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Abstract

Ultra-sensitive detection based on surface plasmon resonance (SPR) was investigated using 3D nanogap
arrays for colocalization of target molecular distribution and localized plasmon wave in the near-field.
Colocalization was performed by oblique deposition of a dielectric mask layer to create nanogap at the side
of circular and triangular nanoaperture, where fields localized by surface plasmon localization coincide with
the spatial distribution of target molecular interactions. The feasibility of ultra-sensitivity was experimen-
tally verified by measuring DNA hybridization. Triangular nanopattern provided an optimum to achieve
highly amplified angular shifts and led to enhanced detection sensitivity on the order of 1 fg/mm? in terms
of molecular binding capacity. We confirmed improvement of SPR sensitivity by three orders of magnitude,
compared with conventional SPR sensors, using 3D plasmonic nanogap arrays.

Key words Surface plasmon resonance, Localized surface plasmon resonance, Surface plasmon reso-
nance detection, Nanogap arrays, Nanoapertures, Colocalization, DNA hybridization

1 Introduction

In recent years, diverse optical techniques have attracted tremen-
dous interests for ultra-sensitive real-time detection of various
phenomena involving biomolecular interactions. Most of these
techniques have been based on fluorescence. Fluorescence-based
sensing, however, suffers from fluorescence interference or chemo-
toxicity issues. In contrast, surface plasmon resonance (SPR) bio-
sensing has been widely investigated as a representative label-free
technique, by which specific molecular interactions can be moni-
tored in real time and kinetic characteristics related to molecular
binding are conveniently measured on a quantitative basis.

Surface plasmon (SP) is a collective logitudinal oscillation of
electrons existing at the metal /dielectric interface. The oscillation
of electron can be coupled with a TM-polarized incident light.

Avraham Rasooly and Ben Prickril (eds.), Biosensors and Biodetection: Methods and Protocols Volume 1:
Optical-Based Detectors, Methods in Molecular Biology, vol. 1571, DOI 10.1007/978-1-4939-6848-0_2,
© Springer Science+Business Media LLC 2017

15



16

Wonju Lee et al.

By tuning angle of incidence or incident wavelength, the momen-
tum matching condition between incident light and SP can be
satisfied. At resonance, due to energy transfer from incident light
to a longitudinal surface wave, a narrow dip in the reflection char-
acteristics is observed with respect to wavelength or angle of inci-
dence. A small change of dielectric medium refractive index
induced from a biochemical interaction affects momentum match-
ing condition, followed by the shift of resonance dip in the reflec-
tion characteristics [1].

Despite broad uses of SPR sensors, conventional SPR sensors
have relatively poor detection limit on the order of 1 pg/mm? in
binding capacity [2]. As an optical sensing technique other than
SPR, metal nanoparticle-based surface-enhanced Raman scattering
and microresonator-based whispering gallery modes have emerged
for ultra-sensitive label-free detection [3, 4].

In this chapter, we describe self-aligned colocalization using
three-dimensional plasmonic nanogap arrays for ultra-sensitive SPR
biosensors [5]. Note that colocalization indicates the spatial overlap
between the area of localized electromagnetic field and molecular
interaction. Colocalization is preferred in terms of sensitivity
enhancement per molecule, because much smaller number of mole-
cules are involved at the interaction. In previous studies, use of
plasmonic nanostructures was investigated to localize SP and eva-
nescent near-field to enhance detection sensitivity [6, 7]. Random
and periodic nanostructure was also employed for specific and
nonspecific detection based on enhanced surface plasmon reso-
nance [8, 9]. It was also shown that when biomolecules are spatially
aligned for colocalization with the localized field that is defined by
2D linear nanopattern arrays, SPR signals can be effectively ampli-
fied, which leads to efficient improvement of detection sensitivity
[10-12]. Moreover, theoretical investigation of nonspecific, non-
colocalized, and colocalized detection models was performed
based on silver nanoislands, which confirmed possibility of further
amplification of optical signature [13]. Meanwhile, SPR sensor
characteristics using grapheme-related materials were also studied
[14, 15].

