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Synthesis of Size-Controlled Monodisperse Manganese Carbonate
Microparticles as Templates for Uniform Polyelectrolyte
Microcapsule Formation
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Inorganic colloids are usually prepared via precipitation reactions, which involve two sequential steps:
nucleation and growth of the nuclei. On the basis of this theory, preformed manganese carbonate nanoseeds
were prepared by mixing diluted ammonium hydrogen carbonate with manganese sulfate solution to
serve as nuclei for production of monodisperse manganese carbonate microparticles. It was found that
the average particle diameter can be finely tuned from 1 teuhOby adding a different volume of
nanoseed solution. It was further verified that the manganese carbonate microparticles can be used as
templates for efficient formation of uniform, smooth multilayer polyelectrolyte microcapsules, which
are promising systems for biomedical and other applications, such as biosensors, bioreactors, and drug-
delivery devices.

1. Introduction compounds,and biological cell$.Polystyrene (PS), silica,
gold, and melamine formaldehyde (MF) spheres have been
) . most commonly used for fundamental studies of multilayer
sorption of oppositely charged polymers onto the surface of capsules formation, because they can be commercially
colloidal particles followed by core dissolution, are currently ,ptaineq in relatively large quantities with rather narrow size
being studied intensivelyThis base technology has recently distribution and reasonable cost from many sources.

inspired considerable attention in the fields of drug delivery, 1 wever problems remain with the dissolution of materi-

biosensors, microreactors, and bioseparatfodsing this 55 15 produce clean capsules. Most commercially available
approach, a variety of materials, including charged and yohjates such as MF and PS require harsh conditions such
uncharged species, have been successfully assembled intQg g1ong acids or organic solvents to be dissolved, and in
nanoscale multilayered structures. Furthermore, removal of g 1« cases template materials cannot be completely removed

the dissolved cores provides more space for material fom the capsules because of interaction with capsule Walls.
encapsulation, and the polyelectrolyte coating may function zqgitionally, the dissolution is unpredictable because of

as a protective shell for encapsulated species. Different;,reaseq cross-linking of polymer materials with time, as
colloidal templates have been introduced for the fabrication ...,-s with MFE. It is believed that the MF oligomers, a

of such microcapsules, ranging from polynfeasd metal oy ct of acidic hydrolysis, lead to an increased osmotic
particles to crystals of proteins; low molecular weight  pressure during dissolution and therefore affect the integrity
of the capsule wall. The amount of MF bound to the capsule
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abundance in nature and also their important industrial Sodium poly(styrene sulfonate) (PSS, Mw70 000) and poly-
applications in paints, plastics, rubber, and p&#p€hese  (allylamine hydrochloride) (PAH, Mw~70 000) were obtained
inorganic carbonate crystal materials are also advantageougom Aldrich. For confocal fluorescence microscopy, PAH was
for the formation of polymeric micro/nanocapsufess they labeled with fluorescein isothiocyanate (FITC, Aldrich) in pH 8.5
can be synthesized from simple reactions, even those asodium bicarbonate buffer and was precipitated in acetone.
simple as mixing two chemical solutions. More importantly, ~ Synthesis of MNnCQ; Microparticles. MnCO; crystals precipi-
they can be dissolved under mild conditions to obtain clean tate when mixing NGHCO; with MnSG, solution. To control the
capsules because the metal ions will not interact with cryste_ll shape and sizing, rapid stirring must be applied. I_n_atypical
polyelectrolyte walls and form complexes such as MF reaction, a r_1anoseed solutlon_ was first prepared b_y mixing 4 mg
oligomers. For example, carbonate cores can be dissolved\H4HCOs with 0.1 mg M_nSQ in 20 mIT DI water with stirring.
with EDTA solutior® without adding acid, which is an "en 1L 0f6 mMMMnSQin Dl water (with 0.5% IPA) was mixed

. with 1 L of 0.06 M NH,HCO; in DI water (with 0.5% IPA), under
additional advantage of the carbonate crystals when em'rapid stirring €~2000 rpm) at 5C°C. To control the particle size,

