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Injectable polymer particles with a diameter in the range of300 um find applications as a biomaterial in
different clinical fields, such as cosmetic surgery, reconstructive surgery, and urology. However, clinical effects
tend to disappear after several months, either due to migration of the particles away from the injection site (caused
by weak adherence with the surrounding soft tissues) or due to fibrosis (caused by excessive encapsulation of the
particles by fibrous tissue). Little is known about the fate of injected microparticles, due to the fact that they are
extremely difficult to trace in a noninvasive manner. Design, synthesis, and characterization of new polymeric
microspheres with two additional features that can enhance safety and can help to overcome drawbacks of existing
products are reported. First, the new microparticles feature clear radio-opacity (X-ray visibility) as they are prepared
on the basis of a reactive methacrylic monomer that contains covalently bound iodine. Model experiments reveal
that the level of X-ray contrast is sufficient for clinical monitoring; they can be visualized both during the injection
and afterward. The particles feature excellent cytocompatibility in vitro and in vivo. Second, a method is explored
to functionalize the surface of the particles, for example, through immobilization of collagen. Other extracellular
matrix proteins can also be immobilized, and this provides a mechanism to control anchoring of the particles in
soft tissue. The results are briefly discussed in the context of improved biomaterials, contemporary X-ray imaging,
and control over biomaterialsoft tissue interactions in vivo.

Introduction injection site into lungs and brafmAnalogously, carbon-coated
ZrO, microbeads (Duraspher®),injected to treat SUI in
Several medical treatments are based on local injection of patients, were found to migrate into local and distant lymph
polymeric particles with a diameter in the -3800 um range. nodes, and into urethral mucoSaThe marginal long-term
Augmentation of soft tissues (e.g., correction of lignd results have prompted the industry to introduce a variety of new
reduction of wrinkles) can be achieved through local injection  bulking agents, especially with respect to SUI treatment. Most
of a “filler agent”, which is a suspension of nondegradable of these agents actually consist of a classic inert biomaterial
synthetic microparticles in a biodegradable solution or disper- with a well-established record of safety and durability, albeit
sion? Another example is found in urology: stress urinary in totally different applications. The most important examples,
incontinence in women (SUI), defined as the complaints of after PTFE, PDMS, and Durasphere are glutaraldehyde cross-
involuntary leakage of urine on effort or exercise, sneezing or |inked bovine collagen (GAX collager$,calcium hydroxya-
coughing, can be_treated through precise peri-urethral injection patite!? dextranomer/hyaluronic acid copolymer (Dx/HE)and
of polymeric particles. autologous fat® Claims of improved performance in SUI
There are concerns, however, about possible complicationstreatment were usually unsubstantiated. Some new agents even
and long-term effects of injected polymeric microsphéres. |ed to complications, such as pulmonary embolism (autologous
Cosmetic fillers can induce the formation of granulomatous fat)l6 or a severe local inflammatory response (GAX Co"adén)_
tissue, or they may migrate away.from the site c.’f injection. Migration of injected or implanted microparticles has been
Zullo et al. have reported that peri-urethral injection of poly- studied in animal models but, to the best of our knowledge
(dimethylsiloxane) (PDMS) particles to treat SUI had a high only scarcely in humarfé This 'may be explained, in part, by '

e o ;
initial success rate (90% after 1 month), which _decreased to the fact that commercial particles are extremely difficult to trace
75% after 3 months and 57% after 60 monthEhis pattern o S .

in vivo. The only exception is Durasphere, for which the

was confirmed in a series of other publicatidriBhese disap- articles have a core of ZgDa notoriously radio-opaque
pointing long-term effects have been attributed, quite generally, P 011 . y paq

to the migratory aptitude of injected microparticles. Indeed, poly- Qﬁt:g@l .fo’r IS:Q\’N;\;?;’n?:(:ifg:ﬁigﬁgﬂ?;;? trr‘]%t rﬁ’igﬁlglg:;i'y
tetrafluoroethylene) (PTFE) particles can migrate from the ) ’

