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Human immunodeficiency virus type 1 (HIV-1) can be transmitted through breast-feeding and through
contaminated blood donations. Copper has potent biocidal properties and has been found to inactivate HIV-1
infectivity. The objective of this study was to determine the capacity of copper-based filters to inactivate HIV-1
in culture media. Medium spiked with high titers of HIV-1 was exposed to copper oxide powder or copper
oxide-impregnated fibers or passed through copper-based filters, and the infectious viral titers before and after
treatment were determined. Cell-free and cell-associated HIV-1 infectivity was inhibited when exposed to
copper oxide in a dose-dependent manner, without cytotoxicity at the active antiviral copper concentrations.
Similar dose-dependent inhibition occurred when HIV-1 was exposed to copper-impregnated fibers. Filtration
of HIV-1 through filters containing the copper powder or copper-impregnated fibers resulted in viral deacti-
vation of all 12 wild-type or drug-resistant laboratory or clinical, macrophage-tropic and T-cell-tropic, clade A,
B, or C, HIV-1 isolates tested. Viral inactivation was not strain specific. Thus, a novel means to inactivate
HIV-1 in medium has been developed. This inexpensive methodology may significantly reduce HIV-1 trans-
mission from “mother to child” and/or through blood donations if proven to be effective in breast milk or
plasma and safe for use. The successful application of this technology may impact HIV-1 transmission,

especially in developing countries where HIV-1 is rampant.

Transmission of human immunodeficiency virus type 1
(HIV-1) through contaminated milk is a merciless quandary
(15, 17, 39). In sub-Saharan Africa, HIV-1 mother-to-child
transmission (MTCT) is considered a “disaster” (50), while the
growing incidence of breast-feeding-acquired pediatric HIV
infection in other developing countries, such as India (47),
amplifies the looming threat worldwide. In 2001, breast-feed-
ing was estimated to have contributed 33 to 50% of the
>700,000 MTCT cases worldwide (43). Paradoxically, breast-
feeding promises the best chance of adequate nutrition and
immunological protection for infants born in developing na-
tions; not breast-feeding is estimated to result in 1.5 million
child deaths per year from malnutrition and infection (9, 18,
21, 52).

The transmission of HIV-1 in whole blood and its compo-
nents is also a continuing global problem (2, 24, 46). Currently,
blood centers in industrialized countries rigorously screen
blood donations for known pathogens and have now imple-
mented nucleic acid testing that further reduces HIV transmis-
sion before serological conversion (3, 38). Unfortunately, these
highly sensitive detection tests do not eliminate the period of
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potential infectivity. Furthermore, in many developing coun-
tries where the prevalence of HIV infection among blood do-
nors is orders of magnitude greater than that in industrialized
countries, the blood supply is either incompletely screened or
not screened at all for antibodies against HIV (12-14, 30, 35,
36). The WHO estimates that 80,000 to 160,000 HIV infections
occur through blood transfusion each year worldwide (31). The
CDC estimates that 5 to 10% of HIV infections in developing
countries are due to blood transfusion (30).

Copper has potent bactericidal properties (e.g., references
20 and 37) and virucidal properties (reviewed in reference 7).
Copper also inactivates HIV-1 (44). Recently we developed a
durable platform technology that introduces copper into cot-
ton fibers, latex, and other polymeric materials (6, 23). These
copper-impregnated materials demonstrate broad-spectrum
antibacterial, antiviral, and antifungal activity. This technology
enabled the production of antibacterial, self-sterilizing fabrics
(that kill antibiotic-resistant bacteria, including methicillin-re-
sistant Staphylococcus aureus and vancomycin-resistant entero-
cocci) and antifungal socks (that alleviate symptoms of ath-
lete’s foot) (6, 23). Recently we reported the capacity of copper
oxide-containing filters to reduce infectious titers of a panel of
viruses spiked into culture media, including enveloped and
nonenveloped, RNA and DNA viruses, suggesting the possi-
bility of using copper oxide-containing devices to inactivate a
wide spectrum of infectious viruses found in filterable suspen-
sions (8). In the present study, we describe the results and
development of inexpensive, copper-based filters that inacti-
vate HIV-1 in media. Preliminary data suggest that these filters
are efficacious when HIV-1 is present in breast milk or plasma.
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Such filters may thus have an important impact on the reduc-
tion of mother-to-child and/or blood-borne HIV-1 transmis-
sion, especially in developing countries.

