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I
nvasive fungal infection is a major cause
of increased mortality in cancer pati-
ents.1�10 About 70%�87% of such infec-

tion is caused by Candida species,11�13

especially Candida albicans (C. albicans)
(50%�67%).14�20 C. albicans can cause
bloodstream infection (candidaemia) and/
or organ infection (disseminated candi-
diasis) in immunocompromised individuals
such as cancer patients.21,22 Both candidae-
mia and disseminated candidiasis lead to
high mortality rates of cancer patients.23 To
reduce such highmortality, it is important to
diagnose C. albicans infection and initiate
antifungal therapy early.3,9,24 However, the
blood culture method, the current gold
standard in the clinical diagnosis25 of C.

albicans infection, takes about 5 days26

to get reliable results,27 resulting in the
delay of antifungal therapies.27�29 On the
other hand, other techniques, e.g., enzyme-
linked immunosorbent assay (ELISA) for the

detection of specific proteins related to C.

albicans infection,30�32 cannot efficiently
detect the low levels of marker proteins
generated at the early stage of C. albicans
infection, such as antisecreted aspartyl pro-
teinase 2 IgG (anti-Sap2-IgG).30,33�36 There-
fore, a new strategy with high time-
efficiency and sensitivity is needed for the
early detection of anti-Sap2-IgG.
Phage, as a nontoxic virus, has recently

emerged as a new analytical platform.37�39

Hence we used fd phage functionalized
with both anti-Sap2-IgG-targeting (ASIT)
peptide (VKYTS, an epitope of Sap2, which
we found to be able to capture anti-Sap2-
IgG30) and MNPs to facilitate the capture
(by ASIT peptide) and enrichment (by
MNPs) of the anti-Sap2-IgG from serum,
followed by the detection of the biomarker
by ELISA (Scheme 1). The fd phage
(∼900 nm long and 7 nm wide)40,41 is a
nanofiber-like virus composed of coat
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ABSTRACT Candida albicans (C. albicans) infection causes high

mortality rates within cancer patients. Due to the low sensitivity of

the current diagnosis systems, a new sensitive detection method is

needed for its diagnosis. Toward this end, here we exploited the

capability of genetically displaying two functional peptides, one

responsible for recognizing the biomarker for the infection

(antisecreted aspartyl proteinase 2 IgG antibody) in the sera of

cancer patients and another for binding magnetic nanoparticles (MNPs), on a single filamentous fd phage, a human-safe bacteria-specific virus. The

resultant phage is first decorated with MNPs and then captures the biomarker from the sera. The phage-bound biomarker is then magnetically enriched

and biochemically detected. This method greatly increases the sensitivity and specificity of the biomarker detection. The average detection time for each

serum sample is only about 6 h, much shorter than the clinically used gold standard method, which takes about 1 week. The detection limit of our

nanobiotechnological method is approximately 1.1 pg/mL, about 2 orders of magnitude lower than that of the traditional antigen-based method, opening

up a new avenue to virus-based disease diagnosis.
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proteins surrounding a ssDNA genome that encodes
these proteins,42 including ∼4000 copies of a major
coat protein (called pVIII) constituting the side walls
and 5 copies each of four minor coat proteins (termed
pIII, pVI, pVII, and pIX) forming the two tips.43 When
DNA encoding peptides are inserted into the genes of
the coat proteins, the peptides are displayed at the tips
of the phage by fusion to minor coat proteins and/or
along the side walls by fusion to pVIII.40 This allows us
to codisplay two peptides on a single viral nano-
fiber, including an ASIT peptide at one tip (as fusion
to pIII), which allows the phage to selectively capture
anti-Sap2-IgG in sera, and an MNP-binding peptide
(identified by phage display in this work) along the
side walls (as fusion to pVIII), which enables the dec-
oration of the phage with MNPs for magnetically
enriching the captured anti-Sap2-IgG (Scheme 1).
The resultant phage (termed as ASIT-MNP-phage)
can greatly increase the sensitivity for detecting

anti-Sap2-IgG in sera from cancer patients by ELISA
analysis.

