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Dried Blood Matrix as a New Material for the Detection of
DNA Viruses

Jongwon Lim, Joanne Hwang, Hyegi Min, Matthew Wester, Chansong Kim,
Enrique Valera, Hyun Joon Kong, and Rashid Bashir*

The gold standard for diagnosing viruses such as the Hepatitis B Virus has
remained largely unchanged, relying on conventional methods involving
extraction, purification, and polymerase chain reaction (PCR). This approach
is hindered by limited availability, as it is time-consuming and requires highly
trained personnel. Moreover, it suffers from low recovery rates of the nucleic
acid molecules for samples with low copy numbers. To address the challenges
of complex instrumentation and low recovery rate of DNA, a drying process
coupled with thermal treatment of whole blood is employed, resulting in the
creation of a dried blood matrix characterized by a porous structure with a
high surface-to-volume ratio where it also inactivates the amplification
inhibitors present in whole blood. Drawing on insights from
Brunauer–Emmett–Teller (BET)- Barrett–Joyner–Halenda (BJH) analysis,
scanning electron microscopy (SEM), and fluorescence recovery after
photobleaching (FRAP), detection assay is devised for HBV, as a
demonstration, from whole blood with high recovery of DNA and simplified
instrumentation achieving a limit of detection (LOD) of 10 IU mL−1. This
assay can be completed in <1.5 h using a simple heater, can be applied to
other DNA viruses, and is expected to be suitable for point-of-care, especially
in low-resource settings.
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1. Introduction

In vitro diagnostics in blood have been
widely used for the accurate identification of
disease-causing agents.[1,2] To achieve accu-
rate diagnostic outcomes, it is important to
begin with highly purified target molecules
such as proteins or nucleic acids. This en-
sures reliable results without significant in-
terference or false positives.[3,4] Therefore,
the conventional diagnostic methodology
from blood can be delineated in the follow-
ing steps; a) the extraction of requisite target
DNA from pathogens in the sample of in-
terest; b) subsequent purification of desired
target molecules amongst a multitude of
contaminants and inhibitors in the blood-
stream; c) transfer of the purified DNA into
reagents designed for subsequent amplifi-
cation processes such as PCR; and d) detec-
tion of the amplification signal.

Despite significant advancements in
reagent technology and effective extraction
of pathogenic DNA, including the devel-
opment of isothermal amplifications such
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as loop-mediated isothermal amplification (LAMP) [5] or recom-
binase polymerase amplification (RPA),[6] as well as the incor-
poration of glass disruptor bead for efficient bacterial rupture,[7]

existing diagnostic methodologies continue to face notable lim-
itations. These limitations primarily stem from the restricted
accessibility resulting from time-consuming extraction and pu-
rification procedures.[8,9] In addition to the necessity for highly
skilled personnel and the associated costs and time constraints,
the multi-step protocol itself presents a fundamental challenge.
For viruses, this protocol involves pathogen lysis using chemi-
cal buffers with thermal treatment, DNA precipitation through
ethanol treatment, and removal of contaminants via the bind-
ing and unbinding of target DNA to silica or magnetic beads,
followed by washing and elution steps. Each of these steps car-
ries inherent risks of DNA loss and potential contamination,
which can result in very low recovery rates of target DNA or the
inclusion of unwanted impurities in subsequent steps. Conse-
quently, despite the exceptional sensitivity of amplification meth-
ods, blood diagnostics frequently yield false-negative results due
to an insufficient amount of starting material following the ex-
traction and purification steps.[10,11]

To tackle the challenges linked to diagnostics alongside extrac-
tion and purification processes, considerable efforts have been fo-
cused on directly detecting pathogens from crude samples.[12,13]

Blood presents one of the most formidable challenges in molec-
ular biology and diagnostics due to its complex nature. For bac-
teria, the culture step is always added to grow the pathogens and
adds to the time to result, up to 5 days for confirmed negative.[2]

For viruses, as culture is not a practical option in clinical labs, the
only option is to detect it directly, thus increasing significantly
the minimum detection concentrations.[14] There have been rel-
atively fewer studies exploring direct detection from blood speci-
mens as compared to the detection of viruses from the nose.[9,15]

Another notable obstacle is the lower concentration of pathogens
in blood as compared to for example respiratory panels, making
detection considerably more difficult.[16] For example, COVID
or respiratory pathogens usually display concentrations ranging
from 10 to 1000 copies in a few microliters of viral transport
media or saliva.[17] In scenarios involving sepsis or hepatitis in-
fection, on the other hand, blood samples typically house only
1 to 10 pathogens per milliliter in the initial phases, leading
to significantly diminished recovery rates during extraction and
purification.[18,19] Hence, the sensitivity of direct (without cul-
ture) pathogen detection methods from whole blood is severely
restricted.

To address these challenges, we have reported a new method
that we have called biphasic reaction, which involves directly in-
troducing detection reagents into the dried blood matrix.[20,21]

This innovative approach diverges from the norm and provides a
solution by reversing the diagnostic pathway, with a focus on de-
livering abundant reagents into samples with low concentrations
of pathogens, rather than attempting to extract minute amounts
of target DNA from complex matrices containing multiple in-
hibitors. The dried blood structure physically traps the inhibitors,
confining them within the solid phase and obstructing their re-
lease into the liquid phase.[21] Our research findings indicate
that this biphasic approach can be coupled with diverse types
of isothermal amplification, such as LAMP or RPA, resulting in
high sensitivity.[20,21]

Despite all the progress we have made in understanding our
technology, there are still unanswered questions regarding the
mechanisms underlying the formation process of the dried blood
matrices, the characterization of the matrix from a material per-
spective, and the rate at which reagents can traverse through the
porous structure. Another aspect that we have not yet explored
is whether biphasic technology can also be used for virus detec-
tion. Hence in this study, we introduce the dried blood matrix as
a novel material for diagnostic platforms for viruses. By charac-
terizing the properties of the dried blood matrix, including pore
size distribution and permeability, we expand the understanding
of the material properties that are used to explain past results and
can be used to design future assays. Through a series of inves-
tigations, we explored the surface characteristics of the matrix,
quantified the distribution of pores within it, and examined the
diffusion coefficient of molecules within its structure. Leveraging
this foundational understanding, we have developed an assay for
the direct detection of Hepatitis B Virus (HBV) from whole blood
samples, bypassing the need for traditional extraction and purifi-
cation steps. Our biphasic HBV detection method has exhibited
superior sensitivity compared to the current state-of-the-art ap-
proach, which involves extraction, purification, and subsequent
PCR reaction. By taking advantage of the unique properties of
the dried blood matrix, we unlock new possibilities for rapid and
highly sensitive diagnostic testing.