MATERIALS AND METHODS

Cell culture. Peripheral blood mononuclear cells (PBMC), MT2, U937,
c¢MAGI, and H9+ cell lines were cultured in RPMI 1640 medium (GibcoBRL,
Life Technologies, Paisley, United Kingdom) containing 10% fetal calf serum
(GibcoBRL, United Kingdom). PBMC, isolated from heparinized venous blood
by standard centrifugation over Lymphoprep (Nycomed, Oslo, Norway), were
washed, counted, and cultured (10° cells/ml) in RPMI 1640 medium supple-
mented with 10% fetal calf serum, 1 mM glutamine, and 2.5 pg/ml phytohem-
agglutinin (PHA) (Difco, Detroit, MI). MT2, U937, cMAGI, and H9+ cells (T
cells chronically infected with HIV-1y;;5) were obtained from Mark Wainberg,
McGill University, Canada. The viability of the cells was assessed by either (i)
measuring the reduction of 3-(4,5-dimethythiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) dye reduction to formazan by
measuring the absorbance of the culture medium at 550 nm or (ii) using the
trypan blue exclusion assay, where cells without an intact membrane take up the
coloring agent.

Viruses. The following HIV-1 isolates were tested: HIV-1yy;5, HIV-1 M461/
L63P/V82T/184, HIV-1 L10R/M461/L63P/V82T/184, HIV-1g1p/MT2, HIV-1
96USNG20, HIV-1y;5 A17 variant, saquinavir-resistant HIV-1, HIV-1g,,
HIV-1;g_ g, macrophage-tropic (M-tropic) and T-cell-tropic (T-tropic) HIV-1
clade C clinical isolates, and a HIV-1 clade B clinical isolate resistant to protease
inhibitors (PI)/zidovudine (AZT). The first nine HIV-1 isolates listed were ob-
tained from the NIH AIDS Research and Reference Reagent Program, while the
clade B and C clinical isolates were isolated at Kaplan Medical Center. HIV-1
T-tropic (X4) isolates were propagated by subculture in MT2 or cMAGTI cells.
HIV-1 M-tropic (RS) strains were propagated in cMAGI cells or U937 cells.
Clarified cell-free supernatant fluids containing 10° to 10% 50% cell culture
infectious doses per ml served as viral inocula.

Detection of HIV-1 infection. Viral growth was assessed by (i) microscopic
assessment of syncytium formation by two independent observers of T-tropic
HIV-1 infection of CD4™ MT2 cells or (ii) determining the number of infected
c¢MAGTI cells (11). The cMAGI cell line is a lymphocyte cell line stably trans-
fected with a plasmid containing the HIV-1 long terminal repeat fused to B-ga-
lactosidase (29). These cells stain blue only when infected with HIV-1.

Inhibition of cell-free HIV-1 infectivity by copper oxide mix. The capacity of a
copper oxide powder mix (70% Cu,O and 30% CuO, >99% purity [SCM
Corporation, Durham, NC; hereafter referred to as copper powder mix) to
inhibit cell-free HIV-1 infectivity was determined as follows: RPMI 1640 me-
dium only or containing various concentrations of copper powder mix was spiked
with 10° 50% tissue culture infective doses (TCIDs,) of HIV-1;;;5 and added to
2 X 10° MT2 or cMAGI cells. After 2 hours of incubation at 37°C, the cells were
washed thoroughly and incubated in a CO, humidified incubator at 37°C. Viral
infectivity was determined after 3 to 5 days of incubation at 37°C in a 5% CO,
moist incubator as described above.