RESULTS AND DISCUSSION

Water-soluble Fe3O4 MNPs (∼5 nm in diameter), a
magnetic label used for enriching specificmolecules,44

were synthesized following a reported protocol45 and
confirmed by transmission electron microscopy (TEM,
Figure 1a), magnetic enrichment (Figure 1a inset) and
X-ray diffraction (XRD, Figure 1b). MNP-binding pep-
tides were identified from a phage-displayed ran-
dom peptide library (f88-15mer library, a gift from
Dr. George P. Smith at the University of Missouri) by
biopanning against the synthesized MNPs following
our published protocol (Figure 2a).46 We used the
pVIII-based phage library instead of the commonly
used pIII-based library for two main reasons. First,
we want the MNPs to be bound to the side wall
of phage (constituted by ∼4000 copies of pVIII) by

Scheme 1. Schematic of using ASIT-MNP-phage for the detection of anti-Sap2-IgG from human serum. (a) Two peptideswere
double-displayed on the surface of wild type (WT) phage, with MNP-binding peptide displayed on the pVIII (major coat
protein on the side wall) and anti-Sap2-IgG-binding peptide displayed on the pIII (minor coat protein at the tip). MNPs were
then bound to the side wall of the resultant phage due to the display of MNP-binding peptides on the major coat, forming
ASIT-MNP-phage complex. (b) ASIT-MNP-phage was added to the human sera and captured the biomarker (anti-Sap2-IgG)
through its pIII tip. A magnet was then used to enrich the complex of ASIT-MNP-phage and the biomarker. An elution buffer
was thenused to elute theASIT-phage/biomarker complex from theMNPs. (c) The elutedASIT-phage/biomarker complexwas
coated on the ELISA plate, followed by the addition of horseradish peroxidase (HRP)-labeled secondary antibody that
recognized the biomarker. A 3, 30, 5, 50-tetramethylbenzidine (TMB) coloring solution was further added to the resultant
complex to develop color for the detection of the biomarker. PK denotes MNP-binding peptide (PTYSLVPRLATQPFK). ASIT
denotes anti-Sap2-IgG-targeting peptide (VKYTS). It should be noted that the viral nanofibers are not necessarily vertically
oriented on the surface of the plates and the current cartoon is onlymeant to easily highlight the binding event between viral
nanofibers, target antibodies and secondary antibodies.
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the MNP-binding peptides displayed and the MNP-
binding peptides are expected to bind MNPs more
efficiently when displayed on the side wall of phage
in the same way as when they are selected during
biopanning. Second, more candidate peptides are
displayed on the side wall than at the tip (made of
5 copies of pIII) of an individual viral nanofiber, leading
to more efficient target binding by a phage nanofiber
in the pVIII library than in a pIII library during the
affinity-selection process.

To start biopanning process, the f88-15mer phage
library, which is made of billions of phage clones with
each clone displaying a 15-mer peptide on the side
wall (pVIII), was allowed to interact with a microcen-
trifuge tube to remove phages that were bound with
the tube. The resultant depleted phage library was
used as an input to interact with MNPs placed in a
microcentrifuge tube. A magnet was then applied to
attract the MNPs along with MNP-binding phages to
the bottomof the tube and the supernatant containing
nonbinding phages was discarded. The MNP-phage
pellet was then washed 5 times with a washing buffer
to get rid of weak MNP-binding phages and the strong
MNP-binding phages were eluted using an elution
buffer, amplified and used as a new input for the next
round of selection. After a binding-washing-elution
process was repeated three times, 62 phage clones
with high MNP-binding affinity were randomly picked
up and sent for DNA sequencing. The sequencing
results (Supporting Information Table S1) show that
2 sequences have 4 repeats, 1 sequence has 3 repeats,
7 sequences have 2 repeats, and 37 sequences only
have 1 repeat. Therefore, we picked the 10 sequences
with more than 1 repeat (Supporting Information
Table S1) for the binding-affinity tests to find out the
best MNP-binding phage/peptide. In the binding-
affinity tests, 10 phage clones were separately ampli-
fied and titered, and the same amount of each phage
nanofiber (3.5 � 108 plaque forming units (pfu)) was
allowed to interact with excess MNPs. After 5 rounds of
washing, theMNP-bindingphagenanofiberswereeluted,
titered and counted. The phage displaying the best MNP-
binding peptide should have the highest number of
bound phage particles. The results (Figure 2b) show that
the phage displaying the peptide PTYSLVPRLATQPFK
(termed as PK peptide) had the highest number of bound
phage nanofibers (3.24 � 108 pfu), indicating this PK
peptide is the best MNP-binding peptide.
The PK peptide and our reported ASIT peptide

