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Abstract
The purpose of this work was to develop technology for facile, large-scale
production of tetra-polyethylene glycol (PEG) hydrogel amino-microspheres
to serve as intermediates for injectable microsphere-drug conjugates produced under cGMP guidelines. Here we developed equipment and procedures utilizing tubular cross-flow membrane emulsification to produce the
amino-microspheres. The equipment comprised a polyether ether ketone tube
containing 1000 evenly spaced pores encased in a cylindrical stainless steel
jacket. The dispersed phase – an aqueous solution of two polymerizable
tetra-PEG prepolymers – is delivered into the outer jacket of the assembly by a
pulse dampened pump, and the continuous phase – decane and surfactant – is
delivered into the bore of the microporous tube from a pressurized tank. As
the dispersed phase is pressed through the pores, the continuous phase induces
the detachment of small, uniform droplets of ∼60 μm diameter at the mouths
of the pores. After collection of the emulsified droplets, they are allowed to
self-polymerize and are then sieved to remove aberrantly small and large particles. The polymerized amino-microspheres – obtained in ∼70% yield – are well
within acceptance specifications, and show excellent injectability. Using this
approach, we could prepare about 30 L of swollen amino-microspheres per day
which could be forwarded to production of microsphere-drug substance under
cGMP guidelines.
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1

I N T RO DU CT ION

Polymeric microspheres are widely used components of sustained-release drug depots, and at least two distinct mechanisms are used for drug release. The vast majority of sustained-release microspheres encapsulate drugs non-covalently
within a polymer that is crosslinked with hydrolysable linkers such that the pore size prevents escape of drug from the
polymer.1-3 As the crosslinks of the polymer hydrolyze and pore sizes concomitantly enlarge, encapsulated drugs diffuse
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from the polymer into the local environment. A key feature of encapsulating drug release systems is that drug release and
polymer degradation occur concomitantly. An alternative, albeit less frequently used, approach for sustained-release drug
depots involves covalent attachment of drug to the carrier by releasable linkers to form a pro-drug.4-9 The most common
linkers utilized for releasable covalent attachment incorporate hydrolytically or enzyme-activable groups such as ester or
peptide sites which, when cleaved, release the free drug. A distinguishing feature of such microsphere-drug conjugates
is that the drug is first released independently of polymer degradation, such that drug release and polymer degradation
occur sequentially.
We have been developing an approach for half-life extension of therapeutics in which a drug is covalently tethered to
hydrogel microspheres (MSs) by a self-cleaving β-eliminative releasable linker. The MS-drug conjugate is injected subcutaneously (SC) or locally through a small-gauge needle, after which the linker slowly cleaves from the depot through
a hydroxide-catalyzed β-elimination reaction to release the native drug (Scheme 1).10 The cleavage rate of the linker is
controlled by the nature of an electron-withdrawing “modulator” (Mod) attached to a carbon atom containing an acidic
C—H bond. These tunable linkers can have cleavage half-lives ranging from hours to years and are extraordinarily stable
at low pH.10,11
The microspheres we use are composed of a mesoporous, homogeneous tetra-polyethylene glycol (PEG) hydrogel
polymer.4,12-15 Importantly, a cleavable β-eliminative linker, with a slower cleavage rate than that used for drug release, is
incorporated into each crosslink of the polymer, allowing hydrogel dissolution to occur after drug release.4,16
Production of tetra-PEG hydrogel MS-drug conjugates is achieved in two stages (Scheme 2).17,18 Stage 1 involves
preparation of amine-derivatized microspheres (amino-MSs). Here, equimolar amounts of Prepolymer A – a 4-arm PEG
containing four amine (NH2 ) and four azido-linker end groups (L1N3 ) – and Prepolymer B – a 4-arm PEG containing
four cyclooctyne (CO) end groups, − are mixed and fed through a droplet-forming device. The azide and cyclooctyne end
groups of the PEG prepolymers react within the droplets by strain-promoted alkyne-azide cycloaddition (SPAAC)8 to form
1,2,3-triazole crosslinks and provide amino-MSs. Stage 2 involves autoclave sterilization of the amino-MSs,18 activation
with an amine-reactive CO and coupling to an azido-linker-drug (N3 -L2-drug) by SPAAC to form the MS-drug conjugate
and, finally, formulation and transfer to vials or syringes to provide the injection ready drug product.
In a recent report we described the design, assembly and operation of a high throughput microfluidic system to prepare amino-MSs in Stage 1, and the equipment, procedures, and release criteria for aseptic synthesis and analysis of
a MS-drug conjugate in Stage 2.18 These combined processes were exemplified by aseptic total synthesis of a covalent
MS-peptide conjugate intended for SC administration. The Stage 1 process involved a rather complex system, designed
for low bioburden or aseptic processing that utilized droplet forming microfluidic chips in a parallel array containing up

