tion approach. The dual loading of different drugs into both
sperm and their coupled microcaps represents a key step
towards targeted combinatorial cancer therapy by spermbots.

2. Results and discussion
2.1. Doxorubicin hydrochloride (DOX-HCl) loading of human
sperm

DOX-HCl, a broad-spectrum chemotherapeutic, was used as a
model drug to investigate the drug-loading capability of
human sperm. To analyze drug-loading efficiency, we com-
pared two different methods: firstly, an indirect method, ana-
lyzing the ratio of the initially added drug concentration to the
drug concentration remaining in the supernatant after loading
at a defined number of sperm, and secondly, a direct method
that measured the DOX-HCl amount after extraction from the
sperm following a Triton-X and acidified isopropanol-based
procedure as reported elsewhere.29 These methods were
applied to healthy donor and patient sperm samples, obtain-
ing relevant statistical analysis, which allowed us to define the
localization of drug within sperm for the first time. The drug
amount in both cases was determined with a fluorescence
spectrophotometer by measuring the autofluorescence of

DOX-HCl (for details see Methods section). The results from
the two methods were in good agreement with each other.
After 1 h of co-incubation (Fig. S1a†), 5.5 ± 2.3 pg of DOX-HCl
was loaded in one single sperm according to the direct
method (sperm count = 3 × 105 mL−1) while the loading
amount determined by the indirect method amounted to 5.3 ±
0.2 pg using the same initial sperm and drug concentration.
Compared to previous work, in which the encapsulation
capacity of individual bovine sperm was measured at around
15 pg,14 human sperm show a lower encapsulation capacity in
line with their smaller size (around 1/4 the volume of bovine
sperm). Fig. S1b† shows a cluster of human sperm loaded with
DOX-HCl, as indicated by their red fluorescence at an exci-
tation wavelength of 458 nm (DOX-HCl autofluorescence). To
address potential variability between sperm samples retrieved
from different individuals, we tested the drug loading on both
healthy donor and patient sperm samples and compared them
with unloaded samples by fluorescence microscopy. DOX-HCl
was found successfully loaded not only into motile but also
into immotile sperm cells. In fact, we observed that almost all
sperm (∼99%) were loaded with DOX-HCl in >22 sperm
samples, featuring a wide range of motility (1 to 90%). The
drug-loading amount per sperm ranged from 2.4 to 9.7 pg in 5
quantified samples. These findings highlight the feasibility of
DOX-HCl-loaded human sperm as a future therapeutic
approach in the clinic.

We employed confocal laser scanning microscopy com-
bined with an Airyscan system for high- and super-resolution
sperm imaging, to obtain in-depth information on the intra-
cellular location of the encapsulated drug inside human
sperm. We fixed the drug-loaded sperm with paraformalde-

Fig. 1 Human sperm-based drug-delivery system to target early ovarian cancer STIC lesions. Inset shows an exemplary design for carrying multiple
drug-loaded sperm for future drug dose control. STIC: serous tubal intraepithelial carcinoma.
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hyde to preserve their internal structure, and stained the outer
sperm membranes with Alexa Fluor 488-conjugated wheat
germ agglutinin (AF488-WGA), a lectin-binding molecule selec-
tively attaching to N-acetylglucosamine and
N-acetylneuraminic acid residues of glycoproteins present in
the sperm membrane (detectable at an excitation wavelength
of 514 nm).30 Likewise, DOX-HCl was detected using an exci-
tation wavelength of 458 nm. Acquired z-stack images, separ-
ated by 10 nm, showed clearly the drug distribution in
different planes. As shown in Fig. 2a and Video S1,† DOX-HCl
was detectable predominantly in the sperm head. Notably,
98% of the sperm head is occupied by the nucleus after matu-
ration.31 We conclude that DOX-HCl localizes in the sperm
nucleus in agreement with the high DNA-affinity exhibited by
DOX, which might enable DOX-HCl binding to chromosomal
sperm DNA.32 We also observed structures resembling nuclear
vacuoles33 in the drug-loaded sperm (Fig. S2†), where little or
no DOX-HCl could be detected. The location of these struc-
tures differed between individual sperm. In addition to the
advantages of DOX-HCl as a therapeutic molecule, it therefore
has potential to be used as a dye to further characterize sperm
nuclei in living and motile sperm cells in the future. Moreover,
we confirmed that fluorescently labeled WGA serves as an

efficient membrane dye for human sperm, clearly depicting
the structure of the sperm membrane around the head, mid-
piece and tail regions. Particularly, there was a staining differ-
ence between the peri-acrosomal space and the post-acrosomal
region, which in the future could be helpful to gain insights
into different subcellular compositions of sperm membranes.
Based on the 3D-reconstructed image of the DOX-HCl loaded
sperm in Fig. 2a, the integrated volume of the sperm was
14.2 µm3. Thus, the DOX-HCl density was calculated to be ca.
0.38 g mL−1, which is the ratio of the above-mentioned
amount of drug loaded per sperm to its volume (by using the
direct method as an example). Since the nucleus of a single
sperm contains ca. 6.4 × 109 nucleotides,34 we deduce that
∼8.6 × 10−22 g, or roughly one molecule, of DOX-HCl would be
available for binding per nucleotide.

The percentage of motile sperm was preserved after drug
loading and the average velocity of human sperm after 1 h of
drug loading (18 ± 5 µm s−1) showed no significant difference
to unloaded sperm (21 ± 5 µm s−1) according to measurements
using a computer-assisted sperm analysis software package
(CASA auto-tracking system). Since the properties of sperm
samples from different patients and donors markedly differ,
we compared the same sperm sample before and after drug

Fig. 2 High-resolution images and motility monitoring of human drug-loaded sperm over time. (a) Fluorescence and Airyscan images of two
DOX-HCl-loaded human sperm, revealing the precise location of DOX-HCl inside sperm heads. Green indicates membrane staining by Alexa Fluor
488-conjugated wheat germ agglutinin (AF488-WGA). Red indicates DOX-HCl autofluorescence within sperm heads. (b) Percentage of motile
sperm monitored over 8 h in unloaded and DOX-HCl-loaded human sperm (n = 4 donor samples, sperm count = 100 per sample; data represent
means ± standard deviations among donor samples). (c) Ratio between motile DOX-HCl-loaded and unloaded sperms (6 donors, data represent
means ± standard deviations among donor samples). DOX-HCl: doxorubicin hydrochloride.