(VKYTS)30 were then displayed on the side wall (pVIII)
and at the tip (pIII) of phage, respectively (Scheme 1a),
forming PK-ASIT-phage. Briefly, the DNA sequences
encoding the PK and ASIT peptides were respectively
inserted into the specific sites of the genes of pVIII and
pIII in the phagemid f388-55. The recombinant f388-55
phagemid was then transformed into Escherichia coli

MC1061 to produce bioengineered phage, which dis-
plays PK peptide on its side wall (pVIII display) and ASIT
peptide at its tip (pIII display) (Scheme 1a). Then, the
anti-Sap2-IgG-targeting and MNP-binding abilities of
the PK-ASIT-phage were tested. Western blot results
(Supporting Information Figure S1) show that only
PK-ASIT-phage with the pIII displaying ASIT peptide
can target anti-Sap2-IgG, while the wild type (WT)
phage cannot, confirming the biomarker-binding abil-
ity of PK-ASIT-phage. Next, the binding between
100 μg MNPs and different amounts of PK-ASIT-phage

Figure 1. TEM image (a) and XRD pattern (b) of the synthe-
sized MNPs. The inset in (a) shows the attraction of MNPs
toward a magnet. (c) Photographs showing MNPs solution
(left) and the mixture of MNPs and PK-ASIT-phage (where
ASIT-MNP-phage complexes were formed) in the absence
(middle) and presence (right) of a magnet. (d) TEM image of
the ASIT-MNP-phage complexes shown in (c).
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was studied (Figure 2c). The results showed that
with the increase of the added phage from 7.5 � 109

to 4.8 � 1011 pfu, the number of bound phage nano-
fibers increased from 7.2 � 109 to 4.5 � 1011 pfu,
indicating PK-ASIT-phage could efficiently bind with
MNPs in PBS buffer. But when the added phage
was over 4.8� 1011 pfu, the bound phage remained as
∼4.5 � 1011 pfu, suggesting all the binding peptides
displayed on PK-ASIT-phage were occupied by MNPs
and confirming 4.5� 1011 pfu is themaximum amount
of PK-ASIT-phage for binding with 100 μg MNPs.
Therefore, 4.5 � 1011 pfu of PK-ASIT-phage and 100 μg
MNPs were mixed to form ASIT-MNP-phage complexes.
After the mixing of PK-ASIT-phage and MNPs, ASIT-

MNP-phage complexes were formed (Figure 1c,d), in
which MNPs were assembled along PK-ASIT-phage.
The specificity of the ASIT-MNP-phage complexes
was then studied. In the specificity test, ASIT-MNP-
phage complexes capturing anti-Sap2-IgG from the
sera of cancer patients were collected by a magnet
(Scheme 1b) and then the phage-bound anti-Sap2-IgG
was eluted off MNPs using an elution buffer for West-
ern blot analysis. It should be noted that the elution
buffer was the same as that used to remove MNP-
binding phage away from the MNPs during biopan-
ning (Figure 2a). The Western blot results (Figure 3a)

