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ABSTRACT: The current state-of-the-art in bacteriophage (phage) immobilization
onto magnetic particles is limited to techniques that are less expensive and/or facile but
nonspecific or those that are more expensive and/or complicated but ensure capsid-down
orientation of the phages, as necessary to preserve infectivity and performance in
subsequent applications (e.g., therapeutics, detection). These cost, complexity, and
effectiveness limitations constitute the major hurdles that limit the scale-up of phage-
based strategies and thus their accessibility in low-resource settings. Here, we report a
plasmid-based technique that incorporates a silica-binding protein, L2, into the T7 phage
capsid, during viral assembly, with and without inclusion of a flexible linker peptide,
allowing for targeted binding of the phage capsid to silica without requiring the direct modification of the phage genome. L2-tagged
phages were then immobilized onto silica-coated magnetic nanoparticles. Inclusion of the flexible linker between the phage capsid
protein and the L2 protein improved immobilization density compared to both wild type T7 phages and L2-tagged phages without
the flexible linker. Taken together, this work demonstrates phage capsid modification without engineering the phage genome, which
provides an important step toward reducing the cost and increasing the specificity/directionality of phage immobilization methods
and could be more broadly applied in the future for other phages for a range of other capsid tags and nanomaterials.
KEYWORDS: T7, in vitro phage engineering, silica binding, magnetic nanoparticles, phage technology, tailed phages,
plasmid-based capsid tagging

■ INTRODUCTION
Bacterial contamination of food1−7 and water8,9 remains a
global burden to human health with economic impacts
including medical costs, lost productivity, and food waste
from bacterial-derived spoilage and contamination.2,10−13

Phages are obligate parasites that can only replicate within
specific bacterial hosts.14,15 For tailed phages, the evolution of
highly specific interactions between tail fibers and targeted
bacterial surface receptors has allowed phages to identify hosts
while minimizing cross-reactivity in complex environ-
ments.16−18 Thus, phage-based technologies enable accurate,
rapid, and practical detection tools with broad applications in
food and water safety,1,19,20 medical diagnostics,21 and
environmental monitoring.22

Recent reviews1,21,23−29 have surveyed phage-based bacterial
detection methods, with some presenting limit of detection
(LOD) values of <10 CFU/mL in <10 h.1,19 Immobilization of
the phages onto magnetic micro- or nanoparticles can permit
preconcentration of the bacteria, further reducing LOD values.
Immobilization of phages onto magnetic particles has been
accomplished with methods that include amide bonds formed
by carboxylic acid−amine coupling,30−33 interaction of
streptavidin with biotin,34−36 electrostatic interactions,37,38

and unnatural amino acids such as alkynes.19 However, each of
these methods suffers from at least one of the following

limitations: cost, complexity, or effectiveness. The simpler
methods (amide bonds and electrostatic interactions) are
nonspecific and cannot ensure capsid-down orientation of the
immobilized phages, a necessity for maintaining their binding
specificity. In contrast, methods that do ensure the proper
orientation of phages (streptavidin−biotin and unnatural
amino acids) require more costly materials and/or compli-
cated, labor-intensive molecular engineering techniques.39

These limitations present a hurdle to pragmatic scalability of
phage−nanoparticle conjugates for bacteria detection, espe-
cially for low-resource settings which the United Nations
estimated will comprise >60% of the global population by
2050.40 To enable point-of-care and point-of-use testing in
these areas, considerations of cost and pragmatism are
necessary in design of detection systems.
To permit dispersion and prevent agglomeration, magnetic

nanoparticles (MNPs) can be coated with an inert material,
with silica decoration a common and economic option.
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Current methods for binding phages to silica include silane
modification to introduce functional groups that either couple
to the phage via primary amines present throughout the outer
protein shell (including both the capsid and tail fibers) or
modify the silica charge to promote favorable electrostatic
interactions between phages and the silica surfaces.41−43

