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Synthetic n@no/micromotors are a burgeoning class of materials with vast promise for applications
ra environmental remediation to nanomedicine. Motility of these motors is generally

y the concentration of accessible fuel, and therefore engineering speed-regulation

control over the movement of super-assembled porous framework micromotors (SAFMs)

con
meghanism, particularly using biological triggers, remains a continuing challenge. Here we
de

via agig ple, biological-relevant pH-responsive regulatory mechanism. Succinylated -lactoglobulin
were super-assembled in porous framework particles, where the B-lactoglobulin is
neutral pH. This permeability allows the fuel (H,O,) to access catalase leading to
movement of the micromotors. However, at mild acidic pH, succinylated -lactoglobulin

rapid, reversible pH-responsive motility. Furthermore, the porous framework significantly
¢ biocatalytic activity of catalase, allowing ultralow H,O, concentrations to be exploited at
physiological conditions. We envision that the simultaneous exploitation of pH and chemical potential
of dlich nanosystems could have potential applications as stimulus-responsive drug delivery vehicles to
takl fit from the complex biological environment.

I

1. Introdu n

Since

]

ring reports in the last decade,™? chemically driven self-propelled

tho

nano/micromotor§ have been receiving increasing attention.®® Inspired by biological molecular

motors

Ul

and se opelled microorganisms, synthetic motors convert local chemical energy into

A
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kinetic motion, with potential to revolutionize various fields including controlled drug deIivery,[Hz]

biosensing,'*™**! medical imaging,"***” microsurgery,”*?% and environmental remediation.”**? In

contrast to bi ical molecular motors where their speed of movement can be precisely regulated

by comple nd external microenvironments,””® controlling the movement of synthetic

pt

motors' s SL N Te infancy. However, the propulsive speed of synthetic chemically driven motors is

£

generally achieyed by catalyzing accessible fuel from the local environment into mechanical

[24]

C

energy, difficult to tune. Therefore, there is a growing effort to engineer stimulus-

responsivel§pd€d d@ntrol mechanisms into synthetic motors for various on-demand applications.™

$

Recently some dsree of control over synthetic micromotor speed has been reported either by

chemically 4 iag the catalytic system (e.g. by chemically deactivating the active site for a

permanen porary® loss of motion), or by varying external energy input such as heat,?**!

light, 233 otic field.®” However, the former strategy requires inhibition/reactivation steps

via the oval of chemicals, while the latter has significant difficulties in reaching remote

sites® (e.g. ssue), and therefore both are not practical for many biomedical applications. As

an alternative, exploiting biologically-relevant stimuli, such as pH, redox potential, or by-products of

enzymatic Stivity, as speed control mechanisms for synthetic motors could open up new avenues

for next-gQ biotechnological applications. Up to now, most reported pH-induced motion
0

manipulati no/micromotors requires the sequential addition of acid or base to introduce pH

quctuatiodBHﬂ However, this is not practical in most real-world scenarios, as it is essentially the

same asMentioned chemically inhibiting systems. Consequently, autonomous oscillation of

environmenta! p5va|ues combined with pH-regulated motion behavior is highly desired.” For

instance, the pH :’oss different organs and tissues are highly diverse and precisely regulated in the
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human body.™ In addition, the extracellular pH is different than the pH of many cellular

compartments, making pH-stimulus-responsive microsystems an ideal candidate for biomedical

applicatioi.I I

Very rece%rganic frameworks (MOFs) have emerged as a new material platform for
|

[ |
micromotdgs.”****”! Constructed from metal ions or clusters bridged by organic ligands, MOFs

pOssess u@ty with tunable pore microenvironments.***! More importantly, functional
biomolecules cag be super-assembled into the porous MOF framework in situ, allowing limitless
potentials ploited.®®*? Here, we demonstrate the super-assembly of biocatalytic MOF

micromotors withl an inbuilt biological pH-responsive “on/off” speed regulation mechanism.