( ylene) ( ) P g of ZrO, (5.89 x 10° kg/m®) may lead to movement of the

To wh g hould be add 4 Emal Lkoole@ particles due to gravitation. Here, we report on new polymeric
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The iodine-containing microparticles are stable in vivo, and they spheres were then taken up in boiling water (1 h), decanted, frozen
feature a high level of biocompatibility, both in vitro and in (=180 °C, liquid nitrogen), and lyophilized. Yield: 5.04 g (84%).
vivo. Their radio-opacity allows for accurate noninvasive Surface Hydrolysis.Microspheres (1.00 g), ethylene glycol (50 mL),
monitoring through X-ray fluoroscopy and micro-CT techniques. and KOH (2.80 g) were transferred into a 100-mL round-bottom fiask.
The flask was immersed in an oil bath (180), and the reaction was
(o] allowed to proceed for 5 min. Two identical batches were prepared,
O/\/O\HJJ\ and these were reacted for 15 and 30 min, respectively. The flask was
removed from the oil bath and allowed to cool to room temperature.
1 Microspheres were decanted, washed (water, ethanol, and water, vide
1 supra), frozen, and lyophilized.

1 Titration of Carboxylic Groups on Microspheres. Microspheres
(100 mg) were resuspended in 100 of 0.100 M NaOH and 1Q:L

Furthermore, our microspheres have a reactive surface, whichof phenophthalein (400 mg in 40 mL of 96% ethanol). Carefully small
can be used to immobilize a plethora of compounds, such asamounts of 0.010 M HCI were added until the color changed from
collagen and other proteins. First, the new particles are usefulbright purple to colorles¥. Untreated spheres that do not contain
vehicles to study the problem of injected-particle migration in carboxylic groups needed the same amount of HCI to neutralize the
animal models. Second, the pertaining question whether thesolution without spheres. The hydrolyzed spheres were neutralized with
anchoring of injected particles in soft-tissues can be improved !ess HCI. The difference in added volume of HCl is a direct measure
through surface-tethering of molecules that are recognized for the amount of carboxylic groups generated on the spheres by surface
biologically can be addressed. Ultimately, the use of radio- nydrolysis.
opaque and surface-modified polymeric microparticles as de- Cytocompatibility of Microspheres. Mouse fibroblasts (3T3 cells)
scribed here may open the way to safer and improved methodswere grown in DMEM/F12 medium containing Glutamax and supple-

to treat SUI or to achieve safer and more long-lasting therapiesmented with 10% fetal bovine serum and antibiotics (10 U/mL
in cosmetic surgery. penicillin, 10ug/mL streptomycin, 0.2ag/mL amphotericin B). Cells

were harvested with 0.05% Trypsin/0.53 mM EDTA and seeded in a
24 well plate at a density of 25 000 cells per well. The cells were
Experimental Section allowed to attach for 16 h at 3T/5%CQ. Micropsheres were added
in such an amount that approximately 20% of the surface was covered
Materials. Chemicals were purchased from Sigma/Aldrich/Fluka, py microspheres. The cells were allowed to grow for a further 48 h,
Acros, or Invitrogen. Methyl methacrylate (MMA) was distilled at  and subsequently photographs were taken with a Leica DM-IL inverted
atmospheric pressure and stored-&0 °C. 2-Hydroxyethyl methacry-  mjicroscope equipped with a Sony DSC-70 digital camera. To quantify
late (HEMA) was distilled in vacuo and stored-820 °C. The monomer  ce|| viability, after the 48 h incubation, medium was exchanged for
2-[2,3,5-triiodobenzoyl]-oxo-ethyl methacrylatd)(was prepared as medium containing 0.5 mg/mL MTT. The cells were incubated for a
described previousl§?¢f All other commercially available chemicals  {ther 1.5 h at 37C. MTT is converted into an insoluble blue/purple
were used as received. Porcine alkaline phosphatase and FITC-labele¢,rmazan by intact mitochondria, meaning incubation with nonviable
collagen (type I, bovine) were from Sigma. Buffer solutions were  ¢g|is will not result in staining. The medium was aspirated, the formazan

prepared as follows. MES buffer: 2{morpholino)ethanesulfonic acid 55 dissolved in 2-propanol, and absorbance at 550 nm was determined
(MES, 9.76 g, 50 mmol) was dissolved 1 L of water, and the pH as a direct measure for viability.

