
Protective Filtration for Microfluidic
Nanoparticle Precipitation for
Pharmaceutical Applications

Microfluidic processes are of great interest for the production of nanoparticles
with reproducible properties. However, in real systems, it is difficult to completely
exclude incidental production of larger particles, which can contaminate the prod-
uct or clog downstream process modules. A class of microfluidic filters was
devised for eliminating particulate contamination in multistage continuous-flow
processes. To achieve high throughput and filtration efficiency, a high-surface-area
filter with an application-adapted bonding method was developed. As a model
application, the filtration efficiency was analyzed for lipid nanoparticles made by
microfluidic antisolvent precipitation and the results were compared with require-
ments of the European and US guidelines.
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1 Introduction

Microfluidic processes provide outstanding control for liquid-
phase syntheses due to the predictability of the laminar flow
and rapid dissipation of concentration gradients by diffusion.
In addition to improved precision and reproducibility, micro-
fluidic devices enable a reduction in waste [1] and give access
to high-resolution reaction time control [2]. These qualities are
especially desirable in nanomaterial synthesis for pharmaceuti-
cal formulations. For example, nanocarriers improving the sol-
ubility of poorly water-soluble compounds need to fall reliably
in specific size ranges for safety and effectiveness. This also
applies to nanoparticle encapsulation for improving cellular
uptake, controlling the drug release characteristic or for target-
ing specific cell types. In the last decades, several studies
described the encapsulation of drugs in polymer nanoparticles
[3], solid lipid nanoparticles [4, 5], and liposomes [6]. These
are but a few examples representing a much wider range of
materials unified by having an average particle size usually
much below 500 nm. Particles in the size range of about
100 nm and below are particularly interesting with regard to
tumor site targeting [3].

Many successful devices for synthesizing nanoparticles by
microfluidic methods have been invented. However, compara-
tively little research has been devoted to the important question
of downstream processing in line with these devices.

Work on microfluidic mixing has contributed significantly to
enabling the synthesis of nanoparticles with defined properties
by antisolvent precipitation. Devices which rely on staggered
herringbone mixers [7–10], flow focusing [11–14], multilami-
nation [15], impinging jets [16–19], single droplet formation

[20], Taylor flows [21, 22], or splitting the streams and recom-
bining them to minimize the diffusion length [23, 24] have
been described. Some groups added additional external power
to intensify the mixing process, e.g., by using small rotors [25]
or ultrasound [26–28].

These and other microsystems allow the generation of nano-
particles with narrow size distributions and other desirable
properties for drug delivery. However, there is no guarantee
that the products are completely free of microparticles.
Micron-sized particles can clog blood vessels when injected, so
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the level has to be limited reliably on a very low level in prepa-
rations for injection or infusion [29, 30].

In addition to microparticles expected purely on statistical
grounds, microparticles may form incidentally in microfluidic
systems due to a range of complex phenomena. For example, if
the flow is perturbed even temporarily, larger particles can be
generated. Another source of microparticle contamination can
be fouling layers that are prone to deposit upon contact
between an oversaturated solution and the system walls [31].
Such layers can perturb the process and even clog the micro-
system. Importantly, when parts of the deposited layers are
washed off, microparticles can be released in the product
stream.

To face these issues, different strategies have been aplied in
microsystems like the conditioning of the stream [23, 32], con-
ditioning of the channel surface [22, 23, 33], encasing with
sheath streams [14, 34], or sonication [35–38].

In some studies, micromixers have been connected to micro-
fluidic filters to remove bubbles from the product [39], impur-
ities from the inlet [40] or to recycle unused lipid and drug
[41]. Systems for the removal or fractionation of particles by
inertial drift [42, 43], field-flow fractionation [44], and sound
waves [45–47] have also been proposed. However, these princi-
ples are prone to disruptions by even small changes in the flow.
To our knowledge, removing microparticles reliably and con-
tinuously from a microfluidic product stream, such that the
requirements for parenteral drugs are satisfied, is still an open
challenge.