SCHEME 1

β-Elimination mechanism of linker cleavage

SCHEME 2

Synthesis of a tetra-PEG microsphere drug conjugate
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to 70 drop-forming channels. Although the system produces ample amounts of amino-MSs for the near term, upscaling
will be necessary for commercial applications; further, the microfluidic process is sufficiently complex that transfer of the
technology to manufacturers would be burdensome and costly. Hence, we sought to simplify and enhance the Stage 1
production of amino-MSs.
In the present work, we describe the design and operation of a greatly simplified system for production of amino-MSs
with a production rate that far exceeds the microfluidic method. We describe a simple, low cost high-throughput emulsion
production system involving tubular cross-flow membrane emulsification19-23 to produce amino-MSs. In contrast to the
parallel microfluidic system that can prepare ∼2 L of amino-MSs per day, the membrane emulsification system produces
∼30 L of amino-MSs per day per membrane and is easily and economically scalable. Once formed, the amino-MSs are
processed in washer-reactors to remove aberrant size particles by sieving and to exchange solvents, then they are sterilized
and aseptically processed through Stage 2 to form MS-drug conjugates in the washer-reactor previously described.18

2
2.1
2.1.1

R E S U LTS AN D D ISCU SSION
Equipment
Tubular cross-flow emulsification membrane

A tubular microporous membrane (Figure 1) was created by laser drilling 1000 × 10 μm holes into a 1.58 mm
OD × 0.51 mm ID polyether ether ketone (PEEK) tube. The holes were arrayed in five rows of 200 holes where the rows
were parallel to the tube’s axis and spaced evenly around the tube’s circumference. For the present purpose, PEEK
has several advantages24-26 : (a) for water-in-oil emulsions, the hydrophobic material enables wetting by the continuous
phase without surface treatment; (b) it is chemically resistant to organic and aqueous media; (c) it can be obtained in a
United States Pharmacopeia (USP) Class VI compliant grade appropriate for pharmaceutical manufacturing; and (d) it is
temperature stable and can be sterilized in an autoclave for aseptic applications.

2.1.2

Fluidic manifold

A fluidic manifold for the microporous tube was designed and fabricated from 316 stainless steel components. The tubular jacket was 3.18 mm OD × 2.16 mm ID × 70 mm long, and the other components are produced from commercial high
performance liquid chromatography (HPLC) column end fittings with side ports (Figure 2(A)). Here, the end fittings were
modified by drilling the bores to 2.0 mm to allow the microporous tube to pass though (Figure 2(B)). The microporous
and outer jacket tubes are secured to the end fittings with common compression fittings and PEEK ferrules making the
only process-contacting materials PEEK and 316 stainless steel.

2.1.3

MS production

Delivery of process fluids to the microporous tube assembly was achieved using the system described in Figure 3(A).
Here, the continuous phase composed of decane and surfactants15,18 was delivered at a rate of ∼20 mL/min through a

Continuous phase

Dispersed phase
(Prepolymers A +B)

Emulsified droplets

Stainless steel jacket

Microporous tube

F I G U R E 1 Concept of the coaxial cross-flow emulsification membrane: a microporous PEEK tube with 1000 × 10 μm laser-formed
pores and stainless steel jacket serving as a fluidic manifold. Continuous and dispersed phase flow paths and emulsion outlet are shown
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F I G U R E 2 Microporous tube assembly containing the microporous tube and fluidic manifold. (A) CAD model of assembly showing
flow paths for: (a), dispersed phase bypass, (b), dispersed phase inlet, (c), continuous phase inlet, (d), emulsion outlet and (e), side port.
(B) Cross-sectional view of the assembly showing: (a), the inner microporous PEEK tube, (b), nuts for 1/16′′ compression fittings, (c), nuts for
1/8′′ compression fittings, (d), stainless steel outer jacket tube, (e), 1/8” PEEK compression ferrule, (f), 1/16” PEEK compression ferrule and
(g), inlet and bypass tubing for the dispersed phase
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F I G U R E 3 System for production of amino-MSs by coaxial cross-flow membrane emulsification. (A) System for delivery of process
fluids to the microporous tube assembly and heating of emulsified droplets for crosslinking to produce amino-MSs. (B) Previously described
sieve-bottom washer-reactor (WR) system for purification of amino-MSs18

