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Common delivery routes for chemotherapeutics are based on circulation, 
which faces clinical limitations to local delivery efficiency, and the conflict 
between the dose for anticancer effect and the systemic toxicity. The recent 
advances in localized delivery strategies aim to improve drug accumulation at 
the target site or directly transport into cells. However, most are not equipped 
to provide additional momentum in the process of cargo release, propaga-
tion, and intracellular movement, which limit their locomotion that relies on 
passive diffusion. In this work, a multimicrochannel microneedle micropora-
tion (4M) platform that achieves high efficiency, safety, and uniformity for in 
vivo intracellular delivery is proposed. By high precision 3D printing, internal 
microchannels are implemented through the microneedle, which offer a con-
centrated, safe electric field that not only accelerates the movement of cargo 
into deep tissue under electrophoresis, but also triggers cell electroporation, 
achieving enhanced transport across cell membrane. The platform proves 
efficient for the delivery of chemotherapeutics in solid tumors in vitro and 
in vivo, with significantly enhanced anticancer effect and reduced systemic 
toxicity. The platform serves as a general-purpose delivery tool to emerging 
drugs in vivo.
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have been increasingly recognized limited 
to local and efficient anticancer outcome, 
mostly due to the low selectivity of chemo-
therapeutics.[3,4] Especially to large solid 
tumors, the payload from circulation is 
significantly compromised in the target-
location, leading to insufficient thera-
peutic effects.[5] In addition, part of the 
drugs that are retained in healthy organs 
and tissues may cause unpredictable side 
effects.[3,5,6]

Over time, these concerns prompted 
efforts to revolutionize localized delivery 
technologies, such as microneedle (MN) 
and local electrochemotherapy (ECT),[7–9] 
with the purpose of enhancing drug accu-
mulation in target site or transporting 
therapeutics directly into cells.[10–12] The 
MN devices, typically based on soluble or 
hollow needles,[7,13–17] penetrate barriers 
(e.g., corneum, adipose tissues) to increase 
the efficacy of therapeutics,[18–20] which 
also allows for drug release at designated 
depth in deep tissues by adjusting the 

opening or length of the needles.[21,22] However, most of these 
systems were not equipped to provide additional momentum 
to cargo (i.e., drugs) in the process of release, propagation, or 
intracellular transport, which limited the locomotion of the 
cargo that rely only on passive diffusion (PD).[23,24] To the chem-
otherapeutics that are required to be functioning in the cells, 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202109187.

1. Introduction

Chemotherapy has emerged as an indispensable strategy for 
treating solid tumors.[1,2] Clinically, the conventional delivery 
routes for chemotherapeutics such as intravenous injection 
(i.v.) are based on circulation, which, albeit simple in operation, 
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the essential anticancer effect may be compromised by the cell 
membrane that serves as the barrier to the internalization of 
the cargo.[25–27]

To enhance the cellular permeability and transcellular 
delivery,[28,29] local ECTs have been recently proposed in vivo, in 
which needle-like electrodes are inserted into the solid tumor 
after intratumoral drug injection.[30–32] A pulsed electric field 
applied between two electrodes has proved efficient to perforate 
cell membrane, establishing the pathway for the entry of drugs 
that were randomly distributed around the cell/tissue. Never-
theless, because the effective-region under the coverage of the 
electric field is not fully overlapped with the drug distribution 
of the whole tumor, the cancer cells that end up with electropo-
ration and delivered drug are limited.[33] To extend the effective 
electroporation region and increase the percentage of perfo-
rated cells, previous work attempted to increase the intensity of 
the electric field to over 600 V cm−1, which, on the other hand, 
resulted in remarked safety issues, such as damages to healthy 
parenchyma, peripheral neuropathy, and heart failure.[12,34,35]

In this work, we show a multimicrochannel microneedle 
microporation (4M) platform that addressed the issues remained 
in these local delivery strategies, achieving high efficiency, safety 
and uniformity for in vivo intracellular delivery and chemo-
therapy. We developed a cone-shaped MN array with through-
microchannels in the MN, which was fabricated by using a 
high-precision 3D printing technology.[36–38] The openings of the 
microchannels can be customized on different heights of the MN, 
which concentrate the electric field for dual-functions: 1) acceler-
ating the movement of the cargo (most chemotherapeutics carry 
surface-charges) into the deep tissue under “electrophoresis;”  
2) perforating the membrane of local cells under a low, safe 
voltage, achieving enhanced intracellular transport of the cargo.

For proof-of-concept of the clinical value of the 4M platform, 
we systematically investigated its performance of delivery into 
in vitro cell line, 3D tumor model, and in vivo tumor models in 
live mice. The 4M platform leveraged the efficiency and safety in 
tumor delivery of chemotherapeutics, and demonstrated signifi-
cantly reduced system toxicity to various organs those were com-
monly witnessed in conventional chemo-delivery, e.g., i.v., passive 
diffusion MNs, local ECT. The proposed technique shows wide 
promise to the emerging drugs for solid tumor therapy.

2. Results and Discussion

2.1. Design and Principle of the Multimicrochannel Microneedle 
Microporation (4M) Platform

To achieve effective drug delivery into tumor cells in vivo, we 
designed the 4M platform that is directly patched onto the 
tumor tissues. Each MN has multiple internal, through micro-
channels that is preloaded with cargo, which is but not limited 
to the chemotherapeutics in this work. During the 4M platform-
mediated drug delivery (Figure  1A; Figure S1A–C, Supporting 
Information), the positive electrode is a silver layer sputtered on 
the flattened rubber end of the syringe pusher and connected to 
the external power source through a silver wire pierced through 
the rubber end. The negative electrode is placed on the oppo-
site side of the tumor mass (or cells in the in vitro experiments) 

from the 4M platform. The closed circuit between the electrodes 
is formed inside the drug storage chamber and microchannels, 
which are made of nonconductive materials (high temperature 
low viscosity (HTL) yellow-5 resign); the connection between 
the drug solution and tumor interstitial fluid (or the cell cul-
ture medium in the in vitro experiments) completes the circuit 
(Figure S1, Supporting Information). Under an external electric 
field that is applied from the bottom to the tip of the MN, the 
molecules that carry charges (e.g., positively charged doxorubicin 
(DOX)) are electrophoretically driven toward the local cells in the 
proximity of the openings of the microchannel; accompanied 
with the cell electroporation, the cargo is driven into the cells for  
the following functions, such as chemo-induced apoptosis  
or inhibition of proliferation/migration (Figure  1A; Movie S1, 
Supporting Information).

