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A B S T R A C T

Difference in sub-cellular trafficking of glycosylated and naked peptides, between normal

and lung cancer cells, was established. Normal lung tissue discriminately sorted glycosylated

from non-glycosylated peptides by allowing golgi localization of the glycosylated peptides

while restricting golgi entry of the naked peptides. This mechanism was surprisingly not

observed in its cancer cell counterpart. Lung cancer cells tend to allow unrestricted local-

ization of both glycosylated and naked peptides in the golgi apparatus.This newly discovered

difference in sub-cellular trafficking between normal and lung cancer cells could poten-

tially be used as an effective strategy in targeted intracellular delivery, especially targeting

golgi-resident enzymes for possible treatment of diseases associated with glycans and gly-

coproteins, such as, congenital disease of glycosylation (CDG). This very important detail

in intracellular trafficking inside normal and cancer cells is an indispensable part in

nanoparticle-based intracellular drug delivery.
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1. Introduction

Protein glycosylation is one of the most common post-
translational modifications employed by biological systems to
expand proteome diversity [1–3]. Glycosylation is evolution-
arily found to occur in proteins through the main domains of
life [4,5] and has been shown to influence a variety of critical
biological processes such as protein folding, protein stability,
trafficking, localization, and protein–protein binding, with im-
portant implications for cell-cell interactions, intracellular
signaling, and intracellular targeting [6,7]. The specific confor-
mational changes in protein, either exogenously incorporated
or endogenously expressed in cells, as a consequence of protein
glycosylation [8–12] could alter the overall structure of protein
and potentially alter their functions, intracellular route, and
recognition mechanism. Therefore, it is not surprising that a
substantial fraction of the approved protein pharmaceuticals
need to be properly glycosylated to exhibit optimal therapeu-
tic efficacy [13,14].

Glycans associated with cell surface receptors and pro-
teins do not only alter the dynamics of glycoprotein endocytosis
but also their cell surface half-life through binding to multi-
valent lectins [15]. Glycan structures on newly synthesized
proteins are crucial for protein secretion, as they influence
protein folding, provide ligands for lectin chaperones, contrib-
ute to quality control surveillance in the endoplasmic reticulum
(ER) and mediate transit, trafficking, and selective protein tar-
geting throughout the secretory pathways [16,17]. Hence, in the
presence of glycans, protein or peptide could potentially be traf-
ficked inside the cell differently.

Biological and therapeutic molecules are also trafficked to
distinct cellular compartments through both biosynthetic and
endocytic pathways. Delivering pharmacological agents to cells
via these endocytic pathways require knowledge and under-
standing of the trafficking itinerary and the molecular dynamics
of the organelles concerned [18–22]. These pathways are vital
to pave the way in understanding intracellular drug delivery
and to give insights into the real-time dynamics of exog-
enous molecules, including nanoparticle-based delivery of
therapeutic agents, as they are delivered into and traffic within
single cell [23,24].

Despite emerging importance of quantum dot (QD)-based
delivery of peptides [25,26] and glycans [27–29], which are
promising tools both in general cell biology and discovery
research for diagnostic/therapeutic agents, there are no direct,
systematic, and substantial studies on the direct evidence of
intracellular sorting/trafficking mechanisms of peptides
and glycopeptides, as well as the differences in their intracel-
lular incorporation on both normal and cancer cell
lines. There is no other concrete way to compare the effect of
the presence and absence of glycosylation, in terms of
intracellular trafficking and compartmentalization, than com-
paring its behavior inside normal and cancer cells of same
types.

In this study, difference in intracellular localization and traf-
ficking of peptides and glycopeptides in both normal and lung
cancer cell lines were investigated. QD-based delivery of pep-
tides and glycopeptides were performed to observe the
difference in intracellular localization mechanism.