Paper Nanoscale

20470 | Nanoscale, 2020, 12, 20467–20481 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 3
:1

5:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr04488a


loading. The above-mentioned drug loading process was per-
formed at room temperature to optimize sperm motility and
viability for extended periods of time. We also studied sperm
motility at 37 °C which is the physiological temperature at
which human sperm operate in vivo. In this experiment,
unloaded sperm served as control, which were incubated in
sperm medium (SP-TALP) under the same incubation and
purification conditions as the drug-loaded sperm but in the
absence of DOX-HCl. Motilities of both sperm samples
decreased similarly over time: after 8 h of incubation, around
10% of sperm remained motile in both groups (Fig. 2b),
whereas at room temperature, the majority of sperm continued
to be motile even after 24 h. At 38 °C, sperm were immotile
after ca. 8 h in most of the cases. We furthermore evaluated
motility conservation after 1 and 8 h among samples from 6
donors. Drug-loaded sperm did not show a significant motility
decrease compared to unloaded sperm as shown in Fig. 2c
(error bars illustrate the expected variability among sperm
samples obtained from different donors).

2.2. Anticancer effects of DOX-HCl-loaded human sperm on
HeLa cells and patient-representative 3D ovarian cancer cell
samples

Ovarian cancer spreading relies heavily on migration and
adhesion of early cancer lesion cells from the fallopian tube to
the ovaries and beyond. Indeed, cell adhesion is critical for the
formation of ovarian cancer metastases and inhibiting this
process may prevent dissemination of cancer cells.35–37

Therefore, we evaluated the anticancer effects of DOX-HCl-
loaded human sperm by performing re-attachment assays, a
surrogate for adhesion of cancer cells at secondary sites, of
relevant cancer cells. Firstly, we tested the influence of sperm
medium (SP-TALP) on 3D cell cultures of cervical cancer-
derived HeLa cells. After 96 h of co-incubation, we detected
148 406 ± 5531 living cells after treatment with SP-TALP
(100 µL SP-TALP in 4 mL cell solution), showing no significant
difference to the cell number in the untreated control group
(151 250 ± 1750 cells). Since the sperm medium had no signifi-
cant influence on cell proliferation, any cell number variations
in the subsequent experiments can be attributed to the anti-
cancer effects of human sperm and/or the chemotherapeutic
drugs they carried. To test if drug-loaded human sperm
induced anticancer effects in HeLa cell spheroids, we plated
equal amounts of HeLa cells (2 × 105 cells resuspended in
4 mL cell medium) onto 16 3.5 cm cell-repellent dishes and
incubated them for 2 days to induce spheroid formation. The
resulting spheroids were split into 4 groups and co-incubated
separately with the following samples: (i) DOX-HCl-loaded and
(ii) unloaded human sperm (104 sperm for each sample, sus-
pended in 100 µL SP-TALP), (iii) 53 ng DOX-HCl dissolved in
100 µL SP-TALP, equaling the amount of DOX-HCl added in (i),
and (iv) a blank control using 100 µL of HeLa cell medium.
DOX-HCl-loaded sperm were purified to remove the excess of
drug after the loading process, prior to treatment. After 96 h of
treatment with DOX-HCl solution HeLa spheroids showed no
difference compared to the blank control and remained intact

displaying smooth and distinct outer spheroid boundaries. By
contrast, spheroids treated with DOX-HCl-loaded sperm
became severely disintegrated leading to a plethora of small
cell aggregations, floating cells and ruptured cell fragments
(Fig. 3a), while unloaded human sperm elicited intermediate
effects. Conceptually, metastatic cancer progression relies on
cancer cells dissociating from the original tumor, traveling to
their secondary site(s), and reattaching there.38,39 To mimic
aspects of this process in vitro, we briefly trypsinized the spher-
oids after 96 h in all groups to obtain single-cell suspensions
that we re-seeded into 10 cm cell culture dishes. After 12 h of
attachment inside the incubator, we estimated the cell re-
attachment capability as the ratio of attached cells in the
group-of-interest to that of the control group. As demonstrated
in Fig. 3b, treatment with DOX-HCl-loaded human sperm led
to drastically reduced re-attachment rates of HeLa cells, as
illustrated by an elimination of 93.8% of the cells compared to
the control, in agreement with previous findings using bovine
sperm.14 Unloaded human sperm also impacted on HeLa
spheroids leading to a reduction in the re-attachment rate to
58.0%. This sperm-specific effect that was independent of
DOX-HCl could be due to partial spheroid disintegration and
cell damage induced by the sperm’s hyaluronidase reaction
and tail beating, an intriguing aspect of this micromotor
system that requires deeper investigation in the future. It was
reported before that the plasma membrane and DNA of cancer
cells can be damaged by external mechanical beating produced
by rotating microdiscs.40 Our findings suggest a new route for
mechanically induced cancer cell death by sperm tail beating.
Compared to the microdisc beating, sperm possess a more
powerful motorized structure, with their tail beating capable of
generating forces up to 450 pN.41 Cell integrity can be
damaged under such a hitting force. In the drug solution
group, which contained the same overall DOX-HCl amount as
the drug-loaded sperm, DOX-HCl was present at a final con-
centration of 13.25 ng mL−1 in the cell medium, lower than
the effective dose that HeLa cells are sensitive to.42

Consequently, no effective impact of cell re-attachment was
observed in this group.

Sperm treatments of cancer cell spheroids were performed
for extended times compared to the periods of motility we
determined for human sperm (ca. 8 h). This was to allow
sufficient time for DOX to exert its anticancer function after
the sperm had integrated into the cancer cells. Indeed, sperm
can start fusing with cancer cells in a relatively short time.43

However, after cell integration, DOX has to relocate into the
cancer cell nuclei to fulfil its established functions of interfer-
ing with DNA-based mechanisms. A previous paper from
members of our team studied the time dependence of anti-
cancer killing effects using DOX-loaded bovine sperm.14 The
anticancer effects of DOX-loaded sperm were three times that
of a simple DOX solution at 96 h, while showing comparable
effects at 48 h. Thus, the superiority of DOX-loaded sperm was
more significant at later time points. Nonetheless, when the
samples are cultured for too long, only very low numbers of
treated cancer cells can be obtained. Such low cell counts
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difficult the counting technique and are associated with
marked error. Accordingly, we set 96 h as an optimised time
point, so that the most appropriate comparison could be
obtained among different sample groups based on accurate
cell counts.

