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Type 2 diabetes mellitus (T2DM) is characterized by hyperglycemia due to persistent insulin
resistance, resulting in elevated blood glucose levels. Metformin is the most prescribed oral drug
for lowering high blood glucose levels in T2DM patients. However, it is poorly absorbed and has
low bioavailability. Here, we introduce magnesium-based microstirrers to a metformin-containing
pill matrix to enhance the glucose-lowering effect of metformin. The resulting microstirring

pill possesses a built-in mixing capability by creating local fluid transport upon interacting

with biological fluid to enable fast pill disintegration and drug release along with accelerated
metformin delivery. In vivo glucose tolerance testing using a murine model demonstrates that the
metformin microstirring pill significantly improves therapeutic efficacy, lowering blood glucose
levels after a meal more rapidly compared to a regular metformin pill without active stirring.

As a result, the microstirrers allow for dose sparing, providing effective therapeutic efficacy at a
lower drug dosage than passive metformin pills. These encouraging results highlight the versatility
of this simple yet elegant microstirring pill technology, which enhances drug absorption after
gastrointestinal delivery to improve therapeutic efficacy.
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INTRODUCTION

Diabetes mellitus (DM) is a serious chronic disease characterized by elevated blood
glucose levels due to the absence of insulin or increased resistance to insulin. With

nearly 500 million people who are living with diabetes globally, the disease creates an
enormous economic burden on health systems.12 Metformin is commonly the first-choice
medication for treating patients with type 2 diabetes mellitus (T2DM). Its glycemic
control is attributed primarily to its ability to suppress hepatic glucose production.3-5

As a hydrophilic molecule, it has high solubility and low intestinal and cell membrane
permeability, limiting its absorption and thus affecting oral bioavailability, which ranges
from 40 to 60%.% Additionally, metformin has a saturable absorption level and an

inverse relationship between the dose being ingested by the patient and its absorption
rate.”8 Consequently, due to its low bioavailability, metformin is administered multiple
times a day at an average dosage of 500 mg/day (up to 850 mg/day), which may

cause many undesirable side effects, such as vomiting, nausea, abdominal discomfort,
diarrhea, and headaches.?10 To address issues with low absorption, different strategies
have been developed to enhance metformin’s bioavailability, including a floating cellulose-
based hollow-core tablet,1! a water-in-oil microemulsion system,!2 a hydrogel-forming
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microneedle platform for transdermal delivery,13 and complexation with hydroxypropyl-a-
cyclodextrin,14 among others.

In this work, we report on a microstirring pill loaded with metformin to enhance the
glucose-lowering effect of the drug for the treatment of T2DM. During the past decade,
synthetic micromotors have served as highly efficient platforms for active drug delivery,
and major developments have led to important progress that could benefit medicine.15-20
Traditionally in these approaches, synthetic micromotors have been modified and loaded
with therapeutic agents. More recently, these synthetic platforms have proven themselves
to be quite capable in enhancing local fluid transport and mixing. In 2012, Orozco et al.
demonstrated the enhanced transport of tracer particles induced by tubular microengines
based on bubble propulsion.2} Moreover, in 2021, Mundaca-Uribe et al. applied this concept
toward drug delivery, utilizing synthetic microengines as microstirrers and incorporating
them into a pharmaceutical pill.22 Using aspirin as a drug model, the authors verified

in murine and porcine animal models that the incorporation of Mg microstirrers into the
pill formulation led to enhanced bioavailability of the orally administered drug due to
the efficient fluid mixing effect exerted by Mg microstirrers upon reaction with stomach
fluids,?2 yet the improved therapeutic outcome was not demonstrated.