Unfortunately, these nonspecific methods can lead to improper
orientation of the phages such that the tails may no longer be
able to seek out and bind their bacterial targets. An improved
method for binding phages to magnetic silica particles would
modify the phage capsids with a silica-targeting group,
permitting directed conjugation of the phages to the particles
through their capsids.
L2, a ribosomal protein from Escherichia coli, has been

shown to bind strongly to silica and has been successfully used
as a silica-binding tag in fusion proteins.44−46 L2 is 273
residues long with a net positive charge at pH 7. At pH > 7, L2
has a high affinity for silica surfaces, where there are
electrostatic interactions between deprotonated, and thus
negatively charged, silanol groups and the net-positively
charged L2 domain 1 (L2d1; residues 1−60) and L2 domain
3 (L2d3; residues 203−273).44,46 L2 domain 2 does not
contribute to silica binding.44,46 L2 has also been shown to
bind to silica even in the presence of high concentrations of
salt, suggesting that, in addition to electrostatic interactions,
the intrinsic disorder of the N- and C-terminal ends of L2
allows nonpolar groups in these regions to interact with
hydrophobic siloxane groups on silica surfaces.47

To overcome challenges in site-directed coupling of phage
onto silica decorated MNPs, we developed a plasmid-based
technique which incorporates L2 into the major capsid protein
(Gp10A) of T7 phages without requiring the direct
modification of the T7 genome. We used T7 as the model
phage for this work due to its history of use in the field of
phage display and the many previous reports of successful
incorporation of proteins into T7’s assembled procapsid.48 T7
is also of particular interest as a detection tool due to its short
replication time (17−25 min49−51 using common strains of E.
coli52), formation of visible plaques within 3 h (at 37 °C),
ability to lyse hosts in liquid culture within 1−2 h, and ability

to release ∼100 progeny per infected bacterium under optimal
conditions.49 Further, T7 is stable over a wide pH range but
infects best when the pH value is between 6 and 8.53 Genome
replication, gene expression, protein synthesis, and viral
assembly happen simultaneously during T7 infection, where
progeny are assembled by selecting structural subunits from
pools of overexpressed proteins, which in this work allows L2-
tagged capsid proteins to be assembled on the T7 capsid.51

In this work, we produced three L2-tagged T7 mutants by
engineering the Gp10A capsid protein with L2d1 and L2d3, with
and without the incorporation of a flexible linker (L-). Mutant
phages are denoted as T7L2d1 (incorporating Gp10A-L2d1),
T7L‑L2d1 (incorporating Gp10A-L-L2d1), and T7L‑L2d1d3 (in-
corporating Gp10A-L-L2d1d3). We found that the flexible linker
was essential for improving the silica binding performance of
the L2d1-tagged phages, as only T7L‑L2d1 phages statistically
outperformed wild type T7 (T7wt) in terms of the number of
phages bound to silica-coated MNPs. This work provides an
important step toward overcoming some of the hurdles facing
phage-based technologies. Additional work in optimizing L2’s
assembly on phage capsids and increasing the strength of
capsid-directed phage conjugation onto silica surfaces will
further improve accessibility of point-of-care detection systems
to improve public health and reduce the socioeconomic
burden of bacterial contamination in food and water.

■ MATERIALS AND METHODS
Bacterial Strains, Control Phages, Media, and Growth

Conditions. NRGp4, a mutant version of T7 previously engineered
by our group54 to produce bioluminescent reporter enzyme NanoLuc
Luciferase (NLuc)55 upon host infection, was used as “wild type” T7
and is referred to here as T7wt. T7wt was propagated in E. coli BL21
cells (ATCC BAA-1025), as described below, and was used as the
non-L2-tagged phage control during silica-binding experiments. All
engineered pET plasmids (pNRG-172, pNRG-177, or pNRG-178)
were separately transformed into, and expressed from within,
chemically competent One Shot BL21(DE3) E. coli cells (Thermo
Fisher Scientific, Waltham, MA), with plasmids maintained using 50
μg/mL ampicillin, as described below. All bacterial cultures were
grown in LB Miller broth (Thermo Fisher Scientific) at 37 °C with

Figure 1. Graphical representation of pNRG-172. The coding regions of g10A and l2d1 were fused by removing the stop codon from g10A and
adding a double stop codon at the end of l2d1.
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shaking at 90 rpm. A complete list of bacterial strains, plasmids, and
T7 phage iterations can be found in Table S1.