HeLa cells were established in the 1950s as the first in vitro
cancer model system and immortalised cancer cell line. While
major breakthroughs have been and are being accomplished
using this cell line, the thousands of passages that HeLa cells
have undergone since the establishment of the cell line have
led to the acquisition of many de novo characteristics that vary
between different HeLa batches and their cervical cancer of

origin.44 Therefore, HeLa cells and other common overpas-
saged cancer cell lines are limited in predicting the cellular
and molecular behaviors of cancers and patient responses
in vivo, such as drug resistance mechanisms.45 To obtain a
better understanding of the reaction of appropriate original
tumor cells to DOX-HCl-loaded sperm, we assessed the anti-
cancer effects on ex vivo 3D cultures of an early-passage
ovarian cancer cell culture (OCM.66-1) derived from an
HGSOC patient. The OCM.66-1 cells are part of a living ovarian
cancer cell biobank recently generated and characterized at the
Manchester Cancer Research Centre.46 The samples in this
biobank were extensively validated by p53 profiling, exome

Fig. 3 Anticancer effects of DOX-HCl loaded human sperm. Cell re-attachment rate as a proxy for crucial aspects of metastatic ability was calcu-
lated as the ratio of attached cells in the group-of-interest to that of the control group to which only cancer cell medium was added to the cell
spheroids. (a) Optical microscopy images of HeLa cell spheroids before and after 96 h of treatment with drug-loaded human sperm. (b) Re-attach-
ment rate of HeLa spheroid-derived cells after 96 h of treatment compared to control samples (data represent means ± standard deviations of n = 4
replicates, cell count = 1.513 ± 0.018 × 105 cells in blank spheroids). *: p < 0.001 ANOVA analysis, α = 0.01. (c) Optical microscopy images of
OCM.66-1 cell spheroids before and after 96 h of treatment, and (d) re-attachment rate of OCM.66-1 spheroid cells after 96 h of treatment with
DOX-loaded human sperm compared to control samples (data represent means ± standard deviations of n = 4 replicates, cell count = 1.043 ±
0.059 × 105 cells in blank spheroids). *: p < 0.001 ANOVA analysis, α = 0.01. (e) Merged fluorescence and phase contrast images (i) showing a
DOX-HCl-loaded sperm (red) attaching to (left) and one that has penetrated into (right) an ovarian cancer cell (green, membrane staining with
AF488-WGA); (ii) cut views of fluorescent channels of right image in (i) in different axes to confirm the location of the drug-loaded sperm within the
cancer cell. DOX: doxorubicin.
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sequencing, global transcriptomics and karyotyping based on
single-cell whole genome sequencing. Moreover, these cells
have been cultured in vitro for only short time periods, mini-
mizing the risk of genetic and phenotypic drift phenomena
that could potentially mask key molecular features of the orig-
inal tumour. Indeed, drug profiling of these cancer samples
demonstrated that their sensitivities are consistent with
patient responses, highlighting the potential of these biobank
cultures as an invaluable tool for making in vitro discoveries
with improved translational potential over conventional cancer
cell lines.

Ovarian cancer is of particular interest to the spermbot
technology presented in this work, as it represents the highest
unmet need of all gynecological cancers.1 Moreover, while it
was long assumed that ovarian cancer originates within the
ovaries, it is now well established that the most aggressive and
common type of ovarian cancer, HGSOC, develops as STIC
lesions inside the fallopian tube, an area of the reproductive
tract currently impossible to access for molecular analysis with
non-invasive technologies.47 This recent dogma change in
ovarian cancer etiology makes sperm-based drug delivery to –

and elimination of – pre-invasive HGSOC lesions a highly
desirable and timely approach.

The spheroids formed by OCM.66-1 cells were looser and
smaller compared to HeLa spheroids, possibly because of the
high migration activity we observed in these cells when grown
on 2D cell culture dishes (Fig. 3c). Similar to sperm treatment
of HeLa cells, DOX-HCl-loaded human sperm showed a high
reduction of re-attachment of OCM.66-1 cells of up to 93.3%,
while DOX-HCl solution barely influenced the re-attachment
rates of OCM.66-1 cells. Unloaded human sperm reduced
HGSOC cell re-attachment by 79.4% (Fig. 3d), which is more
than for HeLa cell treatment (58% reduced re-attachment). A
potential reason could be the looser structure of OCM.66-1
spheroids over those of HeLa cells, making them more suscep-
tible to sperm-mediated disintegration and cell death through
tail beating. To test this hypothesis, we employed an unloaded
immotile sperm sample, where no significant cell death was
observed, confirming that motility per se can contribute to the
anti-cancer effects exhibited by spermbots (Fig. 3d, high
OCM.66-1 survival rate, compared to sample treated with drug
solution). These tests demonstrate a high effectiveness of
drug-loaded human sperm on early-passage HGSOC samples
and have potential to lay the groundwork for new routes of bio-
compatible and non-invasive cancer treatments in humans in
the future. Considering the importance of sperm motility for
the exhibited anticancer effects, sperm samples from healthy
donors displaying an average motility of 74.7% ± 15.3% in our
sample set (n = 6) represent a suitable basis for developing the
strategy further. However, sperm motility of the original
samples can be improved by applying additional methods of
selection such as a swim-up treatment,48 thereby rendering
also samples with initially lower motility counts as potentially
suitable in the future. Given that human sperm can be stored
for over 60 months in liquid nitrogen49 combined with the
high consenting rates we experienced for obtaining sperm in

our study, human sperm availability at the appropriate time is
unlikely to be a limiting factor for the approach in the future:
the sperm could be thawed before use to ensure maximum
sperm motility prior to and during the course of the anti-
cancer treatment.