The 4M platform is fabricated by surface projection micros-
tereolithography with biocompatible photosensitive resin 
(Figure S2, Supporting Information).[39,40] With the high preci-
sion and flexibility of the 3D printing technology, parameters 
of the 4M platform such as MN size, MN density within the 
array, and the aspect ratio (height to base diameter ratio) of MN 
could all be customized to fit tumors of different sizes. Con-
sidering the size of tumor model, the 4M platform fabricated 
for this study has a MN array that is 8  mm in diameter and 
contains 21 MNs spaced at 500 µm from center to center on a 
12 mm2 base. Each MN has a bottom diameter of 300 µm and 
a height of 500 µm, and 8 through microchannels with 40 µm 
diameter that are connected to the drug storage chamber on the 
other side of the base. Given the precision of the 3D printer, 
we could fabricated smaller devices while maintaining diam-
eter and arrangement of the microchannels for microtumors. 
The obtained smallest 4M platform has an overall diameter of 
2 mm, and 19 MNs (160 µm in diameter at the base) distributed 
across a round area with a diameter of 1.3 mm (Figure S3, Sup-
porting Information). To guarantee mechanical stability of the 
4M platform penetrating into the tumor tissues and diminish 
reverse-diffusion,[41,42] the needle tip is designed to be solid, and 
microchannels are designed to open on the sides (Figure 1B,C). 
A numerical model was established to simulate the distribu-
tion of the electric field when the 4M platform penetrate into 
the solid tumor (Figure 1D). Since the material is nonconduc-
tive, the electric field is concentrated by the microchannels 
(Figure  1E). The biased voltage leads to sufficient transmem-
brane potential (>0.5 V) to all the cells across the entire height 
of the MN to perforate the cell membrane under a low system 
voltage (25 V or less) (Figure 1F).[43,44] On the other hand, such a 
microchannel–MN configuration improves the flow rate of the 
drugs by tenfold under the concentrated electric field, as com-
pared to the passive molecular diffusion (Figure 1G).

2.2. Determination of the Optimum Diameter of the 
Microchannels

We first investigated three factors that mainly affected the 
delivery efficiency of the 4M platform: the mechanical sta-
bility of the needle that determines its capacity to penetrate 
the tumor tissue; the flow rate of drug in microchannels that 
determines the dose of delivered drug in given time; and the 
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transmembrane potential that affects the outcome of electropo-
ration. According to our simulation models, these three factors 
are all related to the diameter of the microchannel (Figure S4A–I,  
Supporting Information). The results indicate negative cor-
relation of the microchannel diameter to the transmembrane 
potential and positive correlations to the flow rate and the 
deformation of the MN. Taking into consideration all factors, 
the range around 40 µm was identified as the optimum diam-
eter of the microchannel (Figure S4J, Supporting Information).

Due to the challenge to reflect the heterogeneity of the tumor 
environment, it is difficult to precisely show the disturbance of 
the electric field in the tumor tissue at single cell level. How-
ever, a number of research be conducted based on this simula-
tion model to illustrate drug delivery process,[29,45,46] suggesting 
the rationality of our modeling and simulation. We verified the 

amount of drug that flowed through 4M platforms with micro-
channels of different diameters (20 µm/30 µm/40 µm/50 µm/6
0 µm/70 µm/80 µm) under the same pressure within the same 
period of time using PBS and the 3D hydrogel model, and the 
experimental results are consistent with the simulation results 
(Figure S5A,B, Supporting Information). And, the mechanical 
properties of 4M platform with different diameters (men-
tioned above) were also tested to verify the simulation results  
(Figure S5C,D, Supporting Information).

2.3. Mechanical Properties of the 4M Platform

The mechanical properties of the device play an important 
role in penetrating into the tumor tissues for intracellular 

Figure 1. Design and characterization of the 4M platform. A) Schematic diagram of the 4M platform for localized drug delivery in vivo. Inset shows the 
zoomed in details of the 4M platform that is patched onto the solid tumor. An external electric field is applied from the tip of the needle to the bottom 
of the drug storage chamber of the device (top). The lower right figure illustrates the drug delivery process on a single MN level; the inset on the left 
shows the drug molecules entering the tumor cell through electroporation and exerting their anticancer effect. B) Schematic diagram of the fabrication 
process of the 4M platform by surface projection microstereolithography (top) and the layer-by-layer structure of the 4M platform showing the internal 
microchannels through the base and the MNs, connecting to the storage chamber (bottom). C) Scanning electron microscopy (SEM) images of the 
MNs with built-in microchannels. Scale bar, 200 µm. D) Schematic diagram of the electric field simulation of 4M platform. E) 2D simulation of electric 
field distribution across the 4M platform. Voltage: 25 V. F) Transmembrane potential on the cell membrane is above 0.5 V at all depths of the MNs 
under 25 V applied voltage. G) Drug flow rate represented by the fluorescence intensity of drug molecules flew through the microchannels per unit 
time with and without the facilitation of an applied electric field. H) (Top) Schematic diagram of the mechanical performance test on the 4M platform. 
(Bottom) Mechanical behavior of microchannel MNs against compressive deformation; inset: SEM image of the appearance of a single MN unit after 
0.4 N compression. Scale bar, 200 µm. ***p < 0.001 by Student's t-test.
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delivery.[11,47] We next tested the range of the force leading to the 
deformation of the 4M device using a tensile testing machine. 
According to previous reports, the pressure required to pene-
trate into solid tumors is in the range of 1.4–13.8 MPa,[11] which 
is corresponding to 9.24 × 10–3–9.10 × 10–2 N. We measured 
the vertical displacement of the end of the needle tips under a 
compressive force that was increasing from 0 to 0.4 N, which 
resulted in a modest increase in the displacement (<30  µm), 
about 5% of the MN height, and therefore bringing about negli-
gible influence to its penetration performance (Figure 1H inset; 
Figure S6, Supporting Information). The 4M needles did not 
reach fracture point until the compressive force was increased 
to 15 N, corresponding to a 2.2 × 103 MPa penetration pressure 
(Figure S7, Supporting Information). Such a mechanical limit 
demonstrates high mechanical performance of the 4M plat-
form, and meets the clinical needs.[21,48]