Based on the results of a previous work,22 we hypothesize here that the incorporation of
self-propelled Mg microstirrers into a metformin pill will improve treatment efficacy due to
enhanced drug absorption and bioavailability (Figure 1). Unlike the early work, this study
is aimed to demonstrate the improved therapeutic outcome associated with the increased
drug bioavailability, i.e., lowering the blood glucose concentrations, which represents a
major advance in the T2DM management. In this design, metformin is not loaded onto

the microstirrers, thus its loading is not limited to microstirrer surface but rather the size

of the pill, allowing for high drug loading capacity compared to previous micromotor

drug delivery systems.23:24 In vitro characterization studies verify that the effective stirring
capabilities of the microstirrers remained unaffected when incorporated into a pill. Upon
reaching the intestinal environment after ingestion, the microstirring pill starts to disintegrate
and dissolve, releasing the metformin particles and the Mg microstirrers, which react with
the local biofluid to expedite the pill dissolution and drug release. Such microstirrers
activation takes place due to the reaction between the Mg core and the intestinal fluid

(pH 6.8), generating H, gas bubbles and leading to localized fluid mixing. Furthermore,
ions constituents of the intestinal fluid (e.g., phosphate) help to the pitting corrosion

of the Mg, allowing for stronger reaction which leads to a powerful propulsion of the
released microstirrers. Additionally, the localized hydro-dynamic fluid mixing imparted by
the released microstirrers greatly enhances the metformin transport within the intestinal
compartment, allowing for improved drug absorption. Ultimately, this results in lower
blood sugar concentrations when compared with a regular metformin pill control group
after glucose feeding, which is validated in vivo using a murine model. Overall, our

study illustrates that this simple, yet elegant microstirring pill platform can be extended

to different drug payloads and holds high potential for improving oral therapeutic efficacy.
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Metformin microstirring pills were prepared by uniformly mixing Mg-based microstirrers,
fabricated by asymmetrically coating TiO, onto ~25 zm Mg microparticles,2> with the

drug plus lactose and maltose as excipients in a mortar. The mixture was then compressed

in a stainless-steel pill mold, followed by hardening at 60 °C. Finally, the pill was
enterically coated with Eudragit L-100 to protect it from the gastric fluid and allow the
microstirrers to act only in the small intestine where metformin is absorbed. In order to

gain more insight into the metformin microstirring pill structure and morphology, scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX)

was employed. Figure 2A presents side-by-side SEM images of a 2 x 3 mm metformin
microstirring pill, which was cut in half to display its cross section as shown in the left
image. The same cross section was imaged at higher magnification, shown on the right,

in order to investigate the dispersion of the Mg microstirrers, which were incorporated at
10% (w/w). As shown, the Mg microstirrers, pseudocolored in cyan for better visualization,
were homogeneously dispersed within the pill matrix. To confirm this finding, EDX analysis
was employed to visualize the elemental distribution across metformin pills with or without
microstirrers. Figure 2B,i displays a metformin pill without microstirrers indicating only

the presence of N from metformin. In comparison, the elemental mapping signals of

Mg (cyan), Ti (yellow), and N (orange) in Figure 2B,ii confirmed the presence of the
microstirrers (composed of a Mg core and a TiO» shell) and metformin (containing N

from its biguanide chain) in the metformin microstirring pill. To demonstrate that the
encapsulation of microstirrers in the pill had no significant impact on their propulsion, a
study was conducted to compare their speed to those of free microstirrers, both in simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF), prepared according to the United
Stated Pharmacopeia (USP) guidelines. The study in SGF is displayed in Figure 2C,i, and
no significant difference was found between the groups, with both exhibiting an average
speed of ~350 pm/s. Moreover, the lifetime of the microstirrers showed to be ~15 min at
body temperature. Figure 2C,ii shows the speed of the microstirrers in SIF, with both groups
averaging similar values of ~180 um/s. These results are consistent with a previous work that
demonstrated that neither the formulation excipients nor the encapsulation process played
any role in the stirring capability.2