DOX-HCl-loaded sperm represent a new approach with
great potential for effective cancer treatment of gynecological
cancers of unmet need. The approach combines advantages of
chemical medication with biological properties of sperm
(active motion, potential for somatic cell fusion28 and mechan-
ical tail beating). In addition, sperm-mediated drug delivery
holds promise for drug dosing, encapsulation and transport.
Specifically, membrane encapsulation can protect functional
drugs (DOX-HCl) from dilution by body fluids and enzymatic
degradation. Moreover, the presence of chromosomes in the
sperm head has potential to provide ample opportunities for
intracellular storage of DNA-binding drugs such as DOX-HCl.
In addition, the ability to self-propel combined with the peri-
staltic activity of the female reproductive organs make sperm
attractive for carrying drugs for long durations and distances
inside the gynecological tract in a protected manner. It is intri-
guing to speculate that the ability of sperm to fuse with somatic
cells as previously reported has potential to enhance the drug
uptake by cell-to-cell transfer.14,27 In this regard, it is notable that
sperm are capable to fuse with a variety of cells and that the result-
ing chimeric cells can be stably cultured for more than 50 pas-
sages.43 In this research, we confirmed the attachment and uptake
of drug-loaded human sperm by early passages of ex vivo human
cultured ovarian cancer cells after 24 h incubation (Fig. 3ei). As
illustrated in Fig. 3eii, the DOX-HCl of motile drug-loaded sperm
(red) was able to enter the cancer cell after the engineered sperm
attached to its membrane (green). Video S2† shows a 3D-recon-
structed rotation of internalized DOX inside an ovarian cancer cell.
Hence, local transfer of entrapped drugs to targeted cancer cells
via sperm-cell fusion and/or alternative mechanisms could
increase the utilization ratio of the loaded drugs, which could
improve drug efficacy and potentially reduce the development of
drug resistance.50

2.3. Streamlined microcaps for external control of single and
multiple human spermbots

Although randomly propelling DOX-HCl-loaded human sperm
show an encouraging therapeutic effect on the cancer cells
tested in this study, being able to target the drug-loaded
sperm to the cancer spheroids would facilitate more efficient
dosage and reduce undesired drug accumulation. These are
two features highly desirable for future in vivo applications of
the technology. Towards this aim, we employed a streamlined
cap design, adapted to the unique geometry of human sperm,
to transport up to three human drug-loaded sperm and locally
release them onto cancer cell spheroids. The streamlined cap
was designed as a hollow semi-ellipsoid structure. The contact
surface area of an ellipsoid shape is much lower compared to
that of an equivalent tubular cap (same projected area perpen-
dicular to the flow direction), thereby largely decreasing fluid
resistance of the streamlined structures compared to the pre-
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viously reported sperm caps.10,14 As illustrated in Fig. 4a, the
water resistance and energy loss of this streamlined cap were
reduced to one third of that of a tubular cap based on the
same diameter and length. With a lower flow resistance, such
a sperm-hybrid micromotor saves energy and is thus expected
to swim for longer time periods. These microcaps were fabri-
cated by a 3D nanolithography method and coated with a mag-
netic layer (iron) so that they can be aligned by external mag-
netic fields (for details, see Methods section). Owing to protec-
tive coating with titanium (Ti), the microcaps had no negative
impact on cell growth compared to the blank control group
(Fig. S3†), consistent with Ti being considered a biocompatible
material.51 The microcap can not only guide and protect the
human sperm, but also carry a different type of drug by itself,
enabling a combined drug-delivery approach. As a proof of

concept, a spermbot was developed with CPT immobilized on
its microcap and DOX loaded inside the sperm head. CPT is
widely used as an anticancer model drug due to its special
affinity to topoisomerase I and its selective cytotoxicity to
cancer cells in S phase. However, its low water-solubility makes
it difficult to be encapsulated and delivered, and thus the
development of an applicable preparation is challenging.52

Therefore, we employed a physical precipitation method (see
Methods section) to immobilize CPT on the microcaps. By this
approach, one sperm would simultaneously carry a hydrophilic
drug inside its head and a hydrophobic one on its cap, thereby
increasing the overall efficacy of the treatment.53,54 CPT was
dissolved and mixed with the microcaps using a nonpolar
solvent. CPT precipitation onto the microcaps was induced by
gently introducing the precipitation reagent (water/DMSO) in a

Fig. 4 Proposed 3D-nanoprinted carriers for local delivery of single or multiple human sperm to cancer lesions. (a) Flow simulations of a stream-
lined and a tubular sperm cap based on the same diameter and height. Finite element analysis tool: SOLIDWORKS Flow Simulation; flow medium:
water; velocity: 21 µm s−1 (the average velocity of a spermbot at 20 °C in HeLa cell culture medium); roughness: 0; f: total resistance. (b) CPT loading
mechanism on the microcaps. (c) CPT precipitation during the introduction of water (i–iii), fluorescence spectrum of CPT at Ex: 350 nm (iv), aver-
aged CPT loading capacity of single microcaps with respect to the ratio of water of the precipitation reagent. Data represent means ± standard devi-
ations of n = 3 replicates (v). (d) Drug-loaded spermbot approaching OCM.66-1 ovarian cancer cell spheroid. (e) Transport of up to three human
sperm using the proposed streamlined magnetic cap. (f ) Magnetic guidance of a human spermbot. (g) Guidance of a human spermbot to OCM.66-1
ovarian cancer cells and sperm/drug-release in the vicinity of the cancer cells (i–ii). Autofluorescence of drugs visualized in red (DOX-HCl) and blue
(CPT). CPT: camptothecin; DOX: doxorubicin. CPT: excitation = 350 nm; emission = 435 nm.
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drop-wise fashion (Fig. 4b). Along with the increase of the
polarity of the solution, this decreased the solubility of CPT,
which then precipitated onto the rough surface of the micro-
caps that served as a nucleation initiator (Fig. 4ci–iii and
Fig. S4†). Although the loading efficiency of CPT increased
along with the ratio of water in the precipitation reagent, the
rising CPT agglomeration on the cap increased the hydrodyn-
amic resistance. Based on the autofluorescence of CPT
(maximum emission at 435 nm; Fig. 4civ), the corresponding
CPT concentration per cap was calculated (Fig. 4cv).
Accordingly, we used water/DMSO at a 1 : 1 ratio for our experi-
ments. Afterwards, the sperm were mechanically coupled by
co-incubating them with the caps (Fig. 4d and Video S3†). The
large opening at the equatorial plane of the cap enabled us to
couple up to 3 human sperm in a single cap at the same time
(Fig. 4e–f and Video S4†). In addition, we were able to guide
multiple individual spermbots in a precise fashion to the
target location (Video S5†). Apart from the improved shape
compared to previous tetrapod structures of sperm caps,14 the
new cap designs are larger to allow the coupling of multiple
sperm. Specifically, the opening diameter was ∼6 times as big
as the width of human sperm heads for the new cap. With this
design we were able to transport 5 spermbots at the same
time, with a capacity of each cap for 3 sperm (Video S5†). The
mechanical coupling efficiency between caps and sperm
depends on their individual concentrations as well as the fit of
the cap and the incubation conditions. For example, when
sperm and microcaps are co-incubated at concentrations sep-
arately of 3 × 104 sperm per μL and 100 caps per μL for 10 min
at 37 °C, coupling rates can reach 62%. Moreover, coupled
spermbots can further be enriched by extraction or guidance
out of the chamber, allowing new caps to be introduced that
continue to increase the coupling efficiency by facilitating
more sperm to be trapped inside de novo provided caps.
Alternative designs, developed by some of the authors, employ
for example train-like single sperm-micromotors or chemoat-
tractant-based microstructures to trap multiple sperm cells for
their further transport and release.21