In this study, a concept is described where the micron-sized
particles are rejected by submicrometer pores of uniform size
integrated in a microfluidic tangential flow filter. Although it is
possible to construct such filters by in-plane features, such as
pillars or slits, the required lithographic precision and the low
throughput of such structures are prohibitive [40]. Therefore, a
vertical design was implemented based on nanoporous filter
membranes [48–52]. To fabricate the
device, an improved process for
bonding polycarbonate (PC) filter
membranes to poly(dimethylsiloxane)
(PDMS) was developed. Additionally,
the degradation of the PC filter due to
different cleaning procedures was char-
acterized.

Finally, to demonstrate the applic-
ability of the filter for a nanoparticle
producing process, the device was com-
bined with a microfluidic antisolvent
precipitation system capable of produc-
ing more than 15 mL of a lipid nano-
particle dispersion in 4 h without dis-
ruption. Here, a multilamination mixer
was used, but the filter could be com-
bined with other mixing concepts like
plug-flow devices [53] as well. In this
study, trimyristin served as carrier lip-
id. Nanoparticles based on trimyristin
and related triglycerides have been
investigated as carriers for a variety of
drugs, mostly of low molecular weight

but also including peptides, proteins, and nucleic acids [4, 5,
54–63]. The carrier particles were loaded with the dye nile red
[64] to increase the microscopic visibility for purity controls.

2 Materials and Methods

2.1 Filter Chip

The inlet channel of the filter chip fanned out into 32 smaller
channels with a cross section of 100 ·50 mm to reduce the pres-
sure drop (Fig. 1). Each of these channels contained a 100 mm
long serpentine path, which resulted in a usable filter area of
320 mm2. The filtrate side of the filter consisted of a chamber
supported by bars to prevent a collapse of the chamber. The
channel structure was made of PMDS by standard soft lithog-
raphy using an SU-8 master [65]. The PDMS (Sylgard 184,
Dow Chemical Company, Midland, MI) was prepared by mix-
ing the prepolymer and the curing agent (20:1) and pouring it
onto the master to a final thickness of 5 mm. The PDMS was
degassed and then cured at 80 �C for 1 h. The cured PDMS was
removed from the SU-8 negative and cut into individual chips.
Finally, fluidic inlets with a diameter slightly smaller than the
used tubing were punched manually. The PDMS slabs were
then cleaned with isopropanol in an ultrasonic bath.

The commercially available filter membrane had a nominal
pore diameter of 400 nm (Nuclepore hydrophilic polycarbonate
membrane, GE Healthcare, Chicago, IL). The membrane was
machine-cut with a CO2 laser (VLS4.60, Universal Laser Sys-
tems, Scotsdale, AZ) in a rectangular shape bigger than the
chip. The filter was cleaned in isopropanol for 2 h, then dried
and activated in a low-pressure oxygen plasma for 1 min at
50 W and 0.4 bar (Diener Femto, Diener Electronics, Ebhausen,
Germany). The activated membrane was submerged in a
1 mass % solution of hexamethylenediamine (Merck, Darm-
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Research Article 458



stadt, Germany) under argon atmosphere for 24 h. Then the
membrane was rinsed with water and dried before activating it
again in an oxygen plasma and silanizing it with (3-aminopro-
pyl)trimethoxysilane (Merck, Darmstadt, Germany) in vacuum
at 80 �C to enable a bonding between membrane and PDMS.

For bonding, the silanized membrane and the PDMS parts
were activated in an oxygen plasma and pressed together to
form elemental bonds between the components. At first, the
membrane was placed on the serpentines and pressed carefully
on the PDMS to prevent wrinkles between the elements, then
the chamber was aligned according to the serpentine layer on
the membrane. To accelerate the bonding process, the chip was
heated for 1 h to 80 �C. Small pieces of capillary tubing (FEP
tubing, Trajan Scientific and Medical, Melbourne, Australia)
were inserted into the punched holes and sealed with epoxy
(Loctite Double Bubble, Henkel, Düsseldorf, Germany). The
sides of the chip were sealed by PDMS to prevent small lea-
kages.