Inhibition of cell-associated HIV-1 infectivity by copper powder mix. The
capacity of copper powder mix to inhibit cell-associated HIV-1 infectivity was
assessed as follows: 10° washed H9+ cells (T cells that constantly produce and
secrete HIV-1 virions) were resuspended in media containing different concen-
trations of cuprous oxide powder mix (percentage [weight/volume]). After 2 h of
incubation in a CO, humidified incubator at 37°C, the cells were centrifuged, and
the supernatants were collected. The H9+ cells were centrifuged and washed
again before being cocultured with attached cMAGTI target cells (1:30 cell-cell
ratio) in order to allow cell-associated HIV-1 transmission to occur. After co-
culture for 3 h, the H9+ cells were thoroughly removed from the attached
c¢MAGI cells and discarded. The cMAGI cells were cultured for 3 days, and the
number of cells infected with HIV-1 (stained blue) was then determined.

Determination of HIV-1 infectivity following filtration through filters contain-
ing copper powder mix. We designed filters with a radius of 2.5 cm and a height
of 1 cm containing in the bottom a 0.2-wm porous membrane (Pall Corporation)
and 0 or 50 mg of copper oxide powder mix. In addition, to some filters we added
a lower layer of resin containing activated carbon (Bio Chem Zorb; Aquarium
Pharmaceutical Inc., Charlotte, PA). The copper and carbon layers were sepa-
rated by a 0.2-um porous membrane (Pall Corporation). Portions (10 ml) of
RPMI 1640 culture medium without serum spiked with 10° to 10° 50% cell
culture infectious doses of HIV-1 per ml were put in a syringe attached to a filter
and passed through the dry filter by using a peristaltic pump. The flowthrough
was varied between 0.025 and 0.25 ml/cm?*min. The eluates were collected in
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FIG. 1. Inhibition of cell-free HIV-1 infectivity by cupric and cu-
prous oxide powder mix. cMAGI cells were exposed to HIV-13,; in
the presence of 0 to 1% of copper powder mix. After 2 h of incubation,
the cells were washed thoroughly. After 3 days of culture, viral growth
(®) was assessed by counting the number of HIV-1-infected cMAGI
cells. The results shown are the means * standard deviations (error
bars) of triplicate samples. In parallel, cMAGTI cells were exposed for
2 h to 0 to 1% copper powder mix in the absence of HIV-1, and the
cytotoxicity was determined (O).

sterile tubes, and either different aliquots were added to the target cells or the
eluates were first subjected to multiple sequential dilutions in appropriate media
containing serum. Each dilution was then added to MT2 or cMAGI target cells
in 96-well microplates using three replicate wells per dilution. Following 3 or 4
days of culture, the infectious viral titers were determined by using a cytopathic
effect assay (MT2) or counting cells stained blue (¢MAGT). The titer was calcu-
lated by using the Reed-Muench endpoint dilution method (41). The titer of an
unfiltered sample from each original clarified viral stock was also determined in
parallel. Ten milliliters of culture medium without virus, passed through the
filter, was used as a negative control for antiviral activity and for determination
of cytotoxicity.

Determination of HIV-1 infectivity following filtration through filters contain-
ing copper oxide-impregnated fibers. We designed filters with a radius of 2.5 cm
and a height of 10 cm that were packed only with copper-impregnated polypro-
pylene fibers. The copper oxide used to impregnate these polypropylene fibers
had a purity of 99% as determined by the manufacturer (SCM Corporation,
Durham, NC). For these experiments, we prepared very large viral stocks by
infecting ~10° MT2 cells with HIV-1yyp, HIV-1 clade B clinical isolate resistant
to AZT and PI, or a HIV-1 clade C clinical isolate resistant to AZT and
collecting the supernatants after several days of culture. One hundred twenty-five
milliliters of the culture supernatants were passed by gravity filtration through
each filter, packed with 10, 20, or 30 g of the copper-impregnated fibers or 30 g
of polypropylene fibers containing no copper (control filters). The first milliliter
and the 100 ml that eluted from the filters were collected. Replicate 25-pl
aliquots of these eluates were then fourfold sequentially diluted with culture
medium in four separate wells in a 96-well plate. Each dilution of the virus was
then transferred to MT2 target cells prepositioned in four separate wells in a
96-well plate. After 5 days of culture at 37°C, viral infectivity was determined by
examining syncytium formation. One hundred twenty-five milliliters of culture
medium without virus, passed through the filter, was used as a negative control
for antiviral activity and for determination of cytotoxicity.