0.2 μm polytetrafluoroethylene (PTFE) membrane filter into the bore of the microporous tube by dip tube transfer from
a pressurized tank. The dispersed phase, composed of 3.1 mM each prepolymer A and prepolymer B in pH 5 acetate
buffer, was formed by two computer-controlled pulse-dampened HPLC style piston pumps and a static mixer. Alternatively, for prepolymers with slowly-reacting end groups – such as the cyclooctyne-azide end group pair used here with
k = 0.023 M−1 s−1 at 25 ◦ C and a slow gelation time of ∼4 h – the prepolymer solutions can be pre-mixed in a glass bottle about 5 min prior to delivery, and conveyed to the assembly within a short enough period using a single pump and
filter – for example, 60 min – to avoid untoward effects due to premature polymerization. In either case, the prepolymer
mixture was pumped at a rate of 10 mL/min through a hydrophilic 0.2 μm polyvinylidene fluoride (PVDF) membrane filter into the outer jacket of the assembly. The computer was also used to control the continuous phase flow rate using a
proportional integral derivative (PID) control loop that monitored the flow rate and varied the pressure of the feed tank.
Droplets are formed in the flowing continuous phase within the microporous tube. Under conditions described, the size
of the droplets in the oil phase determined by microscopy was 40 ± 16 μm (mean ± SD). The PEG content of the droplets
was ∼two-fold above the aqueous equilibrium swelling concentration of the hydrogel which allows for a higher rate of
volumetric production given that the droplets will swell once exchanged into aqueous media.
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After the product emulsion was collected in a 2 L glass jar it was heated to 40 ◦ C for 20 h to drive the SPAAC crosslinking reaction to completion. The resulting suspension of amino-MSs was then transferred by a dip tube to an assembly
consisting of two sequential sieve-bottom washer-reactors (Figure 3(B)).18 These are used to isolate amino-MSs with ∼20to 100 μm diameter; particles over ∼100 μm, representing ∼1% of the product by volume, are removed by the sieve in
the first washer-reactor, and desired particles over ∼20 μm and under 100 μm are retained by the sieve in the second
washer-reactor. After sieving, the amino-MSs are washed with heptane then ethanol to remove the continuous phase,
then exchanged into pH 4.0 AcOH buffer for storage. A typical run produced ∼1500 mL of water-swollen amino-MS slurry
of the desired particle diameter in ∼65% to 70% yield based on the prepolymer used.

2.1.4

Post-process cleaning of the system

After production of emulsion a valve was closed to stop the flow of continuous phase; then an aqueous cleaning solution
(Steris CIP100) composed of KOH and ethylenediaminetetraacetic acid (EDTA) was pumped through the dispersed phase
flow path to remove any remaining prepolymer-containing solution and dissolve any base-labile polymers that may have
formed. First the purge valve was opened and 100 mL of CIP100 was pumped through the outer jacket of the fluidic
manifold at 12 mL/min using the piston pump, then the purge valve was closed and an additional 100 mL of CIP is pumped
through the membrane pores at 12 mL/min. This process was repeated with water to flush CIP100 from the system.
Cleaning in this manner does not produce any observable degradation in performance of the system.

2.2
2.2.1

Analysis of amino-MSs
Primary quality defining attributes

The critical quality defining attributes for the suspension of amino-MSs in 100 mM AcOH/NaOAc buffer, pH 4.0, are the
time to reverse gelation (tRG ), the mean particle size and size distribution, chemical identity, the pH of the storage buffer,
chemical purity, and the biological purity as measured by the absence of bioburden and endotoxin. A comparison of values
for these parameters in amino-MSs produced by our previously reported microfluidic process and the cross-flow emulsification method reported here is given in Table 1. The analytical parameters for amino-MSs produced by both methods

T A B L E 1 Analysis of amino-MSs produced by microfluidics and cross-flow emulsificationa
Assay parameter

Acceptance specsb

Microfluidic

Cross-flow

Dissolution time (tRG , h)

9.4–10.4

9.9 ± 1.0

9.8 ± 0.2

Particle size, avg ± SD (μm)

60 ± 40

60 ± 3.4

62 ± 15

[nmol Amine]/[mg PEG]