The filter chip assembly was placed in a custom-made holder
for easy access to both sides of the device, while at the same
time stabilizing the tubing against bending. A small vial was
connected by a low dead volume connector to a capillary tube
inserted into a vial. The vial was pressurized by a pressure con-
troller allowing up to 1 bar overpressure of nitrogen on the vial.
The other chip accesses to the serpentine side were closed with
fluidic stoppers, while the filtrate accesses were connected to
vials with syringe needles to prevent a pressure buildup.

2.2 Precipitation Setup

To demonstrate the applicability of the filter, lipid nanoparti-
cles were precipitated in a multilamination mixer already
described before [66]. A solvent-antisolvent process precipitat-
ed the particles. So, the lipid, stabilizer, and drug were dissolved
in an organic solvent and mixed with an excess amount of
water. This mixture was dominated by water, reducing the sol-
ubility of lipid and drug to a negligible amount. The supersatu-
rated components started to precipitate and formed nanoparti-
cles when the components were well mixed. To reach a high
goodness of mixture, the mixer split the reactants in 20 sepa-
rate streams and recombined them in a laminated stream in a
single rectangular 30 ·50 mm microchannel. To reduce fouling,
the system was sonicated permanently at a frequency of
500 kHz. The process was already validated as a stable method
to generate nanoparticles and used as a fixed system to gener-
ate nanoparticles.

The steady process typically generated particles with a mean
diameter of 80 ± 2 nm and a polydispersity (i.e., width of the
peak divided by the height) of 34 ± 4 % as measured by dynam-
ic light scattering (DynaPro NanoStar, Wyatt Technology, San-
ta Barbara, CA). This size varied between the batches by
roughly 10 nm, but for this study the exact size of the nanopar-
ticles was of limited importance. According to the size and the
used amount of lipid, a nanoparticle concentration of 1 ·1011

particles per milliliter was expected. The relatively stable con-
centration of microparticles was measured by vacuum filtration
described in Sect. 2.4. Typically, the product contained 4.5 ·104

microparticles per milliliter with a mean diameter of 9 mm dis-

tributed in a typical Gaussian curve with the exception of a few
much bigger particles (Fig. 2). More importantly, in relation to
pharmacopeial guidelines, the dispersion contained around
42.5 particles per milliliter bigger than 12 mm and 2.5 particles
per milliliter even bigger than 25 mm. The system itself ran
stable for about 4 h on average before the mixing chip clogged
or the experiment was stopped.

2.3 Solutions

The organic solution used for stable particle precipitation con-
sisted of 0.79 mg mL–1 trimyristin, 5 mg mL–1 polysorbate 80,
and 8 mg mL–1 nile red in acetone. All chemicals were from
Merck, Darmstadt, Germany. Purified water served as antisol-
vent. All solutions were filtered by a 200-nm syringe filter
(polypropylene; VWR International, Radnor, PA) to prevent
clogging. The membrane filter was characterized by a suspen-
sion of fluorescent latex nanoparticles in water. The suspension
contained 5.68 ·104 particles per milliliter of 20mm big par-
ticles and 4.55 ·105 particles per milliliter of 10mm big particles
(size in diameter; Fluoresbrite YG, Polymerscience, Warring-
ton, PA).

2.4 Analytics

The content of microparticles was analyzed by vacuum filtra-
tion. This detection method used a filter membrane to collect
particles on the surface of the membrane, which was analyzed
by a microscope (Axioscope D1m with Filterset 75 HE and 44,
Zeiss, Oberkochen, Germany, and a CCD camera Andor Clara,
Andor Technologies, Belfast, Great Britain). The used surface
of the membrane was limited to 0.22 cm2 by glass components
to intensify the amount of sample applied per area. The mem-
brane used for analysis was the same as implemented in the
microfluidic filter. To suck the sample, usually between 1 and
3 mL, through the membrane, a vacuum was applied in the
Erlenmeyer flask used to collect the filtrate.