2.4. The 4M Platform for Efficient Drug Delivery In Vitro

To test the capacity of the 4M platform for drug delivery, the 
first experiment with cervical cancer cell lines (i.e., SiHa and 
HeLa cell lines) was performed in vitro. The preloaded cargo 
was delivered into the cells through microchannels under the 
electric field applied from the electrode (see the Experimental 
Section for in vitro application of the 4M platform). We opti-
mized four essential parameters (voltage, pulse width, pulse 
number, and pulse interval) of the pulse-shaped voltage, which 
are commonly used for electroporation. The combination of 
25  V, 0.6  ms pulse width, 150 pulses, and 0.1 s pulse interval 
per delivery resulted in the highest efficiency (>80%, for SiHa 
and HeLa cell lines) (Figure S8, Supporting Information) and 
fluorescence intensity (>100-fold changes), which was higher 
than that obtained using ECT (see the Experimental Section for 
in vitro application of ECT) (Figure 2A–C; Figures S9 and S10, 
Supporting Information). Meanwhile, compared to the hollow 
MN platform, 4M platform increased the delivery efficiency by 
fourfold and fluorescence intensity by ninefold, under equal 
applied electric filed (Figure S11, Supporting Information). 
Additional experiments were done with a solid MN array with 
the same geometry as the 4M platform, and the results show that 
solid MNs are incapable of performing microelectroporation 
or drug delivery as the microchannels provide passage for the 
conductive drug solution between the positive electrode in the 
syringe and the negative electrode under the cells (Figure S12,  
Supporting Information). To validate the delivery efficiency of 
4M platform at different depths of the tumor tissue, we devel-
oped a 3D in vitro tumor model by embedding SiHa cells into 
the hydrogel that was crosslinked by sodium alginate and cal-
cium chloride (Figure  2D; Figure S13, Supporting Informa-
tion).[49,50] By 3D fluorescence scanning, we observed that the 
4M platform achieved uniform, effective and safe electropora-
tion within the artificial solid tumor (Figure 2E; Movie S2, Sup-
porting Information). Further analysis was conducted through 
serial sections of the 3D model. The results show that the 4M 
platform is able to perform intracellular drug delivery with 80% 
efficiency at different depths, in contrast to a maximum of 40% 
efficiency of ECT around the injection point and as low as 5% 
efficiency in distal portion of the tumor model (Figure  2F,G). 

Together, these results suggest a uniform and efficient delivery 
is achieved on the different heights of the MNs of the 4M 
platform.

To test the capacity of the 4M platform to chemotherapeu-
tics delivery, DOX and SiHa cells were adopted as drug and 
cell model, respectively. The 4M platform was compared to 
the control group that rely on PD (as the mechanism of i.v., 
local injection, and soluble MNs).[10,51,52] The results show a 
significant higher efficiency achieved by 4M platform than the 
PD route (Figure 3A–C). The 4M platform achieved 80% cells 
delivered within 1  min, which is 35-fold higher than that via 
PD (Figure 3B). The fluorescent intensity of intracellular DOX 
delivered via the 4M platform was also ten times higher than 
that via PD, implying a highly concentrated internalization 
of drug. After a long incubation time (10  min), both the per-
centage of cells received with DOX and the intracellular DOX 
payload in the PD group remained 75% lower than those of the 
4M group (Figure 3C). These data confirmed that the 4M plat-
form achieved enhanced delivery compared to PD, in terms of 
both delivery efficiency and intracellular delivered dose.

Next, we tested the anticancer effects of DOX delivered via 
PD and 4M platform delivery method. Cell colony formation 
assay, Transwell assay, and terminal deoxynucleotidyl trans-
ferase dUTP nick-end labelling (TUNEL) assays were performed 
respectively to reflect cancer cell proliferation, migration, and 
apoptosis.[53] The colony formation assay and Transwell assay 
results show that 4M platform-mediated DOX delivery elicited 
stronger inhibitory effect on cell proliferation (Figure  3D,E) 
and migration (Figure  3F,G) than that of PD-mediated DOX 
delivery. In addition, TUNEL assay showed that DOX delivery 
through the 4M platform induced apoptosis in more than 70% 
of the SiHa cells, which is roughly double the percentage of 
apoptotic cells in the PD group (Figure 3H,I; Figure S14, Sup-
porting Information). To further identify the origin of the anti-
cancer effect, two control groups, including the nontreatment 
group and the group in which the cells underwent electropora-
tion and blank cargo (PBS), were used in this experiment. We 
confirmed that the anticancer effect of 4M platform-mediated 
DOX delivery was a result of the cytotoxicity of intracellular 
DOX accumulation rather than electroporation, which caused 
negligible influence on cell proliferation, invasion, and apop-
tosis (Figure 3D–I).

