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Introduction 
Formation of aggregates in biopharmaceutical products continues to be one of the major 
quality issues in biotherapeutic development.  Protein aggregates can impact the quality, 
safety and efficacy of the biotherapeutic.  While insoluble aggregated species or 
particles can readily undergo physical separation using traditional membrane-based 
filtration systems.  A more vexing problem is the molecular separation of smaller sized 
aggregates (e.g. dimer, trimer) from the monomer in the nm size range.  Regulatory 
agencies are expecting soluble aggregated species to be characterized during 
development, stability testing and commercialization.  Typically, size exclusion 
chromatography is used for this characterization.  However, chromatographic 
conditions can cause disruption of the aggregate and large aggregates can be excluded 
from the analysis, remaining on the top of the stationary phase.  Here we describe use of 
an ultrathin (15 - 50 nm) free standing silicon nitride nanomembrane to fractionate 
materials with 5 nm size resolution without dilution or sample loss under intrinsic 
conditions. 
 

Materials and Methods 
Formation of Antibody Aggregates. FITC labeled Goat anti-Rabbit IgG 
(affinity purified) was purchased from Life Technologies.  All other reagents were 
obtained from standard sources, high purity water (NANOpure) was used in all 
solution preparation.  FITC-IgG was diluted to ~ 50 µg/mL in PBS + 0.1% Tween 
20.  An excess of amount of ammonium sulfate was added to purified water to 
created a saturated solution (100% v/v).  Small volume mixtures (200 µL) of IgG 
and salt were combined, mixed and immediately analyzed by dynamic light 
scattering or fractionated using SEPCONTM devices..  The total active area of the 
filter is 1.5 mm2.  Separations were performed in an angled centrifuge for 5 min at 
2,000 rpm.     
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Conclusion 

Separation of Nanospheres from IgG 

Porous nanocrystalline silicon (pnc-Si)  membranes are formed as a result of 
controlled crystallization of amorphous silicon.  The membranes combine a 
unique combination of nanoscale thickness (LT 50 nm) with robust, millimeter-
scale lateral dimensions and tunable pore sizes in the range of 5 to 100 nm.  
Conventional ultrafiltration membranes made from solvent-cast polymers have 
tortuous path, sponge-like, pore structures that limit the resolutions of separations.  
High internal surface area leads to flow resistance, sample loss and clogging.  
Nanoporous silicon membrane material provides high resolution separation with 
little sample loss and dilution of the filtrate.  In this work we have used the pnc-Si 
as a template to transfer the pores into a stronger, more chemically robust silicon 
nitride film that is 50 nm thick. The nanoporous silicon nitride membranes have 
an average pore diameter of 70 nm and porosity of 25 %. 

Separation of IgG Aggregates 

Dynamic Light Scattering 
Measurements 

Significance 
The global market for nanoparticles (NP) in biotechnology, drug development and drug delivery was estimated 
to be $20B for 2013 and is expected to reach more than $50B by 2017 (1). The two most active areas of 
product development are NPs for drug delivery and for in vivo imaging. In these applications it is often critical 
that the outer surfaces of NPs are functionalized with antibodies (Ab) that target them to specific tissues. 
Because smaller particles circulate longer than larger particles and can better clear barrier tissues such as 
vasculature walls or epithelial linings (2, 3), NPs in the range of 15 - 30 nm are ideal for many applications. 
After functionalizing NPs with Abs, it is necessary to remove unbound Ab from the NP preparation because any 
free Ab will compete with the NPs for target tissues. Given the similar sizes of Ab (~ 14 nm) and NPs, this 
ubiquitous ‘clean up’ step is challenging and represents a current ‘pain’ in the market place.  
SiMPore has been independently approached by several NP developers in academia and at two large 
biotechnology firms: BioRad and Life Technologies/Thermo Fisher Scientific, with a request for a membrane-
based solution to the NP/Ab separation problem. 
These scientists report that existing polymer-based 
membranes available from Pall and Millipore are not 
capable of performing this separation and that they 
must resort to more time consuming, complex, and 
lower yield techniques such as size-exclusion 
chromatography or dialysis (see support letter from 
Dr. Thomas Berkelman, Bio-Rad). SiMPore co-
founder and University of Rochester Prof. James 
McGrath has recently demonstrated the ability to 
separate cleanly Ab from 20 nm polystyrene particles 
using SiMPore membranes in a custom centrifuge 
configuration. The goals of this project are thus to: 1) 
develop a SiMPore product prototype based on 
Professor McGrath’s solution, 2) to establish the 
efficacy and limitations of the prototype, and 3) to 
produce a sufficient number of prototypes to enable a 
round of beta testing at BioRad.  
While this proposal is focused on NP/Ab separations, 
the need to physically separate similarly sized solutes is a ubiquitous problem in biotechnology and biomedical 
research. Compared to resin-based chromatography, membrane separations are simpler, more energy efficient 
and more readily scaled between laboratory and industry. However, the most robust method for separating 
similarly sized macromolecules, size-exclusion chromatography, still 
has no popular membrane analogue. The problem with traditional 
ultrafiltration membranes is that they have a sponge-like ultrastructure 
with no definitive pore size cut-off (Figure 1). Engineered 
nanomembranes, typically made from inorganic materials, offer far 
better pore-size control but suffer other challenges such as costly or 
impractical manufacturability at the industrial scale, mechanical frailty, 
or low permeability. Founded on technology originally developed by 
McGrath and colleagues at the University of Rochester (US Pat. 
#7,992,795; #8,182,590), SiMPore is the only commercial 
manufacturer of silicon-based membranes that have the high 
permeability and pore-size cut-offs required for ultrafiltration and 
molecular separation applications. After the successful introduction of 
a product for NP/Ab separation, SiMPore expects to provide many 
more membrane-based solutions to separation problems faced by 
biomedical scientists.   
!

