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Faithful Fabrication of Biocompatible Multicompartmental
Memomicrospheres for Digitally Color-Tunable Barcoding

Guosheng Tang, Long Chen, Zixuan Wang, Shuting Gao, Qingli Qu, Ranhua Xiong,
Kevin Braeckmans, Stefaan C. De Smedt, Yu Shrike Zhang,* and Chaobo Huang*

Barcodes have attracted widespread attention, especially for the multiplexed
bioassays and anti-counterfeiting used toward medical and biomedical
applications. An enabling gas-shearing approach is presented for generating
10-faced microspherical barcodes with precise control over the properties of
each compartment. As such, the color of each compartment could be pro-
grammatically adjusted in the 10-faced memomicrospheres by using pregel
solutions containing different combinations of fluorescent nanoparticles.
During the process, three primary colors (red, green, and blue) are adopted to
obtain up to seven merged fluorescent colors for constituting a large amount
of coding as well as a magnetic compartment, capable of effective and robust
high-throughput information-storage. More importantly, by using the biocom-
patible sodium alginate to construct the multicolor microspherical barcodes,
the proposed technology is likely to advance the fields of food and pharma-
ceutics anti-counterfeiting. These remarkable properties point to the potential
value of gas-shearing in engineering microspherical barcodes for biomedical

applications in the future.

1. Introduction

Recent advancements in barcodes have brought substan-
tial progresses in various areas, such as anti-counterfeiting,!
high-throughput bioassays,?! and information coding.®l To
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date, several strategies have been devel-
oped and optimized for the fabrication of
encoding particles or fibers,* including the
photobleaching technology,#°] as well as
photonic,[®l electrical,”) biomolecular,® and
microfluidics® strategies, among others.
Some biomolecular strategies are also dem-
onstrated to be applicable for barcoding.!”
For instance, DNA barcodes are used for
rapid, whole genome, single-molecule anal-
yses.[l Since anti-counterfeiting capacity is
indispensable in a number of applications,
barcodes have received extensive attention
for the purpose. In particular, counterfeit
drugs pose a threat to the public health in
both developing and industrialized coun-
tries because of the high risks and negative
outcomes of patients taking or receiving
inferior drugs.[*?

To this end, researchers have exploited
considerable strategies for fabricating
anti-counterfeiting materials in recent
years,I®! in which physical unclonable functions (PUFs) gen-
erated through chemical methods, namely, incorporating
anti-counterfeiting tags with PUFs, appears to be a potentially
enabling strategy. However, most barcodes or anti-counter-
feiting methods would inevitably use chemical photoinitiators,
crosslinkers, surfactants, and/or United States Food and Drug
Administration (FDA)-unapproved polymers, which are unfa-
vorable in the presence of sensitive biomolecules or cells.['3>13]
As such, they are less suitable for applications in drug and food
labeling. Until now, the incorporation of barcodes into phar-
maceutical preparations remains to be explored as toxicological
screening of the coding materials and formulation compat-
ibility testing are required. To expand the range of applications
for barcodes, the entire process must remain harmless, and
ideally through a time-saving, labor-saving, as well as cost-effec-
tive biofriendly technique.

Herein, we report the development of a high-throughput
single-step strategy to conveniently produce 10-faced micro-
spherical barcodes by gas-shearing using a custom-designed
coaxial nozzle system (Figure 1). In the process of preparing the
microspheres, programmatically adjusting the different fluores-
cent nanoparticles in the perfusion channel in the Spray Ejector
Device (SED) allowed precise adjustment of the color of each
compartment of a microsphere. Besides, we demonstrated that
it was feasible to employ only the red, green, and blue fluores-
cent nanoparticles to build up to 7 colors for barcoding. As such,
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Figure 1. Schematics showing the preparation of 10-faced A) multicompartmental microspheres and B) memomicrospheres (i.e., one compartment

contains magnetic nanoparticles) to store information.

the resulting microspherical barcodes could be made available
in a variety of colors and the use of large amounts of codes for
high-throughput anti-counterfeiting applications both in liquid
and tablet drugs was possible. This capacity was further added
through the utilization of FDA-approved sodium alginate (Na-
Alg) to fabricate these microspherical barcodes. More interest-
ingly, via integration of magnetic-responsive Fe;0, nanoparticles
into one compartment of the 10-faced microspheres, or so-called
memomicrospheres, they were imparted with an orientation
behavior under an external magnetic field. As such, we were
able to read out the embedded information from the micro-
spherical barcodes in the correct orders. We foresee widespread
applications of these biocompatible microspherical barcodes in
the areas of food and pharmaceutics anti-counterfeiting.