ployed for making CapS.UIeS from pH-sensitive. species SUChdifferent volumes of nanoseed solution were added into MNSO
as enzymes and nucleic acidsAs demonstrations of the  sqyytion prior to mixing. The mixed solution was then cooled to
potential of these materials, Ham&band Antipo° recently room temperature and neutralized by HCI. The particles were
reported the synthesis of manganese carbonate particlesallowed to precipitate for at least 30 min, depending on the target
however, these had a broad size distribution and a separatiomparticle size, followed by triple rinsing with DI water. The particles
procedure was therefore needed to reach reasonable uniforwere then air-dried at 6TC for 24 h and stored in microcentrifuge
mity. Additionally, it is not possible to obtain repeatable tubes until use. The yield of MnG{particles is about 65%, with
particle sizes even under identical reaction conditions. As a 1.22 g MnSQ used and 0.6 g MnC{produced.
result of having to dispose of large parts of the sample to  Fabrication of PSS/PAH Multilayers on MnCO3; Templates.
achieve the desired distribution/particle size, this process isThe PSS and PAH solutions used for multilayer assembly were
inefficient and wasteful of materials. prepared in DI water at 2 mg/mL. The MnGQ@articles were
In this study, a novel technique for the preparation of su_speqded in DI water via vortexation and ultrasonicgtion for 10
spherical monodisperse MnG@icroparticles of a desired ~ Min prior to layer-by-layer (LbL) assembly. The particles were
size is described. Inorganic colloids are usually prepared via cated with four bilayers of PSS/PAR, where each adsorption
precipitation reactions, a process that often involves two step reaction time was 20 min, followed by triple rinsing W'th DI
. ) . . water. The MnC@ cores were dissolved by 0.1 M HCI solution,
sequential steps: nucleation and growth of the nuéléo f ) )
: . . ollowed by 0.01 M EDTA solution to remove residual manganese
contr(_)l the crystal growth and (_)btaln rnonodlsp_erse colloids, ions. The microcapsules obtained were again triple rinsed with DI
nuclei are needed. On the basis of this nucleation and nuclei ey
growth theory, preformed manganese carbonate nanoseeds

vv_ere prepared to serve as nuclel_ for prqducuon of m(.)'.qo' with a microelectrophoretic particle sizer (90Plus Particle Sizer,
disperse manganese carbonate mICFOp?.rtlcleS. The _pos't've%rookhaven Instruments Corp) prior to the fabrication of each
charged particles can be prodgced W'th tunable d'ameterSMnCO;g particle batch. Bright-field optical and fluorescence mi-
between 1 and 1Qim by adding different volumes of  ¢roscopy (Nikon ECLIPSE TE2000-U) were used to image the
nanoseed solution and without further need for a separationmnco, particles with 66 and 100« oil immersion objectives.
procedure. Thus, a more efficient and delicate controllable Scanning electronic microscopy (SEM, Amray 1830) was also used
technique for production of colloidal template was built, to image the nanoseeds, Mng@articles, MnCQ particles with
which shows high potential for commercial batch production. polyelectrolyte coating, and hollow microcapsules after core
It was further verified that those manganese carbonate dissolution, with elemental analysis using energy-dispersive X-ray
microparticles can be used as templates for efficient forma- spectroscopy (EDX, EDS, iXRF systems, Inc.). The particle samples
tion of uniform, smooth multilayer polyelectrolyte micro- ~Were dried on coverslips and sputter-coated with-Rdl alloy. The
capsules, which are promising systems for biomedical and acceleration potentials used to collect SEM images was 20 KV in

other applications, such as biosensors, bioreactors, and drug(-)ur study. The size distribution of the microparticles was measured
delivery devices ' ' ' with a Coulter counter (Beckman Z2 Coulter particle count and

size analyzer). The sample is made by puttingulOof particle
suspension in 10 mL of PBS solution and measured with a 100-
um aperture. At least 2000 particles were counted to plot a reliable

Materials. Ammonium hydrogen carbonate and manganese(ll) size distribution_ for each sample. The agsembly of poneIectron@e
sulfate monohydrate were purchased from Fluka and Sigma, layers on colloidal templates was monitored by electrophoretic
respectively. 2-Propanol (IPA) was from EMD Chemicals Inc. mobility measurements (ZetaPlus Zeta Potential Analyzer, Brook-

haven Instrument Corp.). Confocal fluorescence micrographs were
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Instrumentation and Measurement.Nanoseeds were measured
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T 425 - subsequent reaction allow growth on tiny crystals, which

;E; 400 + ¢ { again suppresses the undesirable nucleation procedure. As a

e 375 4 ¢ L & result, monodisperse crystals form. By adjusting the number

S 350 1 $ ] of nuclei per unit volume, different sizes of crystals may be

3 325 1 obtained. The more nuclei used, the smaller the particles

g 300 produced. For practical application, there is a limitation of

5 Zzg I the particle size range to obtain spherical and monodisperse

. 0 1(')0 200 300 particles. In MnCQ particle production, particles with sizes
Time (min) less than um have broader size distribution, while particles

bigger than 1Qum tend to be cubicle in shape.