The capacity of these filters to inhibit HIV-1 infectivity of primary CD4* cells
was assessed as described above by adding the filtered viruses to PHA-activated
PBMC in 96-well plates. After overnight incubation at 37°C in a 5% CO, moist
incubator, the PBMC were thoroughly washed with fresh medium and further
incubated in the humidified incubator. After 8 days of culture, MT2 cells, at a
ratio of 1:5 (PBMC/MT2) were added to the wells, and viral infectivity was
determined after 3 to 5 days of incubation by microscopic assessment of syncy-
tium formation in the MT2 cells.

RESULTS

Inhibition of cell-free HIV-1 infectivity by copper oxide mix.
As depicted in Fig. 1 for one representative experiment with
HIV-14,;, there was a dose-dependent inhibition of HIV-1
infectivity with an 50% inhibitory concentration of ~0.3% (wt/
vol) copper oxide powder. Similar results were obtained when



520 BORKOW ET AL.

jury
N
o

Percent of control (%)
N OB D X D
o O O O O

o

0.001 0.01 0.1 1 10 100
% Copper (w/v)

FIG. 2. Inhibition of cell-associated HIV-1 infectivity by cupric and
cuprous oxide powder mix. H9+ cells, which were exposed for 2 h to
different concentrations of copper powder mix, were cocultured with
attached cMAGI target cells for 3 h, before being thoroughly removed.
The cMAGI cells were then cultured for 3 days, and the number of
cells infected with HIV-1 was then determined (H). In addition, the
supernatants containing HIV virions that budded out from the H9+
cells during the period when these cells were exposed to the copper
were added to uninfected cMAGI cells. After 3 days of incubation, the
number of infected cMAGI cells was determined (V). The viabilities of
the H9+ cells exposed to the various copper concentrations are also
shown (@). Cell viability is expressed as a percentage of a control using
untreated cells. The data shown are the average of duplicate sam-
ples. The differences between the duplicate samples were not more
than 5%.

three other HIV-1 isolates were tested (HIV-1,;5 and M-
tropic and T-tropic HIV-1 clade C clinical isolates). The cyto-
toxic concentration of drug that reduced the viable cell number
by 50% was ~0.9% (wt/vol) (Fig. 1). At the effective antiviral
concentrations of the copper powder mix, there was no dis-
cernible cytotoxic effect on the cells (Fig. 1).

Inhibition of cell-associated HIV-1 infectivity by copper ox-
ide powder mix. H9+ cells were exposed to copper oxide
powder mix for 2 h. Then the cells were washed thoroughly and
exposed to cMAGTI cells. The infectivity of the virions that
budded out of the H9+ cells after removal of the copper mix
and which infected cMAGTI cells in the process referred to as

ANTIMICROB. AGENTS CHEMOTHER.

cell-associated HIV-1 transmission, was attenuated in a dose-
dependent manner (Fig. 2).

This experiment indicates that copper ions affected not only
virions present in media but also virions being formed within
the cytoplasm of cells during their exposure to copper and
prior to their budding from cells. As expected, the infectivity of
the virions that budded out from the H9+ cells during the
incubation for 2 h of these cells with the copper oxide powder
mix was also attenuated in a dose-dependent manner (Fig. 2).

At the effective antiviral concentrations of the copper pow-
der mix, there was no discernible cytotoxic effect on the cells
(Fig. 2), e.g., at 0.8 to 2% of copper powder. At these concen-
trations, viral infectivity was reduced to an extent that it could
not be detected. The cytotoxic concentration found to cause
50% cell death of H9+ cells was ~9% (wt/vol) of copper
powder.