Succinylate globulin and catalase were super-assembled in MOF particles, where the B-
lactoglobuli eable at neutral pH. This permeability allows the chemical fuel (H,0,) to access
catalase le@di autonomous movement of the MOF micromotors. However, at mild acidic pH,
succiny globulin undergoes a reversible gelation process preventing the access of fuel

into the micr?Ers where the catalase resides, hence leading to a reduced motion. The design of
biocatalytic MOF micromotors fulfils a number of requirements for the next generation smart
micromot(! systems, including: 1) exploiting biologically relevant pH variation for tunable
autonomo motion; 2) ultrahigh loading and embedding of enzymes in the MOF framework
that drama nhances the biocatalytic H,0, breakdown and in turn the enhanced sensitivity; 3)
respondinéto ultralow, biologically relevant H,0, concentrations (in pm range), dramatically

improve“ivity and practicability for H,0, fueled micromotors; 4) dual pH and H,0,

responsiveness rs programmed degradation and release of payload. The super-assembly of

<C
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biocatalytic MOF micromotor could have potential applications as stimulus-responsive drug delivery

vehicles where the local pH and chemical potential can be simultaneously exploited.

{

-~
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Figure 1. (a atic representation of the assembly of micromotors with pH-responsive on/off

\

motion elative size between each component is not to scale. (b) Under neutral pH,

succinylated B-lactoglobulin remains permeable, allowing fuel to access the micromotor, turning it

.

on; whereas er mild acidic pH, succinylated B-lactoglobulin undergoes a secondary structure

transition, urning the micromotors off.

O

Auth
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2 Results and Discussion

2.1. Micro'otor srthesis and characterization

pH-respon @ atalytic micromotors were designed and synthesized by super-assembly of

[P

catalasesanessmeeimylated B-lactoglobulin into zeolitic imidazolate framework-L (ZIF-L) in situ. ZIFs are
a subclass *MOFS, synthesized by copolymerization of either Zn(ll) or Co(ll) with imidazolate-

type links.'® ZIFs Wave a high surface area, exceptional chemical and thermal stability, and negligible

C

3,

cytotoxicit particular, ZIF-L (a type of ZIF) possesses large pore cavities between its unique

LES

[55,56]

2-dimensional (2D) layered structures, which could afford more efficient molecular transport

d [57-63]

properties. eroxide-powered catalase micromotors have been reporte the use of pH-

responsivefimolecules as a gatekeeper to regulate the accessibility of peroxide has not been

N

investigated, and_stands as an attractive route for applying micromotors to biomedicine.

Succinylategh globulin was employed in this work due to its excellent biocompatibility and

&

pronou -induced conformational changes.®*® In mild acidic environments this protein

underg condary structure transition, leading to the formation of intermolecular hydrogen-
bonding B-sheets.® This conformational change is associated with low solubility of the protein

resulting ihe structure, which in our system, serves as a valve to reversibly block the access

of the perg into the micromotors. In contrast, at neutral pH the succinylated B-lactoglobulin
transforms ble conformation and becomes permeable, allowing peroxide to regain access to

the mic eleration, Figure 1).

{

Co-entrap succinylated B-lactoglobulin and catalase in ZIF-L particles (cat-B@ZIF) was

u

achieved b n of succinylated B-lactoglobulin and catalase at a 5:1 mass ratio into an aqueous

A
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solution of 2-methylimidazole, followed by the addition of zinc ions. In our previous work, we
demonstrated that a range of biomolecules including proteins, enzymes, DNA, polysaccharides, and
even Iivingpﬁcan induce the crystallization of a range of MOFs and end up embedded within
the porou [50-5266-691 Tha addition of succinylated B-lactoglobulin and catalase rapidly
inducea!hﬁiormaion of particles, as seen by the solution turning turbid within seconds of mixing.