Here, we describe use of 3D plasmonic nanogap arrays, illu-
strated in a schematic diagram of Fig. 1, for colocalized detection of
bio-interactions of target molecules to achieve even more dramatic
enhancement of sensitivity in SPR biosensors. In particular, circular
and triangular nanoholes were developed lithographically and 3D
nanogaps were then formed for colocalization by the shadowing of
obliquely evaporated dielectric mask layer on the metallic nanos-
tructures. This enables target molecules to directly access the
underlying metal film. Oblique evaporation was previously used
to fabricate molecular electronic devices based on nanoscale gap
structures [16]. Since localized near-field is formed at the ridge of
the nanostructure, localized fields and nanogap where target
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Fig. 1 (a) Schematic illustration of 3D triangular nanogap aperture arrays that
may be produced by oblique evaporation for colocalized biomolecular
interaction. (b) Lateral profile across the solid line (A-B) in (a)

molecules can bind are self-aligned for colocalization. 3D plasmo-
nic nanostructures induce colocalization area to be much smaller
than what 2D linear grating patterns may produce. Therefore,
detection of much weaker interactions and/or those involve a
smaller number of molecules would be feasible, which allows
extreme sensitivity enhancement in SPR sensing.

2 Materials

2.1 Nanogap
Fabrication

. A glass substrate (SF10) with a 2-nm-thick chromium adhesion

layer and a 40-nm-thick gold film.

2. Electron beam (VEGA II LSH; TESCAN, Brno, Czech).

o NN O u

. Scanning electron microscope (Elphy Quantum; Raith, Dort-

mund, Germany).

. A polymethylmethacrylate (PMMA) photoresist (AR-N

7520.18; ALLRESIST, Strausberg, Germany).

. Spin-coater (ACE-200; DONG AH Trade Corp, Seoul, Korea).
. A dielectric mask layer using I'TO or SiOs.

. Developer (AR 300-47; ALLRESIST, Strausberg, Germany).

. Remover (AR 300-70; ALLRESIST, Strausberg, Germany).
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Fig. 2 (a) Schematics of optical setup for a SPR sensor based on colocalization
using plasmonic nanogap arrays and (b) photograph of the experimental setup

2.2 Optical Setup A schematic illustration of the optical setup for colocalized SPR
detection is presented in Fig. 2 (see Note 1).

1. He-Ne laser (36 mW, 4 = 632.8 nm, Nominal beam diameter:
650 pm; Melles-Griot, Carlsbad, CA).
2. Glan-Thompson Linear Polarizer (Thorlabs, Inc., Newton, NJ).

3. Chopper and controller (SR540; Stanford Research Systems,
Sunnyvale, CA).

4. Two concentric motorized rotation stages (URS75PP and
ESP330; Newport, Irvine, CA) (see Note 2).

5. Low-noise lock-in amplifier (Model SR830; Stanford Research
Systems, Sunnyvale, CA).

6. A p-i-n photodiode (818-UV; Newport, Irvine, CA).
7. Lab ViewLabVIEW (National Instruments, Austin, TX).

8. Index-matching gel (» = 1.725; Cargille Laboratories, Cedar
Grove, NJ).
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. HPLC purified 24-mer sequence length capture probe and

target oligonucleotides (IDT, Coralville, IA).

. The sequence of single-stranded probe DNA (p-DNA) was 5'-

TTT TTT CGG TAT GCA TGC CAT GGC-3 modified with
thiol at 5'.

. The sequence of single-stranded target DNA (t-DNA) was 5'-

GCC ATG GCA TGC ATA CCG AAA AAA-3'.

4. Plasma cleaner (Harrick Scientific Products, Pleasantville, NY).

. Micropump (KD Scientific, Holliston, MA).

6. Acetone (1009-4404; DAEJUNG CHEMICAL & METALS

CO., Siheung, Korea).

. Phosphate Buftered Saline (PBS) buffer (pH = 7.4, BP3991;

Fisher Scientific, Pittsburgh, PA).

3 Methods

3.1 Nanogap
Fabrication

To make linear nanograting-based 2D nanogap arrays, the overall
fabrication steps are explained below.

1.

A 40-nm-thick gold film was evaporated on an SF10 glass sub-
strate with a 2-nm-thick chromium adhesion layer.

. Nanograting array patterns were defined by electron beam

(e-beam) lithography using PMMA photoresist that was spin-
coated on the gold film.

. Metallic nanograting arrays were transferred by a lift-off process

after gold evaporation (see Fig. 3a).