2.5. 4M Platform-Mediated DOX Delivery and Tumor Growth 
Inhibition In Vivo

We next validated the delivery efficiency of the 4M platform 
in vivo using human cervical cancer-derived subcutaneous 
xenograft mouse model. After penetrated into the xenograft 
(Figure  4A), the 4M platform demonstrated high and instant 
drug delivery as shown in the fluorescence images of the 
tumor sections taken 1 min  after the treatment (Figure  4B). 
To compare with the most commonly used chemotherapy 
administration method, intravenous injection was included 
as a control group, providing reference for the anticancer 
effect and systemic toxicity of circulation-based chemotherapy.  
9 mice bearing xenografts of similar sizes were divided into three 
groups and treated by sham surgery (skin incision and suture 
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near the xenografts) as control, DOX i.v., and 4M-mediated DOX 
delivery, respectively. The treatment procedure is described in 
the Experimental Section and Figure S15 in the Supporting 
Information. The ratio of DOX-positive tumor cells in whole 
xenograft was analyzed with flow cytometry (Figure 4C). DOX 
was found in 44.65% of the tumor cells in xenograft receiving 
4M-mediatd chemotherapy, which is tenfold higher than that 
of the i.v. group 3 h postinjection (Figure  4C,D). Then the 
anticancer effect of 4M platform-mediated chemotherapy 

was assessed by monitoring post-treatment tumor growth. To  
perform valid comparison with periodically administered clinical 
chemotherapy, treatments as mentioned above were performed 
once every six days (Figure  4E). During treatment, tumor vol-
umes (TVs) were recorded to evaluate the therapy efficiency. 
As shown in the Figure 4F, a moderate inhibitor outcome was 
observed in the DOX i.v. group, but tumors grew faster after 
drug administration was stopped. By contrast, a significant and 
consistent inhibitory outcome were observed 1 day after the 

Figure 2. Electric field concentrated by microchannel to facilitate cargo delivery into SiHa cells. A) Fluorescence images of cells post propidium iodide 
(PI) delivery through passive diffusion, ECT, or the 4M platform 1 min after treatment. Hoechst 33258 for nuclei (blue); calcein AM for living cells 
(green). Colocalization of red and green fluorescence indicates successful intracellular delivery of PI. Scale bar, 200 µm. B) Statistical analysis of delivery 
efficiency reflected by the percentage of cells with intracellular PI among all cells. C) Statistical analysis of fluorescence intensity reflecting PI payload in 
cells. Each red dot represents the fluorescent intensity of one cell; black bars represent mean ± s.d. D) Schematic diagram of drug delivery process in 
ECT or 4M platform-mediated chemotherapy in the crosslinked hydrogel 3D tumor model. E) Split-channel confocal images of intracellular PI distribu-
tion throughout the whole depth of the artificial tumor surrounding a single MN unit of the 4M platform after PI delivery. DAPI for nuclei (blue). Scale 
bar, 200 µm. F) Fluorescence microscopy images showing intracellular PI at different depths of the artificial tumor after PI delivery through ECT or 
the 4M platform. Scale bar, 1 mm. G) Comparison of PI delivery efficiency between ECT and the 4M platforms in the artificial tumor at corresponding 
depths shown in panel (F). Data represent mean ± s.d. ***p < 0.001 by Student's t-test.
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Figure 3. The 4M platform for efficient and effective drug delivery in vitro. Fluorescence microscopy images of A) SiHa cells showing intracellular doxo-
rubicin (DOX) at 1 and 10 min after delivery via passive diffusion (PD) or the 4M platform, and corresponding statistical analysis of B) DOX delivery 
efficiency and C) fluorescence intensity. Scale bar, 200 µm. D,E) Photographic and statistical results of the colony formation assay to measure cancer 
cell proliferation. Treated cells were washed and incubated for 2 weeks and the number of colonies was counted. 4M platform-mediated DOX delivery 
shows significantly enhanced inhibitory effect in cancer cell proliferation than DOX delivery through PD. Scale bar, 10 mm. F,G) Microscopic and statis-
tical results of the Transwell migration assay. Treated cells were washed and cultured in the upper chambers of the Transwell plate; the number of cells 
that migrated into the lower chamber was counted after 12 h. Scale bar, 500 µm. H,I) Merge-channel fluorescence microscopic images and statistical 
results of the TUNEL assay to measure the percentage of apoptotic cells due to drug delivery. Treated cells were washed and incubated for 24 h before 
dyeing with FITC-12-dUTP for apoptotic cells (green). As 4M-mediated electroporation does not contribute to cell apoptosis, the >70% cell apoptosis 
rate after 4M-mediated chemotherapy was the result of intracellular DOX accumulation solely. Scale bar, 200 µm; inset scale bar, 30 µm. Data represent 
mean ± s.d. NS, not significant, **p < 0.01, and ***p < 0.001 by Student's t-test.
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Figure 4. The 4M platform-mediated DOX delivery and tumor growth inhibition in vivo. A) Close-up photograph showing the 4M platform penetrating 
the subcutaneous xenograft tumor established with SiHa cells. Scale bar, 1 mm. B) Fluorescence images of tumor cryostat section after one treatment 
of 4M platform-mediated DOX delivery. Scale bar, 200 µm. C,D) Flow cytometry and corresponding statistical analysis of DOX delivery efficiency in the 
tumor of three groups: control (sham surgery), DOX intravenous injection (i.v.), and 4M platform-mediated chemotherapy (n = 3 mice per group) after 
one treatment. FITC signal for calcein AM; PerCP signal for DOX. E) Schematic process of the cancer treatments in the subcutaneous tumor mouse 
model. SiHa cells were injected subcutaneously into nude mice on day 0 and let grow into solid tumor. Mice bearing similar sizes of xenograft tumor 

Adv. Funct. Mater. 2022, 32, 2109187
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first 4M platform-mediated DOX delivery (Figure  4F), leading 
to the smallest tumor volume (Figure  4G) and tumor weight 
(Figure 4H), both less than half of the metrics of the i.v. group. 
Tumor cell proliferation was also analyzed with Ki67 immu-
nohistochemical staining after xenograft sections. The 4M 
platform-mediated chemotherapy significantly suppressed the 
expression of Ki67, exhibiting a 20% lower proliferation index 
than the conventional intravenous delivery (Figure 4I,J). These 
results demonstrated the efficacy of the platform for in vivo 
delivery, which achieved remarkable enhancement of the anti-
cancer effect of DOX.