Thereafter, the self-mixing effect of the metformin microstirring pills was studied by
performing a dissolution study in SGF and SIF. This study was carried out by placing
metformin pills loaded with 10% w/w microstirrers into 10 mL of the simulated fluid at
room (RT) and body temperature (BT) for 30 min. The dissolution profiles of metformin
microstirring pills were then compared to the those obtained from metformin pills without
microstirrers, serving as the static control. While conducting this study, we also took into
consideration any differences that may result from formulating the pills with lactose and
maltose versus what were employed for commercial metformin pills. In the “laboratory
prepared excipients” groups (Figure 2D,E), pharmaceutical-grade lactose and maltose were
used as excipients in the pill formulations. In contrast, the “commercial excipients” groups
(Figure S1,i) employed commercial metformin pills that were triturated in a mortar to
form the pill mixture, which was then used to prepare metformin pills with or without
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microstirrers following the same procedure as for the “laboratory prepared excipients”
pills. This control group allowed to study the in vitro behavior of microstirring pills when
they were fabricated using the same excipients used by the pharmaceutical industry. After
placing the pills to dissolve in SGF, aliquots were taken at different time points for 30

min to quantify the concentration of metformin by ultraviolet spectroscopy with 230 nm as
the measuring wavelength. As shown in Figure 2D, higher metformin concentrations were
achieved at virtually every time point in all scenarios, both at RT and BT, when microstirrers
were part of the pill formulation. This demonstrated that faster release of metformin can

be achieved due to the self-mixing effect imparted by the microstirrers, which could be of
considerable relevance toward avoiding glucose spikes in T2DM patients. The dissolution
tests of metformin pills were also performed by placing them in 10 mL of SIF at RT and
BT. As shown in Figure 2E, the dissolution time for the lab-prepared microstirring pills
was shorter than the one obtained for pills without microstirrers, reflecting the role of the
embedded microstirrers in accelerating the pill dissolution in SIF. As the small intestine is
the main compartment where metformin is absorbed, these findings are of great importance
and suggest that favorable pill dissolution and metformin release can be achieved in this
segment of the Gl tract. Similar results were obtained with the “commercial excipient”
group, as shown in Figure S1,ii.

After verifying that the microstirring pills provided a faster release of metformin both in
SGF and SIF, in vivo studies in a murine model were performed to evaluate therapeutic
efficacy. Based on the acute blood sugar lowering effect of metformin,28 the therapeutic
efficacy was evaluated by measuring glucose levels after feeding with a bolus of glucose
following the administration of metformin microstirring pills (Figure 3A). Mice (n = 3)
were administered with pills containing 4.2 mg of metformin with or without microstirrers.
Fifteen min after pill administration, a glucose solution was administered to each mouse,
and the first blood samples were collected from the tail (t = 0). Additional blood samples
were collected at 5, 10, 20, 40, 60, and 120 min post glucose administration. Following each
blood sample collection, the glucose levels were measured using a commercial glucometer.
A control group that did not receive metformin pills was included in order to determine
glucose levels after glucose administration in the absence of any intervention. Figure 3B
displays the glucose profiles, in terms of the percent change in glucose, for the “Glucose,”
“Glucose + Metformin Bare Pill,” and “Glucose + Metformin Microstirring Pill” groups
(glucose profiles in terms of glucose levels (mg/dL) are displayed in Figure S2). After 10
min, ~50% lower glucose levels were obtained for the microstirring pill group compared
with the glucose control group, while the bare pill group only exhibited a reduction of
~11%. In all the other evaluated time points, microstirring pill treatment led to lower glucose
levels than the controls, demonstrating better therapeutic efficacy, especially between 20
and 40 min, where significant differences were observed. As shown in the inset of Figure
3B, the peak glucose level obtained 20 min after glucose administration demonstrated a
substantial enhancement, resulting in ~48% lower glucose levels compared to treatment
using pills without microstirrers and ~66% lower levels than the group with no treatment.
The area under the curve (AUC), which corresponds to the bioavailability of glucose, was
also calculated and compared, as illustrated in Figure 3C. The value was ~30% lower when
microstirring pills were utilized compared to metformin pills without microstirrers, and
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~50% lower than when no treatment was administered. These results clearly demonstrated
the benefits of our microstirring platform, allowing for better absorption of the drug payload
and thus providing enhanced therapeutic efficacy.

