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Human cytomegalovirus (CMV) is a herpesvirus that causes major health problems in neonates as well as in
immunocompromised individuals1. At present, a vaccine is not available for CMV infection and the
available antiviral drugs suffer from toxicity, poor efficacy and resistance1,2. Here, we chemically conjugated
a monoclonal antibody raised against CMV surface glycoprotein (gB) with gold nanoparticles (GNP) and
characterized the potential of this gB-GNP conjugate for antiviral activity against CMV. The gB-GNP blocks
viral replication, virus-induced cytopathogenic effects and virus spread in cell culture without inducing
cytotoxicity. High concentrations of gB-GNP that coat the surface of virus particles block virus entry,
whereas lower concentrations block a later stage of virus life cycle. Also, cells treated with gB-GNP gain
resistance to CMV infection. In addition, infected cells when bound to gB-GNP can be selectively lysed after
exposing them to specific wavelength of laser (nanophotothermolysis). Thus, we have not only designed a
potential antiviral strategy that specifically blocks CMV infection at multiple stages of virus life cycle, but we
have also characterized a technique that can potentially be useful in eliminating CMV infected cells from
donor tissue during transplant or transfusion.

E
ven in the 21st century, viral infections pose a major threat to both human and animal populations, as
designing good antiviral strategies remains challenging. Human cytomegalovirus (CMV) is a herpesvirus,
which spreads by contact and is acquired by the majority of the population worldwide by the age of 40 years;

however, like most other herpesviruses, it remains in a latent state in healthy individuals without causing any
clinical symptoms. Primary CMV infection or reactivation from latency can cause significant health problems in
immuno-compromised individuals such as AIDS patients and organ transplant recipients. CMV is also the
leading infectious cause of congenital disease in newborns1. Despite being designated a pathogen of high priority
for the development of a vaccine by the Institute of Medicine, neither a vaccine nor any antiviral agents have been
approved yet for treating congenital CMV infection1. Moreover, the drugs that are available for use in other
clinical settings suffer from safety, efficacy and resistance issues2. The current manuscript reports a new bioengi-
neering strategy that combines the specificity afforded by monoclonal antibodies and the multifunctional prop-
erties of gold nanoparticles in order to control CMV infection.

Nanobiotechnology-based approaches have shown a great promise for counteracting several pathogens as well
as cancers3–5,11. Gold nanosystems are particularly attractive because of their unique size-dependent optical
properties as well as lack of toxicity in several tested biological systems6–8. Gold nanoparticles (GNP) can also
serve as ‘‘light-directed nano heaters’’ and this property makes them useful for selective laser photothermolysis9,10.
GNP derivatives bound to antibodies, aptamers or peptides exhibit high binding affinity and targeted select-
ivity4,12,13. Here, we conjugated a monoclonal antibody raised against human CMV surface glycoprotein (B) with
GNP. We synthesized three different types of GNP with different surface properties: spherical (GNPsp)14, star
(GNPst)15 and popcorn (GNPop)5,16,17. All three types of conjugated GNP show inhibitory activity against CMV
infection in our experiments.