. 2D nanogap arrays were created on nanograting arrays by

oblique evaporation of a dielectric mask layer using ITO or
Si0, (see Fig. 3b).

Fig. 3 (a) SEM image of fabricated linear nanograting arrays and (b) magnified image of 2D nanogap arrays
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Fig. 4 Fabrication procedure to implement 3D plasmonic nanogap arrays

3.2 Optical Setup

To create 3D nanogap arrays, the overall fabrication process is
presented in Fig. 4.

1. A40-nm gold film was evaporated on an SF10 glass with a 2-nm
chromium adhesion layer.

2. Circular and triangular nanostructures with a 2-pm array period
and an aperture size of 600 nm were defined by electron beam
lithography.

3. 20-nm-thick nanohole arrays were formed after a lift-off process
that involves e-beam lithography, evaporation of gold, and
removal of polymer resist.

4. 5-nm-thick ITO layer was obliquely deposited with the deposi-
tion angle varied at 30°, 45°, and 60° to adjust the gap area
differently (see Note 3).

A He-Ne laser beam (36 mW, 1 = 632.8 nm, nominal beam
diameter: 650 pm, Melles-Griot, Carlsbad, CA) is TM-polarized
by linear polarizer and temporally modulated by optical chopper
(SR540; Stanford Research Systems, Sunnyvale, CA), which alters
the state of light on and off at a specific frequency. The chopping
frequency is used as the reference input of a lock-in amplifier
composed with usually set to 0.6 kHz lock-in amplifier and feed-
back system. Among the signals captured at a photodiode, noise
signal at frequency other than the chopping can be removed. Two
motorized rotation stages (URS75PP; Newport, Irvine, CA) are
employed; one is for rotating a prism on which a plasmonic nanos-
tructured sample is located, and the other is for rotating the pho-
todiode to keep laser alignment to photodiode. The angle of the
stage on which the nanostructure sample located can be corrected
by using the calibration constant and the other stage with the
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photodiode follows the former stage. The nanostructured sample is
located on the SF10 prism with index matching gel (» = 1.725;
Cargille Laboratories, Cedar Grove, NJ), and covered with flow cell
system head. Using one motor controller (ESP330, Newport), two
stages are controlled at the same time with a minimum angle
increment of 0.0002°, uni-directional repeatability of 0.001°, abso-
lute accuracy of £0.008°. A p-i-n photodiode (818-UV, Newport)
is used to detect refractance change by the angle scanning. The
value measured by the diode is used as input for the feedback
system of lock-in amplifier. Therefore, the signal from photodiode
is noise removed due to the phase-sensitive detection. The stage
and chopper controller are connected to PC and controlled by
LabVIEW, so whole system is fully automated.

A 2D nanogap area G, »p produced by linear nanograting per unit
grating length with the thickness 4, can be calculated as

GA,ZD = ﬂlg(l + tan@cva) (1)

where 6., is the oblique evaporation angle (se¢ Fig. 1b) in
Eq. 1, the first term 4, and the second term djtan 6., come from
vertical nanograting edge and horizontal surface which are not
evaporated with dielectric, respectively. For example, when the
nanograting with 4, = 20 nm and 6., = 30° produces a nanogap
with an area of 31.56 nm times the grating length.

3D nanoaperture arrays can reduce the colocalization area, in which
target molecular binding overlaps with localized fields to amplify
optical signatures of the target interaction. A 3D nanogap area
defined by an equi-triangular aperture with a side length (L) is
calculated as

dg tan Oy,
V3L

where the direction of oblique evaporation is parallel to a side
of a triangular pattern. The first term Ld, represents the area open
to the side, while the second term Ld,, tan 6., is the area formed at
nanogap surface. The last term in Eq. 2 is the correction due to the
triangular shape. If L is much longer than 4, the above equation
can be simplified as

Ga,3p = Ldg x | (1 + tanOey,) + (2 — tanf,)| (2)

GA,SD ~ Lﬂlg X (1 + tanﬁcm). (3)

In the case of using circular nanoholes, the nanogap area with a
nanohole diameter (¢) is changed to
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3.4 Numerical
Studies

)] Co-localized Circular Nanopattern

1
GA,SD ~ 71'2_¢dg X <1 + Etanecva) (4)

Using 3D nanogap arrays, the number of molecular interac-
tions can be adjusted by changing the size to period ratio L/A.