3.1. Characterization of NanoseedsThe size of nano-
seeds prepared in our study could range from 200 to 700
nm as shown by particle sizing, and all can be used for the
production of microscale MnC{particles. Particle size
measurements prior to the fabrication of each batch of
MnCQOs; microparticles indicated a slight variation in nano-
seed diameter over time as shown in Figure 1. The slight
increase in nanoseed diameter could be the result of addi-
tional crystallization. Although the nanoseed solution was
Figure 2. Images of nanoseeds for production of Mn&®@icroparticles. constantly stirred, aggregation was observed during the data
(a) Bright-field optical microscopy and (b) SEM image. acquisition at time 31, 80, 118, and 252 min, respectively,
as indicated by the emergence of a bimodal distribution.
However, aggregation was not observed during the remaining

Inorganic colloids are usually prepared via precipitation acquisition times by the appearance of a normal distribution,
reactions, a process that often involves two sequentialindicating that although aggregates were present, there was
steps: nucleation and growth of the nuclei. To achieve no correlation with time. The aggregate contribution to the
monodispersity, these two stages must be strictly separatedpverall measured intensity was approximately 12.8.5%,
specifically, nucleation should be avoided during the period an indication that severe aggregation was not observed. It
of growth. According to this theory, the nanoseed solution was found that the size of MnGQnicroparticles could be
was freshly prepared in our study as nuclei at low concentra- well controlled by adding different volumes of the nanoseed
tion to avoid crystal growth. The nuclei provided in the solution into MnSQ solution before mixing with NgHCGOs.

Figure 1. The relationship between nanoseed diameter and time.

3. Results and Discussion

¥ 5 um

© (d)
Figure 3. Images of MnCQ@ microparticles. (a) Bright-field optical microscopy image of spherical Mp@@rticles, (b) SEM image of spherical MNngO
particles, (c) bright-field optical microscopy image of cubicle Mn{garticles, and (d) SEM image of cubicle Mng@articles.
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Figure 4. MnCO; particles with different diameters, imaged with fluorescence microscopy (average diameter: y(a), 808 5.3um, (c) 6.0um, (d) 6.9
um, (€) 7.9um, and (f) 8.7um).

Without the nanoseed solution, the size of the MaCO 5007
microparticles is uncontrollable and a broad size distribution
results, although the particle shape is still spherical when
high-speed stirring is employed. Bright-field optical micros-
copy and SEM were used to image the nanoseeds, as shown
in Figure 2a and 2b. The nanocrystals in Figure 2 are
spherical in shape and range from 200 to 400 nm, which
agrees with the particle sizing results. The nanoseeds are
unstable and aggregate when dried, as observed in SEM
images.

3.2. Size Distribution of MNCO3; Microparticles. The
microparticles were observed under bright-field illumination
with an oil immersion objective lens (Figure 3a). It can be
seen that the crystals have spherical shape with rather
uniform size distribution. It is believed that the homogeneous
isotropic crystal growth on tiny crystal nuclei yields spherical servations (Figure 3a). In contrast, cubical crystals were
shape and uniform distribution of the Mng@articles under  obtained with slow or no stirring under otherwise identical
strong stirring. SEM was used to further analyze the surfacereaction conditions (Figure 3c and 3d). Under higher
morphology and size distribution of MnG@articles (Figure magnification (inset in Figure 3b), it could be seen that the
3b), with findings consistent with optical microscopy ob- spherical particles were composed of tiny crystals, resulting

Number

45 5.0 55 6.0 6.5
Particle size (um)
Figure 5. Coulter counting of MnC@microparticles.
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10 controlled from 1 to 1Qum by adding different volumes
(0.1-20 mL) of the prepared nanoseed solution while
maintaining a uniform size distribution. As expected, the
particle size decreases when increasing the volume of
nanoseed solution added.

©
1

D=4.762¢*%%+6.502¢*"""

A Coulter counter was used to further characterize the
particle size distribution. A typical counter result shows that
the mean particle size is 5.290.41um (Figure 5), with 2
mL of nanoseeds used for particle production. The sample
of particles is from the same batch used to generate Figure
4b. Additional experiments showed that Mng@articles
0 2 4 6 8 10 12 14 18 were consistently monodisperse, with standard deviation of

Volume of 'nano seed' (mL) <0.5um (N > 3000) (Figure 6). The empirical relationship
Figure 6. The relationship between particle diametB) @nd volume of between MnC@microparticle diameterly) and volume of
nanoseed solution/j used when synthesizing MnG@articles (error bars nanoseed solution/j could fit a biexponential decayD =

Microparticle diameter (um)

are one standard deviatioN, > 3000). 4.762e360% 6.5026’0'10N(R2 — 0.9987). Theoretically,
in somewhat rough surfaces. In contrast, the cubicle particlest® volume-dependent final size can be estimated using a
have very smooth surfaces. cubic equation if some simple assumptions can be made.

