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Capture and release of viruses using amino-functionalized silica particles3
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Abstract8

A new virus capture/release strategy for the concentration of viral particles in water is reported. The method is an improvement upon traditional
approaches that rely exclusively upon electrostatic attractions between a charged substrate and charged viral particles, which can only be reversed
under extremely acidic or alkaline conditions to effect surface charge reversal and subsequent release of captured viruses. This method utilizes
negatively charged silica beads functionalized with amino groups using defined length spacer molecules to yield particles with a surface density
optimized for efficient virus capture. Following capture, viruses can be released using soluble proteins or amino acid-based alkaline eluents. Virus
recoveries are a function of the composition of elution solution used. The zeta potentials of amino-functionalized silica particles were analyzed
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 Pnd used to optimize the density of functionalized groups and the charge behavior of the functionalized silica surfaces. Raman spectrometry was

sed for the characterization of functionalized silica beads. This method is expected to apply in the analysis of viruses.
2006 Elsevier B.V. All rights reserved.
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. Introduction

More than 140 types of viruses are known to be excreted in
eces by infected persons [1]. Several of these viruses are associ-
ted with waterborne transmission. The contamination of water
ith human enteric viruses continues to present a serious threat

o the public health in many countries, including the United
tates. Enteric viruses can cause debilitating disease, and many
utbreaks resulting from contaminated drinking water have been
eported [2]. From 1971 to 1999, 9% of reported outbreaks of
nfectious disease associated with ground water contamination
ere attributed to viral agents. In 1982, 73 cases of hepatitis
virus (HAV) were documented to be the result of consuming

ontaminated water from a single spring in Meade County, Ken-
ucky [3]. Norwalk virus and Norwalk-like viruses (noroviruses)
re regarded as major causes of foodborne and waterborne viral
astroenteritis. Outbreaks of viral gastroenteritis have been asso-
iated with contamination of water supplies, raw foods and food
roducts prepared by ill food handlers [4]. In 1995, an outbreak
f norovirus gastroenteritis was linked to the failure of a septic

tank system [5]. Results from several studies have indicated that
conventionally treated drinking water may still contain human
enteric viruses and cause outbreaks even when those waters have
met water quality criteria based upon coliform bacteria densities
and turbidity [6–9].

Because enteric viruses in general are infectious at relatively
low concentrations, detection of virus samples in environmental
waters typically requires the collection of large sample volumes
(more than 1000 l). Adsorption-elution methods relying upon
electrostatically charged microporous filters have been used
extensively. Negatively charged materials, such as nitrocellulose
(Millipore HA), fiberglas (Filterite) and cellulose (Whatman)
are inexpensive but typically require extensive pre-conditioning
of the water to facilitate binding interactions between the neg-
atively charged surface material and negatively charged virus
particles [10]. Pre-conditioning treatments may include acidifi-
cation of the water sample or the addition of multivalent cationic
salts (magnesium chloride or aluminum chloride) to serve as
bridging molecules to facilitate virus capture. The addition of
multivalent cations effects a charge reversal on the negatively
charged viral particles, providing for electrostatic binding inter-
U∗ Corresponding author. Tel.: +1 574 631 5697; fax: +1 574 631 8366.
E-mail address: hchang@nd.edu (H.-C. Chang).

actions on the filter surface. Alternatively, the counter-ion flux 60

on the ion-selective membrane can produce a thick positively 61

charged double layer near the membrane surface [11]. This 62
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external double layer has a net charge higher than that of the63

