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It has been demonstrated that the diameters of porous particles are underestimated by Coulter measurements.
This phenomenon has also been observed in hydrogel particles, but not characterized. Since the Coulter
principle uses the displacement of electrolyte to determine particle size, electrolyte contained within the swelled
hydrogel microparticles results in an underestimate of actual particle diameters. The increased use of hydrogel
microspheres in biomedical applications has led to the increased application of the Coulter principle to evaluate
the size distribution of microparticles. A relationship between the swelling ratio of the particles and their
reported Coulter diameters will permit calculation of the actual diameters of these particles. Using polyethylene
glycol diacrylate hydrogel microspheres, we determined a correction factor that relates the polymer swelling
ratio and the reported Coulter diameters to their actual size.

Introduction

Hydrogel microparticles are increasingly investi-
gated for their use in biomedical applications. Their

ability to swell many times their weight in an aqueous solution
enhances nutrient, waste, or therapeutic molecule transport,
making them ideal vehicles for drug delivery, cell encapsula-
tion, and tissue engineering scaffolds.1 Hydrogel microspheres
can be designed to degrade over time, permitting specified de-
livery rates of a therapeutic product.2 When used to microen-
capsulate exogenous cells before transplantation, hydrogel
microcapsules are an effective method to isolate these donor
cells from the host immune response.3–5 When used as scaffolds
for entrapped cells, hydrogel microparticles can be made in sizes
that are within the diffusion distance of oxygen and can provide
superior gas, nutrient, and waste exchange than larger hydrogel
constructs.6 There are several methods to characterize the size
distribution of these particles, predominantly through image
processing and the use of particle analyzers that employ the
Coulter principle. Since image processing can be time-
consuming, for many researchers an automated particle analyzer
is the preferred method when analyzing microparticles.7–9

Particle analyzers using the Coulter principle send an
electrolyte diluent through an aperture, in which a small
electrical current is passed. An aspirated particle will have its
own voltage drop, which alters the impedance measured at the
aperture. This impedance change is directly proportional to

the electrolyte volume displaced by the passing particles: for
solid nonconducting particles, the displaced electrolyte vol-
ume is identical to the particle size; for porous nonconducting
particles, the displaced electrolyte volume is less than the
particle size due to retention of electrolyte within particle
pores.10,11 Hydrogels swollen with electrolyte are highly
permeable to ionic species when within an external electric
field, which results in a much smaller impedance change, a
lower calculated displaced volume, and hence, an underesti-
mation of particle size.12 Others have observed this phe-
nomenon with alginate microspheres,13 and we observed a
similar size underestimation with our polyethylene glycol
diacrylate (PEGDA) hydrogel microspheres and set out to
determine a correction factor and relate it to hydrogel physical
properties. This correction factor is relevant to multiple ap-
plications, since a variety of investigations have employed the
Coulter method to estimate the size of their hydrogel micro-
particles.14–24

Materials and Methods

Microsphere formation

Hydrogel precursor solutions were formed as previously
described.4 Briefly, three aqueous precursor solutions were
formed with the following molecular weight PEGDA: 5, 10,
and 20 kDa. Each solution was prepared by combining the re-
spective PEGDA (10% w/v) with triethanolamine (1.5% v/v),
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Pluronic acid F68 (1.0% v/v), 37 mM 1-vinyl-2-pyrrolidinone,
and 0.1 mM eosin Y in HEPES-buffered saline (pH 7.4). A
hydrophobic photoinitiator solution was produced by com-
bining 2,2-dimethoy-2-phenyl acetophenone with 1-vinyl-2-
pyrrolidinone (300 mg/mL), which was in turn mixed with
mineral oil (3mL/mL). Microspheres were formed by com-
bining the polymer precursor solution with the mineral oil so-
lution (200mL/mL) and generating a vortex-induced emulsion
(2 s vortex) under white light (20 s exposure) to photo-
polymerize the suspended droplets. Resulting microspheres
were then isolated from the oil through centrifugation at 325 g
for 5 min. Following centrifugation, microspheres were filtered
to concentrate their distribution to the 100–250mm range.