Enumeration of all phage stocks was done using standard full plate
plaque assays. Briefly, phages were serially diluted in LB broth under
sterile conditions. Then, 5 mL of sterile 0.8% LB top agar (Thermo
Fisher Scientific) was heated to 55 °C before adding 100 μL of an E.
coli BL21 overnight culture and 100 μL of diluted phage. The mixture
was poured onto plates of fresh LB Miller bottom agar (1.5% agar)
and allowed to solidify under a laminar hood before being incubated
at 37 °C for 18−24 h. Plaque counts were used to determine the
concentration of phages as plaque forming units/mL (pfu/mL), and
propagated phages were stored in SM buffer (100 mM NaCl, 8 mM
MgSO4·7H2O, 50 mM Tris, pH 7) at 4 °C for no more than 1 month.
Construction of Plasmid pNRG-172. The pET-17b (AddGene

69663-3) plasmid served as the vector backbone of pNRG-172, with
tagged capsid proteins expressed using the pET/BL21(DE3)
expression system.56 T7’s g10A was amplified using T7’s genome as
a template. NEB’s Phusion High Fidelity PCR Master mix (New
England Biolabs, Ipswich, MA) was used for PCR amplifications, and
corresponding primers were ordered from IDT (Coralville, IA). A
reverse primer was designed so that it omitted g10A’s endogenous
stop codon and forced translation to terminate at the end of L2
domain 1’s (l2d1) coding region. The first 180 bases of L2 (l2d1) were
amplified using an in-house plasmid containing BL21(DE3)’s
complete L2 gene. The reverse primer used for amplifying L2’s
domain 1 also added a double stop codon to the end of l2d1. Regions
of homology were added to the C-terminal of amplicon g10A and the
N-terminal of amplicon l2d1 using PCR and primer overhangs.
Assembly was accomplished using NEBuilder HiFi DNA Assembly
Master mix (New England Biolabs), and the final recombined
construct (“g10A-l2d1”) was amplified using another set of primers to
add 5′-HindIII and 3′-BamHI cut sites to respective ends of the final
amplicon. Both the pET-17b vector backbone and the final g10A-l2d1
fragment were double-digested using HindIII-HF and BamHI-HF
endonucleases purchased from NEB (New England Biolabs) and were
subsequently gel purified before being ligated together in a 1:3 (vector
to insert) ratio. Ligated plasmids were transformed into E. coli
BL21(DE3) cells, following manufacturer recommendations, and final
plasmids were isolated from single bacterial colonies before being
sequenced (Cornell Institute of Biotechnology Core Facilities, Ithaca,
NY) to ensure proper plasmid assembly. Figure 1 depicts the pNRG-
172 plasmid, and a complete list of primers used to make pNRG-172
can be found in Table S2. Plasmid maps are found in Figure S1.
Construction of Plasmid pNRG-177. Plasmid pNRG-177