membrane, thus effectively reversing the charge of the mem-64

brane to create a virus binding surface. The second mechanism65

can only occur if the pores are sufficiently small such that electro-66

osmotic flow and neutralizing convection are minimized, and67

only ion-selective electro-migration drives a cation flux into the68

membrane. As a result, negatively charged membrane filters gen-69

erally must have small pore sizes (0.2–0.45 �m) to minimize70

internal flow, which severely restricts the volume of sample that71

can be filtered.72

Electropositive filters have been described that can accommo-73

date larger sample volumes due to their large porosity (10 �m)74

and extensive surface area [12,13]. However, the appreciable75

costs of these single-use products, coupled with erratic recover-76

ies for some important viral agents preclude their routine use.77

Post-filtration processing also relies upon the use of relatively78

large volumes (∼1000 ml) of highly alkaline, protein-rich elu-79

ent (beef extract/glycine) that may interfere with downstream80

enzyme-based assay procedures, such as the polymerase chain81

reaction (PCRTM) due to the high concentration of interfer-82

ing mammalian-derived DNA in the eluents. The large elu-83

tion volumes also require secondary concentration to render84

the sample compatible with assay procedures that rely upon85

mammalian cell cultures (20–30 ml). More recently, alterna-86

tive elution procedures relying upon defined eluents (e.g. amino87

acids) have been described for the recovery of non-culturable88
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Fig. 1. Chemical structures of amino-functionalized silica.

spectroscopy is a promising tool for characterizing the chemical 120

information of solid phase surface. Surface-enhanced Raman 121

scattering (SERS) was demonstrated a good way for low-level 122

detection of viral pathogens [17]. Raman spectrometry was used 123

for characterizing the functionalized silica surfaces prior to and 124

after virus capture. A discussion of the possible mechanisms of 125

virus capture and release on the basis of double layer theory and 126

intermolecular interactions is presented. 127

2. Experimental 128

2.1. Preparation of amino-functionalized silica 129

An array of amino-functionalized silica bead products 130

including 3-aminopropyl-functionalized silica, 3-(ethylene- 131

diamino)propyl-functionalized silica, 3-(diethylenetriamino)- 132

propyl-functionalized silica and lupamin-coated silica was 133

prepared according to the following reactions. Six grams of sil- 134

ica gel (70–270 mesh chromatography-grade, Sigma–Aldrich, 135

Saint Louis, MO), was dried at 150 ◦C overnight, added to 136

150 ml of (3-aminopropyl)triethoxysilane in dry toluene. The 137

slurry was refluxed for 20 h under continuous stirring. The 138

APS amino-modified silica gels thus obtained were filtered, 139

washed with toluene, acetone and methanol, and then dried 140

at 105 ◦C for 4 h [18]. EPS was prepared as for APS, except 141
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iruses from water, with encouraging reductions in assay inter-
erences [4,14]. Li et al. reported a method using positively
harged filter media for concentration of enteric viruses. The
ositively charged filtered media is composed of NaCO3, AlCl3
nd silica gel [15]. Recently, hollow fiber ultrafilters have been
sed to detect enteric viruses in a variety of water samples and
ecoveries in excess of 50% have been reported [16]. However,
hese ultrafilters are relatively expensive, must be pretreated to
lock non-specific adsorption, and samples must be recirculated
hrough filter cartridges under pressure at relatively slow flow
ates (200–300 ml/min). These requirements make it impracti-
al to filter large volumes of water in the field. Thus, there is
n absence of a simple, rapid and economical method for the
oncentration of enteric viruses in water.

This work reports the development of a simple, efficient
nd inexpensive virus capture material based upon amino-
unctionalized silica beads that will efficiently recover viral
gents in water. An array of amino-functionalized, electropos-
tive silica materials was developed and applied to capture

odel bacterial viruses (coliphage MS-2 and bacteriophage
RD-1) from seeded water samples. The amino-functionalized
ilica prototypes included 3-aminopropyl-functionalized silica
APS), 3-(ethylenediamino)propyl-functionalized silica (EPS),
-(diethylenetriamino)propyl-functionalized silica (DPS) and
upamin-coated silica (LS), with chemical structures presented
n Fig. 1. Viruses captured on the prototype beads were released
sing eluent solutions containing soluble proteins or amino acids
nd surfactants. The zeta potentials of the amino-functionalized
ilica particles were analyzed and used to establish an index
or monitoring the density of the functionalized groups and the
harge behavior of the functionalized silica surfaces. Raman
ACA 227416 1–7

or using [3-[(2-aminoethyl)amino]propyl]trimethoxysilane in
lace of (3-aminopropyl)triethoxysilane. DPS was prepared
y adding 6 g of silica gel in 150 ml of 3% N-3-
trimethoxysilylpropyl)diethylenetriamine in 1 mM acetic acid
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with continuous stirring for 3 h, filtering and washing with water146