The high atun:of B-lactoglobulin was used to ensure that enough proteins were present as pH-

responsive pers to control the access of fuel. Scanning and transmission electron microscopy
(SEM and mpectively) revealed the formation of particles ~1 um in diameter with cruciate
flower-like logy (Figure 2a-b), which is similar to pure ZIF-L particles.” To assess the final
encapsulat;ency for both proteins, fluorescently labelled succinylated B-lactoglobulin and

catalase wge employed during the particle synthesis, and the fluorescent intensity was studied and

compared re-determined calibration curves (Figure S1). Results indicated that c.a. 81% B-
lactoglobulifa 00% catalase were embedded in ZIF-L particles, corresponding to a final mass
ratio of c.a: 1 B-lactoglobulin to catalase. In addition, the cat-B@ZIF-L particles displayed
fluores oth B-lactoglobulin and catalase in each focal plane under confocal microscopy,

further confirming that both proteins were present in the particles (Figure 2c-d). The structure of the

recovered ca F particles was assessed by small-angle X-ray scattering (SAXS) and the resulting

pattern shaw gaks analogous, both in position and relative intensity, to pure ZIF-L crystals (Figure
2e). FTIR

amide ban

pure ZIF-Lﬁ post incubated with either or both of the proteins did not show characteristic

ent performed on the recovered particles showed the presence of characteristic

er with ZIF-L bands, indicating the co-existence of proteins and ZIF-L. In contrast,

protein ba washing (Figure 2f).
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Figure 2. (Qnd (b) TEM images of cat-B@ZIF particles. (c-d) Confocal microscopy images of
fluorescent d cat-B@ZIF particles. Succinylated B-lactoglobulin was labelled with fluorescein
isothiocyagte (FITC, green), whereas catalase was labelled with Alexa Fluor 647 (red). (e)
Synchr atterns of bare ZIF-L particles (black line) and cat-B@ZIF particles (red line). (f)
FT-IR paWre ZIF-L particles (black line) and cat-B@ZIF particles (red line).

-
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2.2. Characterization of biocatalytic efficiency

To determi e the’atalytic activity of catalase, hydrogen peroxide was introduced to the solution

containingme, catalase-loaded ZIF-L particles, and cat-B@ZIF particles, respectively, and

the peroxi osition was monitored by UV-Vis spectroscopy. There was no apparent
H I

difference eroxide decomposition rate at pH 5 and 7, suggesting that the catalytic activity of both

free catala@.‘per-assembled catalase remained the same across these pH conditions (Figure
S2a-b). Furthermore, the super-assembled micromotor particles demonstrated almost 2-fold
enhancem fgfe biocatalytic breakdown (V) of H,0, at pH 7 compared to free catalase while

pure ZIF-L showes no catalytic activity (Figure S2c). This enhancement can be attributed to the

confinemeﬁease provided by the MOF framework which prevents the enzyme from

[70,71]

aggregatin tion, while the ultraporous MOF enables efficient molecular diffusion of

H,0,. It is mting that although pure ZIF-L particles are not stable in acidic environments for

prolon the cat-B@ZIF micromotor particles remained stable for at least for 2 h at pH 5

with minimal se leaching (Figure S3-S4). This stability could be due to the new coordination

bonds formed between the proteins and MOF frameworks, which could contribute to the enhanced
stability of!he framework, as shown in our previous reports.”*® However, prolonged incubation in

acidic envir (> 6 h) eventually led to the complete disassembly of the micromotor particles

(Figure S4- hlighting their potential as intracellular delivery vehicles where programmed

particle degadation in acidic cellular compartments (e.g. endosomes) could be exploited.

This article is protected by copyright. All rights reserved.
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2.3.pH sti'ulus-r'ponsive behavior
Conventiobased micromotors utilize peroxide to generate oxygen bubbles to propel

micromgtonsmasseemonstrated previously.m] In our study, we hypothesized that the succinylated -
Iactoglobuh micromotors could serve as a pH-responsive gatekeeper to control the access of

fuel to t micr@motors. We first employed a small fluorescent molecule, 4',6-diamidino-2-

*

phenylindol€ ( to directly visualize whether succinylated B-lactoglobulin can effectively control

S

the access of small molecules via pH change. Succinylated B-lactoglobulin was labelled with FITC for

particle tr ose. The cat-B@ZIF particles incubated with DAPI at pH 7 showed strong blue

U

emission tliroughout the particles after washing, indicating that DAPI can freely access the

N

micromotor particles. In contrast, no blue emission was observed after incubating the particles with

a

DAPI at p ( S6). Further confocal fluorescent studies showed that the particles can rapidly

switch ermeability 5 s after pH change (Figure S7). These data clearly demonstrate the pH

tunable eping nature of the micromotor particles.