Microsphere particle analysis

Poly-l-lysine (MW: 68,600 g/mol; Sigma-Aldrich)-
coated alginate (MW: 100,000–200,000 kDa, G-content:
65–70%; Sigma-Aldrich) microspheres received as a gift (the
Yarmush Laboratory) and PEGDA microspheres (5, 10, and
20 kDa) were imaged using phase contrast on an epifluorescent
microscope (inverted Zeiss Axiovert). Images were processed
using NIH ImageJ, which generated histogram size distribu-
tions of the filtered microspheres. Immediately following im-
aging, samples were collected and passed through a Coulter
counter (Beckman Coulter Multisizer III fitted with a 1000mm
aperture) to obtain histogram size distributions corresponding
to those obtained through image processing; in short, each
sample was analyzed twice to ensure that differences in re-
sulting histograms were due to the methods and not the sam-
ples. The resulting histograms were compared.

Histogram comparisons

Horák et al. described the underestimation of porous
microparticle diameters by a factor f given by the following:

f ¼ dc=do¼ (1� p)1=3 ð1Þ

where dc and do are the Coulter and observed diameters,
respectively, and p is the porosity in terms of volume
fraction of the electrolyte-filled pores.10 Since the porosity
of solid porous particles does not correlate to the swelling of
hydrogel microspheres, we sought to first determine a factor
that would correct for the underestimation and then to relate
the factor to a physical parameter of the hydrogel micro-
spheres. Coulter and ImageJ histograms were input into a
MATLAB code that compared the two histograms using the
chi-square two sample test. The code numerically solved for
f by minimizing the chi-squared distance between the
Coulter and ImageJ histograms.

Hydrogel swelling ratio and mesh size calculation

Precursor solution (750mL) containing 10% 5, 10, or 20 kDa
PEGDA was photopolymerized with white light in a glass
mold to form 5-mm-thick hydrogel sheets measuring
*25 · 75 mm. Disks 1 cm in diameter were punched from
sheets, placed in phosphate-buffered saline (PBS) containing
0.05% azide, and allowed to swell for 24 h in a humidified
incubator at 37�C. The weight of each disk was recorded after
swelling to equilibrium (Weq) and drying by lyophilization
(Wdry) to determine the swelling ratios (S), given by the fol-
lowing:

FIG. 1. Size distributions
of polyethylene glycol dia-
crylate (PEGDA) hydrogel
microspheres as measured by
a Coulter counter and image
analysis using NIH ImageJ.
Identical samples are mea-
sured in each graph. (a–c)
The distributions from each
measurement are overlaid,
with Coulter counts reporting
smaller microspheres than
measured by ImageJ. (d–f)
After determining a correc-
tion factor, f, Coulter diame-
ters were multiplied by f and
distributions were replotted
with ImageJ results.
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S¼Weq=Wdry (2)

Since it was not known whether polymer mesh size would
also correlate to Coulter measurements, a dextran release
study was performed as previously described to determine
the mesh size of the various molecular weight hydrogels.25

Briefly, solutions of fluorescently labeled charge-neutral
dextrans (5% w/v; Sigma) were prepared by combining
various dextran molecular weights (10, 20, 40, 70, and
140 kDa) with the PBS-azide solution at 0.05 mg/mL. The
previously formed hydrogel disks were then swelled in 1 mL
of each dextran molecular weight solution in a humidified
incubator at 37�C to allow dextran diffusion into the gel.
After 24 h, the gels were removed from well plates, blotted
dry, and placed in fresh PBS-azide solutions without dex-
tran. Dextran effusion from the gels was measured after 24 h
with fluorescent readings at ex/em 530/490. Fluorescent
signals were converted to concentrations by comparison to
dextran standard curves. Concentrations were first normal-
ized by dividing values with gel weight, then normalized

concentrations were plotted against published values for
each molecular weight dextran hydrodynamic radius.26 The
area (A) under this curve is reported to give a quantitative
measure of hydrogel permissivity for the range of hydro-
dynamic radii assayed.25 With the values for hydrogel per-
missivity, the relative mesh size can be determined by the
following equation:

nx~(Ax=Aknown) (3)

where nx is the relative mesh size of a hydrogel with mo-
lecular weight x and permissivity Ax.

25 Since the relative
mesh size for 10%10 kDa hydrogels formulated according to
our methods has been determined to be *280 Å,27 this
value was used for Aknown to estimate the mesh sizes of the
remaining hydrogels.