Inhibition of HIV-1 infectivity by filters containing copper
powder mix. We tested the capacity of filters (Fig. 3a) not
containing copper or containing 50 mg copper oxide powder
mix (designated as negative-control filters and Cu filters, re-
spectively) to inactivate HIV-1 in media by free-flow filtration.
As shown in Fig. 3b, the filter eluate was toxic to MT?2 target
cells.

To overcome the cytotoxicity problem, we added a layer of
resin containing activated carbon capable of reabsorbing any
copper released from the upper copper layer during filtration.
Addition of the carbon (100 mg) layer to the filter reduced
significantly the cytotoxicity of the filter eluate (Fig. 3b). In-
crease in the quantity of the carbon layer further reduced the
cytotoxicity of the eluate to insignificant levels (Fig. 3c).

After overcoming the cytotoxicity problem, our aim was to
determine whether the Cu filters (containing 200 mg of car-
bon) are effective against a wide spectrum of HIV-1 isolates.
For this purpose, 10 ml of RPMI 1640 medium, to which 2 X
10° TCIDs, units of different HIV-1 were added, were passed
through the filters at a flow rate of 5 ml/min. Fifty-microliter
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FIG. 3. Cytotoxicity and inhibition of HIV-1 infectivity by filters containing copper powder mix. (a) Sketch of copper oxide-containing filter.
(b) The cytotoxicity when applied on MT2 cells of 1:20, 1:50, or 1:100 final dilution of medium that eluted from filters containing 50 mg copper
powder mix and no carbon layer or a 100 mg carbon layer is presented. The cytotoxicity after overnight incubation of the cells in a moist 5% CO,
incubator at 37°C was determined by the trypan blue exclusion assay. (C) The cytotoxicity of 1:2, 1: 5, and 1:10 final dilutions of medium that eluted
from filters containing 50 mg copper powder mix and 100, 200, 300, 400, or 500 mg carbon, is presented. cMAGI cells were then exposed to these
HIV-1-spiked and filtered samples. After 3 days of culture, the number of HIV-1-infected cMAGI cells (stained blue) was determined (see Table
1). The data shown are averages of duplicate samples. The differences between the duplicate samples were not more than 5%.
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TABLE 1. HIV-1 isolates tested in this study

HIV-1 isolate Subtype Phenotype® Coreceptor” Resistance® Isolate?
Ba-L B NSI RS wt Lab
111B B SI X4 wt Lab
M461/L63P/V82T/ ND¢ SI R5X4 PI Lab

184V
L10R/M461/L63P/ ND SI X4 PI Lab
V82T
RTMC/MT2 ND SI R5X4 AZT Lab
96USNG20 A SI R5X4 wt Clinical
IIIB A17 variant B ST X4 NNRTI Lab
Saquinavir- ND SI X4 PI Lab
resistant
JR-FL B NSI RS wt Lab
ETH33 C NSI RS wt Clinical
ETH134 C SI X4 AZT Clinical
ELI B SI X4 AZT/P1 Clinical

“ Phenotype based according to the env gene.

b Coreceptor usage: RS, CCRS; X4, CXCR4; R5X4, both CCR5 and CXCR4.

¢ Abbreviations: wt, wild type; PI, protease inhibitors; NNRTI, nonnucleoside
reverse transcriptase inhibitors.

@ Lab, laboratory-adapted isolate; clinical, clinical isolate.

¢ ND, not determined.
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aliquots of the filtered medium containing HIV-1 were added
to cMAGTI target cells (final dilution of the eluate, 1:20). After
3 days of incubation, the number of HIV-infected cells was
determined. Filtration of the HIV-1 spiked media at a flow rate
of 5 ml/min, resulted in >3-log-unit reduction of all 12 HIV-1
isolates tested (Table 1), which represent a wide variety of
strains and include viruses that are resistant to PI, nucleoside
inhibitors, nonnucleoside inhibitors, syncytium-inducing and
non-syncytium-inducing viruses, clade A, clade B, and clade C
viruses, and T-tropic and M-tropic viral isolates. Each virus
isolate was tested at least twice. Even when 1 ml of stock virus
containing 2 X 10° TCIDs, HIV-1 was filtered, no viral infec-
tivity of cMAGTI cells was noted. These experiments show that
the virus isolates tested do not differ in their high susceptibility
to copper.