After filtrating the sample, the device was rinsed with 15 mL
water containing polysorbate 80 in the same concentration as
in the dispersion, to move microparticles from the glass com-
ponents on the filter and nanoparticles through it. The mem-
brane was dried and transferred from the filtration apparatus
to the microscope. Due to the size of the microparticles, the
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Figure 2. Histogram of microparticles detected on the filter.
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microscope could be used to measure
their size. This allowed the determina-
tion of the mean size and the fractions
that breached the pharmaceutical
thresholds. Since the volume of the
sample was defined, the concentration
of these fractions could be calculated.
To ease the detection, the particles were
labeled by the fluorescent dye nile red.
The content of trimyristine was
measured by high-performance liquid
chromatography.

2.5 Microfluidic Filtration
Experiments

The performance of the microfluidic filters was analyzed using
suspensions containing the reference particles. The suspension
was filled in the vial and pressurized at 0.2 bar overpressure.
Every 2 h the chip was cleaned by flowing Hellmanex III
(Helma, Müllheim, Germany) through the other end of the ser-
pentines and the filtrate side to remove particle aggregates on
the filter. After purging, the filtrate collected during the follow-
ing 10 min of the experiment were discarded to remove resi-
dues of the purging solution. After the experiment, 3 mL of the
filtrate was analyzed by vacuum filtration.

In experiments in which the filter was connected directly
downstream of the microfluidic nanoparticle synthesis, capillary
tubing and low-volume connectors (NanoTight Unions, IDEX
Health & Science, Lake Forest, IL) were employed to connect
the two devices (Fig. 3). The solvent was injected at a rate of
4.5mL min–1, while the antisolvent was injected at 45mL min–1.
The sheath fluid (water) was injected at 20mL min–1.

3 Results and Discussion

3.1 Needed Filtration Efficiency

According to the US Pharmacopeia and European Pharmaco-
poeia [29, 30], a parenteral suspension is limited to 12 particles
with a diameter of more than 10 mm (cat I) per milliliter and
only 2 particles with a diameter of more than 25 mm (cat II) per
milliliter.

According to the analysis of the precipitated dispersion, the
product contained 42.5 cat I and 2.5 cat II particles per millili-
ter. The exceeding of the limits meant that the product has to
be filtered. This issue was increased by the low concentration
of lipid in the product. While the product of the system used in
this study contained only 0.012 % of lipid by mass, common
formulations based on lipid nanoparticles typically contain
10 mass % of lipid phase [63]. This difference meant that for a
pharmaceutical application the product would have to be con-
centrated up to 826 times, which was rounded up to a
1000 times to take into account process irregularities. A con-
centration by a factor of 1000 would increase the concentration
of micron-sized particles correspondingly, leading to an effec-
tive product concentration of 42 500 cat I and 2500 cat II par-

ticles per milliliter. To satisfy the above-mentioned pharmaco-
poeial requirements for a 1000 times concentrated version of
the precipitated dispersion, the filter would have to reach a
filtration efficiency of 99.97 % for cat I and 99.91 % for cat II
particles.

The vacuum filtration used for particle detection has a lower
detection limit due to the limited volume that can be sampled.
Considering the sample size, the microscopy technique, and a
security margin to prevent influences from random fluctua-
tions, the detection limit was estimated to 37 particles per
milliliter. This threshold combined with the low concentration
of cat I and II in the product and the high target purity meant
that more than 500 mL of produced dispersion would be needed
to control the quality of the filtrate with adequate statistics. To
produce such a volume for a single test would require ten weeks
with the microfluidic device. Therefore, fluorescent reference
particles were used in the experiments, which had a much higher
concentration than the precipitated microparticles.