2. Results and Discussion

2.1. Concept of the Biphasic Reaction for Viral DNA Detection

The current gold standard technology for detecting hepati-
tis B virus is limited to centralized laboratories, mainly be-
cause of the instrumentation and the laborious process involved
(Figure 1A–D).[22,23] The process begins with centrifugation to
isolate plasma from whole blood to reduce interference from cel-
lular components (Figure 1B). Despite this, plasma still contains
numerous contaminants, necessitating DNA extraction and pu-
rification (Figure 1C). The purified DNA is then transferred to
an amplification master mix and loaded into PCR tubes for am-
plification using a PCR machine (Figure 1D). This overall pro-
cess relies on complex instruments such as a centrifuge capable
of speeds ≈2000 g, spin columns for purification, and a bench-
top thermocycler for precise PCR temperature control. Another
challenge associated with extraction and purification is that it re-
quires hands-on processing by personnel with advanced training.
While there are automated machines available for these steps,
they significantly increase costs. Due to these constraints, these
equipment and processes are only available in centralized labs,
and sample transport to these laboratories can take several days.
This potentially delays necessary medical interventions, particu-
larly in remote locations (Figure 1A).[24,25]

Our proposed approach termed biphasic assay, aims at over-
coming the limitations of existing methodologies by directly in-
corporating reagents into dried blood samples.[21] Our approach
involves simple blood drying (Figure 1E) followed by an addi-
tional heating step for enhanced sensitivity (Figure 1F). Then,
the master mix is added to the sample (Figure 1G), followed by
isothermal amplification (Figure 1H). This streamlined proce-
dure necessitates only a simple heater, requiring just under 15
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Figure 1. Comparison of two different HBV detection methods. A–D) Current gold standard methods use extraction and purification along with PCR.
E–H) Biphasic methods for direct detection of DNA through blood drying process.

min for sample processing and an additional up to 60 min or less
for amplification and detection. Importantly, our method elimi-
nates the need for centrifugation and permits the use of whole
blood as the starting material. Consequently, samples do not need
to be transported to a centralized laboratory. To achieve this, we
have concentrated on addressing the disparity between the con-
centration ranges of target DNA in specimens, ranging from at-
tomolar (10−18) to femtomolar (10−15), and the reagents in the
amplification master mix, which typically range from micromo-
lar (10−6) to millimolar (10−3) concentrations (Figure S1, Sup-
porting Information). This significant contrast underscores the
importance of effectively delivering the master mix to the target
DNA, considering we have an abundance of the latter.

2.2. Three Steps Underlying the “Biphasic” Assay Technology

Within our sample processing regimen, we employ two consec-
utive heating steps: a drying step (Figure 1E) and a thermal lysis
step (Figure 1F). During each step, different underlying mecha-
nisms occur advancing the biphasic reaction, eventually resulting
in an increase in sensitivity as compared to the current state-of-
the-art PCR method. The three steps uniquely tuned in our reac-
tions are diffusion, immobilization, and reaction.

2.2.1. Diffusion

When adding whole blood directly to the reaction master mix (di-
rect detection), inhibitors can freely attach to amplification com-
ponents, causing non-specific binding and impeding the desired
reaction (Figure S2A, Supporting Information).[21] To prevent
this, conventional diagnostic procedures typically commence

with purified DNA lacking inhibitor components to avert unde-
sirable outcomes (Figure 1C). However, the low recovery rate re-
mains a significant concern, primarily attributable to the inher-
ent loss of DNA during the binding and unbinding process.[11]

Considering the diffusion mechanism, this situation presents
molecular diagnostics with the dilemma of selecting between pu-
rified samples containing undetectable amounts of DNA or un-
purified samples containing DNA without loss but alongside in-
hibitors and impurities.

2.2.2. Immobilization

Tuning the immobilization aspect can be a solution to this chal-
lenge. Either the fibrin structure or denatured proteins formed
during the blood drying entrap inhibitor components within
their matrix (Figure S2B, Supporting Information). This immo-
bilization of the inhibitors prevents them from freely interacting
with primers and enzymes, ensuring interference-free reactions.
Firstly, our prior research showed that most amplification in-
hibitors, such as hemoglobin and immunoglobulin G, lose their
inhibitory capacity post-blood drying.[21] Nevertheless, the dried
blood matrix initially lacks adequate porosity and matrix charac-
teristics for efficient diffusion of the primers and enzymes.

2.2.3. Reaction and Increased Sensitivity

After the deactivation of inhibitors as noted above, the successful
detection of DNA in dried blood relies on the efficient transport of
enzymes or primers to the site of the target DNA, which is likely
situated across the dried blood matrix (Figure S3D, Supporting
Information). The additional heating step becomes imperative
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Figure 2. Characterization of SEM and Immunostaining of the dried blood matrix based on drying time. A) SEM image displaying the surface of the
dried blood matrix after 20–30 min of drying time B) Immunostaining of the dried blood matrix illustrating the progression of the fibrin structure with
respect to the drying time. The immobilization aspect was achieved based on these fibrin structures.

to ensure that this reaction can occur (Figure S2C, Supporting
Information). The process of adding buffer mix to dried blood
and incubating at 95 °C for 2 min results in increased porosity
while preserving inhibitor deactivation. The elevated thermal en-
ergy generated at high temperatures prompts water molecules to
traverse through the minute pores within the dried blood matrix,
thereby increasing the matrix’s surface area and porosity. With
increased porosity, primers and enzymes can travel further and
faster within the matrix.