The feasibility of generating functional sperm-based micro-
motors in the size range between 100–200 µm will facilitate
their real-time in vivo imaging inside the reproductive system
in preclinical experiments, as the required spatial resolution is
ca. 100–150 µm.55 Moreover, a simple mechanism by swerving
the cap via a change of the magnetic field orientation is
sufficient for efficient sperm release (Fig. S5†), a technique
that can be applied to release a range of components hydrody-
namically from an artificial support structure, such as individ-
ual cells or particles.56 Fig. 4gi shows the complete process to
transport and release sperm onto a cancer cell spheroid (see
also Video S6†). The sperm was coupled to a streamlined
microcap and magnetically guided to an OCM.66-1 cancer cell
spheroid. Assuming the contact surface of the sperm and the
cap are smooth without causing friction in between the two
surfaces, a theoretical swerve angle of 90° is required for
decoupling the cap from the sperm (Fig. S5†). However, this
swerve angle does not take into account the wiggling angle of

the sperm head inside the cap (∼57°), a behavior required for
balancing the torque generated by the tail-beating of the
sperm. The resulting theoretical swerve angle required to facili-
tate successful release of the sperm from the cap was therefore
deduced to be ∼147° (Fig. S5†). Indeed, when we rotated the
external magnet to turn over the cap by ∼147°, the sperm was
readily and efficiently released. The streamlined spermbot
system therefore represents a robust compromise between
swimming stability and release reliability, ensuring optimal
microcap function. After the sperm escaped the cap, it success-
fully swam towards the cancer cell spheroid ready to release
and deliver its internalized drug cargo to the targeted cancer
cells by cell-to-cell fusion and/or other mechanisms.14 The
CPT-functionalized cap remained in the vicinity of the cancer
cells, allowing the drug to be released by passive diffusion
(Fig. 4gii). After being delivered to the target, the CPT-loaded
microcap allows a slow drug release due to CPT’s low water-
solubility that has potential to facilitate sustained anticancer
effects.57 CPT exists in equilibrium between an open ring form
(inactive) and an active lactone form. The equilibrium ratio
depends on the environmental pH.58 The low pH values in
tumor microenvironments (∼5–6)59 can further drive CPT
toward the active lactone form. This pH-sensitive transform-
ation gives the CPT-precipitation loaded microcap a tumor
selective ability, which has potential to enhance its therapeutic
effects toward tumor tissues, while simultaneously lowering its
toxicity towards nearby untransformed cells. Importantly, the
motility of spermbots was not affected by CPT, in line with the
known mechanism-of-action of CPT, which – like DOX – is
based on interfering with DNA-based mechanisms essential
for replicating the DNA of highly proliferating cancer cells, but
is not anticipated to impact on DNA-unrelated functions, such
as the beating of flagella of non-dividing sperm cells.

The targeting of a spermbot is realized by precisely control-
ling its swimming direction via external magnetic fields. The
ferromagnetic layer on the microcap enables the spermbot to
respond to magnetic fields with high sensitivity. Specifically,
precision guidance in that manner keeps deviations below
3 µm, mainly caused by the wiggling of the sperm head.
Oocyte-targeting of the sperm in a natural fertilization process
is based on the rheotaxis and chemotaxis of sperm. Other
studies based on animal sperm have shown that sperm-motors
can be efficiently guided against blood and oviduct fluid
flow.60,61 Therefore, utilizing sperm rheotaxis in the right way
would help the spermbot swim efficiently upstream in the fal-
lopian tube to reach its cancer target. When the spermbot is
approaching the targeted cancer lesion based on its rheotactic
ability, it could then be precisely guided to the targeted cells
by overcoming the fluid flow thanks to its magnetic coating
and amenability to steering.

3. Conclusions

In summary, we have developed a new drug-delivery system
consisting of human sperm combined with different anti-
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cancer compounds for potential treatment of female gynecolo-
gic diseases, in particular human cervical and ovarian cancers
of unmet need. Superior to motorless nanocarriers, sperm-
bots, as a type of motorized carrier, utilize the asymmetric
beating of their sperm flagella as a power source and thus,
they can swim at fast speeds in sperm medium. Besides, by
equipping them with magnetic structures, spermbots can
facilitate precision guidance of drugs thanks to their sensitive
and real-time responses to external magnetic fields. Moreover,
integration of DOX-loaded sperm into cancer cells can facili-
tate leakage-free DOX uptake from the sperm to the target
cells, superior to passive uptake mechanisms whereby a large
portion of drug is consumed due to body fluid dilution, bio-
elimination and accumulation in untargeted locations.62,63

Human sperm obtained from a wide range of clinical samples
can encapsulate DOX-HCl in their crystalline nuclei,64 where
we observed the presence of the drug, using high- and super-
resolution laser microscopy. Due to the compact membranes
of sperm,65 hydrophilic drugs taken up and encapsulated by
the sperm are well protected from dilution by body fluids and
enzymatic degradation. We calculated that each DOX-HCl
loaded sperm can hold around 5.5 pg of drug, equivalent to an
approximate 1 : 1 ratio of DOX-HCl molecules to nucleotides.
Neither the viability nor swimming performance of human
sperm was markedly affected by drug loading, indicating the
robustness and potential suitability of this protocol for future
treatments using human sperm as drug carriers.