Figure 1. SiMPore’s Ultrathin Membrane 
Technology (A) Conventional polymer ultrafiltration 
membrane with sponge-like, ~10 um thick cross 
section and (B) Silicon nanomembrane with ~ 10 
nm cross section and well defined pores. 

Figure 2. Dead End Filtration with 
SEPCONTM (A) SiMPore’s 
SEPCONTM  spin cup with a silicon 
nanomembrane chip. B) Dead end 
filtration in a centrifuge. The 
direction of the centrifugal force is 
indicated with the gravity vector g. 
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Dynamic Light Scattering Measurements (DLS). Solutions of IgG with 
increasing salt concentration from 0% to 30% were mixed immediately prior to 
DLS measurements.  Sixty µL of IgG/salt solutions were transferred to a low 
volume cuvette.  DLS was measured using a Malvern Zetasizer Nano ZS.  The DLS 
distribution results were plotted as a function of intensity.  The intensity distribution 
weights species according to the amount of light they scatter, thus responses due to 
aggregates would predominate.  

IgG Peak Intensity Shifts to Larger Apparent 
Diameter in 25% (v/v) Ammonium Sulfate  

Figure 2.  Size distributions for (red) 50 µg/mL IgG PBS/Tween20, (green) 38 µg/
mL IgG + 25%(v/v) (NH4)2SO4 and (blue) 25% (v/v) (NH4)2SO4 in PBS/Tween20 
only are shown above.  The intensity size distribution of IgG shows a shift to 
increasing apparent diameter in the presence of ammonium sulfate from ~ 9 nm in 
PBS/0.1%Tween20 to ~ 700 nm in 25% (NH4)2SO4 in PBS/Tween20.  The peak 
observed ~ 9 nm in 25% PBS/Tween20 is likely due to the presence of micelles since 
Tween 20 at 0.1% is in excess of the critical micelle concentration of 0.01% .    

Figure 3.  The primary scatter intensity peak was monitored in mixtures of 
0.5, 1, 5, 15, 20, 25 and 30% (NH4)2SO4 /IgG.  A sharp increase in apparent 
diameter was observed at ~ 15% ammonium sulfate from ~ 10 nm to a 
plateau value ~ 700 nm at 25% salt.  Based on a hydrodynamic diameter of 
~ 10 nm for monomeric IgG, assuming a spherical shape, an aggregate with 
an apparent diameter of ~ 700 nm corresponds to a 70mer. 

Fluorescence Measurements. Fluorescence was measured using a Tecan 
infinite m200 UV/VIS spectrometer.  Solutions with volumes of 3 µL were placed 
on a Nanoquant 16 well plate.  Samples were excited at 450 nm and emission was 
measured at 520 nm. 

5.4 mm 

About SiMPore 
SiMPore was founded by the inventors of pnc-Si in 2007.  Today SiMPore 
develops and commercializes novel ultrathin membranes for applications 
ranging from electron microscopy to separations and cell culture.  
SiMPore’s membrane products are available directly and through 
international distributors .  Please see www. Simpore.com for more 
information. 
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(A) `Reverse` centrifugation scheme. (B)  Agglomerates of NPs are pulled away 
from membrane despite flow through membrane. 

Figure 4.  The ratio of filtrate to feed solution fluorescence response at  ~ 50 
µg/mL FITC shows little change after ~ 5 mins of centrifugation indicating 
minimal separation.  In contrast a ~ 35 µg/mL + 30% salt mixture showed a 
70% reduction demonstrating a significant fractionation of aggregates from 
the starting solution.  

