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Elaborately designed stimuli-responsive antibacterial systems are highly desirable for infected diabetic

wound treatment. Herein, hierarchically porous metal–organic framework (MOF)-based glucose-

responsive microneedles (MNs) were designed for painless transdermal wound treatment. For the first

time, a hierarchically porous MOF was applied for consuming the surplus glucose to protect infected

diabetic wounds from bacterial infection. Through one-pot synthesis, glucose oxidase (GOx) was firstly

encapsulated into a Fe-doped zeolitic imidazolate framework (ZIF), and based on a properly controlled

tannic acid (TA) etching process, the hierarchically porous MOF (GOx@Fe-ZIF-TA) was constructed

afterwards. GOx encapsulated in GOx@Fe-ZIF-TA could consume surplus glucose in infected diabetic

wounds to yield gluconic acid and H2O2. The latter could be catalyzed by Fe(II) to generate antibacterial
�OH, which would not result in antimicrobial resistance. The as-obtained hierarchically porous MOF

revealed satisfactory glucose-responsive antibacterial activity, and the hierarchically porous MOF-based

MNs showed enough stiffness for penetration. This study offers a new strategy, using hierarchically

porous enzyme-loaded MOFs as depots to integrate with MNs, for designing stimuli-responsive

transdermal systems for the treatment of infected diabetic wounds and other diseases.

Introduction

Metal–organic frameworks (MOFs) have shown great potential
in many fields like catalysis, sensing, gas separation and
biomedical research.1–5 In biomedical research, various bio-
molecules such as enzymes and vaccines have been embedded
in MOF matrices to enhance their stability or activity.6–14

Additional studies focused on using ZIF-8, a nontoxic and
biocompatible zeolitic imidazolate framework (ZIF), as the
MOF matrix to encapsulate enzymes through one-pot synthesis
to construct stimuli-responsive systems.15–17 However, the
enzyme activity may be disturbed by this coprecipitation or
biomineralization strategy. On the one hand, the steric
trapping may result in the change of the enzyme
conformation.9,18,19 On the other hand, the interaction between
MOFs and enzymes may alter the native state of enzymes.20,21

Recent research studies have shown that hierarchically porous

MOFs could improve substrate diffusion and enable the encap-
sulation of guest bio-macromolecules in their relatively free
state at the same time.22,23

Etching is a promising method for the fabrication of hier-
archically porous MOFs.24 Tannic acid (TA), as an etching
agent, could be used to facilely generate voids within ZIF
matrices to construct hierarchically porous structures.25–27

Meanwhile, TA could be coated on the MOF surface during
the etching process, which could play an important role in
antibacterial or anticancer treatment.28 For example, by com-
bining with glucose oxidase (GOx, a common enzyme which
could consume glucose and O2 to yield gluconic acid and H2O2)
embedded in ZIFs, TA could convert Fe(III) in the particles to
Fe(II) which would decompose H2O2 to generate ROS based on
the Fe-mediated Fenton reaction for biomedical treatment.16

The other cases also proved that TA could convert Fe(III) to Fe(II)
and could be applied for the generation of ROS based on a
Fenton-like reaction.29,30 For wound infection treatment,
unlike antibiotics or other antibacterial molecules, ROS would
not result in antimicrobial resistance and have been widely
researched.31,32 Nonetheless, previous reports usually needed
external H2O2 for the ROS generation. Diabetic wounds, usually
resulting from uncontrolled blood glucose levels, are also
susceptible to bacterial infection.33 For such wounds, the
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wound healing process could be accelerated by simultaneously
decreasing the glucose levels and protecting the wounds from
bacterial infection,34 which makes GOx-involved systems pro-
mising candidates for infected diabetic wound treatment.