2. Materials and methods

2.1. Materials

All Fmoc-protected amino acids and PyBOP were purchased
from Novabiochem, HBTU was from Peptide Institute Inc. HOBT
was from Kokusan Kagaku Corp. HOAt was from GenScript.
Rink-amide-ChemMatrix resin was from Biotage. N-(9-
Fluorenylmethoxycarbonyl)-O-[2,3-di-O-acetyl-4-O-(2,3,4,6-
tetra-O-acetyl-β-D-galactopyranosyl)-β-D-xylopyranosyl]-L-
Serine was purchased from Medicinal Chemistry Pharmaceutical
Ltd., Japan (http://soyaku.co.jp/). Coating reagents, 11,11’-
dithio bis[undec-11-yl 12-(aminooxyacetyl)amino
hexa(ethyleneglycol)] (AOSH) and a phosphoryl derivative, 11-
mercaptoundecylphosphorylcholine (PCSH) were synthesized
by the procedures reported previously and available from MCP
Co. Ltd. Qdot 545 ITK™, Lysotracker Red DND-99, and Hoechst
33342 were from Invitrogen. DCM, DMF, DIEA and TFA were pur-
chased from Watanabe Chem. IND., LTD. Ultrafiltration
membranes were supplied from Millipore, Carrigtwohill, Co.
Cork, Ireland. Unless otherwise noted, solvents and other re-
agents were purchased from Aldrich Chemical Co. (Milwaukee,
WI), Tokyo Chemical Industry (Tokyo, Japan), and Wako Pure
Chemical Industries Ltd. (Tokyo, Japan).

2.2. Synthesis of peptides and glycopeptides

2.2.1. Synthesis of ketone-functionalized compound 1
A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Ser(tBu)-
OH (96 µmol, 4.0 equivalents), Fmoc-Gly-OH (96 µmol, 4.0
equivalents) and 5-oxohexanoic acid (4.0 equivalents) were used.
Briefly, 0.24 mmol/g of Rink-amide-ChemMatrix resin was
placed in a 5 ml Libra tube, washed sequentially with DMF and
DCM followed by DCM swelling for 30 min. The swollen resin
was washed with DMF. Fmoc-amino acid was pre-activated
using 4 equivalents of HBTU, 4 equivalents of HOBt in DMF and
3 equivalents of DIEA for 30 sec. The pre-activated Fmoc-
amino acid was then added to the resin and allowed to couple
for 15 min at 50 oC under microwave irradiation. The resin was
then washed subsequently with DMF, DCM and then DMF. To
block the unreacted/uncoupled animo groups in the resin, acetyl
capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for
5 min at room temperature, washed with DMF, DCM and then
DMF, then Fmoc deprotection using 20% piperidine in DMF fol-
lowed by washing with DMF, DCM and then DMF and the cycle
repeated for alternating Ser-Gly sequence. After Fmoc
deprotection of the last Fmoc-amino acid, 5-oxohexanoic acid
was pre-activated using 4 equivalents of HBTU, 4 equivalents
of HOBt in DMF and 3 equivalents of DIEA for 30 sec. The pre-
activated 5-oxohexanoic acid was then added to the peptide-
resin mixture and allowed to couple for 15 min at 50 oC under
microwave irradiation. The mixture was washed subse-
quently with DMF, DCM and then DMF. Deprotected and
cleavage of the peptide from the resin was done by adding
TFA:H2O (95: 5) cocktail to the washed resin in ice for 30 min
with shaking and then the shaking was continued at room tem-
perature for additional 1 h. The deprotection and cleavage
processes were monitored using MALDI-TOF/MS. The solu-
tion containing the synthesized peptide was drained. The resin
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was flushed subsequently with the same cocktail solution, acetic
acid, and methanol. The filtrates were combined and concen-
trated by air drying, dissolved in 50% acetonitrile and
lyophilized. The peptide was then purified using RP-HPLC with
acetonitrile (B) and water (A) both with 0.1% TFA using Intersil®

ODS-3 (5 µm, 4.6 mm x 250 mm) column at room tempera-
ture, 1 ml/min flow rate, 220 nm wavelength for detection, and
solvent gradient (A:B) of 99:1 (0 min), 85:15 (50 min), and 5:95
(60 min) to get compound 1, then lyophilized [29–32].

MALDI-TOF/MS: m/z calcd for C16H27N5NaO8
+, [M + Na]+

440.1757, found 440.195.