was set to 5.5 with NaOH. Tris buffer: tris(hydroxyl-methyl)- . . .
aminomethane (Tris, 6.06 g, 50 mmol) was dissolved L of water, Surface Coupling of Coumarin. Surface-hydrolyzed mlcrospheres.
and the pH was set to 9.0 with HCI. Carbonate buffer: two solutions (100 mg) were transferzred to a 1-mL Eppendorf tube and washed with
were made NaHCQ(4.20 g, 50 mmol) in 500 mL water and p@O; MES_buﬁer for 30 mir?2 Then, the supernatant was removed. A stock
(5.27 g, 50 mmol) in 500 mL water. These were mixed in the ratio solgtlon of reactants" was prepared as follows: 1-ethyl-3-(3-dimethyl-
100 mL:285 mL (NaCOz:NaHCQy), which gave pH= 9.6. ammpprqpyl)carbodumlde (EDC) (191.5 mg, 0.999 mmbl_-)nydroxy-
succinimide (NHS) (46.5 mg, 0.404 mmol), and 7-amino-4-methyl-

Microscopy. Scanning electron micrographs were recorded with a . . .
RJ Lee Personal SEM system (Goffin-Meyvis, Etten-Leur, The coumarin (5.0 mg, 0.029 mmol) were dissolved in 5 mL of MES buffer.
' ' Then, 1 mL of the stock solution was mixed with the washed

Netherlands). Microspheres were sprinkled onto an aluminum stub with . h dth ; I q dfor 2 h. Th

double-faced carbon tape. Samples were sputter-coated with gold (2m|bcrosp eres, and the reaction \IN‘;S a owed to prolcee or Y ez

min) and examined at an accelerating voltage of 20 kV. Approximately tube was mounted on a carousel that rqtate at a slow speed. A ter'
h, the supernatant was removed, the microspheres were washed with

500 microspheres were included in the analysis of size and size ; 8 )
distribution of each batch. Light microscopy was performed on a Leica MES buffer and examined by fluorescence microscopy. The reaction
was run for different batches of KOH-treated microspheres (5, 15 or

DM-IL inverted microscope, equipped with a Sony DSC-70 digital : - " -
camera. Fluorescence microscopy was performed with Nikon Eclipse 30 min treated) and for microspheres that did not receive KOH treatment

E800, equipped with an RS Photometrics CoolSNAP camera. (control).. - .

Preparation of Microspheresl A solution of p0|y(V|ny| a|C0h0|) Protein Immobilization . KOH-treated mlCrOSphereS (100 mg) were
(PVA, M,, = 86 000; 99-100% hydrolyzed; 1.25 g), poly(ethylene transferred to a 1-mL Eppendorf tube and washed with MES buffer
glycol) (PEG,M,, = 1000; 1.50 g), and poli-vinyl-pyrrolidinone) for 30 min2 The supernatant was removed. A new stock solution was

(PVP, M,, = 58000; 250 mg) in 100 mL distiled water was made, as follows: EDC (191.5 mg, 0.999 mmol) and NHS (46.5 mg,
mechanically stirred and heated to 5. MMA (5.00 g, 49.93 mmol), 0.404 mmol) were dissolved in 5.0 mL of MES buffer. Then, 0.5 mL
monomerl (1.00 g, 1.63 mmol), benzoyl peroxide (125 mg, 0.52 of the stock solution and 0.5 mL of MES buffer were added to the
mmol), and tetra-ethylene glycol dimethacrylate (TEGDMA, 340 mg, Washed microspheres. The Eppendorf tube was mounted on the carousel
1.03 mmol) were mixed, and this mixture was added dropwise to the and rotated for 30 min. The supernatant was discarded, and the
stirred aqueous PVA-PEG-PVP solutihAfter the addition, stirring microspheres were briefly washed with MES buffer. As proteins, we
at 75 °C was continued for 3 h. The microspheres precipitated used (i) porcine alkaline phosphatase (2 mg/mL in MES buffer) and
immediately as stirring was stopped, and the supernatant was decantedii) heat-denatured FITC-labeled bovine collagen | (0.8 mg/mL) in
carefully. The microspheres were allowed to cool to room temperature, carbonate buffer. In each case, microspheres pretreated with EDC and
and washed (water ¢3), ethanol (3), and water (%)). The micro- NHS were incubated with 1 mL of the protein solution for 2 h, Wh&ebv
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Figure 2. Scanning electron micrograph showing the effect of the
incubation with KOH (180 °C) on the surface of the microspheres.
(A) 5 min; (B) 15 min; (C) 30 min.