M

2.4. Chara n of motion behavior

or

These resu ated us to investigate the autonomous motion of the cat-B@ZIF micromotors in

N

the pre ious hydrogen peroxide concentrations and pH conditions. Nanoparticle-tracking

{

U

analysis (NTA) was used to record the x and y coordinates of the real-time movement of individual

micromot ovide individual particle-by-particle analysis. This data was further used to plot

the aver n square displacement (MSD) curves of particles. When no hydrogen peroxide was

A
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added, the micromotor particles solely displayed typical Brownian motion (Supporting Information
video S1), which was similar to bare ZIF-L and single protein (B-lactoglobulin or catalase) loaded ZIF-L
particleH. To evaluate whether the motion of cat-B@ZIF could be tuned based on
controlling f H,0, fuel through pH changes, the motion of cat-B@ZIF at pH 5 and pH 7 in
the pres-en—!eovarious H,0, concentrations were measured. At pH 7 without H,0,, the movement
of the nanomotags exhibited a typical “random walk” behavior. However, with the presence of H,0,
at pH 7, thwdistance covered by the nanomotors’ “walk path” was much greater (Figure 3a,
Supportinmtion video S2). In addition, cat-BP@ZIF particles demonstrated peroxide
concentrat ndent movement, with faster movement at higher peroxide concentrations
(Figure 3b)* result showed that at pH 7, B-lactoglobulin allowed the H,0, to access the
micromotcs particles, leading to the more rapid conversion of chemical energy into mechanical

work. In m at pH 5, the displacement of cat-B@ZIF particles only showed minimal
ent |

enhancem SD values compared to bare ZIF-L particles in the presence of H,0, (i.e. mainly

Brownian ien, see Figure 3b, Supporting Information video S3). These results strongly suggest
that B- il can regulate the passage of H,0, into the micromotor particles based on pH
variation.

. -
O
L
r—
-
<
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Figure 3. (a) Trajectory tracking of two individual particles at pH 7 without H,0, (top row) and with
490 mM ,» (bottom row). (b) MSD plot versus time interval, analyzed from x and y coordinate
tracking o 20 particles at each condition. (c) Diffusion coefficient values calculated from
MSD. (d) Theeemgen/off” motion cycles of cat-B@ZIF micromotors achieved by pH switches (pH 7 =
on,pH5= @ rror bars indicate the s.d. of at least 20 data points.

f

D
>

N

i

To gain a _better _understanding of the system, we calculated the diffusion coefficient of the

micromot different environments. According to the definition of the diffusion coefficient, D

U

= MSD/i-A i is the dimensional index, and At is the time interval. For 2-dimensional particle

A
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tracking, i is equal to 4" The calculated D for the cat-B@ZIF particles at pH 5 at 98, 490, and 980
mM (0.3, 1.5, and 3%) H,0, was 0.65, 0.68, and 0.81 um?*/s (Figure 3c), respectively, which are

slightly higher than to the D values of the micromotor particles without any exposure to H,0, (i.e.

pil

0.56 um?/s 0.54 um?/s at pH 7). The slight increase of D value at pH 5 in the presence of
H,0, is M ue to the residual catalase activity towards the surface of the particles (Figure 2f).

These experimental D values are reasonable when compared to theoretical values calculated from

Stokes-Eins

CI

ation for particles of 1 um in diameter, i.e. 0.49 umz/s. In contrast, at pH 7, the

diffusion coefificieAt of the micromotor particles increased significantly with increasing H,0,

S

concentrat .27,2.01, and 2.65 um®/s at 98, 490, and 980 mM H,0,, respectively, Figure 3c).

U

Owing to ersible conformational changes of B-lactoglobulin, we next investigated if the

micromotoi motion could be reversibly switched between the “on” and “off” state. Thus, repeated

q

switching fer containing the micromotor particles between pH 5 and 7 was studied, and at

least 20 indii particle displacement information was analyzed by particle tracking for each

d

cycle. As s Figure 3d, the repeated switching of the pH values between 5 and 7 resulted in

Y

the rap the diffusion coefficient. The switchable motion of cat-B@ZIF particles was fully

retained even after six pH sweeps, proving the reversibility and reproducibility of the motion

[

behavior.