2.2.2. Synthesis of ketone-functionalized compound 2
A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Ser(tBu)-
OH (96 µmol, 4.0 equivalents), Fmoc-Gly-OH (96 µmol, 4.0
equivalents), N-(9-Fluorenylmethoxycarbonyl)-O-[2,3-di-O-
acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-β-D-
xylopyranosyl]-L-Serine (MCP Co., Ltd, Japan) (36 µmol, 1.5
equivalents) and 5-oxohexanoic acid (4.0 equivalents) were used.
Briefly, 0.24 mmol/g of Rink-amide-ChemMatrix resin was placed
in a 5 ml Libra tube, washed sequentially with DMF and DCM
followed by DCM swelling for 30 min. The swollen resin was
washed with DMF. Fmoc-amino acid was pre-activated using
4 equivalents of HBTU, 4 equivalents of HOBt in DMF and 3
equivalents of DIEA for 30 sec. The pre-activated Fmoc-amino
acid was then added to the resin and allowed to couple for
15 min at 50 oC under microwave irradiation.The resin was then
washed subsequently with DMF, DCM and then DMF. To block
the unreacted/uncoupled animo groups in the resin, acetyl
capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for
5 min at room temperature, washed with DMF, DCM and then
DMF, then Fmoc deprotection using 20% piperidine in DMF
followed by washing with DMF, DCM and then DMF and
the cycle repeated for alternating Ser-Gly sequence. For the
introduction of N-(9-Fluorenylmethoxycarbonyl)-O-[2,3-di-O-
acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-β-D-
xylopyranosyl]-L-Serine, 1.2 equivalents of PyBOP, 1.2 equivalents
of HOAt in DMF and 3 equivalents of DIEA as the coupling cock-
tail. After coupling for 15 min at 50 oC under microwave
irradiation, the same coupling cocktail, without Fmoc-
glycoamino acid, was added for a “double activation-like”
approach for 15 min at 50 oC under microwave irradiation. After
Fmoc deprotection of the last Fmoc-amino acid, 5-oxohexanoic
acid was pre-activated using 4 equivalents of HBTU, 4 equiva-
lents of HOBt in DMF and 3 equivalents of DIEA for 30 sec.The
pre-activated 5-oxohexanoic acid was then added to the peptide-
resin mixture and allowed to couple for 15 min at 50 oC under
microwave irradiation. The mixture was washed subse-
quently with DMF, DCM and then DMF. Deprotected and cleavage
of the peptide from the resin was done by adding TFA:H2O (95:
5) cocktail to the washed resin in ice for 30 min with shaking
and then the shaking was continued at room temperature for
additional 1 h. The deprotection and cleavage processes were
monitored using MALDI-TOF/MS. The solution containing the
synthesized glycopeptide was drained. The resin was flushed
subsequently with the same cocktail solution, acetic acid, and
methanol. The filtrates were combined and concentrated by
air drying, dissolved in 50% acetonitrile and lyophilized. The
peptide was then purified using RP-HPLC with acetonitrile (B)
and water (A) both with 0.1% TFA using Intersil® ODS-3 (5 µm,

4.6 mm x 250 mm) column at room temperature, 1 ml/min flow
rate, 220 nm wavelength for detection, and then lyophilized.
The purified glycopeptide was de-O-acetylated by dissolving
in trifluoroethanol and added with sodium hydroxide to pH
10.5–11.0 for 30 min.The removal of the acetyl groups from the
sugar moiety was monitored using MALDI-TOF/MS. After the
complete deacetylation process, the solvent was removed either
under reduced pressure or air-drying.The de-O-acetylated gly-
copeptide was purified by RP-HPLC with acetonitrile (B) and
water (A) both with 0.1%TFA using Intersil® ODS-3 (5 µm, 4.6 mm
x 250 mm) column at room temperature, 1 ml/min flow rate,
220 nm wavelength for detection, and solvent gradient (A:B)
of 99:1 (0 min), 85:15 (50 min), and 5:95 (60 min) to get com-
pound 2 and then lyophilized [29–32].

MALDI-TOF/MS: m/z calcd for C27H45N5NaO17
+, [M + Na]+

734.2708, found 734.409.