and drying at 105 ◦C for 4 h [19]. Lupamin-coated silica (LS)147

was prepared by mixing 2 g of silica with 20 ml of 2 mg/ml148

polyvinylamine and stirring for 3 h. The resulting product was149

washed with water and dried for use.150

2.2. Measurement of zeta potentials and Raman151

spectroscopy152

Zeta potentials of functionalized silica particles were mea-153

sured with a zeta Potential Analyzer (Brookhaven Instruments154

Corporation, Holtsville, NY). Particles were suspended in deion-155

ized water or phosphate buffers adjusted for pH. The Raman156

spectra of functionalized silica were measured with an inVia157

Raman Microscope (Renishaw, UK).158

2.3. Preparation of bacteriophages MS-2 and PRD-1159

Bacteriophages MS-2 (ATCC 15597-B1) and PRD-1 (BAA-160

769-B1) and E. coli Famp host bacteria (ATCC 700801)161

were purchased from the American Type Culture Collection162

(Gaithersburg, MD). Bacteriophages were plaque-purified and163

propagated to high titer using E. coli host cells according to164

the double agar layer infectivity method described by Adams165

[20], recovered in small volumes of phosphate-buffered saline,166

pooled and extracted using chloroform before aliquotting sam-167
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3. Results and discussion 197

3.1. Zeta potential, morphology and Raman spectroscopy 198

of amino-functionalized silica 199

When particles are suspended in an electrolyte solution, a 200

layer of counter ions exhibiting a charge opposite to those on 201

the surface forms a charged double layer around the particle. 202

The potential drop across the double layer is the zeta potential 203

and its magnitude and sign reflects the density and charges of 204

the surfaces. When functionalized groups are modified on the 205

surface of the particle, the zeta potential can be altered because 206

the functionalized groups change the surface charge and some- 207

times the thickness of the double layer due to the finite size of the 208

functional group. We hence use the zeta potential as a measure 209

of the density of the functionalized groups. 210

The zeta potential of bare silica gel in water (pH 7.0) was mea- 211

sured to be −27 to −35 mV, which indicates that silica exhibits a 212

negatively charged surface in water, unsuitable for virus capture 213

unless acidic conditions are imposed to effect charge reversal. 214

The zeta potentials of amino-functionalized silica particles were 215

measured as a function of pH condition, as shown in Fig. 2. 216
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les for use throughout the project. Virus stocks and host cells
ere archived in 20% glycerol (v/v) at −70 ◦C.

.4. Determination of capture and elution efficiency

About 50 mg of silica particles with or without chemical
unctionalization were deposited into microcentrifuge tubes in
uplicate and supplemented with 1 ml of bacteriophage MS-
(approximately 100–200 plaque forming units (pfu) per unit

olume). Silica/bacteriophage suspensions were vortexed every
0 s over a 5 min period. Tubes were then centrifuged for 2 min at
000 × g at 10 ◦C, and supernatants were transferred to sterile
olypropylene tubes. Pelleted beads were then supplemented
ith 1.0 ml of elution solution and vortexed every 30 s for a

otal 5 min, followed by centrifugation as before. The eluates
ere then transferred into fresh sterile tubes. The supernatants

nd eluates were then subjected to infectivity assay (double agar
ayer method) to identify the number of viable viruses captured
nd eluted from the functionalized silica beads. The typical elu-
ion solution was 1.5% beef extract, 0.25 M glycine and 0.01%
ween 80, unless otherwise stated.

.5. Enumerative virus assay

Viruses were quantified according to the double agar layer
ethod [20]. In brief, 0.1–0.5 ml of supernatant or sample eluate
as added to 5 ml of molten top agar (0.9% wt./vol.) containing

og-phase E. coli host from overnight cultures and poured into
00 mm plates containing nutrient bottom agar. After 16–24 h
ncubations at 37 ◦C, clear zones of lysis (viral ‘plaques’)
ere enumerated. Virus concentrations were determined as the
ACA 227416 1–7

rior to chemical modification, bare silica shows a negative zeta
otential above pH 3.0 due to the dissociation of protons from
he silanol group. After chemical modification of the surface
ith amino groups, the amino groups can accept protons and
ecome positively charged NH3

+ species. As such, a positive
eta potential is detected under acidic conditions. Under alka-
ine conditions, the zeta potentials of LS, EPS and APS exhibit
egative zeta potentials probably due to the dissociation of pro-
ons from the amino groups and the residual silanol (Si–OH)
roups form –NH2 and Si–O− species.