The use of MNs has been proved to be a promising medical
technique for the treatment of many diseases including skin
infection, cancer, diabetes, and so on.35,36 With needles usually
less than 1 mm, MNs can penetrate through the epidermis
painlessly. Thus, different kinds of drugs or vehicles could be
delivered into specific sites. For skin infection treatment,
methods in the form of gels, creams, and ointments containing
antimicrobial agents are most widely preferred.37 However,
these methods are usually limited by the inefficient penetration
of antibacterial agents through the extracellular polymeric
substances into the biofilm, and thus have low effectiveness
to reach bacteria in the deep sites.38 MNs could effectively
penetrate into the biofilm and release antibacterial agents deep
inside the biofilm. This advantage makes the use of MNs an
ideal technique for infected wound treatment. Furthermore,
various kinds of molecules or particles have been combined
with MNs for stimuli-responsive antibacterial treatment,
including localized pH change or heat via infrared
radiation.39 Yet, the combination of MOFs and MNs for the
glucose-responsive treatment of infected diabetic wounds has
never been reported.

Herein, a hierarchically porous MOF (GOx@Fe-ZIF-TA) was
constructed and encapsulated into dissolvable polyvinyl

pyrrolidone (PVP) to fabricate stimuli-responsive microneedles
for infected diabetic wound treatment. For the first time, a
hierarchically porous MOF was applied for consuming the
surplus glucose to protect infected diabetic wounds from
bacterial infection. As illustrated in Scheme 1, GOx was firstly
encapsulated into a Fe-doped ZIF through one-pot synthesis,
and the hierarchically porous MOF was constructed afterwards
based on a properly controlled TA etching process. TA was used
to etch the MOF to construct hierarchically pores and offer
Fe(II)/Fe(III) redox conversion. When MNs were applied on the
wound site, the GOx@Fe-ZIF-TA particles would be released
from PVP, and sequentially GOx would consume glucose to
yield H2O2 and gluconic acid. Under the local acidic environ-
ment produced by gluconic acid, Fe(III) would be reduced to
Fe(II) by TA and further catalyze the degradation of H2O2 to
produce antibacterial �OH. The as-obtained hierarchically por-
ous MOF revealed satisfactory glucose-responsive antibacterial
activity, and the hierarchically porous MOF-based MNs showed
enough stiffness for penetration.

Experimental section
Materials and chemicals

Zinc nitrate, ferrous chloride, 2-methylimidazole and porcine
skin were purchased from Lanzhou Aihua Co., Ltd. Glucose,
glucose oxidase, fluorescein isothiocyanate (FITC), and

Scheme 1 Schematic illustration of preparation of hierarchically porous glucose-responsive antibacterial GOx@Fe-ZIF-TA and penetration of MOF-
based MNs into infected diabetic wounds to release antibacterial particles for infected diabetic wound treatment.
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poly-vinylpyrrolidone PVP (Mw: 10 kDa) were purchased from
Heowns (Tianjin, China). The PDMS mold was purchased from
Taizhou Microchip Pharmaceutical Technology Co., Ltd.

Synthesis and characterization of a hierarchically porous MOF

GOx@Fe-ZIF-TA was synthesized through a modified two step
reaction.15,23,40 Firstly, GOx@Fe-ZIF was synthesized by mixing
GOx (200 mg), 2-methylimidazole (1 mL, 1.4 M), zinc nitrate
(0.97 mL, 20 mM) and ferrous chloride (0.3 mL, 20 mM). After
overnight reaction, GOx@Fe-ZIF was obtained by centrifugation
and washing with water. Secondly, GOx@Fe-ZIF-TA was
obtained through a modified etching process by mixing TA
with the suspension solution of GOx@Fe-ZIF for 2 min, fol-
lowed by centrifugation and washing with water. The encapsu-
lation efficiency of GOx in GOx@Fe-ZIF and GOx@Fe-ZIF-TA
was determined by fluorescence spectrophotometry (RF5301-
PC, Shimadzu) using a calibration curve of FITC-modified GOx.
The morphology of GOx@Fe-ZIF and GOx@Fe-ZIF-TA was
visualized via scanning electron microscopy (SEM, S-4800,
Hitachi) and transmission electron microscopy (TEM, Talos
F200s; FEI Company). A laser scanning confocal microscope
(A1R MP, Nikon) was used to confirm the encapsulation of
FITC-modified GOx. XRD patterns were achieved on a Rigaku
D/Max-2400. Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet 360 FTIR spectrometer using the KBr
pellet method. BET tests were carried on a Micromeritics
ASAP2460.