pM § 250 uM

Table 1. Quantitation of COOH Groups on the Surface of

Figure 1. Scanning electron micrographs showing the radio-opaque -
Hydrolyzed Microspheres?

microspheres at two different magnifications (see bars).

time of KOH —COOH groups
the vial was rotated on the carousel. Subsequently, microspheres were treatment (min) (umol/gr spheres)
washed repeatedly with MES buffer. 0 0
Microspheres, to which alkaline phosphatase was coupled, were 5 0.96 & 0.27
incubated withp-nitro-phenyl phosphate (PNPP). A solution of PNPP 15 161+ 041
(26.3 mg, 0.1 mmol) and Mge(9.5 mg, 10Qumol) in 10 mL of Tris 30 10.26 + 1.80

buffer was made. A total of 1 mL of this solution was added to the
microspheres. For all different microspheres, control measurements 2 The results are the mean of four measurements +standard deviation.
(microspheres incubated with alkaline phosphatase but without EDC

and NHS) were performed, to subtract the contribution of nonspecifi-

cally adsorbed alkaline phosphatase. Aliquots were taken regularly, andof ethylene glycol. Inadequate washing resulted in coalescence
extinction at 405 nm was determined. Increase in extinction at 405 nm of the particles during lyophilization and loss of the spherical
in time is a direct measure for the amount of converted PNPP and thusshape. Figure 2 shows SEM micrographs of microspheres after
of the amount of alkaline phosphatase. By comparing conversion ratesK OH treatment and workup. The smooth surface was preserved
of the microspheres with the rates of known amounts of alkaline jn the 5-min treatment (A), whereas the 15-min treatment led
phosphatase, the amount of covalently bound alkaline phosphatase could, some surface spots (B). After 30 min of KOH treatment (C),

be estimated. , , _ the surface became rough with incrustations and some flakes.
Collagen-FITC-labeled microspheres were examined directly by

fluorescence microscopy. Part of the microspheres was treated with Quantitative _ana_lysis Of the COOH group; onthe s_urfgce was
collagenase (0.5 mg/mL) in 10 mM phosphate buffered saline. Performed by titration, using phenolphthalein as the indic#tor.

Fluorescence (ex 485 nm/em 520 nm) was determined with a Gemini The results given in Table 1 demonstrate that with increasing
XS fluorometer. time of KOH treatment an increasing amount of carboxylic

X-ray Visibility. X-ray contrast of the microspheres was assessed groups were generated on the surface of the microspheres. The
under routine hospital conditions, using a digital mammography imaging large increase of carboxylic groups between 15 and 30 min may

system (ThermoTrex Corporation, San Diego, CA). indicate that the surface of the microspheres starts disintegrating,
as can also be seen in Figure 2C.
Results and Discussion The presence of COOH groups was also confirmed using a

fluorescent chromophore. The dye 7-amino-4-methylcoumarin

Microspheres. lodine-containing radio-opaque cross-linked was coupled to the COOH through an activated ester (NHS)
polymer microspheres readily formed witt h during suspen-  EDC protocol. This one-step procedure was straightforward; 2
sion polymerization of the mixture MMA- 1 + TEGDMA. h reaction time was sufficient for clear labeling. Figure 3 shows
The yield was 84% after workup and lyophilization. The beads fluorescence micrographs for the untreated control (A), and
were washed thoroughly, to remove traces of unreacted mono-K OH-reaction times of 5, 15, and 30 min, respectively-(B).
mers, which would otherwise exert a cytotoxic effect on pijfferences in fluorescence intensity due to the labeling (A vs
contacting cells. SEM analysis revealed that the beads areg—p), and due to the density of COOH groups at the surface
smooth, pgrfectly spherical, and nonporous (Figure ;). (within the series B—- D), are clearly visible.