A key comparison is between the APS and DPS functional-
zed silica. As seen in Fig. 2, DPS can change the zeta potential

ore readily at alkaline conditions while APS is more effec-
ive at acidic conditions. Across the pH range of 4–8, the shift
n zeta potential was relatively low (∼15 mV). This key differ-

ig. 2. pH effect on the zeta potentials of amino-functionalized silica. pH buffers
ere prepared with 10 mM phosphate buffer.
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ence under conditions of extreme pH reflects the importance232

of the relative position of functional groups for the APS and233

DPS formulations shown in Fig. 1. APS amino groups are end234

groups that protonate to form –NH3
+ whereas the DPS struc-235

ture includes multiple –NH2
+ functional groups within the silica236

matrix. These two sites have different titration features and dif-237

ferent affinities for negatively charged viruses. It is known that238

the ionizable groups on the outer surface of the microorganism239

include carboxylic acids, organophosphates, amine and some-240

times sulfate moieties [21]. Multiple NH2
+ sites on the function-241

alized silica offer multiple hydrogen bonds for the functional242

groups on the surface of the virus particle, including carboxylic243

acids (–COOH). Because the hydrogen bond is a weaker inter-244

molecular reaction, viruses captured by hydrogen bonding are245

more readily released.246

The zeta potentials of bacteriophage MS-2 (pH 7.3 TSB) and247

bacteriophage PRD-1 (pH 7.6 TSB) were measured as −11.27248

and −8.58 mV, respectively, reflecting the negative charges of249

these viruses aqueous solutions at neutral pH. The observed250

negative zeta potential is consistent with the isoelectric point251

(pI) of MS-2 previously determined as 3.9 [22]. Because the252

pI of MS2 falls below the pH of neutrality, the net charge on253

the outer surface of bacteriophage MS2 is negative. Based on254

these zeta potential measurements, it is clear that the amino-255

functionalized silica can possess an opposite charge from the256

virus and hence electrostatic attractions between the functional257
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Fig. 4. Raman spectrum of amino-functionalized silica. Laser: 633 nm, grating:
1800 lines/mm, exposure time: 10 s and accumulations: 10 times.

Table 1
Zeta potential of functionalized silica particles following virus capture

Type of particle Before After capture (MS2) After capture (PRD1)

Bare silica −35.55 −36.77 −28.97
APS 9.18 −26.34 −5.4
DPS 22.32 −12.88 −0.5

Zeta potential of viruses in TSB; MS2: −11.7 mV, PRD1: −8.58 mV.

decreased, indicating an interaction between the functionalized 271

amino groups and the coliphage particles. 272

3.2. Capture and release of virus using 273

amino-functionalized silica 274

Table 1 shows the change in zeta potential exhibited by silica 275

particles before and after virus capture. Because the bare sil- 276

ica preparations exhibit a negative charge they were ineffective 277

in binding the negatively charged virus particles; the negligible 278

shifts in zeta potential following challenge either with coliphage 279

MS-2 or PRD-1 were consistent with this observation, when 280

bare silica was challenged with coliphage. However, the zeta 281

potentials of the APS and DPS constructs changed appreciably 282

from positive to negative values following virus capture with 283

both model microorganisms. This observation was consistent 284

with the high efficiency virus binding that was observed with 285

the two model coliphages (95.5–99.8%, Table 2) based on the 286

intermolecular electrostatic attraction and specific interactions, 287

such as hydrogen bonding between the viruses and functional- 288

ized amino groups. 289

Tables 2 and 3 show the capture and release efficiencies of 290

the amino-functionalized silica constructs, respectively. Several 291

models of virus capture are presented in Fig. 5. As expected, the 292

bare silica exhibited poor virus binding efficiency (∼13%) due 293

to electrostatic repulsion between the negatively charged virus 294
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roups and the virus particles can be harnessed as a trapping
echanism.
The morphology of the silica particles was studied by scan-