2.3. Imaging of the Dried Blood Structures through SEM

In Figure 2, the process of achieving immobilization through
blood drying is depicted. Our investigation into the surface mor-
phology of the dried blood matrix using SEM facilitated visual ex-
amination of surface topography, alongside a detailed assessment
of size, shape, and distribution. Analysis of the SEM image re-
vealed spherical features on the matrix surface (Figure 2A), which
were surrounded by numerous empty spaces. Intrigued by the
potential presence of pores within the inner layer, we subjected
the matrix to fracturing and conducted further SEM analysis. Re-

markably, similar spherical features were observed within the in-
ner layer (Figure S4, Supporting Information), suggesting that
the interior is not simply a dense, solid structure, but also har-
bors void spaces or pores through which enzymes and primers
can traverse.

As shown in Figure 2, fibrin structures are created during the
blood-drying process. First, the Scanning electron microscope
(SEM) images show that drying induces the formation of spher-
ical features on the surface, with smaller granules (pointed with
arrows) present on these features (Figure 2A; Figure S5, Support-
ing Information). Considering the substantial presence of these
attributes within the structure and their morphology, it is hy-
pothesized that the larger spherical features represent red blood
cells (RBCs, Figure S6, Supporting Information). Despite their
size not aligning with the standard diameter of RBCs (6–8 μm),
the elimination of moisture and dehydration during the drying
processes might lead to a reduction in cell size. Regarding the
smaller granules observed on the RBCs, prior investigations have
noted similar phenomena during RBC stimulation through Ca2+

uptake, resulting in RBC-derived microvesicles. However, there
is no current report suggesting that these granules can be gener-
ated during the blood-drying process. While it is conceivable for
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RBCs to lose water during drying, which may lead to cell mem-
brane reorganization, membrane blebbing, and microvesicle for-
mation, further validation is required to confirm this. Notably,
an intriguing characteristic is observed with extended drying pe-
riods, where the number of granules or smaller blebbing parti-
cles increases, eventually forming interconnected spiderweb-like
or silk-like structures. Upon closer examination, these web struc-
tures consist of numerous smaller-sized granules and intercon-
nections (Figures S7 and S8, Supporting Information).

2.4. Confocal Imaging of Fibrin Formation During Blood Drying

Confocal microscopy examination of immunocytochemistry data
provides evidence supporting the identification of these forma-
tions as fibrin structures in Figure 2B. Blood samples subjected
to varying durations of drying were individually stained with
anti-CD41 and anti-Fibrin antibodies. The anti-CD41 staining
revealed the distribution of platelet molecules, with red fluo-
rescence observed throughout the dried blood matrix structure
(Figure 2B).[26] Notably, discernible concentrations of fibrin struc-
tures were absent until the 20-minute mark, thereafter, exhibiting
numerous small green fluorescence spots consistent with fibrin
structure after 25 min. Merged images from both channels il-
lustrated both the background signal and the fibrin-specific sig-
nal evident in the 25- and 30-minute images. Fibrin structures
are well-known for their crucial role in blood clotting or coagula-
tion. This process produces insoluble fibrin strands, enhancing
the structural stability of the dried blood matrix by making the
clot resistant to dissolution in liquid. Additionally, coagulation-
based clots physically trap amplification inhibitors through poly-
merization, where fibrin molecules bind together to form long,
insoluble strands. These strands can cross-link to create a mesh-
like structure, the foundation of a blood clot, effectively immo-
bilizing inhibitors and preventing their free movement. There-
fore, adequate drying time is crucial to provide structural sta-
bility for biphasic formation. However, as noted in our previous
publication, excessive drying time may cause the dried blood ma-
trix to separate from PCR tubes and float, contributing to signal
interference.[20]

2.5. Analysis of Pore Size Distribution

In Figures 3 and 4, the enhanced sensitivity via additional ther-
mal lysis is demonstrated. Figure 3 shows SEM and BET and
BJH analysis to explore the distribution of pore sizes that allow
reagents to diffuse through the matrix. Previously, we demon-
strated that incorporating an additional thermal lysis step follow-
ing blood drying leads to enhanced sensitivity. Following ther-
mal lysis as a secondary heating step, the features located at
the surface exhibit a considerable reduction in size, with an in-
creased number of smaller features (Figure 3A,B), from ≈2.7 μm
to ≈210 nm in size (Figure 3C). Smaller features enhance sen-
sitivity by increasing surface area thereby improving exposure
to the nucleic acid molecules. This facilitates microscale mass
transfer of biomolecules and enables efficient drainage of the
boundary layer of fluid through the pores within the dried blood
matrix.[27]

The described observations elucidate the individual conse-
quences of drying and thermal lysis. Drying results in the for-
mation of spherical structures both internally and externally, ac-
companied by smaller protrusions, whereas thermal lysis leads to
the disintegration of these larger spherical structures due to in-
creased water molecule movement facilitated by thermal energy.
Interestingly, the spherical shapes appeared to remain largely in-
tact even post-rupture, exhibiting minimal collapse or displace-
ment (Figure S9B–D, Supporting Information). A summary of
images depicting the dried blood matrix with and without addi-
tional thermal lysis can be found in Figures S10 and S11 (Sup-
porting Information).

Quantifying the distribution of pore sizes is necessary to assess
whether thermal lysis induces an increase in number of pores.
Our BET and BJH analysis investigated the pore size distribution
of dried blood matrix without and with additional thermal lysis
steps (Figure 3D–G). Generally, the dried blood matrix displayed
low porosity, ≈0.025 cm3 g−1, with a structural composition re-
sembling a combination of mesopores (2–50 nm) and macrop-
ores (exceeding 50 nm), featuring a non-crystalline, amorphous
matrix (Figure 3E). This trait is anticipated to occur naturally, as
we generate a novel substance through the amalgamation of var-
ious components like cells and proteins.