2.5. Cel

tho

Peroxide-f ficial micromotors hold great potential for biomedical applications. For instance,

U

local tumo re known to produce excess levels of H,0, and reduced levels of oxygen (tumor

A
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hypoxia) with slightly lower pH (~pH 7) than normal tissue.”*”® With the ability to exploit biological
H,0, at pH 7 and for the generation of oxygen, these micromotors could have potential as drug
deIiverywor cancer treatment because of the large porosity of ZIF-L. Therefore, we
conducted -concept study to demonstrate the cytotoxic effects of drug-loaded cat-B@ZIF
micromgto*!parlces to cancer cells (Figure 4a). Hela cells were cultured at 100 uM H,0, and at pH 7

to simulategthgyin vivo tumor microenvironment. Cat-B@ZIF particles were loaded with an

C

anticancer xorubicin (Dox), and then introduced to the cell culture at different quantities.

Cell viabili eMaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

S

assay afte e to the micromotor particles for 48 h (Figure S8). Results clearly indicated a

U

dosage-de effect, with higher cytotoxicity when more micromotor particles were utilized

(Figure 4b @nd Figure S9). We noted that the cytotoxicity of the micromotor particles arose from a

)

two-stage irst, the partial release of the drugs from the micromotor particles was achieved

d

as a result offt celerated micromotion in the tumor microenvironment (in the presence of H,0,

at pH 7), fo by cellular uptake and prolonged retention of the particles in acidic compartments
(pH 6.3 Zlieading to complete degradation of the particles and drug release. To prove this
hypothesis, we further assessed the in situ release profile of the micromotor particles using a
quorescen&MSS) as a model. At pH 7, a significant enhancement of AF488 release was

observed i 2sence of H,0, when compared to the negligible release seen in the absence of

H,0, fuel, monstrating that the enhanced movement of cat-B@ZIF micromotors could lead

to a morq rapi ielease of cargo (Figure S10-S11). In addition, pre-incubation of Dox-loaded

micromot s with the cell media in the presence of H,0, showed significant cytotoxic effect

to the cell ared to without the presence of H,0,, further proving the hypothesis that partial

<C
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drug release was achieved by accelerated micromotion outside the cells. (Figure S12). Next,
deconvolution microscopy was employed to study the drug distribution in Hela cells after incubation

with Dox- micromotor particles for 24 h. The Dox showed a diffuse distribution throughout

the cells, e intense signal strongly colocalized with lysosomal compartments. This

pi

suggestgd a € micromotor particles were successfully internalized by the cells into acidic

1

compartments, where the Dox was released as a result of particle degradation (Figure 4c-e).

C

a . .
w ) - Drug release by accelerated motion
H,0, Aot N -
pH7 Y ey
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Figure 4. (a) Schematic representation of Dox delivery by cat-B@ZIF prticles. (b) Cell viability of Hela
cells in the preselace of Dox-loaded cat-B@ZIF micromotor particles with the Dox concentration
calculated the total loading amount of Dox in the particles in 1 mL solution. Cell viability
was measured by MTT assays after incubation at 37 °C for 48 h. Data show the normalized mean and
s.d. of t ependent experiments. (c-e) Deconvolution optical microscopy images (maximum

A
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intensity projection) of Hela cells incubated with Dox-loaded cat-B@ZIF micromotor particles after
48 h. (c) Dox autofluorescence, (d) lysosomes staining using lysosomal-associated membrane protein
1 (LAMP1) antibody (cyan) and cell nuclei (blue), and (e) overlay of (c) and (d).