2. Result and Discussion

The device for continuous generation of 10-faced microspheres
included four major components (Figure S1 and Movie S1,
Supporting Information): a syringe pump, a collecting bath, a
gasholder, and a custom-made coaxial nozzle system termed
the SED. As shown schematically in Figure S1A (Supporting
Information), the SED was coupled to a syringe loaded with
the Na-Alg solution containing different fluorescent polystyrene
nanoparticles (200 nm in diameter). In a typical process, gas
pulls the growing droplets into the CaCl, aqueous solution when
the shear force is greater than the surface tension (Movie S2,
Supporting Information). Then, the CaCl, aqueous solution in
the collection bath crosslinks the droplets into Ca-Alg micro-
spheres (Movie S3, Supporting Information). To compare with
our recent work, %! as also schemed in Figure 2A, we first fab-
ricated 8-faced microspheres to evaluate the feasibility of this
method. As shown in Figure 2B, 8-faced microspheres were
facilely generated. By increasing the number of the needles
for the inner flows to 10 (SED-10), as shown in Figure 2C, it
was further possible to fabricate 10-faced microspheres with a
low polydispersity (Figure 2D), where the size of microspheres
could be readily controlled by adjusting the airflow (Figure 2E).
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To illustrate the high controllability of each compartment of
the microspheres, we adjusted the colors in the specific com-
partments. As shown schematically in Figure 3A,B, we injected
Na-Alg solution containing 0.01% red or green fluorescent
nanoparticles into the different channels of the SEDs. Revealed
experimentally in Figure 3C, up to 9 types of anisotropic micro-
spheres were fabricated via switching the infusion channels of
the SEDs, indicating that the pattern of the microspheres was
highly controllable.

To further introduce the concept of microspherical barcodes
important for the application demonstrated in this work, 0.01%
red and green fluorescent nanoparticles were adopted to fabri-
cate 10-faced microspheres of different compartmentalizations.
Meanwhile, Fe;O, nanoparticles were introduced as the marker
of the barcode reading starting point. As shown in Figure 4A,
using the SED-10 device, we acquired 10-faced coded memomi-
crospheres. With the dark compartment as the starting point,
the code could be successfully read clockwise (Figure 4B), which
indicated the good coding capability of our microspherical bar-
codes and accurate reading through the embedded magnetic
compartment to achieve precise positioning. Two examples of
other sets of microspherical barcodes are shown in Figure 4C.

Finally, we employed the red, green, and blue fluorescent
nanoparticles to fabricate 10-faced microspheres for generating
a considerable number of fluorescent barcodes of various color
combinations. We first fabricated the isotropic microspheres
(Figure 5A-i). Based on red, green, and blue fluorescence, there
were altogether 7 colors attainable through different combina-
tions of the fluorescent nanoparticles according to the mixing
rule of the three primary colors (Figure 5A-i). As such, the
prepared microspheres containing different fluorescent nano-
particles in the different compartments could be mixed and
superimposed to obtain the spectrum of 7 fluorescent colors,
ie., red, green, blue, yellow, magenta, cyan, and white (experi-
mentally shown in Figure 5A-ii,-iv). Based on this premise,
10-faced fluorescent memomicrospheres with a different color
in each compartment plus a magnetic compartment were suc-
cessfully fabricated (Figure 5B-i). Subsequently, the coding
information was obtained by decoding the memomicrospheres
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Figure 2. The generation of the 8- and 10-faced microspheres. A) Schematic illustration of an SED for generating anisotropic microspheres. B,C) Fluo-
rescence images of the obtained (B) 8- and (C) 10-faced microspheres and loaded with green or red polystyrene nanospheres (200 nm) in different
compartments, produced by gas-shearing of Na-Alg. D) The size distribution of the 10-faced microspheres. E) The relationship between the size of
the 10-faced microspheres and the gas flow.
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Figure 3. The controllable encoding design of the multicompartmental microspheres fabricated from gas-shearing. A,B) Schematic illustrations of the
different SEDs and the corresponding fabricated microspheres. C) Fluorescence images of experimentally obtained multicompartmental microspheres
corresponding to the schematics illustrated in (B).
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Figure 4. A) Fabrication of memomicrospheres based on red and green colors. B) Process for decoding the memomicrosphere information. C) Two