Of a typical batch, the average diameter was 388 with a X-ray Visibility. A model setup was used to test whether

standard deviation of 112m. Size and size distribution were . - .
reproducible, although the exact stirring parameters (speed our particles feature an adequate level of X-ray visibility. First,
' : : ‘'we dispersed microspheres from four different batches (untreated
depth of the rotating paddle, and flask geometry) influenced we . N .
b 9p 9 Y) and treated with KOH for 5, 15, or 30 min) in molten gelatine,

the outcome substantially. hich qt imic the fil t AR i th
As the first step toward functionalization of the microspheres, which served fo mimic the Tier agent. Alter cooling, the
samples were implanted in the soft tissue part of a chicken leg;

carboxylic acid groups were generated at the surface, via o
treatment with KOH in ethylene glycol at 18C.2° The reaction the bones served as a qualitative internal standard for the X-ray

conditions represent a delicate balance: saponification proceedgontrast of the particleSs Figure 4 shows the X-ray image.
very slowly at lower temperatures, and higher temperatures or The particles are clearly visible, especially in the expansion (B).
longer reaction times were found to result in structural dete- It is noteworthy that not only the conglomerated particles are
rioration of the particles. The reaction was run in three different seen; some of the larger particles can also be discerned
batches, one for 5 min, one for 15 min, and one for 30 min. individually. The images do not reveal any effect of the KOH
We anticipated that a longer reaction time would result in an treatment on the X-ray contrast. This is expected, since the
increased surface density of COOH groups. After treatment, the saponification only affects the surface of the particles. We
microspheres were washed thoroughly, to remove the last tracedelieve, based on Figure 4, and based on comments (gDa\l)



2994 Biomacromolecules, Vol. 7, No. 11, 2006 Saralidze et al.

Figure 3. Fluorescence micrographs revealing the presence of immobilized coumarin. (B) Typical microsphere incubated with KOH for 5 min
(180 °C), prior to reaction with coumarin; (C) idem, but incubated with KOH for 15 min; (D) idem, but incubated with KOH for 30 min. (A) control;
that is, this particle was not treated with KOH, but treated with NHS, EDC and coumarin in an identical manner, as for B—D.
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Figure 4. (A) X-ray of the chicken leg with four different samples of g 40
the radio-opaque microparticles, embedded in gelatin as a mimic for o 7
the filler agent used clinically, implanted in the soft tissue part (see g
text). (B) Expansion of the soft-tissue containing the four samples. = 20

&)
experienced radiologist, that the patrticles exhibit sufficient X-ray .

visibility for clinical use; that is, most likely they would be
traceable if injected in peri-urethral tissue to treat SUI in human Figure 5. Light microscopic images, taken during the direct-contact

patients. o . cytocompatibility assay. The images were recorded after 4 days of
Cytocompatibility in Vitro. Growth of cells (mouse 3T3  incubation with mouse 3T3 fibroblast cells. (A) Fibroblasts in contact
fibroblasts) in direct contact with our particles was examined with microspheres that were not incubated with KOH (control); (B)
in vitro. Figure 5 shows light micrographs, taken after 4 days fibroblasts in contact with microspheres that were incubated with KOH
of incubation. Figure 5A-D reveals that the fibroblasts cells ~ for 5 min; (C) idem, but KOH treatment lasted 15 min; (D) idem, but
grow readily in the presence of the untreated microspheres (A) KO treatment lasted 30 min; (E) fibroblasts proliferating in the
. . absence of any biomaterial (control); (F) 3T3 cells in the presence of
and in the prese.nce of KOH'tre,ated m',crOSpheresme Note Latex, which is a toxic control biomaterial (control).
that cells lie adjacent to the biomaterial’'s surface in all four
cases, which indicates that their affinities for the iodine-
containing biomaterial and for the tissue-culture poly(styrene) performed with the enzyme alkaline phosphatase (porcine). An
(TCPS) of the culture plate are comparable. Apparently, the activated ester (NHS)/carbodiimide (EDC) protocol was used,
presence of COOH groups does not affect cytocompatibility of exactly in the same manner as for the coupling of 7-amino-4-
the surfaces. Figure 5, panels E and F, represents controls: panehethylcoumarin. Spheres were thoroughly washed after the
E shows the fibroblasts cultured on TCPS in the absence ofreaction, to remove adsorbed, uncoupled enzyme as much as
any biomaterial, and panel F shows the effect of a toxic possible. Incubation of the modified spheres wgthitrophenyl
biomaterial (latex): much fewer cells are found near the phosphate led to conversion; formationmhitrophenol could
material’'s surface, and the morphology of the cells is clearly be monitored spectrophotometrically. The occurrence of the
distorted. Cell viability of the cells was determined using a MTT reaction implies that the spheres have active enzyme molecules
assay in order to quantitatively confirm these results. Figure on their surface. Figure 6 shows the increase of the optical
5G clearly demonstrates that the microspheres are completelydensity as a function of time, for the microspheres that received
nontoxic. 5, 15, or 30 min KOH treatment prior to the reaction with
Immobilization of Proteins. Our first attempt to couple a  alkaline phosphatase. The data indicate that prolonged KOH
protein to the surface COOH groups on the microspheres wastreatment first resulted in higher COOH surface density 8%({/