2.2.3. Synthesis of ketone-functionalized compound 3
A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Ser(tBu)-
OH (96 µmol, 4.0 equivalents), Fmoc-Gly-OH (96 µmol, 4.0
equivalents), and 5-oxohexanoic acid (4.0 equivalents) were
used. Briefly, 0.24 mmol/g of Rink-amide-ChemMatrix resin was
placed in a 5 ml Libra tube, washed sequentially with DMF and
DCM followed by DCM swelling for 30 min. The swollen resin
was washed with DMF. Fmoc-amino acid was pre-activated
using 4 equivalents of HBTU, 4 equivalents of HOBt in DMF and
3 equivalents of DIEA for 30 sec. The pre-activated Fmoc-
amino acid was then added to the resin and allowed to couple
for 15 min at 50 oC under microwave irradiation. The resin was
then washed subsequently with DMF, DCM and then DMF. To
block the unreacted/uncoupled animo groups in the resin, acetyl
capping was performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for
5 min at room temperature, washed with DMF, DCM and then
DMF, then Fmoc deprotection using 20% piperidine in DMF fol-
lowed by washing with DMF, DCM and then DMF and the cycle
repeated for alternating Ser-Gly sequence. After Fmoc
deprotection of the last Fmoc-amino acid, 5-oxohexanoic acid
was pre-activated using 4 equivalents of HBTU, 4 equivalents
of HOBt in DMF and 3 equivalents of DIEA for 30 sec. The pre-
activated 5-oxohexanoic acid was then added to the peptide-
resin mixture and allowed to couple for 15 min at 50 oC under
microwave irradiation. The mixture was washed subse-
quently with DMF, DCM and then DMF. Deprotected and
cleavage of the peptide from the resin was done by adding
TFA:H2O (95: 5) cocktail to the washed resin in ice for 30 min
with shaking and then the shaking was continued at room tem-
perature for additional 1 h. The deprotection and cleavage
processes were monitored using MALDI-TOF/MS. The solu-
tion containing the synthesized peptide was drained. The resin
was flushed subsequently with the same cocktail solution, acetic
acid, and methanol. The filtrates were combined and concen-
trated by air drying, dissolved in 50% acetonitrile and
lyophilized. The peptide was then purified using RP-HPLC with
acetonitrile (B) and water (A) both with 0.1% TFA using Intersil®

ODS-3 (5 µm, 4.6 mm x 250 mm) column at room tempera-
ture, 1 ml/min flow rate, 220 nm wavelength for detection, and
solvent gradient (A:B) of 99:1 (0 min), 85:15 (50 min), and 5:95
(60 min) to get compound 3 and then lyophilized [29–32].