Covalent immobilization of the monoclonal anti gB antibody onto the surface of the GNP was performed using
4 amino-thio phenol (4-ATP) and a glutaraldehyde spacer method (Fig. 1)5. gB-GNP preparations were first
tested for their efficacy to block CMV infection of primary human foreskin fibroblasts (HF). Cells were treated
with gB-GNP (50 ng/ml conjugated antibody in cell culture medium) for one hour prior to infection with AD169
strain of human CMV at a multiplicity of infection (MOI) of 3.0. This virus has an eGFP marker fused to the C-
terminal of the UL32 gene allowing virus replication to be monitored by eGFP fluorescence18. At 3 days post
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infection (dpi), presence of virus encoded eGFP fluorescence in
untreated cells but not in gB-GNP treated cells indicated that all
three types of gB-GNP successfully blocked CMV infection
(Fig. 2A–H). The cytopathogenic effects evident in bright-field
images in the absence of gB-GNP treatment (Fig. 2A) were not
apparent in the treated cells (Fig. 2B–D). Also, when gB-GNPop were
added to AD169 infected HF at one dpi, only primary infected cells
showed eGFP fluorescence in gB-GNPop treated cells at 3 dpi,
whereas both the primary and secondary infected cells showed fluor-
escence in untreated cells (Fig. 2I–P). This was true for high (1.0)
(Fig. 2M, N) as well as low (0.1) (Fig. 2O, P) MOI. Thus, gB-GNPop
blocked AD169 spread as well as primary infection in HF. Similar
results were obtained for the Towne strain of human CMV as well
(extended data 1) however, cytopathogenic effects induced by simian
cytomegalovirus (SCMV) infection of HF were not inhibited by gB-
GNPop treatment (extended data 2). Also, HSV-1 infection of HF
was not abolished due to gB-GNPop treatment (extended data 3),
consistent with the specificity of gB-GNPop for CMV gB. The fluor-
escence in HSV infected cells did reduce slightly upon gB-GNPop
treatment suggesting some non-specific interference with HSV part-
icles (extended data 3). One-step growth curve analysis showed sig-
nificant reduction in CMV (Towne-BAC) titers when treated with
gB-GNPop (Fig. 2 Q) and the final viral yields were at least 10,000
fold less than virus yields from untreated cells. We also tested clinical
strain of human CMV derived from FIX-BAC that can infect
endothelial cell lines19. HMEC-120 cells infected with FIX virus
showed a significant reduction in the expression of viral IE1 protein
in gB-GNPop treated cells compared to untreated cells, probed by
immunofluorescence at 8 hours post infection (hpi) (extended data 4
A, D). Viral encoded eGFP showed a similar pattern of reduced
fluorescence in treated cells (extended data 4 C, F). Thus gB-
GNPop successfully blocked entry of a clinical strain of HCMV in
these cell types making this approach more clinically relevant. To test
whether these conjugated nanoparticles affect cell viability, HF were
treated with the working concentration of gB-GNP (50 ng/ml anti-
body total) (data not shown) as well as double the concentration
(100 ng/ml antibody total) at the time of infection and cell viability
was recorded at 8 hpi and also at 5 dpi using trypan blue exclusion
assay (Fig. 3). All three types of gB-GNP showed little to no toxicity in
HF at this time. Only gB-GNPst showed some level of cytotoxicity,
which did not develop until 5 dpi (Fig. 3B). The results show that gB-
GNP are generally not cytotoxic at the concentration at which they
block HCMV infection.

To visualize the binding of gB-GNP to virus particles, purified
AD169 virions were incubated with gB-GNP on ice for 30 minutes,

then placed on a grid for transmission electron microscopy (TEM)
and finally fixed for imaging. Electron micrographs show that higher
concentrations of gB-GNP (conjugated to 100 ng antibody total)
completely coat the individual virions (Fig. 4A), whereas lower con-
centrations of gB-GNP (conjugated to 50 ng antibody total) facilitate
the aggregation of virions into clusters (Fig. 4B, C).

We then determined the stage of virus replication block mediated
by gB-GNP. HF were pretreated with GNPsp, GNPst or GNPop
(50 ng/ml conjugated antibody in cell culture medium) for one hour
prior to infection with AD169 virus at an MOI of 3.0. Cells were lysed
at 6 hpi and probed for viral IE1 protein expression in an immuno-
blot. At this concentration of gB-GNP, virus entry was intact
(Fig. 5A); however at twice the concentration of conjugated antibody
(100 ng/ml), virus entry was significantly reduced for gB-GNPsp and
GNPop (Fig. 5B and data not shown). This shows that CMV entry in
HF is not inhibited at concentrations of gB-GNP that are sufficient to
significantly reduce CMV replication (Fig. 2). Thus, impact of gB-
GNP on CMV is most likely to be both at the entry and at a later stage
of the virus replication.

We utilized the nanophotothermal properties of gB-GNP to
test the ability of gB-GNP to induce specific cell lysis of infected
cells upon laser exposure. When GNP are exposed to a specific
wavelength of laser, they generate heat that selectively kills cells or
organisms attached to them4. gB-GNPop were added to infected or
mock-infected HF at 5 dpi. After binding for 1 hour, excess gB-
GNPop were washed off, so that only gB-GNPop that remain
attached to infected cells are present on cells. Cells were exposed to
light from a 670 nm, 100 mW laser for 15 minutes and then sub-
jected to a cell viability test (MTT). Only cells, which were infected
and then treated with gB-GNPop (Fig. 6A) were lysed in this experi-
ment leaving the uninfected or untreated cells viable. GNP conju-
gated to an unrelated antibody did not result in cell lysis in this
experiment (data not shown). These results were also confirmed by
testing a range of MOI of HCMV (0.001 to 5.0) on HF. In addition to
showing the specificity of gB-GNPop mediated cell lysis upon laser
exposure, this experiment showed that increasing the amount of
infected cells in the sample leads to increased cell lysis (Fig. 6B).
To find out how the temperature increases during nanophotother-
molysis, we performed thermal imaging during the exposure using a
MikroShot Camera, as we have reported before4,5,15. We found that
the temperature increased to about 50uC when antibody conjugated
nanoparticle-bound purified virus was exposed to the 670 nm laser
at 1.5 W/cm2. Using the same conditions, the temperature increased
to only 31uC for the sample containing purified virus and no
nanoparticles.