indicate that anti-Sap2-IgG was specifically captured
and detected by ASIT-MNP-phage from the sera of
the C. albicans-infected cancer patients (instead of
from the sera of the healthy control), confirming the
specificity of ASIT-MNP-phage against anti-Sap2-IgG.
The high sensitivity of using our ASIT-MNP-phage

complexes for detecting anti-Sap2-IgG was confirmed
by plotting the predesigned concentrations of anti-
Sap2-IgG, produced and validated through an immu-
nological method (Supporting Information Figures S2
and S3), versus the experimentally determined ELISA
signal (Figure 3b,c). The detection limit of our ASIT-
MNP-phagemethodwas found tobe as lowas 1.1pg/mL,
2 orders of magnitude lower than that of rSap2-based
method (89.56 pg/mL) (Supporting Information). In
addition, the average detection time for each sample
is only about 6 h, much shorter than the clinically used
blood culture method (∼5 days26).
The ASIT-MNP-phage complexes were then used to

detect human anti-Sap2-IgG in sera from cancer pa-
tients clinically diagnosed with C. albicans infection by
the blood culture method. 68 serum samples from
C. albicans-infected cancer patients and 144 serum sam-
ples from healthy control were collected and analyzed
using our ASIT-MNP-phage-based method (Scheme 1).
ASIT-phage and rSap2 were used as control detection

Figure 2. Schematic of affinity-selection of MNPs-binding phages (a) and the binding ability of selected phage to MNPs
(b and c). (b) Affinity-binding test of selected phages. The amount of phage (input) added to interact with excess MNPs was
3.5 � 108 pfu and the amount of output (eluted phage) was shown in the plot for phages displaying different peptides. The
results indicate that the phage displaying PK peptide has the strongest affinity to MNPs. PK = PTYSLVPRLATQPFK; TP =
TWVASALKNLLYACP; QP =QLPSSTPLYATTWQP; TA = TVSDEVRLLRLPSTA; PG = PSATERLPAQSHPEG; PF = PFISYGAQTPLLPVF;
IS = IRQTRSRTRLSRWAS; LP = LRTSPSKQRDHLTSP; LA = LALSPQSWPGPANSA; TT = TPPSSSLVVLQSKAT. (c) Binding tests
between MNPs and PK-ASIT-phage. The results show that the maximum amount of PK-ASIT-phage for binding with 100 μg
MNPs is 4.5 � 1011 pfu.
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probes. A cutoff value is defined as the mean plus 3
times standard deviations (SDs) of the absorbance
values in the ELISA analysis of these 144 control sera.47

When the absorbance in ELISA was higher than the
cutoff value, the samples were considered infection-
positive. By applying this criteria to independent tests,
65 ( 1 out of 68 serum samples from C. albicans-
infected cancer patients were detected as infection-
positive, whereas only 30( 2 and 33( 2 samples were
detected by ASIT-phage and rSap2 methods, respec-
tively (Table 1 and Figure 4a). These results indicate
that the sensitivity of our ASIT-MNP-phage method

(95.6% (= [(65/68) � 100%])) was much higher than
those from the control methods of ASIT phage (44.1%
(=[(30/68) � 100%])) and rSap2 (48.5% (=[(33/68) �
100%])). When ASIT-MNP-phage was applied to detect
144 serum samples from healthy control, only 3 sam-
ples were detected as infection-positive (false positive)
(Table 1). The detection specificity of ASIT-MNP-phage
method reached ∼97.9% (=(144�3)/144 � 100%), a
little higher than that of ASIT phage (97.2%) and rSap2
(91.7%) methods. Therefore, our ASIT-MNP-phage
method showed a much higher sensitivity and a little
higher specificity for detecting C. albicans infections
within cancer patients than the rSap2 and ASIT-phage
methods.
In addition, we also independently studied the