examples of memomicrospheres with different barcoding information.

were spherically symmetric, there existed two ways (clockwise
and counterclockwise) to read out the coding information from
these memomicrospheres, and as such, we defined that both
decoding approaches, clockwise and counterclockwise, signi-
fied the same set of codes to further improve the barcoding
security (Figure 5B-iv). In essence, for information storage
and encoding capabilities, taking these 10-faced microspheres
as an example, the total number of codes easily exceeds 4 mil-
lion when 7 colors are used (i.e., 9/, or 4 782 969 combinations
excluding one component used for magnetic nanoparticles).

As above-mentioned, to enhance the controllability of our
readout, we incorporated Fe;O, nanoparticles into one compart-
ment of the 10-faced microspheres endowing them with mag-
netic responsiveness (i.e., the memomicrospheres, Figure S2 and
Movie S4, Supporting Information). As indicated in Figure 5B-v,
the information was accessible only when the memomicrospheres
held the proper orientation under an external magnetic field
(Movie S5, Supporting Information). Besides convenient informa-
tion reading, the magnetic-responsive characteristic of the memo-
microspheres enables easy retrieval as well. Of note, magnetic
nanoparticles are cost-effective and widely used in the biomedical
field " which makes them suitable for our intended application.
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Collectively, these features of our microspherical barcodes
have undoubtedly offered greater reliability and robustness
for their future anti-counterfeiting and information storage
applications. In our previous work, although we demonstrated
that 8-compartmental microspheres including two fluorescence
colors could be fabricated, such microspheres did not show
the coding capability that allowed storage of information. This
current work has made it possible to establish the concept of
microspherical barcodes (memomicrospheres) using the 3 pri-
mary colors to build up to 7 fluorescence colors. To our knowl-
edge, the successful fabrication of 10-faced microspherical
barcodes with memory capacity has not been reported before.
Current technologies are limited to 6-faced microspheres yet
without robust coding ability."®!

To expand our information storage capabilities, we also used
the memomicrospheres of different sizes simultaneously. As
schemed in Figure S3A (Supporting Information), two sizes of
the 10-faced memomicrospheres of different barcoding could
be obtained with different airflow rates. The prepared micro-
spherical barcodes and the corresponding decoding infor-
mation are shown in Figure S3B (Supporting Information).
Since a number of memomicrospheres in different sizes may
be employed together with these multifaced microspheres
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Figure 5. Fabrication of memomicrospheres using only 3 primary colors. A) Construction of standard colors base on 3 primary colors. i) Schematic
illustration of an SED-1 for generating isotropic microspheres and the experlmentally obtained microspheres. ii) Combination of microspheres with red,
green, and blue channels to obtain seven standard colors. iii) Fluorescence image of the obtained seven uniform colors in the microspheres through
merging of the 3 primary colors. The inset is the bright-field image corresponding to the fluorescent image. iv) Fluorescence images of a random mix-
ture ofdiFferently colored microspheres B) i) Schematic illustration ofthe generation process of memomicrospheres and the experimentally obtained

iv) The two barcode reading dlrectlons for a single memomicrosphere. v) Reading of valid information under external magnetic field guidance. Scale
bars: 400 um.
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featuring different compartments, the capacity of information
storage of our microspherical barcodes can be greatly expanded
beyond through only color combinations.