Glucose-responsive catalytic activity assay

The catalytic activity was probed by monitoring the degradation
of methylene blue (MB) in glucose solution. Briefly, certain
amounts of GOx@ZIF-TA, GOx@ZIF@Fe-TA and GOx@Fe-ZIF-
TA were dispersed into the solution containing the same
concentration of MB and glucose (15 mM, corresponding to
the blood glucose concentration in diabetic patients). To inves-
tigate the glucose-responsive behavior, GOx@Fe-ZIF-TA was
dispersed into the solution containing the same concentration
of MB and different concentrations of glucose (0 mM, 5 mM
(normal blood glucose concentration), and 15 mM). UV-vis
absorption of MB was acquired on a Cary 5000 (Cary-5000,
Agilent technologies). The glucose-responsive ROS generation
of GOx@Fe-ZIF-TA was probed via the EPR signal of DMPO–OH
(ER200DSRC10/12, Bruker).

In vitro glucose-responsive antibacterial tests

Briefly, Escherichia coli (ATCC 8739) was divided into four
groups: bacteria + low concentration glucose (5 mM), bacteria
+ high concentration glucose (15 mM), bacteria + low concen-
tration glucose (5 mM) + GOx@Fe-ZIF-TA (50 mg mL�1), and
bacteria + high concentration glucose (15 mM) + GOx@Fe-ZIF-
TA (50 mg mL�1). After incubation, the antibacterial activity was
evaluated by the number of colonies left on the Petri dish.

MNs fabrication

MNs were fabricated using the micromolding technology.
Briefly, 1.5 mg of GOx@Fe-ZIF-TA was added to 1 mL mixed

solution of PVP and PVA (PVP : PVA = 3 : 1). After being stirred,
the final solution was poured onto the PDMS template.
Then the template was placed in a vacuum for 30 min. After
drying, the MNs were carefully peeled off. A fluorescence
microscope (Ts2-FL, Nikon) was used to characterize the dis-
tribution of GOx@Fe-ZIF-TA by probing FITC-modified GOx
loaded inside the particle.

Mechanical strength study

An automatic load tester was used to test the mechanical
strength of MNs (Hssdtest, UTM4104, China). The movement
speed of the plate to MNs was set to be 0.5 mm s�1. Porcine
skin was also used to investigate the mechanical strength of
MNs. Briefly, with a pressure of 5.0 N, MNs were applied onto
the porcine skin. Then the MNs were peeled off and then put
into the glutaraldehyde solution. After that, the porcine skin
was dried and coated with gold for SEM tests.