Following thermal lysis, a distinct alteration in the distribution
was observed, indicating notable changes in the internal struc-
ture and porosity of the matrix, consequently influencing its per-
meability. A notable revelation is the augmentation in the num-
ber of smaller pores (shown as grey to black in Figure 3D,E) and
the pore area (Figure 3F) induced by the thermal lysis process.
The increased number of smaller pores is expected to alleviate
structural dead ends, thereby reducing hydrodynamic resistance
and the stagnation of reagents. Additionally, there was a ≈1.5-fold
increase in surface area, from 7 to 10.5 m2 g−1 (Figure 3G), result-
ing in a higher probability of DNA exposure (Figure S12, Sup-
porting Information). With these notable benefits, thermal lysis
propels biphasic techniques toward increased reaction probabil-
ity and increased sensitivity (Figure S2C, Supporting Informa-
tion). Considering that our biphasic method modifies the struc-
tural properties of the material, these findings have implications
for optimizing reagent delivery and improving the efficiency of
molecular processes.

2.6. Analysis of Diffusion Coefficients

Characterizing the diffusion coefficient in dried blood can be
important to understanding the overall performance of the sys-
tem when molecules are introduced. To achieve this, we inves-
tigated the effective diffusion coefficients of molecules of dif-
ferent sizes within the dried blood matrix, both with and with-
out the additional thermal lysis step. The size distribution of
molecules present in the amplification master mix spans a wide
range (Figure 4A), from sub-nanometer (Ångström) for ions and
deoxyribonucleotide triphosphate (dNTPs), to a few nanome-
ters for fluorescent reporters and primers, up to 10 nanometers
for proteins and enzymes (e.g., DNA polymerase ≈94 kDa and
Bst Polymerase ≈97 kDa). To establish representative molecules
for reference, we prepared two different sizes of green fluores-
cence molecules: 150 kDa (Stoke’s radius of 8.5 nm) and 4 kDa
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Figure 3. Material characterizations for improved delivery of master mix. SEM image of dried blood matrix A) before thermal lysis and B) after thermal
lysis. The images to the right show an enlarged perspective of the specified area on the left, indicated by a white square. C) Feature size analysis D–G)
BET-BJH analysis for dried sample and thermally lysed sample D) Absorbed volume of N2 according to the pressure E) Pore size distribution F) Pore
area distribution G) Surface area comparison (n = 6). Data are expressed in mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

(Stoke’s radius of 1.4 nm size). We conducted FRAP measure-
ments on dried blood matrices, both with and without thermal
lysis using fluorescence microscopy (low porosity, larger features,
Figure 4B Left, called “Dry”) and with (high porosity, smaller
features, Figure 4B Right, called “TL”). Following immersion
of the dried blood matrix in a concentrated solution of green-
fluorescence-tagged dextran molecules, a specific region of inter-
est was subjected to photobleaching using a high-intensity laser.
Subsequently, as these molecules diffused into the bleached area
from the surrounding unbleached regions, the fluorescence in-

tensity within the bleached area gradually recuperated over time
(Figure 4C) and was recorded (Figure 4D). By utilizing a fitting
model for FRAP analysis (See Method section), the diffusion co-
efficient of the system was calculated. The findings indicated that
the diffusion coefficients of both 4 and 15 kDa dextrin molecules
increased following thermal lysis (Figure 4E). For example, for
4 kDa molecules with an approximate size of 1.4 nm, it was es-
timated that their diffusion coefficient increased by 1.5 times af-
ter thermal lysis (from 38.4 to 57.4 μm2 s−1).[28] This enhance-
ment in diffusion flux could potentially lead to a 16-minute reduc-

Adv. Healthcare Mater. 2024, 2402506 2402506 (6 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. FRAP analysis A) Various molecules comprising the master mix with different sizes that require delivery B) A schematic representation illus-
trating the diffusion of two differently sized green fluorescence molecules into the dried and TL structures. C) Sequential images of FRAP captured over
time, illustrating changes in fluorescence intensity within the region of interest. D) Quantification of measured fluorescence intensity E) Comparison of
diffusion coefficient before and after thermal lysis. Data is presented individually for each instance, with a bar indicating the mean value. *p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001.

tion in diffusion time for a 1 mm diffusion distance within the
dried blood matrix. Considering that our biphasic-LAMP assay
operates over an hour and the reaction mechanism is diffusion-
limited, initiating the reaction 16 min earlier could have a signif-
icant impact on sensitivity.

Even though thermal lysis provides improved sensitivity, it ap-
pears to have an optimal duration range. For example, the rate
of rupture for spherical particles seems to increase from 30 s
to 2 min of thermal lysis, potentially leading to an increase in
surface area (Figure S13A,B, Supporting Information). However,
prolonged thermal lysis, such as for 5 min, appears to have the
opposite effect, decreasing the porosity by compacting all void
spaces with smaller features (Figure S13C, Supporting Informa-
tion), thereby hindering the drainage of reagents through the ma-
trix.

2.7. Assay Development using HBV Genomic DNA in Whole
Blood

Leveraging our understanding of the material attributes of dried
blood, we developed a biphasic HBV detection protocol with
enhanced detection sensitivity (Figure 5A). Initially, we formu-
lated a biphasic reaction for virus detection by incorporating
spiked DNA into 4 μL of whole blood within standard PCR tubes
(Figure 5B). Whole blood contained a desired concentration
of HBV genomic DNA which was then dried for 25 min at 37
°C. Given our findings that an additional thermal lysis step
following blood drying enhances the porosity and increases
surface area, we chose to employ the protocol involving both
drying and thermal lysis as our control method. Briefly, we
introduced HBV genomic DNA into whole blood, serially dilut-

ing it, and then dried the blood at 37 °C for 25 min. Following
this, we introduced a buffer solution and subjected the bipha-
sic matrix to thermal lysis at 95 °C for 2 min followed by a
LAMP reaction. The normalized fluorescence data is available
in Figure S14, (Supporting Information) and the threshold
time corresponding to 20% of normalized fluorescence was
plotted (Figure 5B). Our experimental results revealed that
we could achieve single-copy sensitivity (1 copy/4 μL) without
extraction and purification. For tubes containing a single copy
of the sample, the expected fraction of amplifications observed
was 3/8, in accordance with Poisson sampling statistics.[29]

No non-specific amplification was detected in non-target
samples, including hepatitis C virus (HCV), methicillin-
resistant Staphylococcus aureus (MRSA), E. coli, SARS-
CoV-2, Zika, and negative controls (Figure S15, Supporting
Information).