expressed the same tagged version of T7’s major capsid protein as
pNRG-172 expressed, but this iteration also contained a flexible linker
placed between Gp10A and L2d1. pNRG-177 was constructed using
the same double-digested pET-17b backbone that had been used to
assemble pNRG-172 and a preassembled gBlock that contained g10A,
a fusion protein linker,57 and L2’s domain 1 (residues 1−60). pNRG-
177’s gBlock (IDT) was PCR amplified to add 5′-HindIII and 3′-
BamHI cut sites to respective fragment ends and then was double-
digested as described above. Vector and insert were ligated together in
a 1:3 ratio, respectively, and final ligated plasmids were transformed
into chemically competent E. coli BL21(DE3) cells, following
manufacturer recommendations. Plasmids were isolated from single
bacterial transformant colonies and sequenced to ensure proper
assembly of the plasmid. A complete list of primers can be found in
Table S2, while all plasmid maps can be found in Figure S1.
Construction of Plasmid pNRG-178. Plasmid pNRG-178 was

constructed by ligating the digested pET-17b used previously with a
modified version of pNRG-177’s gBlock such that it coded for g10A,
the selected flexible linker, l2d1, and L2’s domain 3 (l2d3). To modify
the original gBlock, PCR was used to amplify L2’s domain 3 (residues
203−274) using the reverse primer to add a double stop codon to the
end of l2d3. When amplifying the “g10A-linker-l2d1” from the original
gBlock, the reverse primer used for the respective amplification was
omitted, and the double stop codon from the end of l2d1 was
effectively removed, so that the translation would be terminated after
L2’s domain 3 had been expressed. HiFi recombination, facilitated by

regions of homology added to the ends of each respective amplicon,
was used to stitch l2d3 to the end of the g10A-linker-l2d1 amplicon,
making the final product “g10A-linker-l2d1l2d3”. Another set of primers
added cut sites, 5′-HIndIII and 3′-BamHI, to the assembled insert,
and the final product was double-digested as previously described.
Ligation was performed in a 1:3 ratio, and plasmids were transformed
into chemically competent E. coli BL21(DE3) cells as the manufacture
guidelines dictated. Plasmids were isolated from single bacterial
colonies and sequenced as previously described to ensure proper
assembly of the plasmid. A complete list of primers can be found in
Table S2, while all plasmid maps can be found in Figure S1.

Propagation of T7wt, T7L2d1, T7L‑L2d1, and T7L‑L2d1d3 Phages
and Confirmation of Tagged Capsids. Cultures of E. coli
BL21(DE3) transformed with either plasmid pNRG-172, pNRG-
177, or pNRG-178, as well as cultures of E. coli BL21 without a
plasmid, were grown to an OD600 of 0.2 in LB medium
(supplemented with 50 μg/mL ampicillin for the E. coli cells with
plasmids only); then, isopropyl ß-D-1-thiogalactopyranoside (IPTG)
was added to a final concentration of 0.5 mM to induce protein
expression for 30 min at 37 °C with 90 rpm shaking. Then, Mg2+ and
Ca2+ were added to a final concentration of 1 mM each, and T7wt
phages were added with a 0.01 multiplicity of infection at 37 °C and
90 rpm shaking. When there was visible clearance of the culture, cell
debris was pelleted by centrifugation (3260g, 20 min). Unpurified
phages were enumerated using standard plaque assays.

The phage on tap method58 was used to purify and concentrate the
phages by first filtering the unpurified phage solution through a 0.22
μm PVDF filter and then washing half of the filtrate 3 times with SM
buffer (100 mM NaCl, 8 mM MgSO4·7H2O, 50 mM Tris, pH 7) and
the other half of the filtrate 3 times with PBS using Amicon Ultra-15
centrifugal filter units (100 kDa MWCO cellulose membranes;
Millipore Sigma). After the last wash, the phages in SM buffer (100
mM NaCl, 8 mM MgSO4·7H2O, 50 mM Tris, pH 7) were stored at 4
°C for later silica-binding experiments. Separately, phages in PBS had
their proteins extracted with 5 freeze−thaw cycles. Then, 50 units of
RNase-free DNaseI (Norgen, Thorold, ON, CA) were added, and
then, samples were incubated at 37 °C for 2 h.59