Ultrathin pnc-Si membranes exhibit sharp size discrimination, low sample 
loss and little dilution of the filtrate.  Separations occur in minutes using 
standard laboratory equipment.  The centrifugation devices provide an 
easy and rapid way to perform separations of biotherapeutics.  The 
devices could be used to assess aggregate formation during formulation 
development, stressed stability testing and bioprocess scale up to rapidly 
screen conditions and rank order product development pathways 

Figure 1. The starting solution was a mixture of  25 µg/mL fluorescent IgG and 20 nm 
Fluospheres at a concentration of ~5x1014 particles/mL in 0.1% Tween 20 and 1xPBS.  
The solution was centrifuged for 30 min at 5,000 rpm. The peak at 420 nm in the stock 
solution corresponds to the the fluorescence of the Fluospheres.  There is almost no 
signal in the filtrate, indicating no Fluospheres passed through the filter.  The peak at 
520 nm is caused by the fluorescent IgG and the peak from the filtrate shows that IgG 
is passing through the filter. 

Innovation 
Unlike traditional ultrafiltration membranes, SiMPore’s silicon-based membranes have clear through-holes and 
sharp cut-offs in the range from 10 nm to 50 nm (Figure 1). SiMPore’s membranes are 1000x thinner (15-50 
nm) than any commercially available dialysis or ultrafiltration membrane. This makes SiMPores 
‘nanomembranes' orders-of-magnitude more permeable on a per-area basis regardless of whether their mode 
of separation is convection or diffusion. By limiting the amount of free-standing membrane area, the 
membranes will withstand more than an atmosphere of differential pressure without mechanical failure. These 
properties enable SiMPore’s membranes to be used in devices that have less total membrane area than 
traditional filtration devices, yet still filter fluids at practical rates for laboratory 
applications (4).  
The resolution of size-based separations with silicon nanomembranes was first 
demonstrated by McGrath’s group to be better than 5 nm for both proteins and 
NPs  (4). A major limitation however, was the need to work at low NP (< 10 nM) 
and protein (~ 0.2 mg/ml) concentrations to avoid filter clogging when used in a 
standard dead end filtration configuration (Figure 2). In 2010-11, SiMPore 
briefly marketed centrifuge filter inserts, called SEPCONTM Spin Columns, but 
discontinued the product because most customers desired to use the devices 
at concentrations that exceeded specifications.  
Several innovations in the McGrath lab and at SiMPore now allow us to 
overcome the limitations of the original SEPCON product, enabling work at 
much higher NP (> 1 uM) and protein (~ 1 mg/ml) concentrations without any 
evidence of clogging. The first innovation is the development of a new 
nanomembrane material made from silicon nitride (SN) instead of pure silicon 
(Figure 3) (5). SN nanomembranes are more than 3 times stronger than silicon 
and are more resistant to NP and protein binding. The original silicon-based 
nanomembrane (pnc-Si) is actually used as a template for 
the patterning of pores in SN. Consequently, the resulting SN 
membrane has the permeability and high resolution 
characteristics of pnc-Si. While there are competing methods 
for making nanoporous SN at the wafer scale (6, 7), these 
are significantly more complex than our approach, requiring 
several mask inversions, and multiple additive and 
subtractive steps. More importantly these alternative 
methods all produce pores greater than 100 nm which makes 
them inappropriate for ultrafiltration applications.   
The second innovation is the inversion of the centrifuge-based filtration 
process so that the sample flows away from the centrifugal force (Figure 
4a). Spinning at 2000g RCF (not possible with 
pnc-Si because the membrane would break), 
the centrifugal forces pull particle 
agglomerates away from the membrane, even 
while convection drives flow  through the 
membrane (Figure 4b).  
The third innovation is the development of 
PEG grafting techniques to covalently bind 
short (~ 2 nm) MW PEGs to oxidation layers 
on either pnc-Si or SN membranes (8). The 
PEG coatings eliminate biological fouling 
(Figure 4c) without occluding pores; the 
permeability and selectivity of 
nanomembranes are only slightly affected by 
the short PEG layers  (8). 
Combining these innovations, the McGrath laboratory has been able to demonstrate the successful separation 
of IgG from 20 nm NPs (Figure 5a,b). The results show near perfect retention of NPs and ~100% transmission 
of IgG in a inverted bench top centrifugation run of ~ 30 min at 2000g (RCF). The literature from the Pall and 

Figure 3. 
Nanoporous Silicon Nitride (A) pnc-Si is 
formed atop silicon nitride and serves as a 
template. (B) Pores are transferred through 
SN by reactive ion etching (RIE). (C) The 
resulting membrane has pore and filter 
characteristics similar to pnc-Si. From (5).

Figure 4. Methods to 
overcome clogging (A) 
‘Reverse’ centrifugation 
scheme. (B) Agglomerates 
of NPs are pulled away from 
membrane despite flow 
through membranes. (C) 
Membrane functionalization 
with small PEG molecules 
minimizes protein adhesion  
(8).

Joshua D. Winans1, Mary Lee Ciolkowski2, Thomas R. Gaborski3, James Roussie2 and James L. McGrath1 
1Department of Biomedical Engineering, University of Rochester, 2SiMPore Inc., West Henrietta NY and  

3Department of Biomedical Engineering, Rochester Institute of Technology 