To demonstrate the reproducibility of the microspherical bar-
codes, we analyzed the intensity variations of the main colors
across multiple memomicrospheres made in a single batch.
The results indicated that the intensities of the main colors
remained relatively stable as long as we used the same imaging
conditions; for red, green, blue, and yellow, the coefficient of
variations (CoVs) were found to be 4.61%, 0.85%, 2.25%, and
2.05%, respectively (Table S1, Supporting Information). Such
CoVs could have arisen from the slight mixing inhomogeneity
when constituting the color solutions, or from the inhomoge-
neous light illumination in the field of view during imaging.
However, this level of variation should still be within the toler-
ance of our readouts.

Furthermore, to evaluate the real-word application feasi-
bility of our strategy, it is necessary to demonstrate that the
fluorescence intensities of these microspherical barcodes could
be retained for an extended period of time. Consequently, we
observed the fluorescence intensities of our microparticles and
found that indeed, the fluorescence intensities of all three pri-
mary colors remained largely unchanged for up to 120 days
assessed (Figure S4, Supporting Information). However, it is
worth noting that our strategy does not necessarily rely on the
intensities of the different colors but rather their barcoding
information, and therefore, even if the intensities vary across
the memomicrospheres or overtime, it would not affect the
decoding results.

Our previous work demonstrated that the Na-Alg multifaced
microspheres were highly cytocompatible,'? which are suit-
able for use in food or pharmaceutical anti-counterfeiting. The

Authentic drug

&KL

Counterfeit drug

www.small-journal.com

microspheres processed 0.01% of fluorescent polystyrene nano-
particles, which was estimated that for the 600 um memomicro-
spheres there were merely as little as 0.11 pug of polystyrene in
each of them, rendering them essentially harmless considering
the bioinertness of the material. Impurities in a drug formula-
tion are deemed acceptable as long as their daily intake remains
no more than 1.5 mg.["l

To demonstrate the anti-counterfeiting capability of the
microspherical barcodes, their potential value in serving as
authenticating information was finally illustrated over a range
of complex substrates, including both liquid and solid pharma-
ceutical packaging (Figure 6). In the case of anti-counterfeiting
for liquid drugs, we were able to add the microtaggants directly
into the liquid drugs because of the good biocompatibility of
the memomicrospheres. Besides, the size of the memomicro-
spheres could be controlled to be greater than 300 um, which
is typically larger than most syringe needles used to withdraw
liquid drugs, to effectively avoid memomicrospheres from
being sucked into the syringes for subsequent patient admin-
istration. As shown in Figure 6A, it was easy to read out the
coding information with magnetic responsiveness. For solid
drug anti-counterfeiting, one capsule on each tablet panel may
be used for hosting the memomicrospheres in liquid to achieve
the purpose. As revealed in Figure 6B, when the authenticity
of the drug needed to be assessed, the tablet could be placed
on a microscope stage to read out the coding information
with the help of an external magnetic field, which is conven-
ient. We believe that the microspherical barcodes established
here might provide an effective strategy to store information
or data and help the identification and track-and-trace moni-
toring of these pharmaceutical products. Besides, attributed
to the diversities of the patterns that can be formed within the

Authentic drug

&«

‘ SA2NINAATY |
. \

Counterfeit drug

Figure 6. Anti-counterfeiting applications of the memomicrospheres as barcode labels. A) Illustrations of the microspherical barcodes showing coding
abilities when directly adding the microtaggants into the liquid preparations and the decoding information using an external magnetic field. B) Illustra-
tions of the microspherical barcodes showing coding abilities when they were used in one capsule on each tablet panel for medicinal tablet packaging
and the decoding of the information under a magnet.
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memomicrospheres, the amounts of microspherical barcodes
are expected to be more than enough for encoding the general
manufactured products in daily life.