2.6. 4M Platform for Safe Drug Delivery In Vivo

Systemic toxicity caused by circulation-based chemotherapy usu-
ally leads to body weight loss and organ damage,[54] which were 
used to validate the systemic toxicity of 4M platform-mediated 
chemotherapy. The body weight loss of xenografted mice in the 
4M platform-mediated chemotherapy group was less than 4%, 
in contrast to that of the i.v. group, which reached up to 36% at 
the end of the experiment (Figure 5A). Notably, the organs of the 
tumor-bearing mice after 4M platform-mediated chemotherapy 
showed no significant changes compared to the control group, 
while those of the i.v. group showed obvious shrink in volume 
(Figure  5B) and serious weight loss in heart (65%), liver (76%), 
kidney (50%), and intestine (50%) (Figure 5C). Blood test for bio-
chemical indicators that reflect organ injuries also showed unel-
evated plasma levels of creatine phosphokinase (CPK, indicator 
of heart injury), creatinine (CRE, indicator of kidney injury), and 
aspartate aminotransferase and alanine aminotransferase (AST 
and ALT, indicators of live injury) of the 4M group (Figure 5D). 
Finally, histopathological analysis showed little structural distur-
bance in the visceral organs of the 4M platform-mediated chemo-
therapy group, in contrast to the severe toxicity manifested in the 
i.v. group, including: 1) cardiotoxicity, reflected by disorganized 
myofibers (arrow on the left) and accumulation of neutrophils 
(arrow on the right); 2) hepatotoxicity, reflected by destruction of 
liver lobular structure, and focal hepatocyte necrosis; 3) nephro-
toxicity, reflected by shriveled glomeruli and vacuolation of renal 
tubules, and 4) intestinal toxicity, reflected by fusion of villi and 
disruption of crypt architecture and loss of goblet cells (Figure 5E). 
The above results suggest that the 4M platform is advantageous 
for alleviating systemic toxicity in local chemo-delivery in vivo.

3. Conclusions

In this work, we developed a unique structured and functional 
MN platform for intracellular delivery of chemotherapeu-

tics into solid tumors with enhanced efficacy and safety. The 
advances of the 4M platform were validated by DOX delivery in 
vitro and in vivo, resulting in enhanced anticancer effect and 
diminished systemic toxicity. Although MNs are known for 
their minimal invasiveness, their advantages to prevent vessel 
and nerve damages and to penetrate tissue/organ and deliver 
drugs in situ could allow their application in a wide range of 
scenarios, including transdermal drug delivery. Compared 
with the other MN-based drug delivery device with external 
electricity stimuli, which usually adopted the MN array as the 
electrodes to accelerate the cell electroporation after a sepa-
rate drug administration step (Table S1, Supporting Informa-
tion), the built-in microchannels through the MNs, as the key 
design, offer concentrated electric field that not only facilitates 
the electroporation of tumor cells in the proximity of the pene-
trated MNs, but also accelerates the internalization of drug. The 
advances of the 4M platform were validated by DOX delivery in 
vitro and in vivo, which significantly increased the anticancer 
effect and reduced systemic toxicity as compared to benchmark 
methods (e.g., passive diffusion MNs, local ECT). As a general-
purpose localized intracellular drug delivery platform, the plat-
form may serve as more versatile in vivo tools that are broadly 
applicable to chemotherapeutics and emerging drugs. The 4M 
platform could be customized to fit treatment requirements 
of different tumors. For example, the length of MN could be 
increased to reach tumors located slightly deeper than the sub-
cutaneous area, and the entire 4M platform could be made 
smaller to fit microtumors. In this work, we installed the 4M 
platform on a syringe to assist its application for subcutaneous 
delivery; by combining the strength of this device and endo-
scopes, future efforts could be taken to explore its application in 
internal lesions, including, but not limited to tumors.

4. Experimental Section
Materials: The 4M platform was prepared with a microArch S130 

3D printer (BMF Material Technology Inc., Shenzhen, China) at the 
Advanced Materials Innovation Center of Southern University of Science 
and Technology. A commercial electroporation instrument (ECM830, 
BTX) was used to generate the pulsed electric field (square-wave pulse). 
Doxorubicin hydrochloride was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Calcein AM, propidium iodide 
(PI), DAPI, and Hoechst 33258 were purchased from Beijing Soleibao 
Technology Co., Ltd. Crystal violet was purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. Transwell chambers were purchased 
from Guangzhou Chuangrong Biological Technology Co., Ltd. Apoptosis 
assays kit was purchased from Nanjing Nuvezan Biotechnology Co., Ltd. 
Sodium alginate and calcium chloride were purchased from Shanghai 
Macklin Biochemical Co., Ltd. Fluorescence intensity was quantified with 
a multifunctional microplate reader (Spark, Tecan). Cell counting was 
done with a flow cytometer (celula). All reagents were used without any 
treatment. Deionized water with a resistivity of 18.2 MΩ cm subjected 

were selected on day 3 and the 1st round of different treatments were given. The 2nd round of treatments were given on day 9. On day 14, all mice were 
sacrificed and the subcutaneous tumors and visceral organs were extracted for analysis. F) Growth curve of the subcutaneous tumor of three groups 
during the 14 days (n = 3 mice per group). Dimensions of the tumors were measured every day over the 14-day experiment and the volume was calcu-
lated according to the formula specified in the Experimental Section. 4M-mediated chemotherapy exhibited the strongest inhibitory effect the earliest. 
G) Photograph of all extracted subcutaneous tumors and H) statistical analysis of tumor weight on day 14 (n = 3 mice per group). I) Representative 
images of immunohistochemical staining of Ki67 (brown) showing the proliferating cells. Scale bar, 100 µm. J) Comparison of the percentage of Ki67+ 
cells in the tumor sections of the three groups (n = 3 mice per group). 4M-mediated chemotherapy showed a significantly stronger inhibitory effect in 
tumor cell proliferation than DOX delivered through i.v. Data represent mean ± s.d. *p < 0.05 and ***p < 0.001 by Student's t-test.