Inhibition of HIV-1 infectivity with copper-impregnated fi-
bers. As described elsewhere (6, 23), we developed a platform
technology that impregnates synthetic fibers with copper oxide
(Fig. 4a). We examined the possibility that these copper-im-
pregnated fibers, which do not allow release of copper parti-
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FIG. 4. Copper oxide-impregnated polypropylene fibers. (a) Scanning electron microscopy (JEOL JMS 5410 LV scanning electron microscope,
Japan) of a copper oxide-impregnated polypropylene fibers. Bar, 50 pm. (b) X-ray photoelectron spectrum analysis (Link IV, ISIS, Oxford
Instruments, England) of the surfaces of the copper-impregnated fibers used to fill filters for deactivation of HIV-1.
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FIG. 5. Inactivation of HIV-1 by filters containing copper oxide-impregnated polypropylene fibers. (a) One hundred twenty-five milliliters of
medium containing HIV-1,;5 was passed through filters containing 10 (circles), 20 (squares), or 30 (triangles) grams of copper-impregnated fibers.
The first milliliter (black symbols) and the 100 ml (open symbols) that eluted from each filter were collected and subjected to sequential fourfold
dilutions before they were added to MT?2 target cells. For each viral dilution, four replicate wells were used. The eluate from the control filter (black
diamonds) served as a positive control. (b) One hundred twenty-five milliliters of medium containing HIV-1 clinical isolate clade B, resistant to
AZT and PI, were passed through filters containing 30 g of copper-impregnated fibers. The first milliliter (black triangles) and the 100 ml (white
triangles) that eluted from each filter were collected and subjected to sequential fourfold dilutions before they were added to MT?2 target cells.
For each viral dilution, six replicate wells were used. The eluate from the control filter (black diamonds) served as a positive control. (c) One
hundred twenty-five milliliters of medium containing HIV-1 clinical isolate clade C, resistant to AZT, was passed through filters containing 30 g
of copper-impregnated fibers. The first milliliter (black triangles) and the 100 ml (white triangle) that eluted from each filter were collected and
subjected to sequential fourfold dilutions before they were added to MT2 target cells. For each viral dilution, four replicate wells were used. The
eluate from the control filter (black diamonds) served as a positive control. With all three isolates tested, viral infectivity was determined after 5
days of culture at 37°C by examining syncytium formation. Each well in which even one syncytium was seen was considered a positive well, i.e.,
infected with HIV-1. No cytotoxicity was observed in all examined wells. (d) Ten milliliters of medium containing HIV-1 clinical isolate clade B,
resistant to AZT and PI, were passed through filters containing 10 g of copper-impregnated fibers (O) or control fibers without copper (@). The
eluate was fourfold sequentially diluted and then added to PHA-activated PBMC in 96-well plates (triplicate wells). After overnight incubation
at 37°C, the cells were thoroughly washed with RPMI 1640 medium and then cultured for additional 8 days at 37°C. MT2 cells were then cocultured
with the PBMC (at a MT2/PBMC ratio of 5:1). After an additional 5 days of culture, the presence of syncytia was determined. Each well in which
even one syncytium was seen was considered a positive well, i.e., infected with HIV-1. The experiments shown are representative of two similar
experiments performed for each virus.

