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ABSTRACT: Adenoviruses are important platforms for
vaccine development and vectors for gene therapy, increasing
the demand for high titers of purified viral preparations.
Monoliths are macroporous supports regarded as ideal for the
purification of macromolecular complexes, including viral
particles. Although common monoliths are based on synthetic
polymers as methacrylates, we explored the potential of
biopolymers processed by clean technologies to produce
monoliths for adenovirus purification. Such an approach
enables the development of disposable and biodegradable
matrices for bioprocessing. A total of 20 monoliths were produced from different biopolymers (chitosan, agarose, and dextran),
employing two distinct temperatures during the freezing process (−20 °C and −80 °C). The morphological and physical
properties of the structures were thoroughly characterized. The monoliths presenting higher robustness and permeability rates
were further analyzed for the nonspecific binding of Adenovirus serotype 5 (Ad5) preparations. The matrices presenting lower
nonspecific Ad5 binding were further functionalized with quaternary amine anion-exchange ligand glycidyltrimethylammonium
chloride hydrochloride by two distinct methods, and their performance toward Ad5 purification was assessed. The monolith
composed of chitosan and poly(vinyl) alcohol (50:50) prepared at −80 °C allowed 100% recovery of Ad5 particles bound to the
support. This is the first report of the successful purification of adenovirus using monoliths obtained from biopolymers processed
by clean technologies.

KEYWORDS: monoliths, virus purification, cryogels, plasma processing, clean processes, biopolymers

■ INTRODUCTION

The development of virus-based biopharmaceuticals for
vaccination and gene therapy demands efficient purification
methodologies.1 Adenoviruses are intensively studied, as they
are the preferred platform for gene therapy2 and a very
attractive choice for vaccinations.3,4 Adenoviruses are 2 × 108

Da nonenveloped particles containing linear double-stranded
genomic DNA (26−45 kb) protected by a capsid. They exhibit
icosahedral architecture with a diameter between 70 and 90 nm
as determined by high-resolution techniques, including cryo-
electron microscopy and X-ray crystallography.5,6 Adenoviruses
are an extremely appealing platform as they can be produced in
high titers (1011 viral particles per milliliter), they do not
integrated into the host cell genome, and they present potential
for inserting DNA fragments up to 37 kb in length.2,5 Several
methods have been attempted for adenovirus purification,
including CsCl density gradient ultracentrifugation, sucrose
gradient ultracentrifugation, aqueous two-phase extraction, and
ammonium sulfate precipitation. The purification of adenovi-
ruses based on the CsCl method is very popular and simple as

it can yield fairly pure preparations.6 Its major disadvantages
relate to the toxicity of CsCl, which results in extensive dialysis
of purified viral preparations, and to its limited applicability for
large scale protocols. The CsCl method results in variable
quality viral preparations, substantial loss of infectivity, and
aggregation during storage.6

Adenovirus particles can be also separated through
chromatography-based methodologies, where properties such
as size, charge, hydrophobicity, and metal affinity are explored.
Still, the most popular chromatographic protocol is based on
the establishment of anion exchange interactions between the
viral particles and the chromatographic matrix.1,6 Currently
available chromatographic matrices have pore dimensions that
exclude viruses, suggesting that their adsorption is restricted to
the bead surface area resulting in low binding capacities. This
problem can be circumvented by tentacle supports, membrane
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chromatography, and, more recently, monolithic adsorbents.
The latter are excellent for virus purification and removal due to
the lower shear forces exerted on the viral particles. Monoliths
consist of a solid continuous phase permeated by a network of
pores, eliminating diffusion limitations. Convective transport is
prevalent, which allows much faster volumetric throughput
rates that in turn increases speed and productivity.8,9 There are
a wide range of processes and chemical functionalizations
available for monolith preparations, which yield distinct
microstructures, with variable pore sizes and geometries.10,11

The high porosity and pore interconnections are common
features of monoliths, which originate channels organized as a
network.8 Therefore, monoliths are very efficient for the
purification of larger biomolecules and macromolecular
complexes.4 In fact, monoliths have been shown to be suitable
for the purification of a wide range of viruses, including
bacteriophages,12−14 rubella viruses,15 oncoretrovectors,17