Adv. Funct. Mater. 2022, 32, 2109187

 16163028, 2022, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202109187 by South U
niversity O

f Science, W
iley O

nline L
ibrary on [22/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2109187 (9 of 13) © 2021 Wiley-VCH GmbH

Figure 5. 4M platform for safe drug delivery in vivo. A) Changes in body weight of the xenografted mice in each group during the 14-day experiment. 
The 4% body weight loss in the 4M group in contrast to 36% in the i.v. group indicate reduced systemic toxicity induced by 4M platform-mediated 
chemotherapy (I and II indicate the 1st and the 2nd treatment, respectively) (n = 3 mice per group). B) Photograph of the heart, liver, kidney, and a 
section of intestine at the end of the experiment. Notable morphological changes of the organs in the i.v. group reflect organ damages caused by 
systemic toxicity of chemotherapy delivered through conventional methods. Scale bar, 10 mm. C) Statistical analysis of the final weight of organs of the 
i.v. and 4M groups relative to the control group (n = 3 mice per group). Organ weight loss in the heart, liver, kidney, and intestine are 65%, 76%, 50%, 
and 50%, respectively, in the i.v. group. D) Serum levels of biochemical indicators (CPK, CRE, AST, and ALT) in the mice of the i.v. and 4M groups on 
day 14 relative to the control group (n = 3 mice per group). Significantly increased biochemical indicator concentrations in the i.v. group suggest organ 
injuries. E) H&E staining for pathological changes (black arrows) in the heart, liver, kidney, and intestine of the mice in each group at the end of the 
experiment. Scale bar, 100 µm. Data represent mean ± s.d. NS, not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 by Student's t-test.
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to ultraviolet sterilization was used for the preparation of all aqueous 
solutions.

Characterization: SolidWorks 2020 was used for the design of the 
4M platform, and COMSOL Multiphysics 5.5 was used for simulation. 
All fluorescence microscopy images were taken with an Olympus IX83 
inverted fluorescence microscope. Scanning electron microscopy (SEM) 
images were taken with a Regulus SU8230 field emission SEM (Hitachi). 
The compression test was conducted with an ElectroPuls E1000 dynamic 
test instrument (Instron). Hematoxylin and eosin (HE) stainings 
were scanned with a PANNORAMIC MIDI II digital slide scanner 
(3DHISTCH).

Fabrication of the 4M Platform: The 4M platform, made of HTL 
yellow-5 resin that was cured under the 405 nm UV, was printed by high-
resolution 3D printer with the accuracy of 2  µm, which was based on 
the surface projection microstereolithography technology. The 3D model 
of the 4M platform was first constructed using the software SolidWorks 
2020 (Figure  S2A-1, Supporting Information), and was imported into 
the BMF 3D printer driver software to be sliced into a collection of 
2D images (Figure  S2A-2,3, Supporting Information), each of which 
represented a 5  µm thick layer. The 4M platform that was 1000  µm in 
height (500 µm drug storage chamber and base + 500 µm MN) resulted 
in 200 gray images, i.e., the printing cycle was repeated 200 times to 
complete the printing of one 4M platform. The 3D printer (BMF S130) 
was then set up by importing the collection of gray images from the 
printer driver software and filling the vat with HTL yellow-5 resin 
(Figure S2A-S4, Supporting Information). The gray images serve as UV 
light filters (projecting images), limiting UV exposure to only the white 
zones of each image during the printing of the corresponding layer.

At the beginning of the printing process, the printing platform was 
kept 5 µm under the liquid surface of the photosensitive resin. A release 
film was laid on the liquid surface, and the 5  µm thick layer of liquid 
resin between the printing platform and the release film was photocured 
by the UV irradiation passing through the white zone of the projecting 
image, resulting in a solidified plastic ring on the printing platform 
(the “Drug storage chamber” column in Figure S2B in the Supporting 
Information). The printing platform moved downward by 5 µm to start 
the next printing cycle. Figure S2B in the Supporting Information shows 
the representative projecting images and corresponding printed layers 
of different structures of the 4M platform.

The 4M platform was completely made of HTL yellow-5 resin without 
built-in electrodes, and thus was nonconductive by itself. Electrodes were 
integrated during experimental setup. For application, the 4M platform 
was attached to the tip of a syringe with a flat-surfaced PDMS ring 
adapter (Figure S1B, Supporting Information). The positive electrode 
was integrated into the syringe by modifying the pusher: the rubber 
pusher head was cut flat with a blade, and a layer of silver was sputtered 
onto the flat surface. Then, a hole was pierced vertically through the 
rubber head of the pusher with a sewing needle, allowing through a thin 
silver wire, which was fixed onto the sputtered silver electrode with silver 
paste (Figure S1, Supporting Information).

Mechanical Testing of the 4M Platform: A universal testing machine 
(ElectroPuls E1000) was used to test the mechanical properties of the 
4M platform, with the needle tip of the 4M platform pointing down and 
a load applied to the bottom. 9 4M platforms were divided into three 
groups and put to test under increasing compressive forces from 0 to 
0.4, 3, and 15 N, respectively. The compressive forces were maintained 
for 10–30 s at the maximum strength for each group before the devices 
were taken out for observation under an SEM.

Mechanical Simulation: COMSOL Multiphysics 5.5 was used for the 
simulation of mechanical performance test on the multimicrochannel 
MNs of the 4M platform. The needle tips were microplatforms 20  µm 
in diameter, which were set as fixed support (U  = 0). Under steady-
state study mode, the input parameters of the multimicrochannel MN 
structure were as follows: Young's modulus E = 3.8 × 106 Pa, Poisson's 
ratio nu  = 0.394, and material parameters were as follows: material 
density 1117 kg m−3, tensile strength 85 MPa, elastic modulus 3.8 GPa, 
elongation at break 3%, bending strength 97.4  MPa, bending modulus 
3.2 GPa, and hardness 86 Shore D.

Electroporation Test of the 4M Platform: For the simulation of 
electroporation efficiency, an MN model reflecting the double-layer 
arrangement of the eight microchannels was established with COMSOL 
Multiphysics 5.5. As the microchannels were arrayed in a symmetrical 
manner, simulation calculation was performed in a quadrant of the 
MNs, using the following formulas

= − ∇E V  (1)

Under the steady current mode, the initial potential was set at V1 = 25, 
and the ground potential at V0 = 0. Boundary conditions were as follows: 
for in vivo scenario, the conductivity of cytoplasm, cell membrane, and 
tumor tissue were 2, 5× e-7, and 0.135 S m−1,[55] respectively, and the 
relative permittivity were 50, 1, 79, and 2.75, respectively. For in vitro 
scenario, the conductivity of cytoplasm, cell membrane, and DMEM 
were 2, 5× e-7, and 2 S m−1, respectively, and the relative permittivity 
were 50, 1, and 79, respectively. According to the simulation results, 
the internal and external potentials were extracted to calculate the 
transmembrane potential.