Subsequently, we examined larger volume reactions utilizing
100 μL of whole blood. In this approach, the assay was divided
into three tubes, each containing 33 μL, and subjected to drying at
95 °C for 10 min, followed by thermal lysis (95 °C for 2 min) and
biphasic LAMP reaction. A positive result was considered if any
one of the three tubes exhibited an amplification reaction. Our re-
sults indicated that our assay successfully detected all replicates
of 100 copies/100 μL, 6 out of 8 replicates of 10 copies/100 μL,
and 4 out of 8 replicates of 1 copy/100 μL, thereby achieving zep-
tomolar sensitivity (15 zM) with 100 μL of whole blood, without
any observed non-specific reactions (Figure 5C). The increased
sensitivity was made possible by the retrieval of all DNA without
any loss during drying, in conjunction with our efficient reagent
delivery approach, facilitating effective targeting of the DNA in
the porous matrix. For further procedural details, please see the
Methods section.

Adv. Healthcare Mater. 2024, 2402506 2402506 (7 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Biphasic-LAMP assay development for the detection of HBV using genomic DNA in the whole blood. A) Protocol detailing the biphasic LAMP
procedure involving drying and thermal lysis B,C) Threshold time obtained from normalized fluorescence data with different concentrations of spiked
genomic HBV DNA in B) 4 μL whole blood and C) 100 μL whole blood. Data are presented as mean ± SD (n = 3, unless otherwise indicated above the
bar).

2.8. Comparison of the Current Gold Standard Technique and our
Biphasic HBV Assay

To assess the sensitivity of the biphasic HBV reaction compared
to the established gold standard method involving extraction and
purification followed by PCR, we investigated the limit of detec-
tion of the conventional diagnostic approach. We employed active
HBV virus spiked into whole blood to generate a starting sample
in conjunction with extraction and purification kits. Two types of
kits, namely Mini and Midi kits, which utilize 200 μL and 500 μL
as a starting volume, respectively, were employed. Active HBV
pathogen was spiked into the whole blood, and PCR was per-
formed using the purified DNA obtained from each extraction
and purification process.

Before delving into the impact of DNA loss during extraction
and purification, we first validated the performance of the PCR
assay used in this study by testing various concentrations of DNA
spiked in water. Our PCR assay demonstrated a limit of detection
reaching down to 1 genome copy per microliter sensitivity, ex-
hibiting highly favorable linear regression and 0. 9997 R-squared
values (Figure S16, Supporting Information). This validation con-
firms that downstream PCR analysis can detect any concentra-
tion present in purified samples obtained from upstream extrac-
tion and purification procedures, thereby eliminating the poten-
tial for false negatives originating from the PCR assay itself.

The cycle threshold (CT) values derived from whole blood
samples spiked with active HBV pathogen are illustrated in
Figure 6A. We tested various concentrations spiked in whole
blood. As a result, the protocol utilizing the 200 μL sample vol-
ume exhibited limited sensitivity, with only 2 out of 8 replicates
showing amplification for both 100 and 50 IU mL−1 samples. No
amplification was observed for concentrations lower than 25 IU
mL−1. In contrast, the protocol utilizing the 500 μL sample vol-
ume with the Midi kit demonstrated slightly improved sensitivity,
particularly in the range of 100–50 IU mL−1, where all 8 repli-
cates for the 100 IU mL−1 sample and 6 out of 8 replicates for the
50 IU mL−1 sample exhibited amplification. However, a limited
number of replicates showed amplification for the 25 and 10 IU
mL−1 samples.

The general trend reveals that the recovery rate decreases as
the concentration of the target pathogen diminishes from 100
to 10 IU mL−1, regardless of whether the 200 μL or 500 μL vol-
ume is used (Figure 6B). This emphasizes that the recovery rate
depends on the total DNA amount in the starting material and
may decline with very low concentrations, highlighting the ne-
cessity for a sample preparation protocol without DNA loss. In
the case of plasma as the starting material, similar trends were
observed, with 25 and 10 IU mL−1 concentrations proving incom-
patible with the extraction and purification kit, as indicated by
0/8 replicates exhibiting amplification (Figure 6C). A consistent

Adv. Healthcare Mater. 2024, 2402506 2402506 (8 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. Comparison of the limit of detection between the current state-of-the-art method and the proposed biphasic LAMP assay using active HBV
virus spiked in whole blood. A) Limit of detection of the PCR assay using extraction kits with 200 μL and 500 μL of whole blood format as starting
materials B) Recovery rate of the extraction and purification kit C) Limit of detection of PCR assay using kits with 200 μL of plasma format as a starting
material. Limit of detection of D) 100 μL and E) 200 μL biphasic LAMP assay. F) Summary of limit of detection for various assay types investigated. Data
are presented as mean ± SD, with the sample size (n) indicated above the bar.

trend of declining recovery rates corresponding to lower starting
pathogen concentrations was observed, decreasing from ≈3.4%
to 1.8%, ultimately reaching 0%. Additional information can be
found in Table S1 (Supporting Information).