Adenovirus serotype 5,16 and Adenovirus serotype 3.18 Most
of the monoliths used in the examples above are based on
convective interaction media (CIM) technology by BIA
Separations, GmbH. Other monolithic technologies are
commercially available (e.g., UNO by Bio-Rad, Chromolith
by Merck Millipore, Seprasorb by Sepragen, and SWIFT by
ISCO); however, these represent expensive technologies and
are mostly based on silica, acrylamide, or methacrylates.19,20 We
have recently shown that biopolymer-based monoliths are
promising alternatives for biological purifications, namely for
antibody molecules.19,21,22 As these monoliths are prepared
from biopolymers, they have certain advantages, including
biodegradability, biocompatibility, and low-cost with significant
potential for creating disposable components.
This work presents the production and characterization of

monoliths that combine suitable morphological and physical
characteristics with the potential for adenovirus binding and
recovery. Monoliths were produced from different biopolymers,
characterized, and tested for nonspecific binding of Adenovirus
serotype 5 (Ad5). Matrices presenting lower nonspecific Ad5
binding were selected for further functionalization with
quaternary amine anion-exchange ligand glycidyltrimethylam-
monium chloride hydrochloride (Q) by two methodologies,
and lastly their performance toward Ad5 purification was
assessed.

■ EXPERIMENTAL SECTION
1. Monolith Preparation by Freeze-Drying. The monoliths

were prepared by freeze-drying, and the exact composition of the
casting solutions is detailed in Table 1. All described monoliths were
prepared at least 10 times. Chitosan-based casting solutions were
prepared as recently described.21,23 In brief, acetic acid acidified water
1% (v/v, 3 mL) was employed for all chitosan-based casting solutions,
and the remaining polymer casting solutions employed distilled water
(3 mL). To each individual casting solution was added 11% (w/w
polymer) of N,N′-methylenebis(acrylamide) (MBA, Fluka). The
casting solutions were placed in individual 1.4 × 4.9 cm plastic
tubes (with 1 mm wall thickness) and mixed with the aid of a magnetic
stirrer. Distinct temperatures (20−90 °C), stirring velocities (300−800
rpm), and times (1−3 days) were employed, depending on the
viscosity and water solubility of the biopolymers used. When
homogenized, the initiator ammonium persulfate (APS, Merck,
≥98% purity; 42 μL of an aqueous solution at a concentration of
0.08 g/mL) and the catalyst N,N,N′,N′-tetramethylethane-1,2-diamine
(TEMED, Sigma-Aldrich; ≥99% purity; 23 μL) were added under
stirring at 0 °C for either 30, or 30−45 min for chitosan- and dextran-
based casting solutions, respectively, and at room temperature (25 °C)
for 30 min for agarose-based solutions. Finally, all solutions were

frozen at −20 °C and/or −80 °C for 24 h and then lyophilized
(Telstar cryodos-50) for another 24 h or until they were dry (during
the freeze-drying process, the lids of the vials were covered with
paraffin film containing small holes).

2. Monolith Characterization. The determination of water fluxes
was conducted under ambient conditions (22 °C and atmospheric
pressure). The dried monolith samples were placed in a chromatog-
raphy column with 0.64 cm2 effective area and 6 cm height. Monoliths
were wetted with distilled water (1 or 2 mL according to the swelling
capacity). Then, 1 mL of distilled water was applied, and the time
needed to flow through the column was recorded.21 The water uptake
capability of the materials was also tested as detailed in the Supporting
Information (SI).

The porosity of the cryogels was estimated by a fluid displacement
measurement method as previously reported,24,25 which is further
described in the SI. The porosity was calculated using eq 1.
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The mechanical properties of all matrices were assessed at room
temperature using tensile testing equipment (MINIMAT firmware
v.3.1); monoliths were sliced into cylinders 0.75−1.20 cm in diameter
and further subjected to uniaxial compression. Stress versus strain
curves were built based on experimental data relating load to
compression charts by applying eqs 2 and 3.21 The compression
modulus was then determined as the slope of the initial part of the
stress−strain curve.21

σ= = F
A

stress
(2)

ε= = Δl
l

strain
(3)

where F corresponds to the applied force, A to the cross-sectional area,
Δl to the change in length, and L to the clamps distance.