Drug Flow Rate Simulation: A laminar flow model of the 
multimicrochannel MN was established using the COMSOL 
Metaphysical software. Drug flow was simulated in a single 
microchannel with a 15.5 Pa initial pressure and a 3.1 Pa (which equals 
to 2% of the pressure added to the liquid in the drug storage chamber) 
outlet pressure. Boundary conditions included: no slip against the wall 
of the microchannels; the tumor tissue was a homogeneous porous 
material; backflow was suppressed, and the research process was a 
steady-state step. Drug flow rate was defined as the average flow velocity 
at the outlet, and calculated every 10 µm as the microchannel diameter 
was increased from 10 to 80 µm.

Cell Lines and Cell Culture: All cells used were purchased from the 
National Platform of Experimental Cell Resources for Sci-Tech (Beijing, 
China). SiHa and HeLa cells were cultured in Dulbecco's Modified 
Eagle's Medium (Gibco, Grand Island, NY, USA) with 10% FBS at 
37 °C in a humidified incubator with 5% CO2 (Thermo Fisher Scientific, 
Waltham, MA, USA).

Drug Flow Rate Test: A 4M platform attached with DOX-loaded 
syringe was inserted into PBS, and electroporator was turned on to 
delivery electric field at 25  V, 0.6  ms duration, 150 pulses, and 0.1 s 
intervals. Another group with the same installation was set up, and 
the 4M platform was kept in the PBS for the same duration as the 
electroporation treatment but no electric field was applied. The PBS 
solution was collected post-treatment and their fluorescence intensity 
was measured with a microplate reader. Drug flow rate was defined as 
the fluorescence intensity divided by treatment duration.

In Vitro Drug Delivery via the 4M Platform: For cell suspension (≈1 × 105  
cells per well) and cells seeded in hydrogel, a silver plate electrode 
was first laid flat on the bottom of the wells of a 24-well plate, with its 
flat wire sticking out of the well along the well wall. Cell suspension or 
hydrogel was then added into the well on top of the electrode. 500 µL 
1:500 v/v PI solution was loaded into the syringe and the 4M platform 
was inserted into the cell suspension or hydrogel. During application of 
the electric field (25 V, 0.6 ms duration, 150 pulses, and 0.1 s intervals), 
the MN array of the 4M platform was kept under the liquid surface, 
ensuring that all microchannel openings were in full contact with the 
cell suspension (Figure S1A,B, Supporting Information). After treatment, 
the cells were extracted from the suspension, washed, resuspended, and 
added to a new 24-well plate. Then calcein AM was added and the cells 
were incubated until full adhesion (≈4 h) before being taken for analysis 
under a fluorescence microscope. The same procedure was performed 
for experiments with the hollow MN array.

For adherent cells, a 1  mm thick layer of Matrigel was first added 
into one well of a 24-well plate to fix the silver wire to the bottom of the 
well, and then SiHa or HeLa cells (≈1 × 105 cells per well) were seeded 
on top of the Matrigel and cultured until full adherence. 60 µg DOX in 
100  µL PBS solution was loaded into the syringe and the 4M platform 
was inserted into the cell culture medium. 4M platform-mediated drug 
delivery was performed as described above (Figure S1C,D, Supporting 
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Information). Equal dose of DOX was injected into the culture medium 
of the PD group without applied electric field. After treatment, the cells 
were taken for analysis under a fluorescence microscope at a series of 
time points.

In Vitro ECT: A silver plate electrode was first laid flat on the bottom 
of one well of a 24-well plate, with its flat wire sticking out of the well 
along the well wall. SiHa or HeLa cell suspension was added into the 
well on top of the electrode at ≈1 × 105 cells per well. 500 µL 1:500 v/v  
PI solution was added to each well. Another silver electrode was 
inserted into the cell suspension. Electric field was delivered at 230  V, 
0.6 ms duration, 2 pulses, and 0.1 s interval, or 25 V, 150 pulses, 0.6 ms 
duration, and 0.1 s interval. The same posttreatment processing was 
done as for the 4M platform-mediated in vitro drug delivery group.

The in vitro ECT experiment adopted 230  V following the equation 
E  = U/d, where U represents the applied voltage and d represents the 
effective voltage drop distance. Voltage drop distance for ECT was 
between the two electrodes, which was 4 mm, resulting in a 575 V cm−1 
electric field intensity, which was comparable to that used in the 4M 
group.

In Vitro Hydrogel-Fixed 3D Tumor Model: Different concentrations of 
sodium alginate solutions (2%, 5%, 10%, and 15%) and calcium chloride 
solutions (6%, 8%, 10%, and 12%) were prepared with ultrapure water. 
Optimal concentrations of the sodium alginate solution (10%) and 
the calcium chloride solution (10%) were determined following the 
orthogonal method. SiHa cells (5 × 105) were mixed with 10% sodium 
alginate and added to a 1 × 1 × 1 cm3 mold built of PDMS. 10% calcium 
chloride were added to the cell suspension and let stand for 5  min to 
ensure complete gelation.

Cell Colony Formation Assay: SiHa cells were treated with the four 
methods: 1) no treatment, 2) electroporation mediated by PBS-loaded 
4M platform, 3) injection of DOX (60  µg in 100  µL PBS) through 4M 
platform by fully pressing the syringe pusher, and 4) 4M platform-
mediated DOX delivery (60  µg in 100  µL PBS). The cells were then 
seeded in a 6-well plate (1000 cells per well) and cultured for 2 weeks. 
The colonies were fixed with methanol, and stained with 0.1% crystal 
violet, and the number of colonies containing 450 cells was counted. 
The data presented were mean ± s.d. and represented three independent 
experiments.