MALDI-TOF/MS: m/z calcd for C66H107N25NaO38
+, [M + Na]+

1880.7106, found 1880.082.
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2.2.4. Synthesis of ketone-functionalized compound 4
A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-Ser(tBu)-
OH (96 µmol, 4.0 equivalents), Fmoc-Gly-OH (96 µmol, 4.0
equivalents), N-(9-Fluorenylmethoxycarbonyl)-O-[2,3-di-O-
acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-β-D-
xylopyranosyl]-L-Serine (MCP Co., Ltd, Japan) (36 µmol, 1.5
equivalents) and 5-oxohexanoic acid (4.0 equivalents) were
used. Briefly, 0.24 mmol/g of Rink-amide-ChemMatrix resin
was placed in a 5 ml Libra tube, washed sequentially with
DMF and DCM followed by DCM swelling for 30 min. The
swollen resin was washed with DMF. Fmoc-amino acid was
pre-activated using 4 equivalents of HBTU, 4 equivalents of
HOBt in DMF and 3 equivalents of DIEA for 30 sec. The
pre-activated Fmoc-amino acid was then added to the resin
and allowed to couple for 15 min at 50 oC under microwave
irradiation. The resin was then washed subsequently with
DMF, DCM and then DMF. To block the unreacted/uncoupled
amino groups in the resin, acetyl capping was performed
using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 min at room tempera-
ture, washed with DMF, DCM and then DMF, then Fmoc
deprotection using 20% piperidine in DMF followed by washing
with DMF, DCM and then DMF and the cycle repeated for
alternating Ser-Gly sequence. For the introduction of N-(9-
Fluorenylmethoxycarbonyl)-O-[2,3-di-O-acetyl-4-O-(2,3,4,6-
tetra-O-acetyl-β-D-galactopyranosyl)-β-D-xylopyranosyl]-L-
Serine, 1.2 equivalents of PyBOP, 1.2 equivalents of HOAt in
DMF and 3 equivalents of DIEA as the coupling cocktail. After
coupling for 15 min at 50 oC under microwave irradiation, the
same coupling cocktail, without Fmoc-glycoamino acid, was
added for a “double activation-like” approach for 15 min at
50 oC under microwave irradiation. After Fmoc deprotection
of the last Fmoc-amino acid, 5-oxohexanoic acid was pre-
activated using 4 equivalents of HBTU, 4 equivalents of HOBt
in DMF and 3 equivalents of DIEA for 30 sec. The pre-
activated 5-oxohexanoic acid was then added to the peptide-
resin mixture and allowed to couple for 15 min at 50 oC
under microwave irradiation. The mixture was washed sub-
sequently with DMF, DCM and then DMF. Deprotected and
cleavage of the peptide from the resin was done by adding
TFA:H2O (95: 5) cocktail to the washed resin in ice for 30 min
with shaking and then the shaking was continued at room
temperature for additional 1 h. The deprotection and cleav-
age processes were monitored using MALDI-TOF/MS. The
solution containing the synthesized glycopeptide was drained.
The resin was flushed subsequently with the same cocktail
solution, acetic acid, and methanol. The filtrates were com-
bined and concentrated by air drying, dissolved in 50%
acetonitrile and lyophilized. The peptide was then purified
using RP-HPLC with acetonitrile (B) and water (A) both with
0.1% TFA using Intersil® ODS-3 (5 µm, 4.6 mm x 250 mm)
column at room temperature, 1 ml/min flow rate, 220 nm
wavelength for detection, and then lyophilized. The purified
glycopeptide was de-O-acetylated by dissolving in
trifluoroethanol and added with sodium hydroxide to pH
10.5–11.0 for 30 min. The removal of the acetyl groups from
the sugar moiety was monitored using MALDI-TOF/MS. After
the complete deacetylation process, the solvent was removed
either under reduced pressure or air-drying. The de-O-
acetylated glycopeptide was purified by RP-HPLC with
acetonitrile (B) and water (A) both with 0.1% TFA using

Intersil® ODS-3 (5 µm, 4.6 x 250 mm) column at room tem-
perature, 1 ml/min flow rate, 220 nm wavelength for detection,
and solvent gradient (A:B) of 99:1 (0 min), 85:15 (50 min), and
5:95 (60 min) to get compound 4 and then lyophilized [29–32].

MALDI-TOF/MS: m/z calcd for C132H215N25NaO92
+, [M + Na]+

3645.2811, found 3645.690.