In this section, the effectiveness of colocalization is evaluated from
numerically calculated near-field distribution and the experimen-
tally determined nanogap area. Electromagnetic field distribution
at the nanogap was theoretically calculated based on rigorous cou-
pled wave analysis (RSoft DiffractMOD™). Numerical calculation
with DNA molecules can be done as below.

1. DNA molecules are assumed to be uniformly distributed on the
nanogap.

2. The thickenss of hybridized DNA layers is modeled to 8.16 nm,
which corresponds to the length of oligonucleotides.

3. The refractive indices of ssDNA and dsDNA are set to 1.449 and
1.517 [17].

As shown in Fig. 5, it is clear that fields are highly localized at
nanogap. The presence of side lobe peaks was also observed on the
opposite side of nanogaps, which cannot be neglected compared
with the main peaks of localized fields. The suppression ratio,
defined as the intensity ratio of the main peak to that of side lobe,
in circular and triangular nanopatterns was estimated to be
2.3-2.5 dB. In the case of colocalization, optical signature detected
at the main peak can be dominant because of spatial selectivity of

(s)] Co-localized Triangular Nanopattern

I Max

Min

Fig. 5 Numerically calculated near-field intensity distribution |E1? of (a) circular and (b) triangular nanopatterns

with ¢, L =600 nm at A =

With Geya = 30°

2 pm. A 5-nm-thick ITO layer was assumed to be deposited on the nanopattern
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Fig. 6 SEM images: (a) circular and (b) triangular nanopattern arrays. (¢) A magnified image of a triangular
nanogap pattern. A very narrow nanogap is clearly visible at the side ridge of a triangular nanoaperture.
Each inset of (a) and (b) shows the nanogap created on a circular and triangular aperture (scale bars: 2 um for
(@) and (b), 200 nm for (c), insets of (a) and (b))

target binding in the nanogap. Nonspecific binding that may be
present is estimated to be insignificant.

SEM images of fabricated 3D nanogap arrays formed on circu-
lar and triangular patterns were presented in Fig. 6, in which the
existence of nanogap at the ridge of nanoaperture can be corrobo-
rated. When dg is fixed, the angle of oblique evaporation affects the
underlying nanogap size, which is directly related to the amount of
target molecules, i.e., DNA immobilization and eventually hybri-
dization. Each colocalization area of experimentally fabricated cir-
cular and triangular nanopatterns was estimated from the SEM
images in Fig. 6a, b to be 24,600 + 7000 and 19,300 + 4600 nm?
without considering the sidewall area of the apertures. This is in

good agreement with the numerically estimated gap area (see
Note 4).

(a) Before immobilization of p-DNAs, first, sample chips were
cleaned in acetone for 5 min and in ethanol.

(b) The sample chip surface was treated in plasma cleaner (Harrick
Scientific Products, Pleasantville, NY).
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3.5 Experimental
Measurements of DNA
Hybridization

3.5.1 DNA Preparation

3.5.2 Sensitivity
Enhancement

(¢) 1 ml Phosphate buffered saline (PBS) buffer (pH = 7.4)
including 4 pM thiol hexane labeled probe ssDNA
(HSssDNA) was injected to flow channel by a sylinge pump.
The sample chip was immersed in the bufter at 4 °C for 4 h to
immobilize the p-DNAs at surface (se¢ Note 5). In order to
obtain SPR angle shift, the reference SPR angle was measured
and smoothed by 50th order Fourier filter.

(d) For DNA hybridization, PBS butffer including 4 pM t-DNAs
was injected on the p-DNA-immobilized sample chip surface
for 120 min by a fluidic channel of a micropump (KD Scien-
tific, Holliston, MA) at a volume flow rate of 150 pL/hr. The
sample chip was incubated to improve the efficiency of hybri-
dization through mild heating. For 2 h, the solution of t-
DNAs is warmed to 65 °C and slowly cooled down to room
temperature. Finally, the SPR angle shift was obtained by
comparing SPR angles before and after the DNA
hybridization.

SPR shifts were measured using linear nanogratings and 3D
nanopattern arrays to analyze the sensor performance, as shown in
Figs. 7 and 8 for DNA hybridization. Two metrics were set to
evaluate the sensor performance: (1) sensitivity enhancement fac-
tor, i.e., resonance shift with respect to the shift obtained from
conventional SPR detection, and (2) molecular binding capacity
measured by colocalization in the nanogap.