In order to test the versatility of the metformin microstirring pill platform, different
conditions were studied. Figure 4A displays the results of the glucose tolerance test, in
terms of bioavailability, performed with two different glucose dosages: 0.9 and 1.8 g/kg.

In both cases, glucose bioavailability with metformin microstirring pill treatment was lower
compared with treatment using metformin pills without microstirrers, demonstrating that
the therapeutic efficacy of metformin is improved because of the microstirrer action across
different glycemic loads. The glucose tolerance test profiles are displayed in Figure S3. We
also studied the performance of the microstirring pills with lower doses of metformin. In
this case, we used 80 mg/kg of metformin and the glucose dose was 1.8 g/kg. The resulting
trend was similar to that observed when using 120 mg/kg metformin, yielding lower glucose
levels and lower AUC values when microstirring pills were utilized (Figures S4 and S5,
respectively). Moreover, glucose levels at the peak time point (20 min) were lower with the
metformin microstirring pills, confirming the therapeutic benefits of the microstirring pill
technology (Figure S6). When the glucose profile obtained with the metformin microstirring
pills at a drug dosage of 80 mg/kg was compared with the one obtained with metformin pills
without microstirrers at a drug dosage of 120 mg/kg, no significant differences were found,
indicating that the incorporation of microstirrers to the metformin pills allowed for ~30%
dose sparing. These results are displayed in Figure 4B,C, representing the blood glucose
concentrations and AUC, respectively. These studies demonstrate that, by enhancing the
therapeutic efficacy of metformin, the microstirring pill platform can reduce the metformin
dosage required, which may help to lessen any treatment-related gastrointestinal side effects.

CONCLUSIONS

We have reported on a microstirring pill platform for delivering metformin, a gold standard
drug for treating T2DM. Mg-based microstirrers were incorporated with metformin into

a maltose and lactose pill in order to enhance pill disintegration and dissolution, and to
improve the absorption of metformin and its glucose-lowering action. We characterized the
in vitro dissolution of the microstirring pills in simulated intestinal fluid. Moreover, we
evaluated the structure and distribution of the microstirrers within the pill, demonstrating

a homogeneous dispersion. The fluid-mixing imparted by the microstirrers allowed for
greater drug absorption, ultimately lowering blood glucose levels, as was illustrated in vivo
using glucose tolerance tests with a murine animal model. The glucose-lowering effect of
the microstirring pills was observed across different glucose dosages. Importantly, it was
also demonstrated that the metformin microstirring pill could enable dose sparing, which
could allow for lowering the daily dose of metformin required for T2DM patients, thus
alleviating common gastrointestinal side effects of the drug, including nausea, vomiting and
abdominal discomfort, among others. Effective glucose management is highly important for
T2DM patients as there are strong correlations between glycemic peaks and atherosclerosis,
endothelial dysfunction, and cardiovascular disorders.2’-2? The significance of this work
thus lies in the fact that it represents a platform that reduces the glycemic peaks, helping to
manage glucose levels more efficiently. Furthermore, the biocompatibility and biosafety of
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the Mg-based micromotor platform has been demonstrated and discussed in previous studies
through the observation of lymphocytic infiltration (inflammation), by the performance of
H&E and TUNEL histological assays (microanatomy of tissues and cell DNA damage), as
well as by analysis of the appearance of major animal organs.?2:24:30 These studies have
illustrated that such in vivo operation of the Mg microstirrers has no harmful effects. Aside,
Mg is a known micronutrient and TiO, was approved by the FDA as excipient and food
additive.

Thus, this represents a demonstration of the improved therapeutic outcome, i.e., glucose
lowering, upon embedding microstirrers within oral pharmaceutical pills. Looking at

the future, further large-scale studies are necessary to test the glucose-lowering action,
robustness, and biosafety of the metformin microstirring pills using diabetic mice as well

as in larger animal models. The ability of oral microstirring pills to enhance the treatment
of other diseases should also be examined to further evaluate the generalizability of the
platform. With its now proven ability to work in both gastric and intestinal environments, as
well as with its proven biocompatibility, the microstirring pill technology could potentially
benefit a wide range of clinically relevant applications.