2.3. Synthesis of ketone-functionalized HexaHistidine

A 0.24 mmol/g of Rink-amide-ChemMatrix resin, Fmoc-His(trt)-
OH (96 µmol, 4.0 equivalents), and 5-oxohexanoic acid (4.0
equivalents) were used. Briefly, 0.24 mmol/g of Rink-amide-
ChemMatrix resin was placed in a 5 ml Libra tube, washed
sequentially with DMF and DCM followed by DCM swelling for
30 min.The swollen resin was washed with DMF. Fmoc-His(trt)-
OH amino acid was pre-activated using 4 equivalents of HBTU,
4 equivalents of HOBt in DMF and 3 equivalents of DIEA for
30 sec. The pre-activated Fmoc-His(trt)-OH was then added to
the resin and allowed to couple for 15 min at 50 oC under mi-
crowave irradiation. The resin was then washed subsequently
with DMF, DCM and then DMF. To block the unreacted/
uncoupled animo groups in the resin, acetyl capping was
performed using DMF:Ac2O:DIEA (8.5:1.0:0.5) for 5 min at room
temperature, washed with DMF, DCM and then DMF, then Fmoc
deprotection using 20% piperidine in DMF followed by washing
with DMF, DCM and then DMF and the cycle repeated for six
(6) times. After Fmoc deprotection of the last Fmoc-His(trt)-
OH, 5-oxohexanoic acid was pre-activated using 4 equivalents
of HBTU, 4 equivalents of HOBt in DMF and 3 equivalents of
DIEA for 30 sec.The pre-activated 5-oxohexanoic acid was then
added to the peptide-resin mixture and allowed to couple for
15 min at 50 oC under microwave irradiation. The mixture was
washed subsequently with DMF, DCM and then DMF.
Deprotection and cleavage of the peptide from the resin was
done by adding TFA:EDT:H2O (95:2.5:2.5) cocktail to the washed
resin in ice for 30 min with shaking and then the shaking was
continued at room temperature for additional 1 h. The
deprotection and cleavage processes were monitored using
MALDI-TOF/MS.The solution containing the synthesized peptide
was drained.The resin was flushed subsequently with the same
cocktail solution, acetic acid, and methanol. The filtrates were
combined and concentrated by air drying, dissolved in 50% ace-
tonitrile and lyophilized. The peptide was then purified using
RP-HPLC with acetonitrile (B) and water (A) both with 0.1% TFA
using Intersil® ODS-3 (5 µm, 4.6 mm x 250 mm) column at room
temperature, 1 ml/min flow rate, 220 nm wavelength for de-
tection, and solvent gradient (A:B) of 90:10 (0 min), 70:30 (50 min),
and 5:95 (60 min) to get the ketone-tagged HexaHis and then
lyophilized [29–32].

MALDI-TOF/MS: m/z calcd for C42H54N19O8
+, [M + H]+ 952.4405,

found 952.880.

2.4. Preparation of AO/PCSAM-QDs

To the 50 µl of 1 µM TOPO-QDs were added Isopropanol:
Methanol (100 µl: 50 µl), then centrifuged at 15 000 g for 3 min.
The solvent was removed and the pelleted TOPO-QDs were re-
suspended in 50 µl n-hexane and homogenized by sonication.
TOPO-QDs/n-hexane solution was added with 30 µl of Milli Q
water, 1 µl of NaBH4 (12 wt % in 14 N NaOH), 5 µl of 5 mM 11,11’-
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dithio bis[undec-11-yl 12-(aminooxyacetyl)amino
hexa(ethyleneglycol)] (HS-AO) and 10 µl of 50 mM 11-
mercaptoundecylphosphorylcholine (HS-PC). The mixture was
mixed for 30 min at room temperature.The n-hexane layer con-
taining TOPO were removed, and washed three times with
hexane. The water layer containing AO/PCSAM-QDs was pu-
rified using ultra filtration (YM 10) and washed with ultrapure
water (400 µl) three times. The AO/PCSAM-QDs solution was
directly analyzed by MALDI-TOFMS (Bruker Daltonics, Bremen,
Germany) using DHB (1 µl, 10 mg/ml) as a matrix [29].

2.5. Conjugation of QDs with ketone-functionalized
peptides and glycopeptides

To the 10 µl of AO/PCSAM-QDs solution was added 1 µl of 10 mM
ketone-functionalized peptides/glycopeptides and 1 µl of 10 mM
ketone-functionalized glycopeptide mixed thoroughly with 1 µl
of 10 mM HexaHis.The mixture was added with 10 µl of 200 mM
acetate buffer (pH 4.0), mixed for 15–30 min at room tempera-
ture and concentrated to dryness by centrifugal evaporator, to
complete the oxime formation reaction, for 30 min at 40 oC.The
obtained solid was resuspended in Milli Q, purified using ultra
filtration (YM 10) and washed with Milli Q (400 µl) three times.
The products AO/PCSAM-QDs co-displaying the glycopeptide
and HexaHis, AO/PCSAM-QDs carrying glycopeptides, AO/
PCSAM-QDs carrying HexaHis were dissolved in Milli Q (10 µl)
to obtain 1 µM solution. The samples were directly analyzed
by MALDI-TOFMS using DHB (1 µl, 10 mg/ml) as a matrix [29].