200–250

231 ± 15

231 ± 11

pH

3.8–4.2

4.1

4.1

Residual alkyl-azide (μM)

<50

27 ± 2.5

25 ± 3.0

Residual surfactant PGPR 90 (PPM)

<50

<1

<1c

Residual surfactant Abil EM90 (PPM Si)

<50

<50c

<50c

Aerobic microbes (CFU/g)

<10

<10c

<10c

Yeast/mold (CFU/g)

<10

<10c

<10c

<310

<0.20c,d

0.24 ± 0.05d

c

Bioburden, USP <61>

Endotoxin, USP<85> (EU/mL)
a

Analytical procedures were conducted as previously reported.18
Acceptance specs are preliminary. Reported errors are: range/2n = 2 for tRG , and SD for all other values.
c
Value is lower limit of quantitation.
d
A preliminary acceptance specification of <310 EU/ml set based on a dose limit of 5 EU/kg (USP <85>) assuming a 1 mL dose
and 62 kg human.
b
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(A)

F I G U R E 4 Micrographs of
amino-MSs produced by flow focusing
microfluidic chips (A),18 and cross-flow
membrane emulsification (B)

(B)

±

±

(B)

±

(A)

F I G U R E 5 Force to inject 0.5 mL samples of amino-MSs suspensions in 1.2% hyaluronic acid through a 0.5 inch 30 g needle from a
4.7 mm ID 1 mL syringe at a rate of 5 mm/s. (A) Injection breakaway and glide force for amino-MSs produced with microfluidic (MF) chips
with a particle size of 60 ± 3.4 μm, and amino-MSs produced with cross-flow (CF) emulsification having a diameter of 62 ± 15 μm and
75 ± 19 μm. (B) Injection force profiles for the 62 ± 15 μm amino-MSs produced by cross-flow emulsification

agree within acceptable error showing that the method of emulsification has no relevant effect on product quality. The
only discernable difference from MSs produced by microfluidics is that the cross-flow process produces amino-MSs with
a larger size distribution range (Table 1, Figure 4). Essentially all of the particles produced have a much smaller diameter
than the 210 μm inside diameter of 27 and 159 μm 30 gauge needles.

2.2.2

Injection force

Using a texture analyzer, we measured the breakaway and glide forces required to perform injections of amino-MSs in
the final formulation buffer (10) containing 1.2% hyaluronic acid through a 0.5 inch 30 gauge syringe needle using a 1 cc
syringe with a 4.7 mm inside diameter at a rate of 5 mm/sec (Figure 5). Microfluidic and cross-flow produced amino-MSs
with particle sizes of 60 ± 3.4 μm and 62 ± 15 μm (Table 1, Figure 4), respectively, were compared along with cross-flow
material with a size of 75 ± 19 μm that is near the upper limit of our specification. The breakaway and glide force for
amino-MSs produced by cross-flow emulsification was between 10 and 15 N, below the 24.5 N glide force of insulin pen
injections of comparable speed using 31-gauge needles (17).