10°

cles, may eliminate the need for having 0.2-pm membranes
and a carbon layer in the filters. We thus tested the capacity of
filters packed only with copper-impregnated polypropylene fi-
bers to inactivate HIV-1. Approximately 10% of the surfaces of
the fibers used in these filters was copper, as determined by
scanning electron microscopy followed by X-ray photoelectron
spectra analysis (Fig. 4b). As possible future applications of
these filters would be to inactivate HIV-1 in breast milk or in
blood donations, which occur in greater volumes, we deter-
mined their capacity to inactivate HIV-1 when 125 ml of HIV-
1-spiked culture supernatants were passed by gravity filtration
through each filter. We first tested the efficacy of the filters
against HIV-1,;;5 when passing through filters containing 10,
20, or 30 g of the copper-impregnated fibers. All the wells
exposed to the fourfold sequential dilutions of the eluates from
the control filter (Fig. 5a) were positive for HIV-1 infection,

with the exception of the last dilution (4%), in which two out of
the four wells were positive for HIV-1. Hence, the TCIDs, of
the virus that eluted from the control filter was 65,536 per 25
pl. In contrast, all the dilutions of the first milliliter collected
from the virus filtered through each of the three filter config-
urations containing copper-impregnated fibers were negative
for HIV-1 infection (Fig. 5a). HIV-1 infectivity in the 100 ml of
the supernatant passed through filters containing 10, 20, and
30 g of the copper-impregnated fibers was partially decreased
(Fig. 5, TCIDs, of 2,560 per 25 wl), almost completely elimi-
nated (Fig. 5a, TCIDs, of 5 per 25 pl), or abolished (Fig. 5a),
respectively. No cytotoxicity was observed in all wells. On the
basis of these results, we then examined the efficacy of the
filters containing 30 g of the copper-impregnated fibers against
HIV-1 clinical isolates of clade B with resistance to AZT and
PI (Fig. 5b) and the HIV-1 clinical isolate of clade C with



VoL. 52, 2008

resistance to AZT (Fig. 5c). Similar results were obtained
when the filtered viruses were added to activated PBMC (Fig.
5d). No cytotoxicity was observed in all dilutions tested.

DISCUSSION

As a first step in evaluating the use of copper-based filters in
deactivating HIV-1 in filterable solutions, in the current study,
we examined the capacity of filters containing copper oxide
powder or copper oxide-impregnated fibers to inactivate
HIV-1 in medium. We found that the filters containing copper
oxide powder efficiently and quickly inactivated HIV-1. Min-
utes of exposure of the virions to the copper oxide powder
rendered them noninfectious. Not only free viruses but also
virions being formed within the cytoplasm of cells during cell
exposure to copper and before virion budding from the cells
were affected. Furthermore, cell-associated HIV-1 transmis-
sion was also attenuated in a dose-dependent manner by the
copper oxide powder mix.

Depending on the amount of copper used, very large vol-
umes could be “sterilized” by filtration. However, the eluate of
the copper oxide-containing filters had a cytotoxic effect on the
target cells used for evaluating HIV-1 infection. To overcome
this problem, we designed filters with two layers. The upper
layer included the copper oxide powder mix, and the second
layer included activated carbon, capable of reabsorbing any
copper particles released from the upper copper layer during
filtration. While we eliminated the problem of cytotoxicity by
using the carbon layer, the flow rate of the liquids through the
filters was significantly slowed down, apparently due to the
presence of a 0.2-m porous membrane separating the copper
and carbon layers. Subsequently, we were able to eliminate the
need of the carbon layer and the porous membrane by impreg-
nating the copper oxide particles in polymeric fibers (6, 23).
The eluates from filters containing the copper oxide-impreg-
nated fibers showed no cytotoxicity at the dilution tested. Im-
portantly, these filters very efficiently reduced the infectious
viral titers (>99.9% reduction) of all viral isolates tested, in-
cluding wild-type and drug-resistant isolates, laboratory and
clinical isolates, and isolates from different clades.