The morphology of the monoliths was assessed by scanning
electron microscopy (SEM) using an accelerating voltage of 15 kV
(Hitachi S 2400). Samples were frozen and fractured in liquid nitrogen
for cross-sectional analysis. These were mounted on aluminum stubs
using carbon discs (D-400, Neubaeur Chemikalien) and gold-coated
by sputtering prior to analysis. Then, micrographs were computation-
ally segmented using ImageJ 20, allowing their posterior analysis to
determine the average pore size diameter. All data was obtained from
duplicated measurements (in the case of water flux measurements,
each of the two samples were measured three times).

Table 1. Ratios of Monomer/Polymer Employed for
Monolith Preparationa

material
proportion
(%, w/w)

concentration
(%, w/w) monolith denomination

chitosan 100 3.0 C3%
100 2.0 C2%

chitosan/polyvinyl
alcohol

50:50 3.0 C/P (50:50)
33:67 3.0 C/P (33:67)

chitosan-glycidyl
methacrylate

89:11 3.0 C-G

agarose-acrylamide-
glycidyl
methacrylate

56:7:37 4.5 A-AAm-G (56:7:37)
58:12:30 5.4 A-AAm-G (58:12:30)

dextran-acrylamide-
glycidyl
methacrylate

56:7:37 4.5 D-AAm-G (56:7:37)
49:14:37 4.5 D-AAm-G (49:14:37)
58:12:30 5.4 D-AAm-G (58:12:30)
52:17:30 5.4 D-AAm-G (52:17:30)

aMaterials with a “/” denote a blend and a “-” denote co-
polymerization.
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3. Monolith Amination by Plasma Technique and Ligand Q
Coupling (Method 1). Nonthermal plasma surface treatment of
monoliths was employed to introduce amine groups within the
monolith structure as described elsewhere21 and summarized in Figure
1A. The monoliths were heated (150 °C) with agitation and placed in
a radio frequency plasma reactor (FEMTO equipment, v. 3, Diener
Electronics). A continuous flow of argon was then applied to reduce
trace amounts of air and moisture. The monoliths were activated with
argon (Ar)-plasma employing the following conditions: −60 W at a
constant pressure of 0.3 Torr for 5 min, after which the plasma
chamber was purged. For the amination stage, 1,6-hexanediamine
contained in a flask at 150 °C was evaporated and inserted into the
reaction chamber under vacuum for 30 min. The yield of amination
was determined by the Kaiser Test.21 For the first functionalization
methodology (M1), Q ligand (5 mol excess in relation to the amine
content) was dissolved in distilled water (10 mL) and 1 M NaOH (1
mol excess relative to the amine content) and added to the aminated
monoliths, which then incubated for 16 h at 40 °C with agitation (200
rpm). After immobilization, the monoliths were thoroughly washed
with distilled water.
4. Monolith Epoxy Activation and Ligand Q Coupling

(Method 2). The second methodology (M2) was based on epoxy
activation of the supports, as summarized in Figure 1B. Initially, a
solution of 10 M NaOH (1 mL) was added to the monoliths (typically
40 mL/kg of moist cryogel) and incubated for 30 min at 30 °C with
agitation (200 rpm). Then, epichlorohydrin (Sigma-Aldrich, 1 mL,
typically 72 μL/kg of moist cryogel) was added. The mixture was left
incubating for 3 h at 36 °C (200 rpm). The monoliths were then
washed five times with 10 mL of distilled water with agitation for 1
min. The extent of epoxy activation was determined as described
previously.21 For ligand immobilization, (2-aminoethyl)-
trimethylammonium chloride hydrochloride (NH2-Q, 5 mol excess
relative to the epoxy activation yield) was dissolved in distilled water
(5 mL) and 1 M NaOH (1 mol excess relative to the epoxy activation
yield). The samples incubated overnight at 40 °C under stirring (200
rpm). After immobilization, the monoliths were thoroughly washed
with distilled water.
5. Ligand Q Quantification in the Monoliths. Ligand

quantification was assessed by a precipitation titration performed as

described in the literature26 with a few modifications. The chloride ion
capacity of the monoliths was determined by an argentometric
titration with AgNO3 (0.1 M) combined with a silver ring electrode.
This method is based on the reaction between Ag+ and Cl− present in
solution while the titrant is added. This results in the precipitation of
AgCl particles. The amount of AgNO3 added corresponded to the
number of moles of Cl− released (100 μmol/100 μL added).