3

DISCUSSION

The overall objective of this work was to develop a practical manufacturing process to prepare tetra-PEG hydrogel MS-drug
conjugates for use in drug delivery. Our initial plan was to develop a system that would allow production of amino-MS
intermediates and subsequent attachment of a drug in a single, non-interrupted aseptic process. For this, we designed
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and constructed a high-throughput microfluidic system to prepare the amino-MSs that was coupled to an upstream
washer-reactor vessel to attach the drug to the amino-MSs – all in a sterile environment.18 Although successful in pilot
runs, we found that in toto the technology was too complicated and expensive for transfer to a cGMP manufacturing
laboratory. With the recent finding that amino-MSs could be sterilized by autoclaving at low pH11 we separated the manufacturing process into two stages.18 In the first stage, the amino-MSs were prepared under low bioburden – but not
necessarily aseptic – conditions. Then, in a separate second stage, the amino-MSs were sterilized and aseptically connected
to the linker-drug to form the drug substance. Thus, the procedure was simplified to allow preparation of the amino-MSs
as an intermediate, followed by transfer of the amino-MSs to a facility for sterilization and aseptically attaching the drug
under cGMP guidelines.
While high-throughput microfluidics provided a practical interim solution to the production of amino-MSs, the procedure had significant shortcomings. First, the system was expensive in terms of equipment and microfluidic chips. The
equipment consisted of custom-engineered components comprising a hermetically-sealed 10-chip manifold with a robotic
microscope for particle size analysis, automated pressure regulators and flow sensors, and a computer based PID system
for control of flow rates. Also, the glass microfluidic chips cost about $1000 each, and one or more channels frequently
failed after ∼one or a few days operation; this generated fluid jets that led to large droplets which required interruption of
the process for replacement of the faulty chip. Second, if autoclaving was desirable, the process apparently caused some
degradation of the hydrophobic coating within the microfluidic chips resulting in jetting of the dispersed phase in one or
more channels. Third, although the production rate of ∼1.5 L per day was ample for early stage development, it was not
sufficient to support manufacturing needs for commercial purposes; and, the system was not easily scalable. Finally, production of amino-MSs by the microfluidic process was challenging and required an experienced professional to operate
the system; certainly, technology transfer to an external contract manufacturer would be a tedious and time-consuming
process.
In the present work, we describe equipment and procedures that utilizes a simple and efficient coaxial cross-flow
membrane emulsification technology to produce tetra-PEG amino-MS intermediates. The cross-flow unit comprised of a
micro-engineered 540 μm thick tubular PEEK membrane that contained a regular array of 1000 pores of 10 μm diameter.
The porous tube is contained within a stainless steel tubular manifold. The PEEK composition is a novel key feature of
the microporous membrane since it is easily wetted by the hydrophobic continuous phase and does not require coating to
prepare water-in-oil emulsions. The continuous phase of decane and surfactants is delivered into the bore of the microporous tube from a pressurized vessel and the aqueous dispersed phase containing the polymerizable PEG prepolymers
is delivered into the outer jacket of the assembly via two HPLC style pulse-dampened piston pumps that mix the prepolymers, or – if sufficiently stable – as a premixed solution via a single pump. The emulsion droplets are formed as the
dispersed phase is extruded through the mouths of the pores into the flowing continuous phase that induces detachment
of small, uniform droplets. After collection of droplets, they are allowed to polymerize, sieved to remove aberrantly sized
particles and solvent-exchanged into low pH buffer for storage until conversion to MS-drug conjugates.
The critical quality attributes of amino-MSs prepared by the cross-flow technology are essentially identical to those
prepared by microfluidics except the size distribution range of the water-swollen 60 μm particles is slightly higher – ±15
versus 4 μm SD. However, the increased size distribution does not impact the injectability of the MSs through a syringe
needle with a bore as small as 30 gauge, so it is non-consequential to practical performance.
In counterpoint to the above disadvantages of microfluidic preparation of amino-MSs, the advantages of cross-flow
membrane emulsification are multiple and significant. First, unlike the expensive high-throughput microfluidics process, the cross-flow membrane method is very economical. The permanent equipment and membrane fabrication costs
for the cross-flow method are about 10-fold lower than the equipment and bank of 10 microfluidic chips needed for the
microfluidic method, and the personnel cost for training and operating the equipment are minimal. Second, the microporous membrane is autoclavable and lasts much longer than the glass chips. Also, the performance and lifetime of the
PEEK material does not depend on stability of a hydrophobic or perfluorinated coating as required on glass microfluidic
devices. Third, the production rate of amino-microspheres is ∼15-fold higher than the maximum production rate of the
reported microfluidic method. The technology provides ∼30 L per day of final size-separated amino-MSs in ∼70% overall
yield from the prepolymers. At a single dose of ∼1 mL of the drug substance, the method enables production of the large
amounts of microspheres that will be needed for commercialization. And, if needed the production rate can be increased
by simply increasing the number of microporous tubes in the process. Finally, unlike the production of amino-MSs by the
microfluidic process, the equipment for the tubular cross-flow process is simple to use and does not require extensively
trained personnel to operate; thus, technology transfer to an external contract manufacturer would be much simpler than
the reported high-throughput microfluidic system.
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In summary, we developed a practical process to manufacture tetra-PEG hydrogel amino-MSs that serve as intermediates to prepare MS-drug conjugates for drug delivery. We describe a simple, economical, and efficient tubular
cross-flow membrane emulsification technology to produce the MSs from soluble PEG prepolymers. The system comprised a micro-engineered tubular porous PEEK membrane contained within a tubular manifold jacket. The aqueous
phase to be dispersed is fed into the outer tube, and is pressed through the pores of the PEEK membrane into the flowing
continuous phase to form emulsified droplets. After the particles self-polymerize they are sieved to isolate high yields of
MSs of the desired ∼60 μm size. The current process can support production of ∼30 L of amino-MS slurry per day and is
easily scalable.
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