Figure 1 | A schematic representation of the synthetic protocol of monoclonal antibody conjugation with the gold nanoparticles (GNP). We used 4

amino-thio phenol (4-ATP) and a glutaraldehyde spacer method22 for covalent immobilization of the monoclonal anti gB antibody onto the

surface of nanoparticles. Schematic is not drawn to scale.
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Thus, gB-GNP specifically inhibit HCMV infection as well as virus
spread in fibroblast culture without inducing cytotoxicity. Based on
TEM, high concentrations of gB-GNPop (conjugated to 100 ng anti
gB antibody total) completely coat the virus particles or agglomerate

the virus particles in clusters, both interfering with virus entry into
cells. Lower concentrations of gB-GNPop (conjugated to 50 ng anti
gB antibody total) do not block virus entry but block a later stage of
the virus life cycle based on the data from immunofluorescence and

Figure 2 | Effect of anti gB antibody-conjugated nanoparticles on CMV infection of HF cells. (A–H) gB-GNP were tested for their efficacy to block

human cytomegalovirus (CMV) infection of primary HF cells. Star (GNPst), sphere (GNPsp) or popcorn (GNPop) shaped nanoparticles were added

(50 ng antibody total) to HF at the time of infection, or the cells were mock treated (UT). eGFP fluorescence or bright-field (BF) images were recorded at

5 dpi. eGFP signal emanates from the virus genome. (I–P) gB-GNPop were tested for their efficacy to block the spread of cytomegalovirus infection in HF

cells. gB-GNPop (50 ng antibody total) were added to HF at one dpi or the cells were mock treated (UT). eGFP fluorescence or bright-field (BF) images

were recorded at 5 dpi. (Q) Single step growth curve analysis of Towne strain of CMV in HF either treated with gB conjugated GNPop (Topwne-Bac 1

GNPop, 50 ng antibody total) or mock treated (Towne-Bac).
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growth curve experiments. This stage would most likely to be the
virus maturation stage where virus glycoproteins are required for
virus envelopment21. Although results from SCMV and HSV experi-
ments suggest specificity of gB-GNPop, we did see a slight reduction
in HSV (K26GFP) fluorescence in gB-GNPop treated cells suggesting
that these particles may non-specifically interfere with virions, likely
due to charge-charge interactions. The nanophotothermal properties
of gB-GNP can be utilized to selectively kill HCMV infected cells,
which will be uniquely useful for preventing HCMV transmission in
organ transplants and blood transfusion settings where donor tissue
can be treated with gB-GNP and the infected cells can then be elimi-
nated by nanophotothermolysis. gB-GNP can also be engineered to
insert an iron core, which will be useful for the magnetic separation of
particles along with any attached virus or infected cells from a sam-
ple. We are also testing a similar bioconjugated nanoparticle based
approach for eliminating infected cells in blood and bone marrow
samples. We believe that these antibody-conjugated nanoparticles
will become a completely new line of treatment for viral infections
and other maladies for which specific biomarkers are known.

Methods
Nanoparticle synthesis and bioconjugation. Gold nanoparticles of 30 nm in size were
synthesized by using 0.01 wt.% chlorauric acid and 1 wt.% trisodium citrate dehydrate,
as reported earlier22. Gold nano-popcorn were synthesized using a two-step process,

described earlier22. First, small size spherical seed particles were made using hydrogen
tetrachloroaurate, trisodium citrate and sodium borohydride. For spherical gold seed
synthesis we used 0.025 mM HAuCl4?3 H2O, 0.01 mM trisodium citrate and 0.01 M
sodiumborohydride. Next, we used cetyltrimethylammonium bromide (CTAB) as a
shape-templating surfactant to synthesize popcorn-shaped nanoparticles16. For this
purpose, we added 0.01 g of CTAB in 46.88 mL of H2O and 0.3 mL of 0.01 M AgNO3

in the seed solutions. For nanostar preparation, we also used a two-step process23. First,
small size spherical seed particles were synthesized, as for nano-popcorn synthesis.
Next, higher concentration of CTAB (0.1 gm CTAB in 46.88 ml H2O) was used with
0.3 ml 0.01 M AgNO3, which produced gold nano-star. The particle concentration
was measured by UV/Vis spectroscopy using the reported molar extinction coefficients
at the wavelength of the maximum absorption of each gold colloid22–24.