The extracted proteins were analyzed by SDS-PAGE and Western
blot. One part Laemmli buffer (2×; Bio-Rad, Hercules, CA)
supplemented with 5% (v/v) 2-mercaptoethanol (Bio-Rad) was
added to one part of each sample to a final concentration of 1×
Laemmli, and these mixtures were heated at 100 °C for 5 min.
Proteins were separated on a 4−20% gradient SDS-PAGE gel (Bio-
Rad) at 120 V for ∼1.5 h, and then, the proteins were transferred to
an Immobilon-P membrane (Millipore Sigma, Burlington, MA) at 100
V for 1 h. After blocking with 2% BSA for either 1 h (room
temperature) or overnight (4 °C), proteins were tagged with a T7-tag
polyclonal antibody (1:1000 dilution; Invitrogen, PA1-32386,
Waltham, MA) and incubated for 1 h (room temperature). The
membranes were washed with TBS three times for 5 min each, and
then, the secondary antibody (goat antirabbit alkaline phosphatase;
1:8000 dilution; Invitrogen, G21079) was added and incubated for 1
h (room temperature). The membranes were washed three times with
TBS again, and then, tagged proteins were visualized with Novex AP
chromogenic substrate (Invitrogen, WP 20001).

Functionalization of T7wt, T7L2d1, T7L‑L2d1, and T7L‑L2d1d3
Phages onto Silica-Coated MNPs. Aliquots of the purified and
concentrated SM buffer (100 mM NaCl, 8 mM MgSO4·7H2O, 50
mM Tris, pH 7) stocks of T7L2d1, T7L‑L2d1, T7L‑L2d1d3, and T7wt were
diluted in Tris binding buffer (10 mM Tris; 0.1% Tween 20; pH = 7.4
or 9) to make ∼5 × 1010 pfu/mL stocks for silica-binding
experiments. Based on previous experiments, ∼109 magnetized
phages per assay were targeted to provide a good capture efficiency.19

To 100 μL aliquots of the diluted phage stocks was added 0.67 μL of
silica-coated magnetic nanoparticles (MNPs; Creative Diagnostics,
WHM-X065, Shirley, NY). The stock concentration of MNPs was
determined to be 5 × 1012 MNPs/mL by nanoparticle tracking
analysis (Cornell NanoScale Science and Technology Facility).
Briefly, the MNPs were diluted 100× in water and analyzed with a
Malvern NS300 NanoSight instrument. Phage/MNP samples were
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rotated at 20 rpm at room temperature (18 °C) for either 15 min or 1
h. Then, the MNPs (with bound phage) were separated using a
magnet (BD IMag; BD Biosciences, Franklin Lakes, NJ); the

supernatant was removed, and the phage−MNP conjugates were
resuspended in 250 μL of Tris binding buffer. This washing procedure
was repeated 3 more times, saving the washes each time. After the last

Figure 2. Plasmid-based expression for L2-tagged major capsid proteins. (A) A pET plasmid expression system in E. coli DE3 cells expresses T7’s
major capsid protein (Gp10A) fused to different versions of a silica-binding tag (in this case, L2d1) (B) when induced with IPTG. (C) Wild type T7
phages are added; (D) during normal phage infection, pre-expressed Gp10A-L2d1 proteins are assembled into T7 capsids, and tagged progeny are
released.

Figure 3. Summary of genetic constructs, proteins, phages, and Western blot characterization. (A) Genetic constructs from which L2-tagged
Gp10A protein iterations are expressed. (B) Cartoon representations of these fusion proteins. (C) Names of the T7 phages produced. (D)
Corresponding Western blot analyses of denatured phage samples showing the incorporation of the different Gp10A proteins.
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wash, the phage−MNPs were resuspended in 50 μL of Tris binding
buffer. Free phages (in the washes), silica-bound phages (in the
pellet), and phages in the diluted stocks were enumerated using
standard plaque assays. pfu in each sample was calculated by
multiplying the plate count by the volume of the sample (100 μL for
the stock/“added” sample, 50 μL for the “bound” sample, and 835 μL
for the wash sample).
Statistical Analysis. The data were analyzed in jamovi (Sydney,