3. ConclusiQ

In conclusihtalytic micromotors with autonomous pH-controlled speed “on/off” mechanisms
were devefoped. Sliccinylated B-lactoglobulin in micromotor particles could act as a biological pH-
responsive gat per to regulate the access of H,0, fuel into the micromotor engine. Switching
between p afd 5 resulted in sharp micromotor motion response between the “on” and “off”

state. Furthermo;, proof-of-concept studies demonstrated that the enhanced release of model
drugs fromomotor was achieved under accelerated motion at pH 7 in the presence of H,0,,
as well as through endocytosis and particle degradation in cellular acidic compartments. Although
the reseatraditional H,0, fueled micromotors has faced challenges for achieving the
require at biologically relevant H,0, level, method offered in this work by embedding of
catalase j s significantly enhances the catalase activity by 2-fold. This result places the

current design as one of the most sensitive H,0,-fueled biocatalytic micromotor system suitable for

real-life biMpplications. In addition, the dual pH and H,0, responsiveness in the micromotor

system for, @ med degradation and release of payload offer more precise control to deliver
drugs to the cells. Nevertheless, further in vivo studies are required to validate the full potential and
usefuln icromotors as stimulus-responsive drug carriers. We envision that this stimulus-
respons}m using biofriendly proteins is likely to be applied to other types of micromotor

systems, allowing i«e design of the next generation active transport microsystems for drug delivery,

biosens%maging.
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4, Experimlntal S'tion

Succinylati @ bctoglobulin. In a typical experiment, 100 mg of B-lactoglobulin was dissolved in

10 mL of phesphate buffer (50 mM, pH 7.4). Then, 25 mg of succinic anhydride was introduced
slowly withat room temperature. The solution was stirred for 1.5 h with the pH maintained

between 7% and by addition of 1 M NaOH. The solution was then transferred to a dialysis tubing

*

(5000-750 ) and placed inside a glass beaker containing 1 L of Milli Q water for 24 h at 4 °C

S

(water was changed approx. every 3 h). Finally, the solution was transferred to a round bottom flask

U

and freezegi

Fluorescen®labelling of proteins. 35 mg of succinylated of B-lactoglobulin and 0.5 mg of FITC were

1

dissolved i of phosphate buffer (50 mM, pH 8). The solution was stirred for 1 h at 23 °C. The

d

FITC labelled protein was recovered by pass the solution through a NAP-25 column (GE Healthcare).

Fluorescent g of catalase was achieved following a similar protocol, instead of FITC, 10 pL of

\

AF647- (1.0 mg/mL in dry DMSO) was added per 35 mg of catalase.

Synthesis icromotor particles. 100 uL of protein mixture solution, consisting 10 mg of catalase

]

and 2 mg globulin (2.0 mg) in Milli-Q water, was mixed with 1.0 mL of 2-methylimidazole

0O

solution (O. . This was followed by adding 100 pL of zinc nitrate solution (0.5 M) and continually

stirred theNgesultant solution for 30 minutes. The resultant mixture was then centrifuged at 6000

h

rom (E ntrifuge 5418) for 10 minutes to separate the particles from the supernatant

L

liquid. The particl@s were then washed with Milli-Q water and centrifuged (3000 rpm) for three

Gl

A
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times to remove residual reactants from the particles. The particles were finally resuspended in 1 mL

Milli-Q water.

{

Investigati rticle permeability with 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI).
DAPI stock s prepared by dissolving 5 mg DAPI in 1 mL Milli-Q water. To investigate the
H I

particle pefneability, 10 uL DAPI stock solution was introduced to 1 mL buffer solution (pH 5, 50 mM

sodium ac e ofRH 7, 50 mM Tris) containing the cat-B@ZIF particles under soft agitation. After 10

SG

min, the particles were recovered by centrifugation and washed three times in Milli-Q water and

finally resu in 1 mL Milli-Q water.

U

Activity te tivity of catalase was monitored by UV-Vis spectroscopy at 240 nm as a result of

H,0, decofposition. For the activity tests of free catalase, 0.4 mg catalase was dissolved in 2.0 mL of

N

sodium aceta fer (100 mM) at pH 5 and Tris buffer (50 mM) at pH 7, respectively. To this

ad

solution H) troduced to a final concentration of 49 mM. The mixture was transferred to a

quartz e and the H,0, concentration was monitored at 240 nm on a UV-Vis

spectro eter (Cary 300 UV-Vis Spectrophotometer) for 10 min. To test the activity of single-

M

enzyme catalase-loaded particles, equal amount of particle suspension was transferred to 2 mL of

[

sodium ac er (50 mM) at pH 5 and 2 mL of Tris buffer (50 mM) at pH 7 in a quartz cuvette,

respective as then introduced to the solution mixture to a final concentration of 49 mM

and H,0, ¢ tion was monitored at 240 nm on a UV-Vis spectrophotometer.