Covalent immobilization of the monoclonal anti gB antibody onto the surface of
the gold nanoparticles was performed using 4- amino-thio phenol (4-ATP) and a
glutaraldehyde spacer method (Fig. 1) as reported earlier5. Initially, to avoid non-
specific interaction, nanoparticles were coated with thiolated polyethylene glycol
(HS- PEG). The nanoparticle surface was then modified by adding amine groups
using 4-ATP using our reported method24. Briefly, 20 mM 4-ATP was added to
50 mL of gold nanoparticle and the solution was kept at 50uC for several hours under
constant sonication. Excess ATP was removed by centrifugation at 8000 rpm for
several minutes. 10 mL of amine-functionalized nanoparticles were dispersed into
0.01 M PBS (pH 7.4) containing 5% glutaraldehyde for about 1 hour24. These particles
were then collected by centrifugation, dispersed in PBS, and incubated with the
antibody for 12 h at 46C. The antibody-modified gold nanoparticles were washed
with PBS to remove excess antibody and kept at 46C in pH 7.4 PBS. To measure the
number of antibody molecules binding to each type of gold nanoparticle, we utilized a
dye-labeled antibody (goat anti mouse IgG (H 1 L) secondary antibody DyLight-594
conjugate, Thermo Scientific, Rockford, Il). We dissolved the gB antibody-conjugated
gold nanoparticles in potassium cyanide to oxidize the gold nanoparticles, as reported

Figure 3 | Viability of HF cells upon gB-GNPsp, gB-GNPst or gB-GNPop treatment. Nanoparticles (conjugated to 100 ng anti gB antibody total) were

added to HF at the time of infection (I) with CMV (AD169) at an MOI of 3.0 or the cells were mock-infected (UI) and/or mock-treated (UT).

Cell viability was recorded at 8 hpi (A) or at 5 dpi (B) using trypan blue exclusion assay.

www.nature.com/scientificreports
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earlier22. Next, we performed the fluorescence analyses to determine the amount of
dye-labeled antibody binding to nanoparticles. By dividing the total number of dye-
labeled antibody by the total number of nanoparticles, we estimated that there were
about 350–450 antibody per gold nanoparticle. We performed this experiment for
nanoparticle of each shape and maintained the number of antibody molecule per
particle at around 350–450. TEM images of antibody-conjugated gold nanoparticles
of each shape are shown (extended data 5). To measure the size, zeta potential and
polydispersity of antibody-conjugated gold nanoparticle, we used Malvern Zetasizer
Nano instrument. The size of a single antibody conjugated spherical gold nanopar-
ticle was about 44 6 4 nm, while a single antibody conjugated popcorn gold nano-
particle was 47 6 5 nm, and an antibody conjugated star-shape gold nanoparticle was
51 6 4 nm. Zeta potential for an antibody conjugated spherical gold nanoparticle was
determined to be 25.12 mV. Similarly for antibody-conjugated nano-popcorn, it was
23.28 mV and for antibody-conjugated nano-star it was 22.12 mV. Polydispersity
Index (PDI) for each shape of antibody conjugated-nanoparticle was about 0.150.

Cells. Primary human foreskin-derived fibroblasts (HF) were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen Corporation, Carlsbad, CA) containing 4.5 g/

ml glucose, 10% fetal bovine serum (S1245OH; Atlanta Biologicals, Lawrenceville,
GA), 1 mM sodium pyruvate, 2 mM L-glutamine, and 100 U/ml penicillin-
streptomycin (Cellgro, Manassas, VA) at 37uC with 5% CO2. Human microvascular
endothelial cells (HMEC-1)20 were cultured in MCDB31 medium (Bioworld, Dublin,
OH) containing 4.5 g/ml glucose, 10% fetal bovine serum (S1245OH), 1 mM sodium
pyruvate, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin at 37uC with 5%
CO2. The viability of cells was recorded by trypan blue exclusion on TC10 automated
cell counter (BioRad, Hercules, CA) or by MTT assay as described earlier22.