First, resonance angle shifts were measured based on colocalization
using plasmonic nanogap arrays, such as nanogratings, circular and
triangular nanopatterns, compared to non-colocalized SPR detec-
tion without nanogap structures. In the non-colocalized detection,
DNA hybridization occurs on the overall metal surface of nanos-
tructures. This leads to inefficient detection of target molecules,
majority of which may be distributed in the region with weak near-
fields.

Figure 7a shows raw data of measured SPR angle shifts Ospr in
various platforms. In case of non-colocalized detection, resonance
angle shifts made on nanostructures were detected to be slightly
larger than that of the thin film control. The larger resonance shift
is associated with the increase of the total area available for DNA
hybridization due to the presence of nanopatterns. For colocalized
detection, SPR angle shift tends to be larger with an increase of the
ITO-evaporation angle (0.y,). A larger 6., enlarges the nanogap
surface area, which allows more probe-DNAs (p-DNAs) to immo-
bilize at the nanogap surface. Increased resonance shifts were
observed for colocalization by nanogratings because the nanogap
area by grating patterns is much larger than that of 3D nanogap
patterns and therefore induces more p-DNA targets to participate
in hybridization.
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Fig. 7 (a) Measured SPR angle shifts as the evaporation angle (0ey,) varies. (b)
Relative angle shifts (RAS) after normalization by the nanogap area. Reproduced
from Y. Oh et al. 2014 with permission from Elsevier

The angular shift made of 3D nanogap patterns may not be
clear in Fig. 7a. To consider the total area of nanogap to which
target molecules can bind for biomolecular interactions, a new
parameter was introduced as the resonance shift normalized by
the amount of molecular interactions, i.e., relative angle shift
(RAS) = Ospr/nanogap area, where the amount of molecular
interactions is presumed to be proportionate to the nanogap area.
Mearsured RAS, corresponding to each case in Fig. 7a, is presented
in Fig. 7b. First, RAS;p increases by more than two orders based
on colocalization with 3D nanogap structures such as circular and
triangular patterns, compared to RAS of the non-colocalized con-
trol. In the case of using 2D grating-based nanogap arrays, RAS;p
is increased by one order of magnitude. Colocalization by 3D
triangular patterns produces the maximum RAS;p at 6., = 60°,



26

Wonju Lee et al.

a
0.20
) 4 s i % ]‘;- "
o 0.16
Q p
Z. 0.14 -
£ 012 -
(==] o
2 510 - | BBspq =-0.015+0.03010gN,, |
&= ! (R=0.9890) .
= 0.08 1
i E 012
% 0.06 008
= - 1
0.04 4
E I 0.041
ey 0.00
000 " T J T Ll 101 1Ol2 ?’D] Ll 104' 10[5
15,000 30,000 45000 60,000 75000 90000
Number of nanopatterns (N,)
b
0.20
L ¥ by =4 2 ”l - "- w
0.18 1 R ¢y
© 0.16 A 1
w 1 1
Z 014 - ABzen = 0.047+0.030-10gC, pxa
= 1 (R =0.9867)
& 012 )
3 i ABspg = 0.030+0.019-109C, ons |
010 1 y (R =0.9762) -
b= : . =
£ 008 - i T 0201
) 1 s 0.16‘5
_gm 0.06 ~ l 0121
< 004 = Co-localized 008
il — hon- 0.04‘5 .
0.02 colocalized oool_!
10 107 10° 10* 10¢ 10° 104
0.00 — —_—
0 1000 2000 3000 4000

t-DNA concentration (c.pya) [NM]

Fig. 8 (a) Angular SPR shifts (A0spg) measured as the array period (A) is varied.
3D nanogap arrays were created by triangular nanopatterns at 6,,, = 60° and
the concentration of t-DNA was fixed at 4 uM. Inset shows a linear relation
between Adspr and log(Nny). (b) Angular shifts measured as the concentration of
t-DNAs (Ci.pna) varied with the fixed p-DNA concentration at 4 uM. Inset also
shows a linear relation between Afspg and log(Cipna). Reproduced from Y. Oh et
al. 2014 with permission from Elsevier

which is 460 times larger than non-colocalized RAS measured at
thin film control. The result is associated with efficient localization
of SP at triangular nanopatterns as well as reduced nanogap area
that is optimized to the size of localized fields [18, 19]. Note that
the optimum evaporation angle for 3D nanogap arrays is not
directly proportional to the nanogap area. The evaporation angle
6., may also affect the peak near-field intensity. The insets of Fig. 7.
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show the resonance characteristics: A and B for non-colocalized
detection, C and D for nanogap-based colocalization. Compared to
the insets A, B, and D, 3D nanogap arrays presented in the inset C
keep the SPR curve from broadening due to lower plasmonic
damping and longer array period.