Australia) using ANOVA or one-way ANOVA. The Shapiro−Wilk
test was used to check the normality of the data. Levene’s test was
used to check the homogeneity of variances for the groups being
compared. If the variances were found to be equal, Fisher’s ANOVA
was used. If the variances were found to be unequal, Welch’s ANOVA
was used. When 3 group means were compared, post hoc tests were
used to determine which mean(s) differed from the others. When the
variances were equal, the Tukey post hoc test was used. When the
variances were unequal, the Games−Howell post hoc test was used.
Significance was determined with a cutoff of p < 0.05.

■ RESULTS AND DISCUSSION
Plasmid Design and Expression of L2-Tagged Gp10A

Proteins. Many factors can contribute to improving the
orientation and performance of phages immobilized to MNPs.
Here, the influence of conjugation time, pH value of
conjugation solution, composition of silica tag, and presence
or absence of linker were explored to maximize the number of
L2-tagged T7 phages immobilized to silica-coated MNPs. As
depicted in Figure 2, to incorporate L2 into the T7 capsid, we
engineered a plasmid (pNRG-172) where the gene for L2
domain 1 (l2d1) was translationally fused downstream of g10A
in place of T7’s minor capsid gene, g10B. Phage display

research commonly targets g10B when engineering T7, as this
location results in outward-facing tags that decorate the outside
of the T7 capsid.48 In the presence of IPTG, the plasmid
expressed a fusion of T7’s major capsid protein, Gp10A, and
L2d1. Then, during T7wt phage infection, Gp10A-L2d1 proteins
self-assembled onto the phage capsid to produce T7L2d1
phages.
The same expression method was used for plasmids pNRG-

177 and pNRG-178. Plasmid pNRG-177 expressed Gp10A
fused to a hydrophilic flexible linker (GSAGSAAGSGEF)57

and L2d1 (Gp10A-L-L2d1). Linkers (short peptides bound
between domains of fusion proteins) can improve protein
function, increase yield, and promote molecular flexibility
during conjugation.60 Additionally, plasmid pNRG-178 was
designed so that Gp10A was fused by the flexible linker
mentioned above to both L2d1 and L2d3, on the basis of prior
work in which researchers demonstrated a reduced dissociation
constant (and correspondingly increased binding affinity)
when green fluorescent protein (GFP) was fused with both
domains.46

Incorporation of the proteins into the phage capsid was
confirmed by Western blots, which presented a band around
43 kDa corresponding to Gp10A-L2d1 for T7L2d1 phages
(Figure 3, column 2), a band around 44 kDa corresponding to
Gp10A-L-L2d1 for T7L‑L2d1 phages (Figure 3, column 3), and a
band around 52 kDa corresponding to Gp10A-L-L2d1d3 for
T7L‑L2d1d3 phages (Figure 3, column 4). T7wt phages only
presented a band for wild type Gp10A, as expected (Figure 3,
column 1). Original gels, without any image processing, are

Figure 4. Quantity of phages (pfu) added to the MNPs, in the washes, and bound to the MNPs for T7wt and T7L2d1 phages after 15 min of
incubation at (A) pH 7.4 or (B) pH 9. The raw data used to construct this figure is shown in Tables S4 and S5. Means of bound phage quantities
with different letters within a graph are statistically significant (p < 0.05). Full statistical analyses are reported in Tables S6−S9. Values represent
means (with error bars representing standard deviations) of at least 3 samples enumerated from 3 separate biological replicates (n ≥ 9).