0 min S5min  15min  30min control  latex
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Figure 6. (A) para-Nitrophenol formation over time followed by 20'_
absorbance at 405 nm, in the presence of the different spheres with 0
surface coupled alkaline phosphatase. Note that the rate of the 0 min 5 min 15 min 30 min

reaction (i.e., the surface density of the enzyme molecules) correlates

4 ! Figure 7. Fluorescence micrographs, showing immobilized fluores-
with the duration of KOH treatment. (B) Amount of covalently coupled

cent collagen at the surface of the microspheres (B—D). (B) Micro-

alkaline phosphatase to the different spheres, determined by compar-
ing rates of para-nitrophenol formation with those of a standard curve
of alkaline phosphatase. These data are representative for three
independent experiments using different batches of spheres.

spheres that were incubated with KOH for 5 min prior to reaction with
NHS, EDC and labeled collagen; (C) idem, but incubation with KOH
lasted 15 min; (D) idem, but incubation with KOH lasted 30 min. (A)

Control; that is, this particle was not treated with KOH, but treated
with NHS, EDC and labeled collagen in an identical manner as for

later in higher surface density of active enzyme (Figure 6B).

Microspheres that were not treated with KOH seryed aS a collagen type | that have been well documented, leading to the
control. Furthermore, all spheres were also treated with alka“nefrequent use of collagen matrixes for tissue engineering

phosphatase but without the cross-linking agents EDC and NHS 56524 Our ongoing research is directed toward the question
to correct for nonspecific ao_lsorptlo_n of alkalme phosphatase ot \whether immobilized collagen molecules will bind to
(adsorption controls). Upon incubation with PNPP, all control oytracellular matrix proteins (e.g., collagen) that are present in

spheres, both the non-KOH treated spheres as well as thegyy; tissyes. If such molecular recognition and binding occurs,
adsorption control, demonstrated virtually the same slight e it must be expected that the microparticles have a decreased

p-nitrophenyl phosphate conyersion. The tota}l amount Qf tendency to migrate. We will address this question in a series
covalently surface-linked alkaline phosphatase increases with ¢ in vitro and in vivo model studies.

longer KOH treatment (Figure 6B). The carbodiimide protocol
was also used to bind fluorescently labeled collagen to our
particles, as was verified through fluorescence microscopy
(Figure 7A-D). Note that the fluorescence intensity again
correlates with the time of KOH treatment. To quantify collagen  Injectable synthetic polymer microparticles that are currently
coupling, the microspheres were incubated with collagenase.used in the clinic (e.g., in cosmetic/reconstructive surgery or to
This rendered the supernatant fluorescent and this fluorescencareat SUI) all consist of passive biomaterials. Their primary
could be compared to known concentrations of fluorescent function inside the body is to fill space. Usually, they are
collagen (Figure 7E). Up to approximately 186 per gram of surrounded by a fibrous capsule and there is no interaction
spheres could be covalently coupled. whatsoever with surrounding tissues. This study makes clear
The apparent possibility to bind collagen to the surface of that polymeric microspheres with several different and poten-
the microspheres is of great interest with respect to the aim of tially useful functionalities can be manufactured. First, radio-
this study, to explore new methods to prevent migration of opacity can be introduced through incorporation of covalently
injected microparticles in vivo. There are numerous studies that bound iodine in the polymer’s structure, without affecting the
describe strongly increased cell adhesion on surfaces coated witldensity of the biomaterial and without compromising EIhBV

Concluding Remarks
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cytocompatibility of the biomaterial. Clinically, it is important
that injected biomaterials can be visualized through X-ray
fluoroscopy. Moreover, a method to engineer the surface of the
particles is described. Attachment of proteins, especially those
that are recognized and bound by the extracellular matrix
proteins in soft tissues, may turn out to be an effective strategy
to prevent migration of injected microparticles away from the
site of injection.
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