3. Conclusions

In summary, we have presented the use of a gas-shearing
approach for generating the 10-faced memomicrospheres
with 7 coding colors by simply merging 3 primary colors
in different combinations. The fabrication process was
high-throughput (>5000 memomicrospheres per min) and
biofriendly, which occurs without the use of organic chem-
ical processes. Na-Alg, an FDA-approved, biocompatible and
biodegradable material was used as the primary component
of the memomicrospheres. The access of coding informa-
tion of the resultant microspherical barcodes was facilitated
by locking their orientations through magnetic nanoparticle
introduction, which further increased information security.
Besides, the number of possible barcodes was expected to be
large with our 7-color mechanism and fabrication of micro-
spheres with controllable sizes. These results indicated that
our microspherical barcodes, or the memomicrospheres,
may find widespread applications as convenient and versatile
microtaggants for anti-counterfeiting in the food and drug
industries in the future.

4. Experimental Section

Materials: Na-Alg was purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). Fluoro-Max fluorescent polystyrene nanoparticles
R200 (excitation/emission: 542/612 nm), G200 (468/508 nm), and
B200 (365/445 nm) were purchased from Thermo Scientific (MA,
USA). Fe;04 nanoparticles (30 nm) were purchased from Shanghai
Macklin Biochemical Co., Ltd. (China). Float-type flowmeters (LAB-3WB,
LZB-6WB) were purchased from Xiangyun Flow Meter Factory (China).
Air compressor (Jieba TGY-680-30) was purchased from Shenzhen
Yunsite Technology Co., Ltd. (China). All other chemical reagents were of
the highest grade available and used as received.

In all experiments, unless otherwise specified, the collecting bath was
2% w/v calcium chloride (CaCl,) aqueous solution, the pregel aqueous
phase was 2% w/v Na-Alg aqueous solution with =0.01% w/v fluorescent
polystyrene nanoparticles, the collector receiving distance was 10 cm,
the airflow rate was 6 L min™, the angle between the smart ejector and
collector was 90°, and the flow rate of the Na-Alg was 1 mL h™". The
solutions were all filtered before pumping into the SED. Blunt needles
and epoxy adhesive were purchased from Taobao (China).

Equipment: As shown in Figure S1A (Supporting Information), the
equipment for fabrication of the microparticles through gas-shearing
consists of four major parts: a digital syringe pump (to pump the Na-Alg
solution, a collecting bath (2% w/v CaCl,) to gather the microparticles, a
gas-holder (which provides the airflow and is controlled by a rotameter),
and a custom-made SED (see below). The SED-10 device consisted of
a bundle of 10 needles (30G) serving as the core for liquid flows, which
was coaxially inserted into a holder needle (22G) as the support. This
setup was further inserted into a sheath needle (10G) allowing for the air
flow. All the junctions were sealed using epoxy. For SED-8, a bundle of 8
core needles (30G) was inserted into the holder needle (25G) and then
into the sheath needle (10G).

Fabrication of Multicompartmental Microspheres by Gas-Shearing:
Isotropic microspheres were prepared by processing a Na-Alg solution
through an SED-1. The airflow was set at 0.6 L min™. Eight- and
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10-faced microspheres were prepared in a similar way with isotropic
microspheres by employing the SED-8 and SED-10, respectively. To
visualize the various compartments in the microspheres, red, green,
and blue fluorescent polystyrene nanoparticles in different combinations
were added to the Na-Alg solutions (the concentration of the polystyrene
nanoparticles was =0.01% w/v).

Characterizations of the Multicompartmental Microspheres: The
production of the 10-faced microdroplets was monitored in real-time
using a microscope (C6230, Shanghai Zhong Chen Digital Technic
Apparatus, China) and recorded by a high-speed camera (CCD,
DH-MER-130-30UM, China Daheng Group, China).

Attainment of Encoded Microspherical Barcode Images: Bright-
field and fluorescence images were snapped by optical microscopy
(OLYMPUS 1X53, Japan). The 3 primary colors including red, green, and
blue (R, G, B) of the microspheres were imaged first separately with
corresponding excitation lights and filters. Subsequently, the images
were superimposed to build a new image containing multiple colors to
obtain the microspherical barcodes (Figure S5, Supporting Information).

Supporting Information

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