2.6. Cell culture

The A549 cells (Health Science Research Resource Bank) were
grown in Dulbecco’s Modified Eagle Medium (DMEM) and OUS-
11 cells (Health Science Research Resource Bank) were grown
in MEM at 37 oC with 5% CO2. All media used were supple-
mented with 10% (v/v) FBS, penicillin G (500 units/ml) and
streptomycin (500 unit/ml) [33].

2.7. Cytotoxicity study

The A549 and OUS-11 cells were seeded in a 96-well plate
(Thermo Scientific), at 5.0x103 cells/well, and incubated at 37oC
with 5% CO2 for 24 h.The cells were treated with HexaHis, com-
pounds 1~4, AO/PCSAM-QD-1&HexaHis, AO/PCSAM-QD-
2&HexaHis, AO/PCSAM-QD-3&HexaHis, and AO/PCSAM-QD-
4&HexaHis for 24 h. Cell growth was determined by adding 10 µl
of cell counting kit 8 (Dojindo, Kumamoto, JAPAN), incubated
for 2–4 h and optical density was measured using a model 550
Microplate reader (BioRad, Hercules, CA, USA) [33]. Data were
reported in percent viability with respect to the untreated
control (±SD) of the trials (n = 3).

2.8. Intracellular delivery of QD conjugates

Cellular internalization experiments were performed on an
8-well Nunc Lab-Tek II Chamber Slide System (Thermo Sci-
entific™). Cells (5x103 cells/well) were seeded in the wells and
cultured overnight. For the delivery experiments, QD-conjugates
were diluted with the complete culture medium and incu-
bated with cells at 37 oC with 5% CO2 for 2 h. For assessing golgi

colocalization, the QD-conjugates were incubated with cells for
2 h. The excess QD-conjugates were removed by washing the
cells with DPBS three times. The cells were then fixed with 4%
paraformaldehyde for 10 min at room temperature and
permeabilized with 0.4% Triton X-100 and washed. The cells
were incubated with the golgi marker anti-giantin antibody [9B6]
mouse IgG1 (abcam), as the primary antibody, for 1 h at room
temperature or overnight at 4 oC, washed with DPBS three times
and then incubated with secondary anti-body anti-IgG mouse
Cy3 (Funakoshi, Japan) for 30 min to 1 h at room tempera-
ture. The nuclei were stained with Hoechst 33342 (Invitrogen),
as the final hybridization process, and observed under fluo-
rescence microscope [33].

2.9. Fluorescence microscopy and image analysis

The fluorescence microscope used for image acquisition and
image analysis was an all-in-one fluorescence microscope
BIOREVO BZ-9000 series generation II (Keyence, Japan) equipped
with 4x, 20x, 40x, and 60x (oil immersion) lenses. Images were
taken using standard filter set for DAPI (for Hoechst), FITC (for
QD545) and TRITC (for anti-mouse IgG-Cy3). Merge images were
generated and analyzed using BZ-II software [33].

2.10. Microarray

Boc-protected aminooxy coated slide was deprotected using
2M HCl for 2 h at 37 °C, washed 3x with ultrapure water and
centrifuged at 2000 rpm for 2 min to dry. Different concentra-
tions of heparin and ketone-functionalized peptides and
glycopeptide, previously prepared using 50 mM AcOH reac-
tion buffer, were machine platted onto the slide by BioChip-
Arrayer machine (LASER TECHNO Co., Ltd.), incubated at 80 oC
for 1 h, washed with miliQ water 3 times, and dried using cen-
trifuge. The unreacted aminooxy groups were capped with
succinic anhydride for 2 h at 37 oC, washed and dried. Heparin
(Sigma-Aldrich) was added and allowed to interact at 37 oC for
2 h. Slide was washed with washing buffer, containing 0.05 wt%
Triton X-100, 3 times followed by water. Mouse anti-heparin/
heparin sulphate IgG antibody (Millipore) was added, incubated
for 2 h at room temperature or at 4 oC overnight and washed
subsequently with washing buffer and water 3 times. Second-
ary anti-body anti-IgG mouse Cy3 (Funakoshi, Japan) was added,
allowed to react in the dark for 2 h at room temperature or at
4 oC overnight and washed with washing buffer 3 times. The
slide was analyzed using GE Typhoon TRIO+ variable mode
imager (Amersham Biosciences).