ing electron microscopy (SEM). As shown in Fig. 3, the
hape of the silica particles is not uniform, and particle sizes
anged from approximately 50 to 100 �m with a distinct, non-
orous surface. The Raman spectra of the bare silica and the
mino-functionalized silica are presented in Fig. 4. According
o the observed spectral shifts, functionalization of the bare sil-
ca resulted in a shift of peak absorbance from around 2000
o 2900 cm−1 for both the APS and DPS formulations. When
he functionalized silica bead constructs were challenged with

odel viruses, the intensity of the observed spectral peaks

Fig. 3. Scanning electron microscopy images of silica particles.
ACA 227416 1–7

able 2
apture efficiency of virus

ample Capture efficiency MS2 Capture efficiency PRD1

are silica 13.3 ± 15.1 9.0 ± 12.3
PS II 99.8 ± 0.5 95.5 ± 3.3
PS II 98.0 ± 1.6 95.3 ± 3.0
upamin Si 99.5 ± 0.6 99.0 ± 0



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

Z. Chen et al. / Analytica Chimica Acta xxx (2006) xxx–xxx 5

Fig. 5. Suggested models of virus capture on amino-functionalized silica.

surface and the negatively charged silanol groups following dis-295

sociation of a proton. The small level of virus capture observed296

(ca. 10%) may have been associated with physical adsorption of297

virus onto the silica surface as shown in Fig. 5A, or failure to298

wash away residual viruses from the aqueous supernatant. The299

high efficiency of virus capture observed for the APS, DPS and300

LS constructs (>98%) was attributed to the high density of posi-301

tively charged amino groups, facilitating electrostatic attraction302

and other intermolecular interactions, such as hydrogen bond-303

ing.304

Although the virus capture efficiencies of the three silica305

constructs were comparable, their capacities to release bound306

viruses were quite different (Table 3). Binding between col-307

iphage MS-2 and the APS construct was essentially irreversible308

(4% of captured viruses could be released), however, interac-309

tions between this construct and coliphage PRD-1 could be310

readily reversed (∼70% of bound viruses could be released).311

Conversely, coliphage MS-2 could be recovered readily from312

Table 3
Release efficiency of virus with 1.5% beef extract supplemented with 0.25 M
glycine and 0.01% Tween 80

Sample Release efficiency MS2 Release efficiency PRD1

Bare silica 3.9 ± 0.8 6.3 ± 3.7
APS II 4.0 ± 1.4 69.5 ± 3.5
D
L

the DPS construct, whereas release of coliphage PRD-1 was 313

relatively low (∼32% of bound viruses could be recovered). 314

Recoveries of model viruses from the lupamin construct were 315

intermediate, ranging from essentially 0 (MS-2) to ∼21% (PRD- 316

1). 317

These observations suggest that there are differences in the 318

interactions between the model viruses and the different types 319

of functionalized silica. A number of potential capture mecha- 320

nisms are suggested in Fig. 5. As shown in Fig. 5D, lupamin is a 321

long linear polyvinylamine, which is likely to manifest itself as 322

an entangled conformation on the silica surface [23]. The thick- 323

nesses of the charged double layer in 1 and 100 mM KCl aqueous 324

solutions are calculated to be 10 and 1 nm, respectively [24]. The 325

length of a single carbon bond is known to be 0.154 nm [25]. 326

The positively charged multiple amino groups on the surface of 327

the silica and the virus capsid are hence likely to be surrounded 328

by a double layer cloud. When protein-rich eluants are utilized 329

to sever the connection between bound viruses and charged sil- 330

ica surfaces, this double layer ‘screening’ may eliminate the 331

attractive force between suspended proteins and the silica-virus 332

complex. As a result, virus binding cannot be readily reversed 333

by substituting the virus binding site on the silica with a pro- 334

tein or surfactant molecule. The weaker PRD-1 charge density 335

relative to MS-2 (−8.58 mV versus −11.27 mV) suggests that 336

PRD-1 may be more readily substituted and released from each 337

binding site. This is indeed true for the APS functionalized bead 338
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PS II 79.0 ± 10.7 31.9 ± 16.2
S 0 ± 0 21.0 ± 1.4
ACA 227416 1–7

ut not so for the DPS construct. The weaker hydrogen bonding
etween NH2

+ groups on the DPS and the charged carboxylic
cid groups on the virus surface would also suggest easier
elease.