3.2 Efficiency of the Filter

Although filters are typically classified by their nominal pore
size, real filters show a distribution of pore sizes related to the
mechanism of pore generation. In this study, track-etched filter
membranes known for their narrow pore size distribution
compared to other types were employed. But even these filters
had some larger pores, since the pores were positioned ran-
domly and overlap between two or more pores was common
(Fig. 4). To obtain a best case estimate of the real efficiency of
the filter membrane, vacuum filtration was employed to char-
acterize membranes that were not yet integrated into the
microfluidic system. To compare the membranes and microflu-
idic filter, the filtration efficiency was measured, which was cal-
culated by Eq. (1).

Efficiency %½ �

¼ 1� Particles per milliliter in filtered solution
Particles per milliliter in unfiltered solution

� �
� 100

(1)

The experiments indicated that the material was capable to
retain up to 100 % in both categories of the reference micropar-
ticles. In a few experiments, some particles with a size of 20 mm
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could pass the filter, lowering the efficiency to 99.6 %, which
would disqualify the filter from use in a real application scenar-
io and hint at an already damaged membrane, maybe by the
mechanical handling of the membrane by tweezers and the
vacuum filtration device. This meant, while some membranes
reached the quality needed, a few showed too low efficiency
even without the microfluidic integration process.

There was a concern that solvent cleaning and ultrasonica-
tion done during the microfluidic integration process would
degrade the membrane [67]. The membrane consisted of poly-
carbonate, which was susceptible to interaction with organic
solvents leading to a destruction of the pore structure (Fig. 4).
Since such destruction could harm the filtration efficiency with-
out destroying the membrane in total, the efficiency of the silan-
ized filter material was tested without bonding to the chip to
ensure that the silanization does not harm the membrane. The
experiments provided the same high efficiencies as untreated
membranes, so the process itself left the membrane intact.

In the next step, the filtration efficiency of completely
assembled microfluidic devices was analyzed (Fig. 5). Out of
ten microfluidic filtration devices tested, three were judged
acceptable, as their attained filtration efficiency exceeded the
target requirement. Another four almost satisfied the require-
ment, while three devices had efficiencies below 90 % to a worst
case of 56 %.

These results suggested that the filtration perfor-
mance of at least some of the devices was degraded
by the microfluidic integration process. This conclu-
sion was supported by the vacuum filtration results
above, which showed that membranes that were
cleaned and silanized but not integrated in the
PDMS device, showed superior filtration efficiency.
A possible explanation could be the mechanical han-
dling and alignment of the membrane or mechanical
stress induced by the heating of the assembled mate-
rials due to the different thermal expansion coeffi-
cients of PDMS and polycarbonate.

However, the results also showed that very high
efficiencies were achieved with a significant frac-

tion of the devices. Thus, higher yield is expected if rigorous
quality control is applied to take only devices with acceptable
filtration efficiency and if the assembly process is optimized to
minimize mechanical stress on the membrane. The filters ful-
filling the cat I and cat II conditions were tested repeatedly,
which lead to similar results as in first experiments with minor
variations of 0.016 % of filter efficiency on average.

The size distributions of particles before and after the micro-
fluidic filter were detected by vacuum filtration and microsco-
py. Results of these analyses are reported here only for the
group of filters exhibiting less than 99.97 % filtration efficiency,
which is needed to fulfill the above described criterion for
10-mm particles, since the filters with an efficiency of > 99 % let
pass too few particles to analyze even after combining all suc-
cessful experiments.

Filters with efficiencies between 70 and 99 % (Fig. 6) on aver-
age yielded a reduction of the 20-mm fraction and a small shift
of the average size of the 10 mm fraction from 11 to 9 mm. These
changes showed that filter defects allowed particles of all sizes
to pass, but the smaller particles were slightly preferred.

In comparison to this result, systems with a filtration effi-
ciency below 70 % did not pass any detectable number of
20-mm particles (Fig. 6), while the distribution of 10-mm par-
ticles was unaltered. These results could be explained by defects
with an effective size in the 10–20 mm range, through which

10-mm particles could pass while bigger particles
were retained.