6. Adenovirus Serotype 5 Production and Preclarification.
Ad5 viral bulk was produced in a stirred-tank bioreactor as described
elsewhere.27 The bioreactor was harvested and treated with 0.1%
Triton X100 (Sigma-Aldrich, MO, USA) and incubated for 2 h at 37
°C with 50 U/mL of Benzonase (Merck-Millipore, Germany).
Subsequently, the bulk was microfiltrated using 0.8 μm + 0.45 μm
Sartopore 2 (Sartorius Stedim Biotech, Germany), concentrated 10-
fold, and then subjected to five cycles of diafiltration with an R&D
prototype Sartocon cassette (Sartorius Stedim Biotech, Germany) with
an average molecular weight cutoff of ∼750 kDa. The bulk was stored
in a buffer of 20 mM Tris-base and 150 mM NaCl pH 8 in aliquots at
−80 °C until further use.

7. Screening of Monolithic Structures toward Ad5 Virus
Binding and Elution. The monoliths were introduced in a Varian
column (3 mL capacity) and incubated with distilled water (2 mL/cm
of support) for 12 h to allow complete swelling of the material inside
the chromatographic housing. The monoliths were further regenerated
by washing five times with subsequent steps of regeneration buffer (2
mL, 0.1 M NaOH in 30% isopropanol) and distilled water (2 mL).
Matrices were equilibrated in a buffer of 20 mM Tris-base and 150
mM NaCl pH 8 (5 mL; washing buffer). The Ad5 solution (1 mL,
diluted 3-fold in washing buffer to a concentration of ∼1.45 × 1011

total particles (TP)/mL) was then loaded onto the monoliths,
followed by washing with the same buffer (20 mM Tris, 150 mM
NaCl, pH 8). The Q-ligand functionalized monoliths were
subsequently washed with elution buffer (20 mM Tris, 1 M NaCl,
pH 8). Virus particle concentration, size distribution, and aggregation
state were assessed by NanoSight NS500 (NanoSight Ltd., U.K.; now
Malvern Instruments, U.K.). Each sample was analyzed in triplicate,
and the particles between 75 and 125 nm were considered. The
percentage of adenoviruses unbound and eluted from the supports was
calculated using eqs 4 and 5, respectively.

Figure 1. Schematic representation of monolith functionalization through the two methodologies. (A) In the plasma technique (M1), argon is
applied to the monoliths to introduce radicals at the material surface (1), followed by amination with 1,6-hexanediamine (2) for subsequent Q ligand
coupling (3). (B) In the epoxy-activation technique (M2), epoxy activation of the monoliths surface occurs upon the addition of epichlorohydrin (4)
followed by coupling with the Q ligand (5).
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100
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■ RESULTS AND DISCUSSION
Morphological and Mechanical Characterization of

Monoliths. Fast flow rates and high recovery yields are
desirable properties of robust porous supports employed for
virus separations.28,29 Ideal bioseparation supports must be
hydrophilic, possess chemical and mechanical resistance,
adequate porosity and interconnectivity. They must also
present narrow pore size distribution and a high surface area
with available functional groups.8,21,24