In contrast to the low sensitivity of human tissue (skin or
other) to copper (25), microorganisms are highly susceptible to
copper (7). Copper ions, either alone or in complexes, have
been used for centuries to disinfect fluids, solids, and tissues (5,
19). Bacteria and other microorganisms have different mech-
anisms to deal with excess copper, such as active transport
membrane efflux pumps (e.g., references 22 and 42). Viruses,
however, do not possess mechanisms to tolerate excess metal
ions, making them extremely susceptible to copper ions. The
deactivation by copper of infectious bronchitis virus, poliovi-
rus, herpes simplex virus, and other enveloped or nonenvel-
oped, single- or double-stranded DNA or RNA viruses, has
been reported (reviewed in reference 7). Sagripanti and Light-
foote (44) reported in 1996 that HIV-1 was inactivated by
cupric ions when the virus was free in solution and also 3 h
after cell infection. Subsequently, it was showed that stoichio-
metric concentrations of copper ions inactivate the HIV-1 pro-
tease (27, 28), which is an essential protein for replication of
the virus. In addition, copper ions may cause nonspecific dam-
age to HIV virions by damaging their envelope phospholipids
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and denaturing the virus nucleic acids by binding to and/or
disordering helical structures and/or by cross-linking between
and within the nucleic acid strands (7). The multisite antiviral
mechanism of copper oxide explains the high susceptibilities of
all HIV-1 viral isolates tested with no clade or other specificity.

Breast-feeding is an important source of HIV-1 MTCT.
While milk substitutes may be given by HIV-1-infected
mothers to their infants, breast-feeding remains the recom-
mendation of the WHO, UNICEF, and CDC in developing
countries, especially in sub-Saharan Africa, where children
suffer from malnutrition and infection, and where over 50%
of adults living with HIV/AIDS are women of childbearing
age (10, 51, 53). However, developing a means to inactivate
the >600,000 HIV-1 virions estimated to be ingested by an
infant on a daily basis during the first few months of life
through breast milk (32) is critical. To reduce infant illness
and mortality, a low-cost approach to infant feeding is
needed that prevents HIV MTCT and enteric/respiratory
infections from formula use.

At present, several approaches are being developed to inac-
tivate HIV-1 and other pathogens in contaminated fluids. Most
inactivation approaches use chemicals that bind nucleic acids
either directly (40) or when subjected to UV light (16), pre-
venting viral replication. The toxicity and mutagenicity of these
chemicals raise significant concern. In addition, these deacti-
vation modalities, especially those requiring exposure to UV
light, are highly expensive and are not practicable in regards to
MTCT. Thus, the importance of finding new modes to inacti-
vate pathogens in fluids cannot be overemphasized. Further-
more, if such means were inexpensive, their employment by
blood banks and/or HIV-1-infected mothers in developing
countries would be facilitated and have a significant and im-
mediate impact on reducing the transmission of HIV-1 and
other pathogens.

Copper is considered safe for humans, as demonstrated by
the widespread and prolonged use by women of copper
intrauterine devices (4, 26). The biochemistry of copper in
humans has long been studied and is well understood (45,
49). Excess copper in humans at the level which is expected
to be leached out into the milk, blood, or plasma as it passes
through the copper filters (less than 2 pg/dl [data not
shown]) is not toxic. This represents only a minor perturba-
tion to the normal serum levels of copper in blood, which
range from approximately 80 to 160 wg/dl (1, 54). As a
relatively benign trace element, humans physiologically
adapt to changes in copper intake (33). The National Acad-
emy of Sciences Committee recently established the U.S.
recommended daily allowance of 0.9 mg of copper for
healthy adults. This committee also noted that daily intakes
up to 3 mg/day in children and 8 to 10 mg/day for adults are
considered tolerable and nontoxic (48). In healthy humans,
any excess copper absorbed is readily excreted (34).

The use of copper is a radical departure from technolo-
gies currently being developed for antiviral inactivation. Ob-
viously, the effect of copper filters on important components
found in breast milk, such as the protecting leukocytes and
immunoglobulins, or those components found in blood, such
as coagulation factors, should be thoroughly studied before
this technology may be implemented. We are indeed in the
process of carrying out these studies. Additionally, a filter
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strategy tailored to the uniqueness of the mother-child feed-
ing relationship within cultural sanctions of resource-poor
societies must be developed. We realize that the use of
bottled milk acquired with a breast pump with copper filters
is not feasible in most African countries, mainly due to the
absence of “safe” water and social constraints. We are thus
in the process of designing a breast shield that may be used
by HIV-1-infected mothers that will allow them to safely
breast-feed their children without posing a cultural or social
threat to them.
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