The same reason would argue that DPS would exhibit the
ighest release efficiency for coliphage PRD-1. While a high
elease rate for this combination was observed (Table 3), the
fficiency of release was approximately 50% of that observed
or PRD-1 on the DPS construct. The observed reduction in
elease efficiency may have been associated with the fact that
he DPS construct includes NH2 sites that may exhibit com-
arable lengths with the –COOH and –NH2 sites on the sur-
ace of the model coliphage (PRD-1) to the extent that multi-
le binding sites may be involved with each virus adsorption
event’; viruses bound by multiple interactions may be more
ifficult to release than those bound by single intermolecular
eactions. DPS exhibited the highest release efficiency for col-
phage MS-2 (Table 3), probably due to the extended length
f the DPS functional group and its rigid conformation, which
ay facilitate an interaction that allows the group to protrude

nside the double layer and attract the substituting proteins
nd surfactants by intermolecular interactions, as shown in
ig. 5C.

.3. Release of virus with different elution solutions

In order to adjust the zeta potential and improve the virus
elease efficiency, the traditional beef extract-based virus elu-
ion solution was modified to include surfactants and additional
mino acids. Following the initial characterization of the virus
inding properties of each silica matrix, we examined the effects
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of these modified eluants upon the release efficiency of coliphage368

MS-2 using the APS construct. The following eluants were369

studied: 1.5% beef extract, 3.0% beef extract, defined amino370

acids including 0.5 M glycine and 0.5 M lysine, and surfactants,371

such as 0.1% cetyltrimethylammonium bromide (CTAB), 0.1%372

sodium dodecylsulfate (SDS) and 0.01% polysorbate (Tween373

80). All combinations of eluant components studied exhibited374

poor elution efficiency (less than 4.5%) for coliphage MS-2 cap-375

tured on the APS construct. As indicated in Figs. 1 and 5B,376

the aminopropyl group is relatively short and the captured MS-377

2 particle is screened by the double layer ion cloud such that378

the protein and surfactants cannot be attracted to the sites on379

the functional group to release the captured virus. Conversely,380

the APS construct has only a single –NH3
+ group, which lacks381

multiple hydrogen bonding mechanism, resulting in low release382

efficiency.383

The higher release efficiency of bacteriophage MS-2 exhib-384

ited by the DPS II construct was probably associated with the385

longer 3-(diethylenetriamino)propyl group that may protrude386

inside the double layer and offer multiple NH2 sites for weaker387

hydrogen bonds. Among the elution solutions examined, 1.5%388

beef extract was the most essential component of the elution389

solution. When eluants were supplemented with 0.1% CTAB,390

elution efficiencies decreased. The addition of both 0.1% anionic391

surfactant (SDS) and 0.01–0.1% non-ionic surfactant (Tween392

80) improved release efficiencies. Increasing the concentration393
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Fig. 6. pH effect on capture efficiency. Spiked concentrations of MS-2: 9.0 × 103

to 4.7 × 104 pfu/ml for DPS-VI and APS-II in tube, 740–887 pfu/ml for DPS-VI
in a column and 2.9 × 105 to 1.1 × 106 pfu/ml.