On the contrary, our investigation into the sensitivity of the
biphasic HBV reaction revealed a limit of detection as low as
10 IU mL−1. Initially, we employed the protocol outlined in
Figure 5C, wherein 100 μL of whole blood samples spiked with ac-
tive HBV pathogen were split, and a biphasic LAMP reaction was
conducted. We successfully detected 100 IU mL−1 with all 4 repli-
cates and half of the 10 IU mL−1 samples (Figure 6D). Follow-
ing this, to ensure comparable volume amounts to the conven-
tional approach as starting material, we utilized 200 μL of whole
blood samples, which were then split into 6 PCR tubes. Through
this approach, we observed enhanced sensitivity, achieving a limit
of detection of 10 IU mL−1 and even detecting amplification in
1 out of 4 replicates for the 1 IU mL−1 concentration reaction
(Figure 6E; Figure S17, Supporting Information). Figure 6F pro-
vides a summary of the limit of detection for the investigated as-
says, with the 200 μL biphasic format demonstrating the highest
sensitivity, with a limit of detection lower than 10 IU mL−1.

Dried blood presents a complex matrix with distinctive at-
tributes, and gaining insights into its material properties holds
promise for advancements in blood diagnostics. The heteroge-
neous nature of the dried blood matrix leads to variable struc-
tures and porosity, influenced by factors such as drying temper-
ature, humidity,[30] surface chemistry,[31] and starting material

properties [32] such as the dilution ratio of whole blood. This poses
challenges in understanding its underlying principles and com-
plicates mass transfer within the system. Additionally, different
starting materials can impact sensitivity, as demonstrated in pre-
vious studies where blood lysate obtained from partial red blood
cell removal and bead vortexing for bacterial cell lysis exhibited
similar detection limits to simply dried blood from blood lysate,
without the need for thermal lysis.[20]

The clinical distribution of HBV viral load spans various
ranges: 10–30 IU mL−1 constitutes ≈20% of cases of chronic hep-
atitis B, 30–100 IU mL−1 accounts for 13.5%, and 100–300 IU
mL−1 makes up 17.8%, with a mean value of 776 IU mL−1 ±
42.[18] In instances of low-level viremia, HBV concentrations vary
from 10–2000 IU, with reports indicating that 10–20 IU encom-
passes 45% of the population.[19] This underscores the necessity
for developing an assay of high sensitivity, capable of detecting
concentrations as low as 10 IU mL−1.

The current state-of-the-art technology such as Abbott Real-
Time HBV, COBAS TaqMAN HBV Test, and Cephied Xpert, typ-
ically starts with EDTA plasma as a starting material (Table 1).
This means that the centrifugation step should be the first pro-
cedure after drawing the blood from the patient. After that, com-
plex instruments perform precise DNA extraction and purifica-
tion. Even though PCR provides single-copy sensitivity, overall
sensitivity is seriously compromised by a low recovery rate of up-
stream purification. For this reason, most of the automated ma-
chines begin with a substantial volume ranging from 0.5 mL to

Adv. Healthcare Mater. 2024, 2402506 2402506 (9 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Table 1. Comparison between biphasic approaches and existing technologies across multiple factors.

Assay Type Starting Material Volume Centrifuge Ext and Pur LOD [IU
mL−1]

Assay Time
[h]

POC Available Reference

1 In-house Real-time PCR assay (this
paper)

Whole blood 0.2 mL No Manual > 100 2.5 No This paper

2 In-house Real-time PCR assay (this
paper)

Plasma 0.2 mL Yes Manual > 100 2.5 No This paper

3 Biphasic-HBV Diagnostic Whole blood 0.2 mL No Manual < 10 1.5 Yes This paper

4 In-house Real-time PCR assay (reference) Serum 0.2 mL Yes Manual 73 – 292 2.5 No [33]

5 Abbott RealTime HBV EDTA plasma or serum 0.2 mL Yes Automated (m2000sp) 15 2 No Abbott

6 Roche COBAS Taqman HBV test EDTA plasma or serum 0.2 mL Yes Automated (cobas 4800) 7.6 2 No Roche

7 In-house Real-time PCR assay (this
paper)

Whole blood 0.5 mL No Manual 50 – 100 2.5 No This paper

8 Abbott RealTime HBV EDTA plasma or serum 0.5 mL Yes Automated (m2000sp) 10 2 No Abbott

9 Roche COBAS Taqman HBV test EDTA plasma or serum 0.4 mL Yes Automated (cobas 4800) 4.4 2 No Roche

1 mL to ensure enough total DNA amount is recovered. Actually,
Abott’s HBV diagnostic has a different limit of detection depend-
ing on the sample volume (10 IU mL−1 for 0.5 mL and 15 IU
mL−1 for 0.2 mL) with the serum or plasma as a starting material.
In addition, diagnostic performance may vary depending on the
skill level of the operator. When utilizing fully automated extrac-
tion machines like COBAS AmpliPrep with a 500 μL volume, the
limit of detection decreases to 19 IU mL−1, whereas with man-
ual extraction using Qiagen with a 200 μL volume, the LOD is
restricted to ≈200 IU mL−1.[33]

Biphasic HBV detection offers numerous key benefits over
conventional diagnostic approaches, such as enhanced sensitiv-
ity, removal of extraction and purification steps, reduced assay
time, elimination of sample transportation requirements, no cen-
trifugation, and the opportunity for point-of-care testing. In the
case of biphasic, 100 or 200 μL volume would be enough to
achieve a target LOD. In the case of 200 μL volume protocol, 4/4
10 IU mL−1 was detected and the sensitivity improved from 400
to 10 IU mL−1 using the same LAMP primer but simply chang-
ing the sample preparation step from extraction and purification
to biphasic format.[34] The biphasic-HBV detection does not ne-
cessitate viral envelope rupture, significantly simplifying the pro-
cess. Heating steps 1 and 2 alone suffice to lyse the virus and
release the DNA contained within. Moreover, Biphasic LAMP of-
fers the advantage of achieving results within 80 min (including
20 min for sample drying and thermal lysis, followed by up to
a 60-minute reaction), whereas other methods require between
1.5 to 5 h. This timeframe does not account for the additional
time required for sample transport to a centralized laboratory.
For example, one of the challenges encountered in HBV DNA
diagnostics arises in low-resource settings, where transportation
of blood samples is necessary to begin with plasma or serum.[35]