Re-attachment assays of relevant cancer cells demonstrated
strong anticancer effects of drug-loaded human sperm on
spheroids derived from a commonly used cervical cancer cell
line and ex vivo cultured ovarian cancer cells recently obtained
from an ovarian cancer patient. The latter cells are part of a
newly established ovarian cancer biobank, known to display
key features of the original cancer such as the responsiveness
to certain chemotherapeutic drugs.46 Over 94% of cancer cells
were incapable of re-attaching after 4 days of treatment in both
cases. In this dosage form, sperm make excellent candidates
for carrying anticancer drugs, attributable to their compact
membrane system that acts as a protective layer surrounding
the drug. Dynein-assembled flagella provide powerful driving
forces for sperm.66 Due to their self-propulsion combined with
peristaltic contractions inside the female reproductive tract,
sperm are perfectly suited for transporting anticancer drugs
along the gynecological tract to reach hard-to-access desti-
nations such as early ovarian cancer lesions arising in the fal-
lopian tube. Rheotactic abilities of sperm impel them to swim
close to walls against flow, which can be exploited for sperm-
bots to overcome the flow of oviduct fluid, or even blood60 in
future applications. Moreover, sperm have potential to deliver
their cargo into the cancer cell cytoplasm through membrane-
fusion events, as highlighted in previous studies.27,28 It will be
exciting to reveal how exactly drug delivery by sperm is brought
about at a molecular level and whether the involved process
(es) is/are specific to certain cancer cells.

Surprisingly, unloaded sperm also caused significant
reductions in the re-attachment of cancer cells particularly for

spheroids derived from ovarian cancer patient cells. Therefore,
in addition to the well-established cytotoxic anticancer effects
of DOX, sperm per se have potential to contribute to specific
anti-ovarian cancer activity, which could further help sensitise
ovarian tumour spheroids to chemotherapy.67 However,
whether the effects of unloaded sperm are specific to certain
ex vivo cultured cancer cell spheroids or to what extent this
may hold true also in vivo remain to be determined. Future
experiments testing this approach in preclinical settings will
shed light on the suitability of engineered sperm for treating
gynecological cancers of relevance in vivo. In this regard it is
noteworthy that if sperm were to exert intrinsic anticancer
effects, one might assume that female animals or humans
with regular sexual intercourse would be less likely to develop
gynecological cancers than those without such activity.
However, testing this hypothesis epidemiologically is difficult
and the data currently available are too sparse to perform
these analyses in a well-controlled manner that would lead to
reliable results. Moreover, considering that STIC lesions are
connected to, and in transition with, more dense tissues of
normal fallopian tube epithelia, we anticipate motile DOX-
loaded sperm to be a superior approach in vivo over using
unloaded sperm.

Combined with the proposed streamlined microcaps for
single and multiple sperm transportation, drug-loaded human
sperm were precisely guided to a specific and suitable cancer
target in vitro. A novel drug combination strategy was estab-
lished, suitable for example for simultaneously loading a
hydrophilic drug, like DOX-HCl, into the sperm head, and
coupling a hydrophobic anticancer compound like CPT (which
is not easily taken up by sperm) onto the sperm microcaps.
While hydrophilic drugs delivered by sperm can be efficiently
taken up by cells,14 hydrophobic drugs have potential to serve
as complementary, slower-release medication for longer-term
therapy. A more robust method for CPT is shown considering
its hydrophobicity. CPT can be slowly released due to its low
water-solubility, providing a possibility for sustained anti-
cancer treatment.57 CPT exists in equilibrium between an open
ring form (inactive) and an active lactone form. The equili-
brium ratio depends on the environmental pH.58 In contrast to
healthy tissues which display a pH in the neutral range, the
pH range in tumour microenvironments can go down to 5–6,59

which drives CPT toward the active lactone form. This pH-sen-
sitive drug activation provides CPT-loaded microcaps with a
tumour selective ability, which enhances its therapeutic effects
toward the tumor tissue and lowers its toxicity to nearby
healthy cells.

In the future, this approach could be extended to functiona-
lize spermbot caps also with smart liposomes or polymers,
thereby facilitating drug release in a precisely spatiotemporally
controlled manner, as previously reported for liposomes.5

Future experiments will allow the increased treatment
efficiency of such spermbots to be assessed in appropriate
cancer contexts. Ultimately, in a clinical setting, these multi-
functional spermbots can be envisioned to be inseminated
artificially through the vagina into the uterus at a location
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nearby the fallopian tube. Intrauterine insemination is a mini-
mally invasive procedure routinely performed as part of
assisted reproductive technologies. Importantly, due to the
magnetic nature of the spermbots, external magnetic fields
could be used to help guide the hybrid micromotors to the tar-
geted cancer lesions. Additionally, spermbots could be functio-
nalized with cancer-targeting moieties on the sperm and/or
microcap surfaces to further improve the specificity of the
approach towards cancer cells and reduce the required
number of sperm. Under these circumstances off-target risks
of fertilization are anticipated to be low and could further be
minimized by limiting the treatment to the non-ovulatory
period, as well as applying ovulatory suppressors or short-term
contraceptives such as drospirenone.68 Alternatively, the treat-
ment could be restricted to postmenopausal patients that rep-
resent by far the largest risk group for developing ovarian
cancer. Taken together, off-target fertilization risks of sperm-
bots are unlikely to represent major limitations for translating
the approach further towards the clinic.