N

Release test. AFA88 loaded micromotor particle suspension was combined with 1.0 mL of solution

{

containing H,0, at pH 5 (sodium acetate 50 mM) and pH 7 (Tris 50 mM), respectively. At

U

A
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each time interval, 100 uL of the mixture was removed and centrifuged and the supernatant was

assessed on a fluorescence spectrophotometer (Horiba Jobin-Yvon).

{

Loading of bicin (Dox). 1 mg of doxorubicin hydrochloride was introduced to 1 mL of
micromot lution in water under soft agitation (1.724 mM Dox). After 1 h, the particles
H I

were remoled and washed three times to recover Dox-loaded particles. Dox loading efficiency was
calculated comparing the Dox concentration in the supernatant after loading against a pre-

determined calibration curve. Loading efficiency was ~82%.

SG

Cytotoxicity assay. The 3-(4,5-dimethylthiaol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based in

L

vitro cytotxici say was performed according to the method established previously. HelLa or 3T3

cells were [§eeded on a 96 well plate at a population of 2 x 104 cells per well with (100 uM) and

N

without H,0, in Eagle’s MEM with 10% FBS. Various amounts of the Dox-loaded micromotor

particles introduced to the cell culture, calculated based on the total loading amount of

Dox in icles in 1 mL solution. After incubation for 48 h, 20 pL of MTT (5 mg mL™) was added

to eac ollowing 2-h incubation at 37 °C (5% C02), the MTT product was dissolved in

M

isopropanol and the cell viability was determined from the absorption at 580 nm relative to non-

[

treated cel

Cell imagi nvolution fluorescence microscopy was performed on a DeltaVision (Applied

O

Precision) fiflicroscope with a 60 x 1.42 NA oil objective equipped with a standard FITC/TRITC/CY5

n

filter set. Images were processed with Imaris (Bitplane) using the maximum intensity projection.

t

Supporting Information

Ul

Supporting Info ion is available from the Wiley Online Library or from the author.
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Biocatalytic super-assembled metal-organic framework micromotors with a built-in pH-controlled
“on/off” switch is synthesized. Micromotor motion is precisely tuned by the pH-induced reversible
protein conformational change within the frameworks that act as a gate keeper to control the access
of chem BSuch nanosystem could have potential applications as smart drug delivery vehicles

where diffmort can be accelerated with triggered micromotion.

3
H I
Keyword romotors, biocatalysis, pH-responsive, self-propulsion, metal-organic frameworks

S.Gao, J.H ng, J. J. Richardson, Z. Gu, X. Gao, D. Li, M. Gao, D.-W. Wang, P. Chen, V. Chen,* K.

Liang,* D. mmng*

Super-assembled Siocatalytic Porous Framework Micromotors with Reversible and Sensitive pH-
Speed Regulation at Ultralow Physiological H,0, Concentration

OHE {pH<S)

On (pH=5)

This article is protected by copyright. All rights reserved.

27



University Library

* o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:

Gao, S;Hou, J;Zeng, J;Richardson, JJ;Gu, Z;Gao, X;Li, D;Gao, M;Wang, D-W;Chen, P;Chen,
V;Liang, K;Zhao, D;Kong, B

Title:

Superassembled Biocatalytic Porous Framework Micromotors with Reversible and Sensitive
pH-Speed Regulation at Ultralow Physiological H202 Concentration

Date:
2019-05-02

Citation:

Gao, S., Hou, J., Zeng, J., Richardson, J. J., Gu, Z., Gao, X., Li, D., Gao, M., Wang, D. -
W., Chen, P, Chen, V., Liang, K., Zhao, D. & Kong, B. (2019). Superassembled Biocatalytic
Porous Framework Micromotors with Reversible and Sensitive pH-Speed Regulation at
Ultralow Physiological H202 Concentration. ADVANCED FUNCTIONAL MATERIALS, 29
(18), https://doi.org/10.1002/adfm.201808900.

Persistent Link:
http://hdl.handle.net/11343/285523


http://hdl.handle.net/11343/285523