Results

Diameters measured by the Coulter counter were con-
sistently smaller than those determined by imaging for every
molecular weight PEGDA (Fig. 1a–c). Once a correction
factor (f) had been determined numerically (Table 1),
Coulter distributions were multiplied by f and overlaid with
ImageJ distributions (Fig. 1d–f). Values for hydrogel
swelling ratio, molecular weight, and mesh size were cal-
culated to determine whether there was any correlation with
f (Table 1). For PEG hydrogels, the correction factor f was
quadratically related to hydrogel mesh size and linearly
related to hydrogel molecular weight and swelling ratio.
Alginate was used as a test material to evaluate whether the
fits of f could be used to predict values for f in materials

Table 1. Hydrogel Physical Properties

Hydrogel
Molecular

weight (kDa)
Mesh size

(nm)
Swelling

ratio
Correction
factor (f)

PEGDA 5 16.2 14.5 0.553
PEGDA 10 28 14.6 0.507
PEGDA 20 32.3 16.5 0.434
Alginate 100–200 *1028 *22.529 0.125

PEGDA, polyethylene glycol diacrylate.

FIG. 2. Correction factor, f, plotted against hydrogel physical properties. Trendlines were fit only to PEGDA data, then
alginate was plotted on the same graph to evaluate whether fit equations would predict alginate physical properties. (a)
PEGDA hydrogel swelling ratios versus correction factor. Linear trendline equation closely predicts alginate values. (b)
PEGDA hydrogel molecular weights versus correction factor. Linear trendline shows no relation to alginate molecular
weights. (c) PEGDA hydrogel mesh size versus correction factor. Quadratic trendline shows no relation to alginate
molecular weights.
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other than PEGDA. There was a correlation to the swelling
ratio, but not to molecular weight or mesh size (Fig. 2),
which predicted an f of 0.144 compared to the actual nu-
merically determined value of 0.125. The empirical equation
that relates the correction factor to the swelling ratio is as
follows:

f ¼ � 0:0485Sþ 1:2355 (4)

Discussion

The results indicate that when using the Coulter principle
to measure hydrogel microparticles, it is important to ac-
count for the effects of hydrogel swelling in electrolyte,
which results in an apparent transparency of these micro-
particles to devices that use the Coulter principle. An f
correction factor of 1 would indicate that no correction was
necessary and that Coulter and imaged microparticle mea-
surements were identical. A correction factor >1 would in-
dicate that Coulter measurements overestimated hydrogel
microsphere sizes, while factors <1 indicate the underesti-
mation of the microsphere size. Our results demonstrate
decreasing f correction values with an increasing swelling
ratio, which show that as the hydrogels absorb more fluid
the Coulter measurement becomes more inaccurate. As the
particles swell more, greater amounts of electrolyte con-
tribute to the volume of the microspheres, and hence, the
Coulter measurements increasingly underestimate these
particles. Equation (4) permits the correction of the Coulter
measurements for PEGDA and alginate hydrogel micro-
particles. Future studies should evaluate Equation (4)
against other molecular weight alginates and other hydrogel
materials.

Conclusions

This correction factor has not been exhaustively evaluated
against all of the different types of hydrogels that have been
measured with the Coulter principle, which is a limitation of
this study. However, the correction factor is important be-
cause it is applicable to both PEGDA and a common range
of molecular weight alginates used to form microparticles.
For alginates of different molecular weight, but with similar
swell ratios, the correction factor should still be applicable.
Since the majority of studies of microencapsulating mam-
malian cells use alginate, this correction factor is relevant
to these studies. Coulter counting devices are convenient
and less time consuming than image analysis; this correction
factor enables researchers to continue to use their devices
and obtain accurate measurements of their microparticles.
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28. Eral, H.B., López-Mejı́as, V., O’Mahony, M., Trout, B.L.,
Myerson, A.S., and Doyle, P.S. Biocompatible alginate
microgel particles as heteronucleants and encapsulating
vehicles for hydrophilic and hydrophobic drugs. Crystal
Growth Des 14, 2073, 2014.

29. Wang, M.S., Childs, R.F., and Chang, P.L. A novel method
to enhance the stability of alginate-poly-L-lysine-alginate
microcapsules. J Biomater Sci Polym Ed 16, 89, 2005.

Address correspondence to:
Ronke Olabisi, PhD

Department of Biomedical Engineering
Rutgers University

599 Taylor Road
Piscataway, NJ 08854

E-mail: ronke.olabisi@rutgers.edu

Received: May 28, 2015
Accepted: August 27, 2015

Online Publication Date: September 28, 2015

1250 PELLEGRINI ET AL.