Moreover, sperm can be functionalized with imaging repor-
ters such as infrared emitting molecules, radioactive isotopes
or absorbing nanomaterials to improve image contrast in tech-
niques such as optical imaging, positron emission tomography
or optoacoustic tracking.18 Such spermbot systems comprising
guidable micro-enhancement and drug-loaded human sperm
can be envisioned to play an important role in future targeted
cancer treatments in living organisms. However, given their
small size, it will also be crucial to provide feedback control
for the precise positioning of the drug carriers inside the fallo-
pian tube. Therefore, the establishment of functional multi-
sperm carriers integrating caps large enough (ca. 100 µm
which is in the range of spatial resolution of most cutting-edge
imaging techniques) to facilitate their use as labels for real-
time deep-tissue imaging,55 represents a key step towards pre-
clinical in vivo experiments, an ultimate prerequisite for clini-
cal translation. Recently, the use of infrared69 as well as optoa-
coustic imaging18,70,71 techniques were reported to track in
real time single microbots in the range from 20 to 100 µm
size, for both sub-skin and deep-tissue applications, respect-
ively, in contrast to other reported techniques (e.g. nuclear
medicine, magnetic resonance) which have been mainly used
to track millimetric single robot or clusters of micromotors in
an off-line fashion.16,72,73 Thus, it will be intriguing to test
how these micromotors perform in vivo in preclinical experi-
ments, which will be key for translating the technology to the
clinic for patient benefit.

Current estimates suggest early ovarian cancer STIC lesions
arising inside the fallopian to take an average time of ∼7 years
before their dissemination to the ovaries and beyond,1 provid-
ing an extended window of opportunity for spermbot treat-
ments during this time. Moreover, STIC lesions are small
(several hundreds of cells), suggesting that relatively low
numbers of spermbots inside the fallopian tube may suffice
for treatment.

Intriguingly, our work demonstrates that these known
differences do not represent an issue for the DOX-loading

and delivery capacity of human spermbots due to the proto-
cols we established. Indeed, these advances could make a
major difference, when moving further towards clinical
translation, to avoid potential immune and inflammatory
reactions caused by introducing animal sperm into the fal-
lopian tubes of human patients.22 In addition, unlike over-
passaged HeLa cells, the early-passage ovarian cancer cells
from patients used in the current work have higher speci-
ficity46 and thus could have higher selectivity for instance
for membrane fusion events, making bovine sperm an
inferior choice for clinical application. In the future, more
experiments are needed to explore the dramatic membrane
fusion processes that can occur between sperm and cancer
cells. Last but not least – based on preliminary patient and
public engagement work the acceptance of patients and
ethical issues caused by introducing bovine sperm into
human fallopian tubes should be considered as a potential
uptake and compliance barrier for applying the system in
the clinic in the future. All of the above-mentioned con-
cerns emphasise the need for a drug carrier system based
on human sperm.

Finally, it is worth noting that getting the appropriate
ethics and logistics in place for obtaining human sperm
samples and testing them on ovarian cancer patient
samples are lengthy and laborious procedures, which rep-
resent important steps for assessing the feasibility of
human sperm availability for future clinical applications.
The findings from our study combined with the high con-
senting rates of donors/patients we experienced for obtain-
ing human sperm highlight the feasibility of the approach
in this regard, and therefore goes far beyond replicating the
same in one species versus the other. In fact, given the
massively growing body of work establishing new techno-
logies for nano- and micromotors, there are still compar-
ably little efforts towards finding and matching the most
appropriate translational settings for the developed techno-
logies. The current study is spearheading this type of work
for sperm-related technologies, something that will become
only more important as the field of diagnostic and thera-
peutic nano- and micromotors continues to mature.

4. Methods
4.1. Culture of HeLa cells and spheroids

HeLa cells were cultured at 37 °C in a humidified atmosphere
containing 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS), 100 U mL−1 penicillin, and 100 μg mL−1 streptomycin.
HeLa spheroids were prepared as described previously.14

Briefly, HeLa cells were recovered and maintained for 2 weeks
before use. To prepare spheroids with homogeneous sizes,
equal amounts of HeLa cells (2 × 105 cells resuspended in
4 mL) were added to 16 3.5 cm cell-repellent dishes (Greiner
bio-one) after trypsinization and PBS washing. After two days
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of maturation, spheroids were divided into 4 groups and incu-
bated with the treatments indicated in the corresponding text
passages.

4.2. Patient-representative ex vivo ovarian cancer (OCM.66-1)
cell cultures and spheroids

In brief, from ascites, red blood cells were lysed, the remain-
ing cellular fraction harvested by centrifugation, and the
cells maintained in OCMI media74 in 5% O2 and 5% CO2 at
37 °C in a humidified atmosphere. Serial passaging and
selective detachment was used to eliminate white blood cells
and separate tumour fractions from stromal cells.
Experiments were performed at early passage numbers
(p20s). The OCM.66-1 culture has been previously character-
ised including drug sensitivities.46 The project is covered by
an MCRC Biobank license held by Stephen Taylor
(16_STTA_01). OCM.66-1 spheroids were prepared as outlined
for HeLa cells (see above).

4.3. Preparation of human sperm samples

Sperm samples were obtained from patients attending the
Department of Reproductive Medicine, St Mary’s Hospital,
Manchester for routine fertility treatment, following written
informed patient consent with approval from the Yorkshire
& The Humber – Bradford Leeds Research Ethics
Committee (18/YH/0130). Samples were washed with
SPERMRINSE™ (Vitrolife) and suspended in G-IVF™ PLUS
medium (Vitrolife). SPERMGRAD™ (Vitrolife) was used to
separate progressively motile sperm out by density gradient
centrifugation according to the G-Series Manual (Vitrolife).
After purification, sperm samples were stored at room
temperature for subsequent use. Videos were captured for
the sperm samples with high frame rates. ImageJ was used
to analyze the videos to determine motility rates and calcu-
late sperm concentration based on haemocytometer
counting.