sensitivity of our method in detecting C. albicans

infections in patients with different cancer types, in-
cluding lung (21 samples), breast (19 samples), intest-
inal (7 samples), and other (21 samples) cancer (Table 2
and Figure 4b). The ELISA results (Figure 4b) show that
the sensitivity of our ASIT-MNP-phage method was
much higher [95.2% (lung cancer), 94.7% (breast
cancer), 100.0% (intestinal cancer), and 95.2% (other
cancer types)] in comparison with ASIT-phage method
[57.1% (lung cancer), 52.6% (breast cancer), 42.9%
(intestinal cancer), and 23.8% (other cancer types)]
and rSap2 method [57.1% (lung cancer), 57.9%
(breast cancer), 47.1% (intestinal cancer), and 28.6%
(other cancer types)]. These results suggest that ASIT-
MNP-phage can be used to detect C. albicans-infected
patients of different cancer types.
Our results showed that ASIT-MNP-phage method

outperformed ASIT phage and rSap2 methods in de-
tecting human anti-Sap2-IgG. The key to such success
lies in the use of magnetic virus (i.e., ASIT-MNP-phage)
(Scheme 1). Namely, ASIT-MNP-phage enabled the
biomarkers to be magnetically enriched first and then
biochemically analyzed. For ASIT phage and rSap2
methods, although both ASIT phage and rSap2 can
capture anti-Sap2-IgG with high specificity, they could
not enrich the captured anti-Sap2-IgG by means of a
magnet. This fact explains why our ASIT-MNP-phage
method showedmuch higher detection sensitivity but
a little higher specificity than ASIT phage and rSap2
methods. Furthermore, circulating viruses, which act as
antigens, are expected to bind target antibodies more
efficiently in a solution phase, resulting inmore efficient

Figure 3. (a) Western blot analysis showing the specificity
of ASIT-MNP-phage for detecting anti-Sap2-IgG in the
serum of cancer patients. The data was generated by two
steps: First, recombinant Sap2 (rSap2) proteins were run on
two SDS-PAGEgels and then transferred onto nitrocellulose
membranes. Second, the nitrocellulose membranes with
rSap2 proteins were divided into two groups, which were
incubated with the eluted antibodies collected from serum
of patients and healthy control, respectively. Left image: left
lane, marker; right lane, serum from Candida albicans-
infected cancer patients. Right image: left lane, marker;
right lane, serum from healthy control. (b) Correlation
between the ELISA signal (optical density at 450 nm) and
the predetermined concentration of anti-Sap2-IgG in rSap2
protein-based ELISA method (control). (c) Correlation be-
tween the ELISA signal and the predetermined concentration
of anti-Sap2-IgG in ASIT-MNP-phage-based ELISA method.

TABLE 1. TheNumber of Total C. albicans-Infected Patients

and the Average Number of Cases Detected by Different

Assays (Healthy Population Was Used as a Control)

Anti-Sap2 positive population

population ASIT-MNP-phage ASIT-phage rSap2

Cancer patients with infection 68 65 ( 1 30 ( 2 33 ( 2
Healthy people 144 3 4 ( 1 12 ( 1
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capturing of the antibodies and better detection limit
than the conventional ELISA method. The orientation
of the antigens, the peptides displayed on the viruses,
may also be one of the factors that contribute to the
higher capturing efficiency in our method as the
antigen orientation is important in detecting target
antibody.48 In addition, nanotechnology-based anti-
body detection was usually tested on the laboratory or
animal samples.49 Here, we directly tested the virus-
based method on the infected cancer patients (68
samples). The high sensitivity of our ASIT-MNP-phage
method may benefit the early detection of C. albicans

infection in the cancer patients in intensive care unit.
Moreover, our virus-basedmethod is not limited to the
detection of anti-Sap2-IgG. Because a peptide that can
target other biomarkers can be identified using phage
display,46,50,51 our method can be developed as a
general method for detecting biomarkers with high
sensitivity and specificity.