Results and discussion
Characterization of a hierarchically porous MOF

GOx@Fe-ZIF-TA was synthesized through a modified two step
reaction (Scheme 1). The GOx@Fe-ZIF precursor was synthe-
sized by mixing GOx, 2-methylimidazole, zinc nitrate and
ferrous chloride, and then TA was used to etch GOx@Fe-ZIF
to construct hierarchically porous GOx@Fe-ZIF-TA. Through a
one-pot reaction, various metal ions have been introduced into
the system to partially replace Zn(II) during the growth of ZIF
particles.17,40 TEM and SEM images showed that the resulting
GOx-loaded Fe-doped particles (GOx@Fe-ZIF) before TA treat-
ment revealed a dodecahedral structure, along with a grain size
of 200–800 nm (Fig. 1a). The elemental mapping images of
GOx@Fe-ZIF clearly exhibited the distribution of Zn, Fe, and N,
which not only confirmed the successful loading of GOx into
the MOF but also indicated the uniform distribution of Fe
before TA etching (Fig. S1, ESI†). After the TA etching process,
GOx@Fe-ZIF-TA revealed a similar dodecahedral structure and
particle size to GOx@Fe-ZIF, and obvious voids could be
observed, which is in agreement with previous reports
(Fig. 1b).23,25 The elemental mapping images of GOx@Fe-ZIF-
TA revealed the distribution of Zn, Fe, and N elements in the
unapparent outer shell (Fig. 1c). It should be noted that the
shell can become more obvious with the increase of etching
time (Fig. S2, ESI†). However, for complete etching with a
longer TA etching time, excessive TA would coat the MOF
surface and it would also result in enzyme aggregation because
of the overly expanded space as demonstrated previously,
which would reduce the catalytic efficiency.25,27,41 Meanwhile,
insufficient etching in our case would not provide overly
expanded space for enzyme-catalyzed reactions.23 The loadings
of GOx in GOx@Fe-ZIF and GOx@Fe-ZIF-TA were measured to
be 11.0 mg mg�1 and 10.5 mg mg�1, respectively. This indicated
the negligible GOx leaching during the TA etching process.
CLSM images (Fig. 1d) also confirmed that GOx was success-
fully retained in the GOx@Fe-ZIF-TA.
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Before TA etching, Fe(II) partially replaces Zn(II) and chemi-
cally bonds with imidazolate within the ZIF, which is in good
agreement with the powder X-ray diffraction (PXRD) pattern
(Fig. 1e), and after the TA etching process, the ZIF crystal
structure could still be well preserved. Fourier-transform infra-
red spectroscopy (FT-IR) spectra (Fig. 1f) revealed that after TA
etching treatment, compared to GOx@Fe-ZIF, two extra adsorp-
tion bands emerge at B1340 cm�1 and 1700 cm�1 for GOx@Fe-
ZIF-TA, corresponding to the C–O vibrations and CQO
stretching of TA, indicating the successful coating of TA on
GOx@Fe-ZIF, which is in good agreement with the previous
report.23 Also, the broad adsorption band at 3400 cm�1 indi-
cated the existence of O–H, revealing the successful encapsula-
tion of GOx in the MOF and good preservation after the etching
process. BET tests were applied to investigate the formation of a
hierarchically porous structure of GOx@Fe-ZIF-TA. As can be
seen in Fig. 1g, after the TA etching process, the N2 adsorption
of GOx@Fe-ZIF-TA was steady at low relative pressure, which
indicated that the main microporosity of the ZIF was not
destroyed in the etching process. However, compared with
GOx@Fe-ZIF, a distinct hysteresis loop of GOx@Fe-ZIF-TA
emerged at high relative pressure, which confirmed the gen-
eration of mesopores in GOx@Fe-ZIF-TA by etching and the
successful preparation of hierarchically porous MOF.23 Also,
compared with GOx@Fe-ZIF, GOx@Fe-ZIF-TA showed a
decreased microporous volume to total pore volume ratio
(Table S1, ESI†), further confirming the successful etching of
TA. In Fe-mediated Fenton reaction systems, Fe(II) exhibits
higher catalytic performance than Fe(III) for catalyzing H2O2

to produce ROS.42 It has to be noted that Fe(II) doped in
GOx@Fe-ZIF can be easily converted to Fe(III) by the O2 in the
air before the etching process. XPS patterns (Fig. S3, ESI†)
showed that after the overnight reaction, most of the Fe(II)
doped in the ZIF has been oxidized into Fe(III).30 However, in
our system, GOx would consume glucose to yield H2O2 and
gluconic acid, and in the local acidic environment produced by
gluconic acid, and TA could accelerate the conversion from
Fe(III) (low catalytic efficiency) to Fe(II) (high catalytic efficiency)
for the Fenton reaction like previous reports.16,29