Three biological and biodegradable polymers, chitosan,
dextran, and agarose, were used to produce monoliths.
However, natural hydrophilic polymers tend to form soft
structures with poor mechanical properties for chromatographic
separations.30 Therefore, a cross-linking agent (e.g., N,N′-
methylenebis(acrylamide), MBA) was added to the casting
solutions. Alternatively, synthetic polymers and monomers,
such as poly(vinyl alcohol) (PVA), acrylamide, and/or glycidyl
methacrylate (GMA), were blended with the biopolymers.
Before the lyophilization process, the homogenized casting

solutions were cooled (0 °C) and polymerized thanks to the
addition of the initiator ammonium persulfate (APS) and
catalyst N,N,N′,N′-tetramethylethane-1,2-diamine (TEMED)
in a process called cryopolymerization.31,32 Cryogels were
obtained by freeze-drying as previously reported.21,33,34 Water
(vol %) is known to be a tuning parameter, and the casting
solutions with concentrations in the range 2−6.7% (w/w)
enhanced the highly interconnected open pore structure.35,36

Previous works have reported the use of chitosan and agarose-
based monoliths prepared at −80 °C for the efficient
purification of antibody molecules.19,21 In this work, because
viral particles are considerably larger, the structures were also
freeze-dried at −20 °C to increase the average pore size
diameter of the monoliths produced.
Dynamic swelling assays were performed to assess the effect

of copolymerization and blending of chitosan-based monoliths
(detailed in Figures S1 and S2 in the SI). The amine groups of
chitosan (pKa ≈ 6.3) can change their protonation state as a
function of pH changes in the surrounding environment37

Thus, chitosan-based monoliths presented changes in their
swelling ability as a response to changes in the pH of the
external environment. The remaining monoliths (dextran- and
agarose-based) did not present structural variations upon pH
changes, as these do not possess ionizable groups.38

The monoliths prepared presented porosities >89%, but no
significant differences were observed for monoliths with the
same compositions produced at −20 °C or at −80 °C (Table
2). Lowering the freezing temperature to −80 °C is expected to
lower the water flux values due to a decrease in the average pore
size.21 The water flow is hindered by the reduced pore size (due
to the higher surface area created), which increases the
frictional force between fluid and material. The values of the
compressive modulus in the hydrated state were lower than in
the dry state, which is related to the higher mobility of network
chains upon hydration. As the monoliths will be used in their
hydrated states, these values correspond to a more realistic
situation during the purification process. Comparing the same

monoliths processed at different temperatures, those prepared
at −80 °C presented higher compressive moduli, which are
related to the formation of more compact and rigid materials.
This was visible for most of the tested cryogel structures
(Figure 2). The porosity and swelling capacity is usually higher
for monoliths processed at higher temperatures (−20 °C) at
the cost of lower stiffness.21

Comparing the monoliths blended with PVA and GMA, the
latter yielded higher water permeability. Hydrophobic poly-
GMA chains facilitated crystal growth through the reduction of
casting viscosity, which contributes to larger pores, and through
the exclusion of entangled copolymer from the frozen solvent
due to its hydrophobicity. Therefore, larger ice crystals are
formed, creating larger pores and consequently improved water
flux. The monoliths presenting the best physical characteristics
(high porosity, high water flux, and elevated compressive
modulus values) were further characterized by SEM (Figure 3).
These included C/P (50:50) and C-G prepared at −20 °C and
−80 °C and agarose A-Am-G (58:12:30) prepared at −20 °C.
C3% has also been analyzed for further comparison to assess

Table 2. Morphological and Mechanical Properties of the
Prepared Monoliths

compressive modulus (kPa)

monolith
porositya

(%)
water flux (L
m−2 h−1) dry hydrated

Tfreezing = −20 °C
C3% 89 ± 3 79 ± 1 1.5 ± 0.4 0.3 ± 0.1
C2% 91 ± 2 b 2.6 ± 0.1 0.6 ± 0.1
C/P (50:50) 94.6 ± 0.3 150 ± 40 3.8 ± 0.1 0.7 ± 0.3
C/P (33.67) 93 ± 3 70 ± 20 4.3 ± 1.0 0.2 ± 0.04
C-G 93 ± 1 210 ± 20 3.7 ± 0.2 1.9 ± 0.1
A-Am-G
(56:7:37)

95 ± 1 310 ± 60 1.76 ± 0.05 0.61 ± 0.04

A-Am-G
(58:12:30)