Transwell Migration Assay: The assay was performed in 24-well 
chambers with 8 µm pore (BD falcon, Bedford, MA, USA). 1 × 105 treated 
SiHa cells per well were added into the upper chambers in medium 
containing no FBS, and the lower chambers were filled with culture 
medium containing 20% FBS as a chemoattractant. The chambers were 
incubated at 37  °C for 12 h. Successfully migrated cells were fixed and 
stained with 0.1% crystal violet for 15  min, and counted under a light 
microscope.

TUNEL Assay: The assay was conducted according to the instruction 
manual of the TUNEL BrightGreen Apoptosis Detection Kit (Vazyme, 
catalogue No. A112). To be brief: SiHa cells were seeded on a 24-well 
plate at 1 × 105 cells per well and incubated for 24 h, then the cells 
were put through different treatments, washed, and incubated for 
another 24 h. The cells were washed with PBS, prefixed with 4% 
paraformaldehyde for 30 min at 4 °C, and then 0.2% Triton X-100 for 5 min  
at room temperature. Finally, the DNA fragments that broke during cell 
apoptosis were detected with FITC-12-dUTP at room temperature for  
30 min, and then nuclei were dyed with Hoechst 33258.

Animal Experiments: 6- to 8-week-old female BALB/c-nu outbred 
mice, with an average weight of 20  g, were purchased from Beijing 
Weitonglihua Experimental Center. All animal experiments were 
approved by the Animal Research Committee of Peking University First 
Hospital (202159). All animals were treated in accordance with the 
Guidelines for Care and Use of Laboratory Animals. SiHa cells (5 × 106  
cells in 100  µL PBS) were injected subcutaneously into each mouse 
on day 0 and let grow into solid tumors. On day 3, 9 mice bearing 
subcutaneous tumors of similar sizes were divided into three groups 
(n  = 3): the control group, DOX intravenous injection (i.v.) group and 
4M platform-mediated chemotherapy group. DOX was injected from the 
tail vein for the i.v. group 3 h in advance for the drug to reach maximal 

distribution in the xenograft at the time of treatment of the other two 
groups. The control group mice underwent sham surgery to expose the 
subcutaneous tumor. For the 4M platform-mediated chemotherapy:  
1) DOX solution was loaded into the 4M platform-attached syringe,  
2) the subcutaneous tumor was exposed with a 0.5  cm incision in the 
skin, 3) the gold needle (negative electrode) was placed under the tumor, 
4) the MN array was pressed into the tumor, an initial pressure was put 
onto the syringe pusher, 5) an electric field was applied for drug delivery 
(25 V, 0.6 ms duration, 150 pulses, and 0.1 s pulse intervals), and 6) the 
wound was closed with 5-0 silk suture and disinfected (wound healed 
the next day) (Figure S15 and Movie S3, Supporting Information). DOX 
dosage was 3  mg kg−1 for each mouse (e.g., 60  µg DOX for a mouse 
weighs 20 g). TV was calculated by the following formula

/6L S
2π=TV V V  (2)

where VL is the longest diameter and VS is the shortest diameter. On 
day 14, the mice were sacrificed under anesthesia. The heart, liver, 
kidney, and intestine were collected and fixed in 10% formalin sacrificed 
under anesthesia. The heart, liver, kidney, and intestine were collected 
and fixed in 10% formalin and embedded in paraffin. H&E staining and 
immunohistochemistry were performed on sections from the embedded 
samples.

Flow Cytometry: Subcutaneous tumors were harvested, cut into 
0.5  mm fragments, and digested in a solution of 2.5  mg mL−1 
collagenase P (Cat no: 11213865001, Roche) and 1  mg mL−1 Dispase 
II (Cat. no: 42613-33-2, Sigma-Aldrich) for 3 h at 37  °C. The solution 
was then filtered through 70  µm mesh filters, centrifuged at 1000  × g 
for 10  min, and resuspended in full medium with 10% FBS. To obtain 
single cell suspension, the solution was subjected to gradient separation 
through percoll medium with different concentration. Finally, the single 
cell suspension was analyzed using a Celua cytometer (Celula Medical 
Technology) and all data were analyzed using FlowJo 10 (FlowJo, LLC).

Immunohistochemistry Staining: Formalin-fixed and paraffin-
embedded tissues were sectioned at 4  µm. Tissue slides were 
deparaffinized in xylene and rehydrated in a graded series of ethanol. 
Antigen retrieval was performed by microwave heating. Nonspecific 
antigens were blocked with 1.5% normal goat serum. Slides were 
incubated with primary antibody for Ki67 (1:300 dilution) overnight at 
4 °C and then with secondary antibody. Then the sections were stained 
with diaminobenzidine and counterstained with hematoxylin. Both the 
H&E- and immunohistochemistry-stained slides were scanned in totality 
on a PANNORAMIC MIDI II digital slide scanner (3DHISTECH Ltd., 
Budapest, Hungary) and representative areas were selected for images 
using the panoramic viewer software.

Blood Test for Biochemical Indicators: After blood collection, whole 
blood was aliquoted in 1.5  mL centrifuge tubes and let stand at room 
temperature for 30–60  min, and then centrifuged at 14  000 × g  for 
10–15 min. The serum was extracted and transferred to clean centrifuge 
tubes. 10 µL of serum was dropped onto FUJI DRI-CHEM slides (Fujifilm) 
of CPK, CRE, ALT, and AST, respectively, and let stand for 1  min. The 
slides were then put into an automatic clinical chemical analyzer (DRI-
CHEM NX700i, Fujifilm) for corresponding blood biochemical index 
concentration readings.

Statistical Analysis: Statistical analyses were performed using 
GraphPad Prism 6 software. Data points in all statistical graphs 
represented mean ± s.d. A minimum of three replicates were used per 
condition in each experiment for all experiments. Pairwise comparisons 
were performed using Student's t-test. No specific preprocessing of date 
was performed prior to statistical analyses. Differences between groups 
were considered significant at p-values below 0.05 (*p < 0.05, **p < 0.01, 
and ***p < 0.001); NS, not significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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