To achieve the optimal molar ratio of Fe : Zn, various
amounts of Fe were introduced into the system to achieve
GOx@Fe-ZIF precursors. The SEM images showed that the
amount of Fe had a significant influence on the morphology
of GOx@Fe-ZIF (Fig. S4, ESI†). When the molar ratio of Fe : Zn
was lower than 4 : 96, the resulting MOF still revealed a rhombic
dodecahedral structure. Once the molar ratio of Fe : Zn
increased from 6 : 94 to 10 : 90, more and more impurities
emerged and the dodecahedral structure of the MOF became
less and less obvious. This indicated that the excess Fe would
have a bad influence on the growth of ZIF-crystals. BET tests
were further carried out to investigate the influence of Fe on the
MOF structure. As displayed in Table S2 (ESI†), when the Fe
content was lower than 3%, the micropore content did not
show significant change with the increase of the Fe amount.
However, when Fe content was higher than 4%, the micropore
content would decrease significantly with the increase of the Fe
amount. The decrease of micropores in GOx@Fe-ZIF could be
attributed to the excess Fe having a bad influence on the growth

Fig. 1 (a) SEM and TEM (inserted at the corner) images of GOx@Fe-ZIF. (b) SEM and TEM (inserted at the corner) images of GOx@Fe-ZIF-TA.
(c) Elemental mapping images of GOx@Fe-ZIF-TA. (d) Confocal microscopy images of GOx@Fe-ZIF-TA (probing the green fluorescence of FITC-
modified GOx). (e) XRD patterns of samples. (f) FT-IR spectra of samples. (g) N2 adsorption–desorption isotherms of GOx@Fe-ZIF and GOx@Fe-ZIF-TA
(all scale bars: 500 nm).
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of ZIF-crystals, and such unexpected mesopores might provide
the overly expanded space for enzyme aggregation, which
would reduce the efficiency of enzyme-catalytic reaction. In
our system, the total catalytic efficiency was determined by
two catalytic reactions, which are the catalytic reaction of
glucose oxidase and the Fenton reaction of Fe. The catalytic
efficiency of the Fenton reaction was affected by the amount of
Fe, and it would increase with the increase of Fe content. To
precisely control the etching process for hierarchically porous
structure and maintain the highest catalytic efficiency, the
molar ratio of Fe : Zn was chosen to be 3 : 97.

Glucose-responsive catalytic activity assay

In our system, GOx in the hierarchically porous MOF could
convert glucose and O2 to gluconic acid and H2O2. The gluconic
acid could produce an acidic environment for the conversion of
Fe(III) to Fe(II), and sequentially the H2O2 would be catalyzed to
produce ROS by Fe(II).16 To investigate the influence of hier-
archically pores on the catalytic efficiency of this glucose-
responsive Fenton reaction, GOx@ZIF@Fe-TA with the same
content of Fe was synthesized through a reported strategy for
comparison (Fig. S5, ESI†).16 Fig. 2a–c show the MB degrada-
tion spectra of GOx@ZIF-TA, GOx@ZIF@Fe-TA and GOx@

Fe-ZIF-TA in 15 mM glucose solution, respectively. The time-
dependent absorbances of MB at 664 nm are displayed in
Fig. 2d for comparison. When Fe was not doped into the
MOF matrix, GOx@ZIF-TA showed a limited ability to decom-
pose MB because the yielded H2O2 could not be converted into
highly oxidative ROS. However, the absorbance of MB
decreased sharply when Fe was introduced into the system,
which indicated the essential role of Fe in the catalytic reaction.
The results also showed that GOx@Fe-ZIF-TA had a higher
catalytic efficiency than GOx@ZIF@Fe-TA, which could be
attributed to the appearance of hierarchical pores within the
MOF matrix and sequentially improving the catalytic
efficiency.23 The etching time for GOx@ZIF@Fe-TA was con-
trolled to be 10 min as reported, which is far more than the
reaction time for GOx@Fe-ZIF-TA (2 min in our case). As shown
in Fig. S5 (ESI†), such a complete etching process with long
etching time would result in the hollow structure of the MOF
and further cause enzyme aggregation in the overly expanded
space, which would limit the enzyme activity.25,27 However, in
our research, the reaction time of TA treatment for GOx@Fe-
ZIF-TA was controlled to be 2 min, and such an incomplete
etching process with short etching time would not provide an
overly expanded space for enzyme aggregation.23 Noteworthily,