Figure 5. Quantity of phages (pfu) added to the MNPs, in the washes, and bound to the MNPs for T7wt, T7L2d1, T7L‑L2d1, and T7L‑L2d1d3 phages
after 1 h of incubation at (A) pH 7.4 or (B) pH 9. The raw data used to construct this figure is shown in Tables S10 and S11. Means of bound
phage quantities with different letters within a graph are statistically significant (p < 0.05). Full statistical analyses are reported in Tables S12−S14.
Values represent means (with error bars representing standard deviations) of at least triplicate (n ≥ 3) replication.
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available in the Supporting Information (Figure S2). Engineer-
ing pNRG-177 separate from pNRG-172 ensured that the ∼44
kDa band in the T7L‑L2d1 phage sample could be assigned to
Gp10A-linker-L2d1, despite its size similarity to the Gp10A-
L2d1 protein produced by pNRG-172. The band for Gp10Awt
was more intense than the band for all of the L2-tagged
proteins, indicating incorporation of more wild type Gp10A
into the phage capsid compared to L2-tagged Gp10A. Several
values of IPTG concentration and multiplicity of infection
(MOI) were evaluated to optimize the production of Gp10A-
L2d1 proteins and their assembly onto T7L2d1 phages (see the
SI). Briefly, there was no difference in amount of protein
expressed as a function of IPTG concentration, so we chose to
use 0.5 mM IPTG due to our previous experience using this
concentration with pET plasmids. In addition, lower MOIs
generally led to higher phage titers and should lead to the
production of phages with higher quantities of tagged capsid
proteins, so we chose to use a MOI of 0.01 for the production
of L2-tagged T7 phages.
Influence of Time on L2-Tagged T7 Phage Binding to

Silica-Coated MNPs. T7L2d1 and T7wt phages were incubated
with silica-coated MNPs at pH 7.4 for 15 min and 1 h (Figures
4A and 5A, full statistical analyses of all binding experiments
are available in Tables S6−S14). After 1 h, there were
significantly more phages of both types bound to the silica-
coated MNPs, so all subsequent experiments were conducted
for 1 h to give the phages more time to adsorb. However, after
the 1 h incubation, there was not a significant difference
between the number of T7L2d1 phages bound to the MNPs,
compared to T7wt phages, meaning that L2d1 on its own was
not increasing the affinity of the tagged phages for silica
compared to the wild type phages. These results were
unexpected and in contrast to a prior report in which GFP
tagged with L2d1 adsorbed to silica with a relatively low
dissociation constant.46 We hypothesize that the maturation
process for the T7L2d1 capsids may be limiting the molecular
flexibility of the L2d1 tags and forcing them into unfavorable
positions that are unable to adequately adsorb to the silica
surfaces.44

Influence of Flexible Linker on L2-Tagged T7 Phage
Binding to Silica-Coated MNPs. The addition of the flexible
linker resulted in a significantly greater number of T7L‑L2d1
phages bound to the MNPs compared to both T7L2d1 and T7wt
phages (Figure 5A, full statistical analyses of all binding
experiments are available in Tables S6−S14). The increased
number of phages bound for T7L‑L2d1 versus T7L2d1 suggests
that the flexible linker improves molecular flexibility and thus
infectivity of the bound phages. We hypothesize that the
flexible linker allows more freedom for orientation allowing the
phage tail fibers (6 total) to align better with the surface of the
bacterium. Indeed, the tail fibers on T7 are relatively short in
comparison to other larger phages and therefore they have less
reach. Proper injection of DNA requires a near perpendicular
alignment of the phage injection apparatus and bacterial
surface, an alignment more likely in a phage bound via a
flexible versus a nonflexible linker.
Influence of L2d3 on T7 Phage Binding to Silica-