The amount of liquid pressed through the filter
was limited by the stability of the membrane and
the bond between PDMS and polycarbonate.
Transmembrane pressures of 0.2 bar allowed stable
operation of the filter and were used in most
experiments. However, pressures of 0.8 bar often
lead to leakage of the PDMS/polycarbonate bond.
In some cases, the pressure ruptured the membrane
itself and led to internal leakages. This result indi-
cated that the bond is still a weak point of the sys-
tem and should be further improved.

In an ideal filter, the throughput through the
membrane should not influence the filtration effi-
ciency, since the restricting mechanism by pores is
independent of the flow rate. The real filters on the
other side are burdened by defects in the form of
leakages or thinned material. Such defects can react
on increased pressure by a higher throughput of

Chem. Eng. Technol. 2021, 44, No. 3, 457–464 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 4. Electron micrographs of a track etched membrane illustrating the da-
maging of the material by an organic solvent and the intact surface after the si-
lanization process.

Figure 5. Filtration efficiency of systems from one production batch which con-
tained ten systems that passed the basic functionality test (open ports, no lea-
kages). The diagram shows the more often undercut cat I criteria and 10-mm par-
ticles.
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liquid and microparticles or even can be widened to major rup-
tures.

3.3 Combination of Systems

The first result of the serial integration of the particle synthesis
and filtration systems was that the filter was capable of process-
ing a stream of 70 mL min–1 without leakage or immediate clog-
ging. Single filter chips were used for up to three production
cycles of 8 h per round without detectable quality degradation,
which proved the long-term stability of the filters for long-time
production processes.

The filtrate was analyzed to compare the lipid content before
and after the filtration by HPLC. The analysis showed a reduc-
tion of the lipid concentration from 121 to 106 mg mL–1.
According to this, 87 % of the lipid passed the filter as nanopar-
ticles. Based on the concentration and mean size of the micro-
particles measured in the unfiltered dispersion, the mass of lip-
id contained in the captured microparticles can be estimated as
0.08 mg mL–1. In comparison to the mass captured in the filter,
only 0.5 % of the loss could thus be related to microparticles, so
another mechanism had to be active that retained more than
10 % of the produced nanoparticles. A possible candidate for
this mechanism was the capturing of particles, which get into
contact with the system walls, as observed for other kinds of
particles [68–70].

According to this loss mechanism, the pore size should be
increased to lower the loss of nanoparticles, but this would be a
topic for further investigations since this study was focused on
the proof-of-concept and used only a single pore size.

4 Conclusion

Continuous production of nanoparticles for parenteral applica-
tion with pharmacopoeial-grade purity in microfluidic systems
is a challenging task due to the strict limit for microparticle
contamination. The results of this study indicate that these re-
quirements can be met using microfluidics with integrated
nanofilters.

To elucidate the potential and limitations of this class of
devices, a microfluidic filter capable of handling the volume of

a real microfluidic production system for lipid
nanoparticles was constructed. By defining the
maximum allowed microparticle concentration
based on regulations, measuring technique, and
precipitated nanoparticle concentration, it could be
confirmed that the newly designed filter system can
process the produced dispersion to secure low
microparticle levels. However, not all of the tested
devices attained the same filtration efficiency as
membranes that were not integrated in a microflu-
idic system. It is likely that mechanical stress dur-
ing the fabrication process was the cause of this dif-
ference, and this will be addressed in the future by
more systematic studies and process optimization.

Yet, another interesting development will be to
exploit the tangential-flow capability of the device

to remove the filter cake. By recirculating the nanoparticle dis-
persion entering the filter out of and back into an open reser-
voir, the filter could operate continuously and independent of
the flow rate imposed by the microfluidic synthesis. This is
expected to increase the operation time and reduce the number
of nanoparticles held back by the filter cake.

Ultimately, one can envision that the combination of synthe-
sis and downstream purification will help to lower the produc-
tion cost and increase the quality of nanoparticle systems for
applications in drug delivery.
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cat I particles bigger than 10 mm
cat II particles bigger than 25 mm
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