Fig. 2 MB degradation spectra of (a) GOx@ZIF-TA, (b) GOx@ZIF@Fe-TA and (c) GOx@Fe-ZIF-TA in glucose solution. (d) Time-dependent absorbance of
MB at 664 nm of corresponding samples in glucose solution. (e) Time-dependent absorbance of MB at 664 nm of GOx@Fe-ZIF-TA in glucose solution
with different concentrations. (f) EPR signals of corresponding samples in glucose solution (probing the signal of DMPO–OH). (g) E. coli incubated in
(i) low concentration glucose, (ii) high concentration glucose, (iii) low concentration glucose + GOx@Fe-ZIF-TA and (iv) high concentration glucose +
GOx@Fe-ZIF-TA.

Materials Chemistry Frontiers Research Article

Pu
bl

is
he

d 
on

 0
6 

de
 g

en
er

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
9/

8/
20

24
 2

:2
4:

19
. 

View Article Online

https://doi.org/10.1039/d1qm01512e


This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022 Mater. Chem. Front., 2022, 6, 680–688 |  685

the previously doped Fe could be beneficial to the etching
process. This assumption was confirmed by TEM images of
GOx@ZIF@Fe-TA and GOx@Fe-ZIF-TA at different time inter-
vals during the etching process at the same concentration of
TA. As shown in Fig. S6 (ESI†), without previously doped Fe, TA
would slowly etch the GOx@ZIF uniformly from outside to
inside. However, in our system with previously doped Fe, the
TA etching process could be more efficient for the inner part of
the MOF matrix. This could be because TA would preferentially
react with Fe(III) instead of Zn(II) due to the stronger interaction
between TA and Fe(III) compared with the interaction between
TA and Zn(II) during the etching process.43,44 Since Fe was
uniformly distributed in GOx@Fe-ZIF, the etching reaction
would take place more deeply compared to the one without
the previous Fe-doping process within the same reaction time.
Also, as shown in Table S1 (ESI†), GOx@Fe-ZIF-TA had a lower
micropore volume to total pore volume ratio than GOx@
ZIF@Fe-TA, which further confirmed that the previously doped
Fe could enhance the etching effect.

Since the amount of H2O2 yielded is affected by the amount
of glucose in the GOx-involved catalytic reaction, GOx@Fe-ZIF-
TA was dispersed in various concentrations of glucose solutions
to further investigate the glucose-responsive catalytic activity.
MB degradation tests were also applied to reveal the catalytic
activity of our system. As shown in Fig. 2e, when no glucose was
added into the MB solution, GOx@Fe-ZIF-TA could not decom-
pose MB without the existence of glucose in MB solution. With
the increase of glucose concentration, MB could be decom-
posed more and more effectively, which well indicated the
glucose-responsive catalytic efficiency of GOx@Fe-ZIF-TA. Also,
the EPR tests were applied to reveal the glucose-responsive
generation of �OH radicals. The results showed that GOx@
Fe-ZIF-TA could generate ROS in a glucose-responsive manner.
As can be seen from Fig. 2f, no ROS signal could be detected
when GOx@Fe-ZIF-TA was dispersed into a solution without
glucose. When a low concentration of glucose solution was
applied, a relatively low �OH signal could be observed, and a
stronger �OH signal could be detected when GOx@Fe-ZIF-TA
was immersed in glucose solution at a high concentration. On
the basis of the above results, our system could be applied for
glucose-mediated antibacterial treatment.