Utilizing Biphasic-LAMP detection could offer a viable solution
through enabling point-of-care testing, where the blood drawing
site could facilitate HBV DNA detection from venous draw or
finger prick. A comparable concept, dried blood spot, has been
extensively employed for specimen collection and convenient de-
livery owing to its nucleic acid preservation attributes. However,
its sensitivity is limited as it necessitates nucleic acid extraction
from filter paper, where the paper itself contains amplification re-

action inhibitors.[36] For instance, employing 50–70 μL of EDTA
venous whole blood on Whatman 903 filter paper cards (What-
man, UK) has shown less than optimal sensitivity (> 1000 copies
mL−1), with ≈80% concordance with the gold standard testing.

The World Health Organization (WHO) estimates the cost per
diagnostic for HBV to range between $30 to $200.[37] An extrac-
tion kit combined with real-time turbidimetry is reported to cost
$14 for reagents, with instrumentation priced at ≈$18 000.[34]

Even simpler extraction methods combined with end-point flu-
orescence detection are estimated to cost ≈$8 for reagents and
$2750 for instrumentation.[34] Our estimate using manual extrac-
tion and purification with PCR master mix incurs a minimal cost
of $5.64, but its sensitivity is limited to> 100 IU mL−1, which may
not be suitable given the HBV viral load distribution (Table S2,
Supporting Information). This expense encompasses solely the
extraction and purification kit alongside the PCR process itself.
When starting with a 500 μL sample volume for improved sensi-
tivity, the cost rises to $16.8, as the Midi Kit is ≈3.5 times more
expensive than the Mini Kit. On the contrary, biphasic LAMP
reagents cost $10 for a 100 μL format and $20 for a 200 μL format
(Table S2, Supporting Information). Since sample preparation
begins directly from whole blood, no centrifugation is needed.
The major advantage lies in the simplicity of the instrumenta-
tion required for biphasic LAMP, which involves a simple heater,
without a function of temperature cycling, for all steps: heating,
thermal lysis, and isothermal amplification (LAMP), significantly
reducing instrumentation costs to a few hundred dollars.

3. Conclusion

The traditional approach to blood-based diagnostics for infec-
tious diseases has remained largely unchanged, involving DNA
extraction from crude samples followed by PCR using highly pu-
rified DNA. In this study, we present a revolutionary departure
from this conventional method by directly delivering ample am-
plification reagents into the sample. Various techniques includ-
ing SEM, BET and BJH pore analysis, and FRAP were employed
to characterize the modified blood. A scientific comprehension
of blood as a novel material was crucial in elucidating the signifi-
cance of each biphasic step, which comprises drying and thermal

Adv. Healthcare Mater. 2024, 2402506 2402506 (10 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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lysis. By immobilizing all inhibitor components and enhancing
the diffusion speed of molecules within matrices, we have over-
come the limitations of conventional diagnostics. Building upon
this knowledge, we have devised an innovative solution to HBV
diagnostics by combining novel blood drying with isothermal
amplification techniques. Our biphasic-HBV diagnostic outper-
forms existing extraction and purification-based PCR technology
in terms of sensitivity, time, cost, and portability.

4. Experimental Section
DNA and Virus: Quantitative synthetic DNA from the hepatitis B virus

(HBV) was procured from ATCC (VR-3232SD) and was divided into ap-
propriate volumes and concentrations before being stored at −80 °C until
required. Active HBV virus was obtained from ZeptoMetrix (0810031C)
and was aliquoted into suitable volumes and concentrations before being
stored at −80 °C. Serial dilution was carried out using nuclease-free water
with a 10× dilution factor to prepare aliquots.

Blood Preparation: Whole venous blood samples were acquired from
the vendor BIOIVT, utilizing the HUMANWBK2- Human Whole Blood
K2EDTA Gender Unspecified product. The blood was stored at 4 °C on
a sample rotisserie. For spiked whole blood samples, a similar 10× dilu-
tion of whole blood with the appropriate concentration was performed to
create samples spiked with either HBV DNA or active HBV virus.

Biphasic Protocol: Heating Step 1 (Drying) and Heating Step 2 (Thermal ly-
sis): Whole blood spiked with the desired concentration of target DNA or
virus was transferred to standard PCR tubes with the appropriate volume.
For the drying process, two different volumes were utilized: a small vol-
ume (4 μL) and a large volume (33 μL) format. The small volume method
involved heating at 37 °C for 25 min for drying, while the large volume
method used 95 °C for 10 min. Thermal lysis for both conditions was con-
ducted at 95 °C for 2 min. During thermal lysis, a buffer mix (LAMP master
mix without enzyme and primer) was added to the dried blood matrix and
incubated at 95 °C.

SEM Analysis: The samples, either dried blood or thermally lysed, were
fixed using 4% paraformaldehyde in PBS. After rinsing the samples with
PBS, they were submerged in ethanol for the subsequent step. Following
this, critical point drying was executed to remove moisture from the sam-
ples. Subsequently, the samples were coated with gold-palladium for im-
proved imaging using the sputter instrument (Desk-II TSC). SEM imaging
was conducted utilizing a Field-Emission Environmental Scanning Elec-
tron Microscope (FEI Quanta FEG 450 ESEM). The enumeration of indi-
vidual spherical features was conducted on 10 SEM images using ImageJ
software, and the results were graphically plotted.

BET and BJH Pore Size Distribution: The sample undergoes vacuum
treatment on the SmartVac degasser, followed by heating to remove any
lingering solvent or water trapped within the compound’s pores. Next, the
Micromeritics 3Flex Analyzer was utilized under the 77 K N2 adsorption
condition to determine and calculate the Brunauer–Emmett–Teller (BET)
surface area and Barrett–Joyner–Halenda (BJH) pore size distribution.