Virus. Human cytomegalovirus AD169, Towne, TB40/e and FIX strains have been
reported earlier19,25,26. A version of AD169 virus where pp150 tegument protein has
been fused with eGFP (BAD32 virus) was obtained from Moorman laboratory at
University of North Carolina18. CMV virions were purified using established protocols
for herpesviruses27–29 with some modifications. Briefly, HF monolayers were infected
with AD169 virus (MOI of 5), and harvested at 4 to 5 dpi. Medium was clarified of
any cellular debris by low speed centrifugation (2000 g, 10 min) and virus particles
were pelleted (,20000 g, 1 h). Virions were purified on a 15–50% sucrose gradient in
phosphate buffer (40 mM mono-/dibasic phosphate, 150 mM NaCl, pH 7.4) using
ultracentrifugation (SW 32Ti rotor, Beckman L-90 ultracentrifuge, 24000 rpm, 1 h).
Virions were harvested by puncturing the sides of the centrifuge tube with a 23 G
needle and were washed once in phosphate buffer before concentrating by
centrifugation (SW-41 rotor, Beckman L-80 ultracentrifuge, 24000 rpm, 1 h). Identity
and purity of harvested capsids was confirmed by electron microscopy.

Nanophotothermolysis. gB-GNPop (conjugated to 50 ng antibody total) were added
to cells infected with AD169 strain of CMV at an MOI of 5, a range of MOI from 0.001
to 5.0 (B) or mock. After binding for 1 hour, gB-GNPop were washed off, so that only
gB-GNPop that remain attached to infected cells are present on cells. Cells were
exposed to 670 nm, 100 mW laser for 15 minutes and then subjected to a cell viability
test (MTT).

Antibodies and immunoblot analyses. HF were harvested at 6 hpi for analysis of
viral immediate early 1 (IE1) gene expression by immunoblotting (IB). Anti IE1
antibody (Virusys, Taneytown, MD) was used as the primary antibody and
peroxidase-labeled horse anti-mouse IgG (Vector Laboratories, Burlingame, CA) was
used as the secondary antibody for IBs. Blots were detected using ECL Western
blotting detection reagents (GE Healthcare, Buckinghamshire, United Kingdom).

Figure 4 | Transmission electron microscopy of purified virions binding
to gB-GNP. gB-GNPs conjugated to 100 ng antibody total (A) or 50 ng

antibody total (B), (C) were added to purified virus particles and placed on

a grid for electron microscopy. A single virion covered with gB-GNPs is

shown (A), in comparison to a cluster of virions attaching to gB-GNPs (B),

(C).

Figure 5 | gB-GNP interfere with CMV entry in fibroblasts, but only at
higher concentrations. (A) HF were treated with 50 ng anti gB antibody

conjugated to GNPst, GNPsp or GNPop or mock treated (UT) and then

infected (I) with CMV (AD169) at an MOI of 3.0 or mock infected (UI).

Cells were lysed at 6 hpi and probed for viral IE1 protein expression in an

immunoblot. (B) HF were treated with 50 ng or 100 ng anti gB antibody

conjugated to GNPsp and then infected with CMV (AD169) at an MOI of

3.0. Cells were lysed at 6 hpi and probed for viral IE1 protein expression in

an immunoblot. b-actin was used as a loading control.
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Microscopy. Samples were prepared using established protocols for
immunofluorescence assay and fluorescence microscopy. Briefly, cells were grown on
coverslip inserts in 24-well tissue culture dishes. At the end point, cells were fixed in
either 3.7% formaldehyde for 10 min or 4% paraformaldehyde for 20 min and were
incubated in 50 mM NH4Cl in PBS for 10 min to reduce autofluorescence. This
followed a wash, incubation in 0.5% Triton X-100 for 20 min to permeabilize the cells,
and finally a wash and incubation with primary and secondary antibodies. Coverslips
were retrieved from the wells and were mounted on glass slides with a drop of
mounting medium (2.5% DABCO in Fluoromont G) and dried overnight before
imaging. Images were acquired on a Zeiss Axio Imager A1 epifluorescent microscope.
For electron microscopy, virions were first purified according to the established
protocols30 and then mixed with gB-GNP and incubated for one hour. Samples were
placed on a TEM grid and imaging was performed on a high-resolution transmission
electron microscope (JOEL 2100F).
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