In vitro glucose-responsive antibacterial tests

Escherichia coli (E. coli), as a common wound pathogen, was
selected to investigate the glucose-responsive antibacterial
activity of GOx@Fe-ZIF-TA. As shown in Fig. 2g(i) and (ii),
when antibacterial GOx@Fe-ZIF-TA was not applied, a high

concentration of glucose would result in the dramatic increase
of the number of colonies as E. coli could consume glucose as
the carbon source. When GOx@Fe-ZIF-TA was applied, for a low
concentration of glucose (Fig. 2g(iii)), the number of colonies
decreased but some colonies could still be observed, which
indicated the limited antibacterial activity of GOx@Fe-ZIF-TA at
a low concentration of glucose. This could be because a low
amount of �OH was generated and TA itself has antibacterial
activity.28 However, when GOx@Fe-ZIF-TA was applied together
with a high concentration of glucose (Fig. 2g(iv)), colonies could
be no more observed, which indicated the excellent antibacter-
ial activity of GOx@Fe-ZIF-TA at high concentration of glucose.
These results confirmed that hierarchically porous GOx@Fe-
ZIF-TA could kill pathogens in a glucose-responsive manner,
which could be applied in infected diabetic wounds.

Characterization of hierarchically porous MOF-based MNs

MNs have shown great potential in infected wound treatment.
By effectively penetrating into the biofilm at the wound site,
MNs could release antibacterial agents deep inside the biofilm
for enhanced therapeutic effect.38 In this research, hierarchi-
cally porous GOx@Fe-ZIF-TA could be used as a glucose-
responsive depot to fabricate stimuli-responsive MNs for
infected diabetic wound treatment.

As illustrated in Scheme 2, the glucose-responsive MNs were
fabricated through a micromolding technique. PVP, as a com-
mon biocompatible dissolvable polymer applied in MN sys-
tems, was used as the matrix to entrap hierarchically porous
GOx@Fe-ZIF-TA. PVA was employed to improve the mechanical
properties of MNs.45 A scanning electron microscope (SEM) and
a digital camera were used to image the morphology of MNs. As
can be seen from Fig. 3a and b, all MNs displayed a pyramidal
structure, and there were 15 � 15 needles on each patch. The
total area of MNs was 11 � 11 cm2. The lateral view of the MNs
(Fig. 3c) showed that each needle had a base of 320 mm, and a
height of 730 mm. As previous reports demonstrated, 730 mm
could be considered to be enough for insertion.45 As Fig. 3d
showed, the distribution of hierarchically porous particles in
the needles was confirmed by the green fluorescence of FITC-
labeled GOx embedded in GOx@Fe-ZIF-TA, revealing the suc-
cessful fabrication of glucose-responsive MNs.

To achieve effective penetration, MNs should possess suffi-
cient mechanical strength. In response to this, the MNs were
applied onto porcine skin. The microchannel left on porcine
skin is shown in Fig. 3e, which indicated that the MNs could
effectively penetrate into the wound sites. Also, the mechanical
strength of the MNs was measured to be 0.0226 N per needle

Scheme 2 Schematic illustration of the preparation of MOF-based MNs through micromolding technology.
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(Fig. 3f), and a force like this was considered to be sufficient for
skin penetration.46

Conclusions

In summary, hierarchically porous MOF-based stimuli-
responsive MNs were designed for infected diabetic wound
treatment. A hierarchically porous MOF achieved by a con-
trolled etching process revealed glucose-responsive antibacter-
ial activity, and the as-obtained MNs showed sufficient
mechanical strength for the application of transdermal treat-
ment. Our study utilized hierarchically porous MOF-based MNs
to offer a promising stimuli-responsive system for infected
diabetic wound healing. Furthermore, the facile synthesis of
the hierarchically porous MOF for enhanced enzyme-involved
catalytic efficiency makes our MOF-based MNs a promising
platform that could be expanded into other stimuli-responsive
treatments for various diseases.
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