CONCLUSIONS

In conclusion, we identified a MNP-binding pep-
tide, PTYSLVPRLATQPFK and double-displayed this
peptide and a reported anti-Sap2-IgG-targeting pep-
tide, VKYTS,30,52 on fd phage to form PK-ASIT-phage.
Then we constructed the magnetic virus by binding
the phage with MNPs and confirmed its high stability,
specificity, and sensitivity. Finally, we used the mag-
netic virus to detect the anti-Sap2-IgG in sera from
C. albicans-infected cancer patients, and found our
magnetic virus-based method is much more sensitive
than using viruses or antigens alone and takes much
shorter time than the clinical gold standard. Our
method can serve as a general strategy for detecting
other biomarkers with high sensitivity and specificity
because biomarker-binding peptides can be identi-
fied by phage display and displayed on the surface of
phage.

METHODS

Affinity-Selection of Fe3O4 MNP-Binding Phage Clones. We selected
the MNP-binding phage clones by following our previously
published protocol with minor revision.46 Specifically, 0.2 mg
of Fe3O4 MNPs was resuspended in 100 μL of binding buffer
(100 μL TBS with 0.1% (w/w) Tween 20). An f88-15mer phage
library (∼2� 1012 phage) was diluted in 1mL of binding buffer
and themixturewas allowed to interact with amicrocentrifuge
tube first to remove phages that were bound to the tube
materials. The resultant phage library was allowed to interact
with MNPs in a microcentrifuge tube for 2 h at 37 �C. A magnet
was then applied to attract the MNPs along with MNP-bound
phage to the bottom of the tube and the supernatant con-
taining nonbinding phages was discarded. The MNP-phage
pellet was washed five times by repeating the process

of resuspension in 1 mL of washing buffer (TBS with 0.1%
Tween 20) and the subsequent centrifugation to remove the
supernatant. The bound phages were eluted from MNPs
with 500 μL of elution buffer (0.1 N HCl, and pH adjusted to
2.2 with glycine) for 7 min on a shaker. The eluate was
neutralized by mixing it with 35 μL of 1 M Tris-HCl (pH = 9.1)
immediately. The entire first-round eluate was amplified by
infecting starved E. coli K91 BlueKan cells,46 and the amplified
phages were then purified with a double polyethylene glycol
(PEG) precipitation method. The purified phages were used as
a new input library and the selection procedure as the first
round was repeated. After the third round of selection, the
eluted phages were not amplified. Instead, the neutralized
eluates were titered and 62 colonies were randomly picked up
for DNA sequencing.

Figure 4. Detection of anti-Sap2-IgG in sera of cancer patients with C. albicans infection. (a) The percentage of anti-Sap2-IgG
positive population among all patients detected using different assays. 1, C. albicans-infected patients; 2, healthy control.
Each data point represents the mean for 3 independent experiments ( SD. (b) The percentage of anti-Sap2-IgG positive
population among patients of each specific cancer type: 1, lung cancer; 2, breast cancer; 3, intestinal cancer; 4, other cancers.
Each data point represents themean for 3 independent experiments( SD, **p < 0.01. Both a and b share the same legends as
shown in (a).

TABLE 2. The Number of C. albicans-Infected Patients

with Different Cancer Types and the Average Number of

Cases Detected by Different Assaysa

Anti-Sap2 positive population

population ASIT-MNP-phage ASIT-phage rSap2

Lung cancer 21 20 ( 1 12 ( 1 12 ( 1
Breast cancer 19 18 ( 1 10 ( 1 11 ( 1
Intestinal 7 7 3 ( 1 4 ( 1
Others 21 20 ( 1 5 ( 1 6 ( 1