95 ± 1 260 ± 40 5.0 ± 0.1 0.77 ± 0.05

D-AAm-G
(56:7:37)

94.7 ± 0.5 150 ± 50 0.8 ± 0.1 0.25 ± 0.03

D-AAm-G
(49:14:37)

b b b b

D-AAm-G
(58:12:30)

95 ± 2 90 ± 20 0.49 ± 0.05 0.3 ± 0.01

D-AAm-G
(52:17:30)

b b b b

Tfreezing = −80 °C
C3% 91 ± 3 69 ± 8 4.1 ± 0.9 1.8 ± 0.3
C2% 90 ± 2 16 ± 0 1.9 ± 0.5 0.8 ± 0.1
C/P (50:50) 91.0 ± 0.4 70 ± 20 10 ± 1 1.7 ± 0.3
C/P (33.67) 90 ± 4 4 ± 1 10 ± 2 1.0 ± 0.3
C-G 91.0 ± 0.3 190 ± 40 7 ± 2 1.29 ± 0.05
A-Am-G
(56:7:37)

b b b b

A-Am-G
(58:12:30)

b b b b

D-AAm-G
(56:7:37)

95.5 ± 0.3 3 ± 0 0.60 ± 0.04 c

D-AAm-G
(49:14:37)

95 ± 3 13 ± 5 1.4 ± 0.5 c

D-AAm-G
(58:12:30)

89 ± 4 50 ± 20 0.8 ± 0.1 1.0 ± 0.3

D-AAm-G
(52:17:30)

96.4 ± 0.4 26 ± 1 1.0 ± 0.2 0.88

aValues obtained through Archimedes Principle. bMeasurements were
not possible due to low mechanical stability. cValues were impossible
to measure due to thin thickness and wall rupture.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508907b
ACS Appl. Mater. Interfaces 2015, 7, 6605−6612

6608

http://dx.doi.org/10.1021/am508907b


how the polymerization with PVA and GMA altered the
morphology and structure of the chitosan monolithic structure.
Open pore microstructures with a high degree of interconnect-
ing channels were visible in monoliths with a smooth surface
produced by freezing and lyophilization processes. Freezing
temperature tuned the average pore size, which is further
reflected in the pore dimensions, as large pores are visible at
−20 °C and smaller pores are visible at −80 °C, except for C/P
(50:50). It was observed experimentally that the cryogels

produced at −20 °C were fragile. Fracturing for SEM analysis
was not efficient and led to structure destruction, which
explains the differences in pore sizes. The C-G monoliths
exhibited the smoothest surfaces, whereas the other supports
presented with surface roughness, probably due to the dendritic
morphology of the ice crystals. It was also possible to observe a
difference in the pore architecture. In general, C-G monoliths
derived from more viscous casting solutions yielded oval/
semispherical pores. On the other hand, C/P (50:50) and Ag-

Figure 2. (a) Water flux (n = 3) and (b) compressive modulus of the hydrated monoliths (n = 2).

Figure 3. SEM micrographs (300× magnification) of chitosan- and agarose-based monoliths prepared at −20 °C (A, C and E) and −80 °C (B, D,
and F). (A) Ag-AAm-G (58:12:30), (B) C3%, (C and D) C/P (50:50), and (E and F) C-G.
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AAm-G (58:12:30) presented more uniform pore structures
(equiaxed). The high compression moduli of C-G can be
attributed to its thick walls.
Comparing monoliths prepared by different polymers, it was

clear that chitosan yields materials with higher stiffness and
high water permeability. Agarose-based monoliths presented
very high water permeability but were usually extremely fragile.
As seen in the SEM images (Figure 3), agarose-based materials
prepared at −20 °C had a tracery appearance, which was also
reflected in higher retention of viral particles (Figure 4). For

this reason, agarose monoliths prepared at −80 °C were not
tested for virus binding as they would yield smaller pores and
even higher virus retention. The monoliths prepared from
dextran were extremely fragile (as confirmed by the very low
compressible modulus) with difficult handling and low water
flux due to loss of integrity. Therefore, dextran-based monoliths
were not considered for further tests with viral particles.
Selecting the Best Monoliths for Ad5 Purification.