MATERIALS AND METHODS

Microstirrer Fabrication

Mg microstirrers were fabricated using commercial Mg microparticles (catalog no. FMW20,
TangShan WeiHao Magnesium Powder Co.; average size, 25 + 5 ym) as the core. In order
to eliminate impurities, the Mg microparticles were initially washed with acetone, followed
by a drying process under nitrogen. Then, the Mg microparticles were dispersed onto glass
slides (10 mg of Mg microparticles per slide) and coated with a thin layer of TiO, by atomic
layer deposition (ALD) at 100 °C for 3000 cycles using a Beneq TFS 200 system, leaving a
small opening at the contact point of the particle to the glass slide. The asymmetric partial
TiO, coating is essential to ensure a bubble tail coming from one side of the microstirrers,
allowing for their powerful propulsion and an effective stirring effect.

Pill Preparation

Microstirring pills were fabricated by triturating and mixing lactose (Spectrum Chemical
MGF Corp.) and maltose (Spectrum Chemical MGF Corp.) at a 60%/40% ratio. Once

this mixture was homogeneous, microstirrers (10% of the total mixture weight) were
incorporated, followed by homogenization in a mortar. No changes in the microstirrer
structure were observed during this trituration and fabrication process. Metformin
hydrochloride (Tokyo Chemical Industry) was also added at this step. In order to obtain

a paste-like consistency, an ethanol/water wetting solution (75%/25%) was added to the
matrix mixture. Subsequently, the paste was transferred to a cavity plate and all the cavities
were filled with the paste by applying enough pressure to guarantee a tight packing. Right
after filling each of the cavities, the plate was lowered onto the peg plate until the wet pills
were ejected. Lastly, all the pills were allowed to dry and harden over the peg plate for 2 h
at 65 °C. Pills without microstirrers were fabricated following the same protocol. After this
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entire process, the pills were enterically coated with Eudragit L-100 (Evonik Corporations
GmbH), 8% v/v, by a dip coating technique.

Metformin Microstirring Pill Characterization

Scanning electron microscopy (SEM) images of metformin microstirring pills were obtained
with a FEI Quanta 250 ESEM instrument, using an acceleration voltage of 15 kV. Energy
dispersive X-ray analysis (EDX) mapping analysis was performed across the area of the
metformin pill to determine the presence of Mg, Ti, and N using an Oxford EDX detector
attached to the SEM instrument and operated by Pathfinder software.

In Vitro Metformin Dissolution Analysis

Pills containing metformin were dissolved in 5 mL of diluted gastric fluid simulant or
intestinal fluid simulant, both prepared according to the United States Pharmacopeia (USP)
specifications, under stirring (100 rpm) at 25 and 37 °C. After the start of the experiment,
aliquots of 50 w4 were collected at 0, 0.5, 1, 3, 5, 10, 15, and 30 min to investigate

the concentration of released metformin at each time point, which was compared to the
concentration of metformin from a fully dissolved pill. Metformin was quantified using
UV-2450 (Shimadzu Corporation) in accordance with the manufacturer’s instructions.
Metformin hydrochloride concentration was determined by measuring the absorbance of
ultraviolet light at a wavelength of 230 nm.