potential is very high (Fig. 2) which suggests that the function- 423

alized silica exhibits a high density of positive charge. However, 424

as the isoelectric point (pI) of MS2 is 3.9 [22], when ambient 425

pH falls below the pI, some of functional groups on the virus 426

capsid exhibit positive charge, resulting in a decreased capture 427

efficiency. Conversely, although viruses tend to be positively 428

charged under extremely acidic conditions (pH < 3), the func- 429

tionalized silica still exhibited a high capture efficiency, suggest- 430

ing that the capture mechanism includes not only electrostatic 431

attraction but also other multiple intermolecular interactions, 432

such as hydrogen bondings. At pH 9 and higher, although the 433

virus particles exhibit higher negative charges, the density of 434

positive charge of functionalized silica is lower compared to 435

acidic conditions. Hence, the capture efficiency is decreased 436

at pH 9 compared to neutral conditions, such as pH 5–7. As 437

the ionizable groups on the virus surface are carboxylic acids, 438

organophosphates, amines and sometimes sulfate moieties [21], 439

they can offer multiple point-specific interactions, such as hydro- 440

gen bonds to functionalize amino groups on the surface of 441

silica. 442

3.5. Capacity of virus capture 443

It is important to understand the capture capacity under a wide 444

range of virus concentrations for applying functionalized silica 445
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f surfactant beyond 0.01% did not improve virus recoveries
ignificantly. Use of defined component eluants (either lysine or
lycine) did not result in efficient release of model viruses with
he exception of 0.5 M lysine supplemented with 0.01% Tween
0.

The substitution of 0.25 M glycine (Gly) and 0.25 M thre-
nine (Thr) for the primary eluent component (beef extract)
esulted in a 42% virus release efficiency. This encouraging
esult suggests that it may be possible to remove beef extract
rom the eluent altogether, rendering the concentrates much
ore compatible with PCR-based assay techniques which other-
ise may be inhibited substantially by the abundance of nucleic

cids of calf origin arising from the beef extract-rich solu-
ions. However, the highest release efficiency observed with
hese eluents (79%) was observed when 1.5% beef extract
as supplemented with 0.25 M glycine and 0.01% Tween
0. Similar release characteristics were observed for bacterio-
hage PRD-1, where the elution efficiencies ranged from 30 to
3.5%.

.4. pH effect on the capture efficiency

Since the pH of field samples varies considerably, it is impor-
ant to determine the efficiency of virus capture using function-
lized silica across a range of pH values. The results in Fig. 6
ndicate that functionalized silica constructs DPS-VI and APS-
I capture viruses very efficiently from pH 3 to 9. Overall, more
han 98% of the seeded viruses were captured between pH 5
nd pH 7. The highest capture efficiency was achieved at pH
. Even at pH 9, both constructs exhibited capture efficiencies
f ∼98%. Under extremely acidic conditions (pH 3), the zeta
ACA 227416 1–7

o field samples. To determine capture efficiencies across a range
f virus concentrations, 103, 104 and 106 pfu of viral particles
ere seeded into 1 ml volumes of reagent water in microcen-

rifuge tubes. Viruses were captured by DPS-VI and released
sing 1.5% beef extract/0.25 M glycine/0.1% Tween 80 at pH
.0. As indicated in Fig. 7, DPS-VI was capable of capturing
9.7% of the viruses seeded regardless of the spiking concentra-
ions. These results demonstrate that the capture capacity of the
unctionalized silica material is more than sufficient to accom-
odate the range of virus concentrations that may be expected

n natural waters. The good linear relationship between the con-
entrations of spike and recovery indicates that captured virus
n the functionalized silica media can be dynamically released
y a specific elution solution.
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Fig. 7. Correlation between spiked and recovered concentrations of virus MS-2.

4. Conclusions460

We have successfully developed an effective amino-461

functionalized silica material and applied it to water samples462

for capture and release of viruses. All the amino-functionalized463

silica materials including APS, DPS, EPS and LS can cap-464

ture virus with efficiencies exceeding 95%. Because the 3-465

(diethylenetriamino)propyl group in the DPS construct relies466

upon hydrogen bonding with virus particles, these relatively467

weak interactions are more readily broken for efficient release468

of captured viruses. Hence, the 79% recoveries observed for469

bacteriophage MS-2 and 32% recoveries for PRD-1 captured470

on DPS using elution solutions containing 1.5% beef extract,471

0.25 M glycine and 0.01% Tween 80 were not surprising. The472

results of the sequence of experiments on the effects of pH and473

virus concentration suggest that these functionalized silica mate-474

rials are capable of capturing viruses quite efficiently across a475

wide range of virus concentrations and pH values. As viruses476

have long been very challenging to concentrate, these function-477

alized silica materials can be tailored towards a wide variety of478

virus filtering and concentration applications. The results from479

this study suggest that amino-functionalized silica particles may480

be applied to concentrate viruses in water samples with a wide481

range of pHs and virus densities. This method is expected to482

apply in the analysis of viruses. Further studies in concentrating483

viruses from large volumes of water will be carried out in the484

f
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