Monoliths prepared with natural polymers give rise to
hydrophilic surfaces, which are important during the chromato-
graphic process to allow for the reversible adsorption of target
biomolecules or particles and reduce unspecific binding. The
high number of hydroxyl groups at the monolith’s surface
renders enough functional groups for further functionaliza-
tion.10 Agarose blended with acrylamide and glycidyl
methacrylate (A-AAm-GMA (58:12:30)) frozen at −20 °C,
chitosan blended with glycidyl methacrylate (C-G), and
chitosan blended with poly(vinyl alcohol) (C/P) frozen at
−20 °C and −80 °C yielded the cryogels with the most
promising physical and mechanical properties. However, it was
still necessary to verify that these supports possess low
nonspecific binding of Ad5 prior to support functionalization
with the anion-exchange ligand. These data are summarized in
Figure 4.
Upon comparing monoliths prepared at −20 °C and −80 °C,

the former showed higher retention of Ad5, particularly for
agarose-based monoliths, probably due to the fact that their
internal pores presented tracery characteristics, as observed in
the SEM images (Figure 3). However, SEM analysis can be
dubious because the materials need to be fractured prior to
analysis and the structures at −20 °C were partially destroyed
during this process. In fact, the low stiffness and robustness of
the monoliths prepared at −20 °C is most likely the critical

parameter that impedes their use in bioseparations, as the
structures tend to collapse during the chromatographic run.
Therefore, C/P (50:50) and C-G monoliths prepared at −80
°C were chosen for further functionalization with an ion-
exchange ligand typically employed in adenovirus purification
and clearance.

Monolithic Supports Applied for Ad5 Purification. The
viral particles of Ad5 are negatively charged as are most viruses.
Anion-exchange chromatography employing quaternary amine
ligands (Q ligands) is a typical purification protocol. In this
work, two different functionalization methodologies were
followed to introduce Q ligands at the monolith surface (see
Figure 1). The plasma technique (M1) uses argon-plasma
treatment to introduce radicals onto the support surface for
subsequent amination with 1,6-hexanediamine and functional-
ization with the Q ligand. The amination yield obtained by
plasma treatment was 80 ± 30 μmol amines/g support for C/P
(50:50) monoliths and 140 ± 40 μmol amines/g support for C-
G monoliths. The epoxy-activation method (M2) is based on
the introduction of epoxy groups at the monolith surface. The
epoxy-activation yield obtained was 400 ± 100 μmol epoxy
groups/g support for C/P (50:50) monoliths and 60 ± 20
μmol epoxy groups/g support for C-G monoliths. The
monoliths were modified with ligand Q following both M1
and M2 strategies and tested again for binding and elution of
viral particles under the standard conditions employed in ion-
exchange chromatography. The different monolithic materials
were inserted into a chromatographic housing and loaded with
1 mL of Ad5 particles (∼1.45 × 1011 TP/mL) followed by
washing (20 mM Tris, 150 mM NaCl, pH 8) and elution (20
mM Tris, 1 M NaCl, pH 8). The results are shown in Figure 5.

C/P monoliths prepared at −80 °C emerged as the most
promising supports for Ad5 purification as it was possible to
identify particles in the elution fraction. The amount of ligand
Q immobilized in monoliths prepared by M1 and M2 was
quantified for 20 and 200 μmol of ligand Q/g support,
respectively. It was found that monoliths prepared by M1
bound and eluted Ad5 particles more efficiently than monoliths

Figure 4. Comparison of adenovirus vector recovery using different
nonfunctionalized monolithic supports. Unbound Ad5 percentages
were calculated according to eq 4. Viral particle analysis was performed
using a NanoSight NS500 instrument.