In Vivo Glucose Tolerance Test

To perform the in vivo glucose tolerance test, male CD-1 mice (Envigo Laboratories) were
fasted overnight prior to the experiment. Then, the mice (n = 3) were intragastrically
administered with either metformin microstirring pills or metformin pills without
microstirrers using a stainless-steel X-M dosing syringe (Torpac). The metformin dosages
were chosen based on the human therapeutic dosages and converted to mice dosage by
multiplying it by factor 12.3.31 After 15 min, the mice were orally administered with
glucose dissolved in water using an 18G reusable oral gavage needle (PetSurgical). Then,
blood samples were obtained at different time points from the tail vein of each mouse by
pricking the vein with a syringe needle. Glucose was quantified with an ACCU-CHEK
Nano Glucometer (Roche). The collection time points were 30 min prior to administration,
immediately after administration (0 min), and 5, 10, 20, 40, 60, and 120 min post glucose
administration. Data were normalized to the baseline 30 min prior to administration.
Statistics were performed using one-way ANOVA against the metformin microstirring
pill. This animal study followed the approved protocol of the IACUC Animal-Care Safety
Committee at UC San Diego.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Schematic mechanism of action of a metformin microstirring pill that provides self-stirring
function to enhance the bioavailability of metformin thus improving the therapeutic efficacy

for the management of T2DM.
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Figure2.
Characterization of metformin microstirring pills. (A) Left: scanning electron microscopy

(SEM) image of a cross section of a metformin microstirring pill. Right: enlarged SEM
image of the same pill section showing Mg microstirrers (pseudocolored in cyan) within
the pill matrix. (B) Energy-dispersive X-ray spectroscopy (EDX) images displaying the
distribution of elemental Mg (cyan), Ti (yellow), and N (orange) of metformin pills without
and with microstirrers (i and ii, respectively). (C) Comparison of the speed of free Mg
microstirrers and Mg microstirrers released from metformin pills in simulated gastric fluid
(i) and simulated intestinal fluid (ii), both supplemented with 1.2% Triton X-100 at 37

°C. Error bars represent the standard deviation calculated from the speed of 10 different
microstirrers. Unpaired Student’s #test, ns = no statistical significance. (D) Comparison

of the in vitro dissolution profiles of metformin in simulated gastric fluid, between pills
with (red) and without (blue) microstirrers, made with lab excipients, at room and body
temperatures (RT and BT, respectively). Left: complete dissolution profile over 30 min.
Right: dissolution profiles over the initial 10 min. (E) Comparison of the in vitro dissolution
profiles of metformin in simulated intestinal fluid, between pills with (red) and without
(blue) microstirrers, made with lab excipients, at room and body temperatures (RT and BT,
respectively). Left: complete dissolution profile over 30 min. right: dissolution profiles over
the initial 10 min.
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Figure 3.

In vivo efficacy study of metformin microstirring pills in a murine model. (A) Schematic
showing the experimental design, displaying the timeline for pill and glucose administration,
and corresponding blood sampling. (B) Blood glucose profiles, in terms of percent change,
for the glucose only, glucose plus metformin pill without microstirrers, and glucose plus
metformin microstirring pill groups; inset: comparison of peak glucose levels (7= 3).
Glucose dose: 1.8 g/kg; metformin dose: 120 mg/kg. Statistical significance was calculated
by one-way ANOVA with Tukey’s test. (C) Glucose AUC values for the glucose only,
glucose plus metformin pills without microstirrers, and glucose plus metformin microstirring
pills group over 2 h (n=3). Glucose dose: 1.8 g/kg; metformin dose: 120 mg/kg. Statistical
significance was calculated by one-way ANOVA with Tukey’s test.
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Figure 4.

In vivo oral glucose tolerance test with different glucose and metformin dosages. (A)
Glucose AUC values over 2 h for mice receiving glucose plus metformin pills without
microstirrers or metformin microstirring pills groups, at two different glucose doses (7

= 3). Metformin dose: 120 mg/kg. Statistical significance was calculated by one-way
ANOVA with Tukey’s test. (B) Glucose profile, in terms of percent change, comparing the
glucose only, glucose plus metformin pill without microstirrers, and glucose plus metformin
microstirring pill groups (/7= 3). Statistical significance was calculated by one-way ANOVA
with Tukey’s test. (C) Glucose AUC values over 2 h for glucose plus metformin pills
without microstirrers and metformin microstirring pills (7= 3). Glucose dose: 1.8 g/kg;
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metformin dose: 80 and 120 mg/kg. Statistical significance was calculated by one-way
ANOVA with Tukey’s test.
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