FRAP Analysis: Samples were treated with Fluorescein isothiocyanate
(FITC)-dextran of varying sizes at a concentration of 20 mg mL−1. Specifi-
cally, FITC-dextran with a molecular weight of 150 000 (FD150S) and with
a molecular weight of 4000 (FD4) were obtained from Millipore Sigma for
this purpose. These samples were stored at 4 °C until required. Subse-
quently, they were loaded onto a confocal microscopy system (LSM 710,
Zeiss) and examined using an excitation wavelength of 488 nm and an
emission wavelength of 533 nm. For FRAP analysis, the internal software
of the machine was utilized, and fluorescence data were recorded over
time. A simple fitting formula of D = r2 / 4T (unit: μm2 s−1) was applied,
where D represents the effective diffusion coefficient, r denotes the radius
of the region of interest (or bleached spot), and T indicates the character-
istic diffusion time calculated from software.

Immunostaining of Dried Blood Matrix: The samples underwent fix-
ation using a solution containing 2% paraformaldehyde and 2.5% glu-

taraldehyde in PBS for 1 h, followed by thorough washing with PBS to
remove excess fixative. Subsequently, they were blocked with a 2% BSA
buffer for 30 min and washed again with PBS. The samples were then
incubated overnight at 4 °C with Anti-CD41 (ab308537) and Anti-Fibrin
(ab4217) antibodies to target specific molecules.[26] Finally, images were
acquired using confocal laser microscopy (LSM 710, Zeiss) with a 488 nm
laser for the green fluorescence channel and a 633 nm laser for the red
fluorescence channel.

DNA Extraction and Purification: QIAamp DNA Blood Kits (51104 Mini
and 51183 Midi, QIAGEN) were procured and utilized following the manu-
facturer’s protocol. In the case of Mini kits, a 200 μL volume of whole blood
spiked with varying concentrations of active HBV virus was employed. For
plasma samples, whole blood spiked with various concentrations of active
HBV virus was centrifuged for 10 min at 2000 g. After removing the 200 μL
supernatant, it was utilized for subsequent extraction and purification pro-
cedures. A 500 μL volume of whole blood was used for Midi kits.

qPCR Analysis and Recovery Rate: The samples obtained after the final
extraction and purification step were utilized for subsequent qPCR anal-
ysis. PowerTrack SYBR Green Master Mix (Thermo Fisher Scientific) was
employed following the manufacturer’s protocol. A 10 μL reaction format
protocol was adopted, with 1 μL of sample volume used. Both forward and
reverse primers were utilized at a concentration of 200 nm. A standard
calibration curve was generated using HBV genomic DNA with concentra-
tions ranging from 1 to 104 copies μL−1 through a 10-fold serial dilution.
PCR reactions were conducted using the QuantStudio 3 system (Applied
Biosciences), following the protocol provided by the PCR master mix sup-
plier.

Utilizing the CT value data and their linear interpolation, the recovery
rate of extraction and purification across different spiked active HBV con-
centrations could be estimated. For HBV viral load conversion, 1 Inter-
national Unit (IU) of HBV contains ≈5.26 copies of genomic DNA.[38,39]

Utilizing this conversion factor, along with the assumption of 100% sensi-
tivity for PCR, the recovery rate of the extraction and purification process
could be computed. For instance, a sample with a concentration of 100 IU
mL−1 statistically contains 20 IU in 200 μL starting volume, corresponding
to 112 copies of total HBV DNA. To be specific, with an average CT value of
33.886 obtained from two amplified replicates, signifying the detection of
2.14 copies through interpolation, the recovery rate of the extraction and
purification kit could be determined as 2.14 / 112 × 100, as presented in
Figure 6B.

Primer Sequences: All primer sequences for the PCR and LAMP reac-
tions were synthesized by Integrated DNA Technologies (IDT). PCR primer
targeting the S region of HBV was adopted from the reference.[40] LAMP
primers were adopted from the following reference.[34] Their individual se-
quence can be found in Table S3 (Supporting Information).

LAMP Reactions: For biphasic LAMP reactions, the LAMP master
mix could be categorized into two components: buffer mix and reac-
tion mix. The buffer mix comprises several constituents, including 1x
isothermal amplification buffer (from New England Biolabs), 1.025 mmol
L−1 of each deoxyribonucleoside triphosphate (dNTP), 4 mmol L−1 of
MgSO4 (from New England Biolabs), 0.29 mol L−1 of Betaine (from
Sigma-Aldrich), 1 mg mL−1 of BSA (from New England Biolabs), and
1x EvaGreen (from Biotium), a double-stranded DNA intercalating dye.
The reaction mix encompasses both the buffer mix and primer and poly-
merase components. Specifically, the reaction mix comprises 0.15 μm
of F3 and B3, 1.17 μm of FIP and BIP, and 0.59 μm of LoopF and
LoopB primers, along with 0.47 U μL−1 of Bst 2.0 WarmStart DNA
Polymerase (from New England Biolabs). In a sample reaction volume
of 4 μL, 4 μL of buffer mix was utilized, followed by the addition of
12 μL of reaction mix after thermal lysis. For a 33 μL sample volume
format, the total master mix volume was 96 μL, comprising 72 μL of
buffer mix and 24 μL of reaction mix. LAMP reactions were conducted
in the QuantStudio 3 system (from Applied Biosciences) at a con-
stant temperature of 65 °C for 60 min. Fluorescence data were mea-
sured and recorded every minute. Raw fluorescence data were normal-
ized, and the amplification threshold time was determined by identify-
ing the point at which 20% of the normalized fluorescence threshold was
achieved.

Adv. Healthcare Mater. 2024, 2402506 2402506 (11 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Statistical Analysis: The data were displayed either as the mean ± SEM
or as the mean with individual data points. Statistical analysis was per-
formed using a two-tailed unpaired t-test with GraphPad Prism (version
10.2.3). A p-value of <0.05 was regarded as statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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