Following production of MnC@ particles, the common  ASsuming a constant nanoseed initial sfzeand constant
polyelectrolyte pair PSS/PAH was used to deposit multilayers Nanoseed particle concentratiGnthe change in particle size
on the inorganic template. The particles were coated with ¢an then be related to the total volume change in the spheres
four bilayers of PSS/FITC-PAH} to allow observation with ~ because of the crystallized MnG@ the total MnCQ; is
fluorescence microscopy. Figure 4 contains a subset ofalso assumed to be constant. However, the practical nano-
fluorescence images of collected Mng@articles with seeds are not very stable in size and tend to grow slowly
polyelectrolyte coatings, showing average sizes from 3.8 to over time. Because of the limitation that all the samples
8.7 um, which were achieved by varying the nanoseed cannot be produced at the same time, the empirical relation-
volume. According to these experimental results, it is ship shows to fit biexponential decay better than cubic
apparent that the size of MnG@icroparticles can be well ~ equation. According to our experimental resulsshould

Spm

Spm

Figure 7. MnCOs; microparticles and capsules with four bilayers{&fSS/FITC-PAH}. (a) Confocal images of MnC{Omicroparticles with multilayer
coatings, (b) confocal images of capsules after dissolution of My@@e, (c) AFM topography image of dried capsules, and (d) AFM 3-D image of dried
capsules.
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Figure 8. SEM-EDX analysis of (a) MnC@®microparticles with four bilayer§PSS/PAH and (b) microcapsules with cores dissolved by HCI and treated
with EDTA solution.

be less than 20 mL, ard is in the range from 1 to 10m, were dissolved. The left hollow polyelectrolyte multilayer
where monodisperse particles with spherical shape could bemicrocapsules were collapsed to thin films when dried. The
obtained. The particles with sizes less thamihave broader ~ EDX result showed 12.76 wt % of manganese in MRCO
size distribution, while particles bigger than it tend to microparticles with{ PSS/PAH, coating, while 0 wt %
be cubicle or irregular in shape. manganese (nondetectable) after the cores were dissolved
3.3. Fabrication of Polyelectrolyte Multilayers on by HCI and treated with EDTA solution.
MnCO ; Microparticles. To investigate the potential of these ~ Size-controlled monodisperse Mngg@icroparticles were
MnCO; crystals to serve as templates for size-controlled therefore synthesized by using nanoseeds as nuclei for crystal
hollow capsule formation, the layer-by-layer (LbL) assembly growth, which shows high potential for commercial batch
of polyelectrolyte layers was monitored by electrophoretic production. The microcapsules obtained after polyelectrolyte
mobility measurements. Four bilayers{d?SS/PAH were ~ multilayer deposition on MnC®cores and HCI/EDTA
deposited on MnCg@cores, and the surface potential of the treatment were spherical, uniformly distributed, and free of
microspheres was observed to change regularly from 50 mVv metal ions. These clean microcapsules are especially useful
for MNnCQO; cores and 40 mV for PAH te-35 mV for PSS for encapsulating bioactive molecules, for example, enzymes,
(data not shown here), indicating the formation{&SS/ as biosensors, where uniform capsules provide homogeneous
PAH} 4 wall architecture. properties during encapsulation. In addition, availability of
The MnCQ cores with multilayer coating comprising such particles can be quite useful for many more applications,
{PSS/PAH, were then dissolved by exposure to HCl and such as their conversion into manganese oxide as solid
EDTA solution, followed by rinsing with DI water. The €lectrode and catalyst,rather than used as templates for
coated MnC@particles and the capsules following the core Polyelectrolyte multilayer capsule formation.
dissolution were imaged with confocal microscopy (Figure
7a and 7b). The results again show narrow size distribution,
efficiency of capsule formation, and integrity of microcap- ~ Monodisperse manganese carbonate microparticles were
sules with nanoscale walls. Tapping mode atomic force synthesized, with tunable size ranging from 1 tquh0, using
microscopy was used to further confirm capsule formation a process that requires no separation procedure. It was found
by core removal. Capsules imaged with AFM (in the dry that the particle size can be easily adjusted by adding
state) are presented in Figure 7c and 7d. The average heigh@lifferent volumes of nanoseed solution, prepared by mixing

Conclusion

of the collapsed microcapsules was calculated to-#@ nm. diluted NHHCO; with MnSQO; solution. It was further
Thus, each bilayer of the microcapsules is calculated to beVerified that the manganese carbonate microparticles can be
5 nm, which agrees with previous repottgd3 used as templates for efficient formation of uniform, smooth

SEM-EDX was used to detect the presence of manganesenultilayer polyelectrolyte microcapsules. The microparticles
before (Figure 8a) and after (Figure 8b) the dissolution of Prepared in this efficient manner should prove to be
the cores. The particles with polyelectrolyte coating did not Promising candidates to fabricate polyelectrolyte multilayer
show a difference to uncoated Mng@nicroparticles in ~ capsules for biomedical and other applications.
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