a The ASIT-MNP-phage method identified more candidiasis patients for each cancer
type. Systemic C. albicans infection was confirmed positive by blood culture.
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Construction of PK-ASIT Phage by Phage Double Display Technique. To
insert VKYTS sequence into the gene of pIII of phage, an f388-55
RF phage vector was first double digested by BglI (Takara,
Japan) and then ligated with the adaptor molecule created by
annealing two oligonucleotides (50-tcgtcaaatatacttctactg-30 ; 50-
tagaagtatatttgacgacgt-30) encoding the epitope VKYTS by using
T4 DNA ligase (Takara, Japan). The recombinant plasmid (f388-
55-VKYTS) was then transformed into competent E. coliMC1061
cells. The positive clones with gene insertion in the phage
vector verified by polymerase chain reaction (PCR) were se-
lected for sequencing to confirm the correct insertion of the
gene encoding VKYTS. The transformed E. coli MC1061 cells
were cultured in a shaking incubator at 37 �C overnight to
amplify the recombinant plasmid, whichwas isolated by using a
QIAprep Spin Miniprep Kit from Qiagen. To insert PTYSLVPR-
LATQPFK sequence (termed PK peptide) into the gene of pVIII of
the phage, the recombinant plasmid was double digested by
PstI and HindIII (Takara, Japan) and then ligated with the gene
segment encoding the peptide PTYSLVPRLATQPFK. The resul-
tant double-recombinant phage vector (f388-55-VKYTS-PK) was
transformed into the competent E. coliMC1061 cells. The positive
clones with gene insertion in the phage vector verified by PCR
were further selected for sequencing to confirm the correct
insertion of the genes encoding VKYTS and PK peptide. The
transformed cells were incubated in a shaking incubator at
37 �C overnight to produce PK-ASIT-phage nanofibers. The phage
nanofiberswereprecipitated andpurifiedbydoublePEGmethod.

Serum. A total of 68 C. albicans-infected cancer patients
were enrolled in this study. Those patients were treated at
China-Japan Union Hospital of Jilin University, Changchun, Jilin.
All patients were given informed consent prior to the collection
of their serum samples, and the samples were stored at�80 �C
until assayed. The sera from 144 healthy volunteers were kindly
provided by Northeast Normal University Affiliated Hospital.
Serum samples from a panel of the 144 healthy volunteers were
used to determine the cutoff value of the ELISAmethods for the
detection of the anti-Sap2 antibody. All cases have been
analyzed by clinicians.

ELISA Tests for the Detection of Anti-Sap2-IgG Antibody from Serum by
ASIT-MNP-Phage Method. A volume of 800 μL of diluted serum
samples was incubated with the ASIT-MNP-phage complexes
formed due to the binding interaction between 100 μg MNPs
and 4.5 � 1011 pfu of PK-ASIT-phage for 1 h. After incubation,
ASIT-MNP-phage complexes, which had captured the anti-
Sap2-IgG antibody from serum, were collected and enriched
by a magnet and then the MNPs were eluted off ASIT-MNP-
phage by using 100 μL of the elution buffer and 15 μL of a
neutralization buffer (1 M Tris-HCl, pH = 9.1). MNPs were
magnetically removed by a magnet and the phage-bound
anti-Sap2-IgG in the remnant solution was coated onto a 96-
well plate in 115 μL of carbonate buffer (pH 9.6) for 2 h at 37 �C.
Next, the plate was blocked with phosphate-buffered saline
(PBS) buffer (containing 1% BSA). Then the blocking buffer was
discarded. A horseradish peroxidase (HRP)-labeled goat-anti-
human IgG (diluted in 1:5000) solutionwas subsequently added
to the wells of the plate and incubated for 45 min. Finally, the
unbound HRP-labeled goat-anti-human IgG was removed and
3, 30 , 5, 50-tetramethylbenzidine (TMB) peroxidase substrate
solution was added to the plate, followed by incubation for
15min. The reaction of converting the TMB substrate into a blue
product by HRP was stopped by the addition of 2 M H2SO4, and
the absorbance of the resultant yellow product was measured
with ELISA reader (Thermo) at 450 nm. All samples were run in
triplicate. If the measured OD450nm of one serum sample was
higher than the average OD450nm of the 144 serum samples
from healthy people plus 3 times of standard deviation,47 this
serum sample was considered as C. albicans-infected.
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