Coated MNPs. While prior work suggests that including both
L2d1 and L2d3 should reduce the dissociation constant of the
protein,46 in this work, the addition of L2d3 did not improve
the silica binding behavior of T7L‑L2d1d3 phages compared to
that of T7L‑L2d1. In fact, at pH 7.4, there was not a statistically
significant difference in the number of T7L‑L2d1d3 bound to

silica-coated MNPs compared to T7wt phages (Figure 5A, full
statistical analyses of all binding experiments are available in
Tables S6−S14). We hypothesize that the addition of L2d3 did
not result in more phages bound to the MNPs due to the
complication of adding a longer tag with multiple silica binding
domains to phage capsids. The Gp10A-L2d1d3 may not have
been able to easily assume favorable conformations for binding
to silica, and there may have been fewer modified Gp10A
proteins on the T7L‑L2d1d3 phages due to the L2d1d3 tag being
twice as large as L2d1. While previous work demonstrated that
the strongest affinity toward silica was found when GFP was
tagged with all three L2 domains,46 we hypothesized that
tagging Gp10A with all three domains of L2 may have resulted
in even fewer modified Gp10A proteins being incorporated
during capsid assembly, as T7 phages have previously been
shown to incorporate fewer tagged capsid proteins as their
fused tags become larger in size.

Influence of pH Value on L2-Tagged T7 Phage
Binding to Silica-Coated MNPs. In addition to pH 7.4, all
of the L2-tagged phage variations were also incubated at pH
9.0, on the basis of prior work that demonstrated that
increasing the pH value improves binding of L2 to silica as a
result of the deprotonation of more silanol groups on
silica.44,46 Interestingly, increasing the pH to 9.0 for a 1 h
incubation (Figure 5B, full statistical analyses of all binding
experiments are available in Tables S6−S14) did not increase
the number of phages bound to MNPs for any of the L2-
tagged phage types by a statistically significant amount. While
this observation contrasts with prior reports, we hypothesize
that the introduction of multiple L2-tagged capsid protein
across the T7 capsid resulted in increased positive charge
imparting charge repulsion between adjacent T7 preventing
tighter packing. Alternatively, it may be that the size of the T7
phage (larger than the previous reports investigating L2 alone,
or L2 bound to carbonic anhydrase or green fluorescent
protein) was the dominating factor in limiting immobilization
yield.

■ CONCLUSION
We successfully used a plasmid-based engineering method to
produce T7 phages that incorporated silica-binding tags (L2d1
or L2d1d3) into their capsids, with and without the integration
of a flexible linker peptide. Unlike previous methods that
immobilized phages onto silica surfaces, our method ensured
that the phages were immobilized to the silica-coated MNPs
through their capsids as a result of the capsid L2 tag, which
allows the tail fibers to remain unobstructed and available for
bacterial detection. Importantly, this work demonstrates the
engineering of bacteriophages without postassembly modifica-
tion, where the genotype and phenotype are not in agreement.
In combination with other methods such as gene silencing,
phages can be constructed which have the same genotype but
largely differing phenotype from their progeny produced in
wild type bacteria. Overall, our results showed that MNPs
retained a statistically significantly higher quantity of T7L‑L2d1
phages compared to T7L2d1, T7L‑L2d1d3, or T7wt phages, which
demonstrates the importance of molecular flexibility in the
interaction of capsid-bound L2 tags with silica. Although the
overall effect of the L2 tag on silica binding was relatively low,
the plasmid-based method for tagging phage capsids
demonstrated here could be used for a wide range of tags
for other materials. As genetically modified organisms are
defined by alterations in their genome, the demonstrated
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method can allow the in vivo capsid modification of phages
while maintaining their wild type genome. Future studies on
the binding affinity and efficiency of L2 tag modified phages on
the basis of linker type would reveal additional practical
information. These applications can be used in the biomedical
field where the bacteriocidal properties of phages on medical
equipment (e.g., catheters) are sought. This work also
advances knowledge of using plasmid-based engineering
strategies to introduce flexible linkers and fusion peptides to
proteins that would benefit from oriented self-assembly onto
materials. Thus, our work provides an important step toward
the design of future phage-based tools for detection and
therapeutics and other site-directed protein immobilization
technologies for environmental remediation and biocatalysis.
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