To evaluate molecular binding capacity as the sensor performance,
Fig. 8 shows the isotherm characteristics measured in two ways
using the optimum triangular nanogap arrays in 3D at ,,, = 60°,
which was determined to produce the maximum RAS as shown in
Fig. 7b. First, the array period was increased when the concentra-
tion of target DNA was fixed as 4 pM, which in effect decreases the
concentration of probe DNA. Secondly, the isotherm characteritic
was also measured by varying the concentration when the array
period and the concentration of probe DNA were fixed at 2 pm and
4 pM respectively.

To extract the detection sensitivity of colocalized SPR sensing
based on 3D nanogaps, resonance angle shifts (Afspr) were
measured by varying the array period as shown in Fig. 8a, where
the amount of probe DNA is gradually reduced with an increase of
array period while the amount of target DNA remains constant.
The relation between Afspg and the number of nanopatterns ( Nyp,)
was presented as

ABspr = —0.015 + 0.030logan. (5)

In Eq. 5, Afspy is proportional to log( N,;,), which means SPR
shifts are linearly increased when the amount of p-DNA is expo-
nentially increased. As N, is reduced, the detection and the nature
of resonance angle shifts change from being target-limited to
probe-limited with transition taking place at N;,, = 3300~13,000
(A = 5-10 pm), i.e., the limit of detection arises in the probe-
limited detection of DNA hybridization. If we assume surface
probe density to be 4 x 10'? molecules/cm? and hybridization
efficiency 40%, a total effective nanogap area of 264,000 nm? in a
650-pm-diameter beam spot measures approximately 4200 mole-
cules. This corresponds to the molecular binding capacity of
1.6 fg/mm? based on the molecular weight of 7.4 kDa for a 24-
mer t-DNA. The results suggest that the detection sensitivity of 3D
nanogap-based SPR sensing, compared to that of conventional SPR
sensors, should be improved by more than three orders of
magnitude.

Figure 8b shows the measured angular shifts when the concen-
tration of target DNAs (C,.pna) Was varied. In this case, p-DNA
concentration was fixed at 4 pM and other conditions remained the
same as in Fig. 8a. Surprisingly, the relation between Afspr and C,.
pNAa 1s similar to what was measured from Afspr and N, which
implies that the amount of DNA hybridization is limited by
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p-DNAs (N,,) or t-DNAs (C.pna). On condition that a much
smaller number of DNAs participate in hybridization, 160% of
enhancement was measured based on the slope in the inset

Abspr/log(C.pNa)-

4 Notes

References

. Overall procedure was automatically controlled by computer.

The size of a measurement chamber is roughly 10 mm
(L) x 1.5 mm (W) x 0.5 mm (D), and ambient temperature
was maintained at 19.6 4+ 0.2 °C for measurement stability.

. Two concentric motorized rotation stages were employed to

implement angle-scanning of /26 measurement. The motor-
ized rotation stages were controlled with a minimum motion
increment of 0.0002°, absolute accuracy of 0.008°, uni-direc-
tional repeatability of 0.001°, and wobble at 20 prad.

. ITO provides chemical and optical stability to SPR sensors in

terms of material degradation [20]. During the evaporation,
chamber temperature was maintained at 200 °C to enhance
adhesion by annealing.

. The area of nanogap produced by a circular (triangular) nanoa-

perture with ¢ (L) = 600 nm and 4, = 20 nm was numerically
calculated as listed in the table at 2-pm array period, i.e., a unit
area of 2 x 2 pm?. For 2D gratings, the array period was
400 nm. Area unit is nm?.

Oeva 2D grating 3D circular aperture 3D triangular aperture
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60° 550,000 35,000 33,000

5. The estimated surface density of immobilized p-DNA is

4.0 x 10'? molecules/cm? [21].
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