Figure 5. Comparative analysis of different functionalized and
nonfunctionalized monolithic supports for adenovirus vector recovery
concerning unbound and eluted Ad5. Control refers to non-
functionalized supports (only washing results are displayed). M1
refers to functionalization of the previously aminated monoliths
(plasma technique, Method 1). M2 refers to functionalization of the
previously epoxy-activated monoliths (epoxy-activation technique,
Method 2). The percentage of unbound Ad5 has been calculated
according to eq 4, and the percentage of eluted Ad5 has been
calculated according to eq 5. Viral particle analysis was performed
using a NanoSight NS500 instrument.
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prepared by M2. This can be related to the two chemical routes
followed, where M2 promotes covalent interactions between
neighboring chains of polymers within the monolith structure,
which entangle or immobilize ligand Q, making it inaccessible
for interactions with the viral particles. The monolith C/P
(50:50) prepared by M1 was able to retain ∼40% of the loaded
Ad5 particles after the washing procedure. Then, using elution
conditions with a high salt concentration as is typically
employed in anion-exchange chromatography of Ad5,39 it was
possible to desorb ∼100% of the bound viral particles.
Contrastingly, functionalized C-G monoliths (M1) did not

bind Ad5 particles and only 20% bound to the support
prepared by M2. This result can be explained by the higher
water flux observed for this cryogel structure, which did not
promote interaction between the ligand and viral particles.
Ligand Q has also been reported to yield viral particle

recovery between 33 and 70% when immobilized on
commercial agarose matrices (e.g., HiTrap prepacked columns
from GE Healthcare40 and Mustang Chromatography Capsules
from the Pall Corporation41). Other chromatographic method-
ologies have not achieved such good results. For example,
monoliths functionalized with steptadividin allowed the
recovery of only 8% of biotinylated oncovirus particles.17 A
maximum of 89% recovery of His-tag modified viral particles
was achieved with membranes through immobilized metal
affinity chromatography.42 The best results reported in the
literature were achieved with monolith CIM technology, which
is based on immobilization of the Q ligand. It has demonstrated
successful results for bacteriophage purification with yields of
∼100,12 75, and 85%13 or for the purification of rotavirus, rabies
virus, lentivirus, measles, and mumps. CIM monoliths are
prepared from glycidyl methacrylate-ethylenedimethacrylate or
styrene-divinylbenzene, which are all non-natural polymers.13

This work is the first report on the successful purification of
adenoviruses using polymeric biodegradable cryogels, which are
easily processed at low cost. It was also shown that
biodegradable monoliths could be produced that allowed for
the recovery of 100% of the bound viral particles.

■ CONCLUSION
Several monolithic structures were obtained from biopolymers
prepared at different freezing temperatures (−20 °C and −80
°C). The nonfunctionalized monoliths with the best physical
and morphological characteristics were further tested against
nonspecific binding to Ad5 viral particles. The monoliths
presenting the lowest nonspecific binding were further
modified and functionalized with ligand Q and tested for
their applicability for Ad5 recovery by ion-exchange inter-
actions. We describe for the first time the application of
biopolymeric biodegradable monoliths for adenovirus purifica-
tion. These monoliths can be easily produced in the laboratory
with inexpensive reagents and clean technologies to yield
nontoxic and biodegradable macroporous structures suitable for
disposable bioseparation protocols. The C/P (50:50) monolith
functionalized by plasma treatment yielded the best binding
results and allowed for the elution of 100% of the bound viral
particles. The eluted virus was in a colloidal solution meaning
that the interaction with the monoliths and the exposure to
washing and elution conditions did not led to virus aggregation,
which is an important quality attribute for virus-based products.
Despite the encouraging results, further studies should envisage
bioprocess engineering and development in terms of
optimization of elution conditions for optimal virus activity

(dependent on each specific case) as well as maximization of
the dynamic binding capacity. The monoliths produced can
also be modified with different ligands for unique bioseparation
purposes, thereby creating a toolbox that can be applied for the
purification of several biologics, including other virus types,
cells, organelles, large proteins, and nucleic acids.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details for monolith characterization, in particular
porosity determination, mechanical characterization, and
swelling tests, as well as results and discussion of the swelling
tests for different materials. This material is available free of
charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: air@fct.unl.pt.
*E-mail: cecilia.roque@fct.unl.pt.
Author Contributions
⊥C.S.M.F., B.G., and M.S. contributed equally to this study.
Funding
The authors are grateful to Fundaca̧õ para a Cien̂cia e
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