4.4. DOX-HCl loading of human sperm

Drug loading was carried out by co-incubation of human
sperm with DOX-HCl as reported in our previous work.14

Briefly, sperm were diluted to 6 × 106 in SP-TALP. 1 mL of
DOX-HCl solution at a concentration of 100 µg mL−1 in
SP-TALP was gently dropped into the sperm solution, followed
by incubation of the mixture for 1 h at room temperature and
two rounds of subsequent purification (Fig. S1a†). Sperm moti-
lity was evaluated using the CASA system (AndroVision®,
Minitube GmbH) by tracking the movement of around 200
sperm in 10 fields at 37 °C. 4 replicates at each time point
were performed to determine the motility over time of 6 sperm
samples at 1 and 8 h. Immotile sperm were obtained from
patient samples. Efficiency of drug loading was evaluated by
two methods. Firstly, an indirect method was performed as
reported in our previous work.14 In this case, the sperm
sample was centrifuged at 300 g for 5 min and the supernatant
was collected for concentration measurement. A fluorescence
spectrometer (Varioskan LUX) was used to determine the con-

centration of DOX-HCl. Loading ratio and amount per sperm
were calculated following the below formulas:

Total loading amount ¼ Total weight of the usedDOX
� weight of residual DOX

DOXamount per sperm ¼ Total loading amount
Number of used sperm

Secondly, we used a direct method following a protocol
reported elsewhere.29 Briefly, DOX-HCl-loaded sperm were pur-
ified 3 times and redispersed in SP-TALP. The dispersion was
incubated at 37 °C with Triton-X 100 (4%) for 30 min for com-
plete cell lysis. The mixture was diluted 10 times by adding
acidified isopropanol (0.75 N HCl) and then incubated in the
dark at 4 °C for 12 h. After that, the mixture was centrifuged at
12 000 g for 10 min. The supernatant was measured to obtain
the total loading amount. A blank sample was prepared as a
reference following the same procedure as above but using
unloaded sperm.

4.5. Fabrication of microcaps

Microcaps were fabricated in arrays by two-photon lithography
(Photonic Professional GT, Nanoscribe). In short, the microcap
was designed as a half-ellipsoid shell with a semi-major axis at
10 µm and semi-minor axis at 5 µm. Dip-in photoresist
(IP-DIP) was polymerized under laser at 780 nm (exposure
power: 5 mW). The sample was then developed in mr-Dev 600
(Micro Resist) and dried in a critical point dryer. After that,
10 nm Fe and 2 nm Ti were coated on the microcap by e-beam
metal evaporation (Edwards auto 500, Moorfield).

4.6. Camptothecin (CPT) loading onto microcaps

CPT was loaded onto microcaps using a simplified micropreci-
pitation method as reported elsewhere.53,54 CPT was first dis-
solved in a chloroform/methanol/DMSO (5 : 5 : 1) solution at a
concentration of 1 mg mL−1. The microcaps were then dis-
persed in CPT solution at a concentration of ∼3 × 105 mL−1.
50 µL of a precipitation reagent (water/DMSO mixture at a
certain ratio) was slowly dropped into the dispersion while
shaking gently to increase the polarity of the solution, thereby
inducing the precipitation of CPT onto the microcaps. CPT
loaded microcaps were observed by fluorescence microscopy
(Cellobserver, excitation: 350 nm; emission: 435 nm).

Drug loading efficiency was evaluated by spectrometry.
Briefly, CPT-loaded microcaps were washed three times under
the attraction of a magnet. After that, the loaded CPT was re-
dissolved in DMSO as the measurement solvent to avoid the
influence of solvent evaporation on the measurement of CPT
concentration. CPT concentration in DMSO was quantified by
a fluorescence spectrometer (SpectraMax, excitation: 350 nm;
emission: 435 nm). Pure DMSO was used as a blank control.
Further analysis was implemented by ImageJ.

4.7. Evaluation of cancer re-attachment efficacy

Cancer cell spheroids were prepared as described above and
separately complemented with 100 µL SP-TALP containing 104
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DOX-HCl-loaded sperm, 100 µL SP-TALP containing 104

unloaded sperm, 100 µL cell medium, 100 µL SP-TALP, or
100 µL DOX-HCl solution containing 53 ng DOX-HCl equi-
valent to the total amount loaded into 104 sperm. After 96 h of
treatment, spheroids were disassembled by trypsinization and
re-seeded into 10 cm dishes. After 12 h, adhered cells were
counted and the ratio of the re-attached cell number in each
group to the number in the blank control treated with cell
medium only calculated.

4.8. Fluorescence staining and microscopy

Outer sperm membranes were stained with Alexa Fluor
488-conjugated WGA (AF488-WGA) for 1 h and fixed in 1% par-
aformaldehyde in PBS for 20 min at room temperature. Super-
resolution fluorescence images in two individual channels
were obtained by confocal laser scanning microscopy using an
LSM880 Zeiss microscope containing an Airyscan super-resolu-
tion module based on 32 individual detector elements collect-
ing photons at high signal to noise ratio. For two-channel
Airyscan super-resolution imaging, a Zeiss alpha Plan-
Apochromat 100× NA1.46 oil objective lens was used with a
514 nm excitation laser and 495–550 nm emission filter for
Alexa Fluor 488-conjugated WGA, and a 458 nm excitation
laser and LP 645 nm emission filter for DOX-HCL. The pinhole
was set to default Airyscan super-resolution mode. For the
lower magnification image in Fig. S1b,† a Zeiss Plan-
Apochromat 20× NA 0.8 objective lens was used. Movies of
spermbots coupled to streamlined caps were recorded using
an EVOS microscopy system (Thermo Fisher Scientific) and
processed by ImageJ.

4.9. Fabrication of sperm carriers

Streamlined caps were fabricated by 2-photon lithography
(Nanoscribe). Briefly, CAD codes were written with Describe
(Nanoscribe) and then the program was executed by the 3D-
lithography nano-printer. After essential development and
critical drying, Fe (10 nm) and Ti (2 nm) were coated onto the
caps with a 15-degree tilt by e-beam deposition (Edwards).

4.10. Biocompatibility evaluation of microcaps

HeLa cells were used to evaluate cell growth in the presence of
microcaps. 20 µL of cell culture medium containing
3200 microcaps (microcap group) or 20 µL of cell culture
medium (control group) were added to two sets of four 3.5 cm
Petri dishes for each group containing 3 mL cell medium each.
Permanent magnets were put beneath the dishes to attract the
microcaps down to the Petri dish substrate. 105 HeLa cells
were seeded into each dish. After 3 days of culture, cells were
stained with trypan blue and counted. Re-attachment rate was
calculated as the ratio of live cell number with respect to the
total cell number.
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