3. Results and discussion

3.1. Peptides and glycopeptides syntheses and
characterization

Both peptide and glycopeptide sequences used in this study
were serglycin-like synthetic peptides and glycopeptides shown
in Fig. 1 [18,23,30].These were tetrapeptide composed of H-Ser1-
Gly2-Ser3-Gly4 (compound 1) and tetrapeptide with Galβ(1–
4)Xylβ1-(compound 2), where the sugar moieties were attached
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to the third amino acid serine, as well as their corresponding
hexamer designated as compounds 3 and 4, respectively. This
sequence was based from its reported acceptability a new class
of synthetic proteoglycan initiator (PGI) [18,23].The other peptide
used in this study is the hexahistidine (HexaHis) cell penetrat-
ing peptide, which was previously reported to have
endolysosomal escaping ability during lysosomal sequestra-
tion inside the cell [33].

The ketone-functionalized peptides and glycopeptides were
easily synthesized manually, following Solid-Phase Peptide Syn-
thesis (SPPS) method. Attachment of 5-oxohexanoic acid on the
N-terminal of both peptides and glycopeptides made it easier
to attach them to the aminooxy-functionalized molecule, which
was later used for nanoparticle-surface modification.

The peptides and glycopeptides were successfully synthe-
sized, isolated, and characterized using Reversed Phase High
Performance Liquid Chromatography (RP-HPLC) and MALDI-
TOF/MS. Their corresponding molecular weights determined
using MALD-TOF/MS were shown in Fig. 2A (HexaHis), Fig. 2B
(compounds 1 and 2), and Fig. 2C (compounds 3 and 4).

3.2. Preparation of AO/PCSAM-QDs

In order to solubilize the synthetic commercially available TOPO-
coated QDs (CdSe/ZnS, λem = 545 nm) in water, QD surface was
modified through ligand exchange utilizing the self-assembled
monolayers (SAMs) of aminooxy-terminated monothiol de-
rivative, 11,11’-dithio bis-[undec-11-yl 12-(aminooxyacetyl)amino
hexa(ethylene glycol)] (AOSH), and a phosphorylcholine-type
monothiol derivative, 11-mercaptoundecylphosphorylcholine
(PCSH), to afford aminooxy/phosphorylcholine self-assembled
monolayer quantum dot conjugates (AO/PCSAM-QD) shown in

Fig. 3, which provided QDs with highly versatile functions for
the chemical ligation of ketone-functionalized compounds and
non-fouling surface characteristics to prevent nonspecific
protein adsorption [33]. The surface modification and the suc-
cessful preparation of AO/PCSAM-QDs were directly confirmed
by MALDI-TOF/MS shown in Fig. 4. The MALDI-TOFMS spec-
trum of AO/PCSAM-QDs showed 908.613 m/z indicated the
presence of a heterodimer of AOS-SPC connected via disul-
fide linkage, while the 737.436 m/z indicated a homodimer of
PCS-SPC also connected via disulfide linkage.

This modification yielded an appropriate molecular packing
of SAMs in the surface of QDs making it remarkably soluble
with excellent dispersion in water [29], as confirmed by
fluorescence correlation spectroscopy (FCS) analysis, showing
a smooth curve of its rapid fluorescence fluctuations (Fig. 4,
inset) [33]. Since the number of AOSH is directly proportional
to the amount of displayed ketone-functionalized HexaHis
and ketone-functionalized peptides and glycopeptide, it is
imperative to control the ratio of AOSH from PCSH in order
to control the number of compounds to be displayed on the
QD surface.

3.3. Preparation and characterization of QD conjugates

After successful surface modification and preparation of AO/
PCSAM-QDs, ketone-functionalized HexaHis together with the
ketone-functionalized compounds 1~4 were co-conjugated on
AO/PCSAM-QD’s surface (Fig. 3) through an oxime formation
through the interaction of amino-oxy groups of AOSH and the
ketone group blocking the N-termini of HexaHis and com-
pounds 1–4 (Fig. 3 inset) [33]. The reaction in an acetic acid
buffer (pH 4.0) at room temperature afforded AO/PCSAM-QDs

Fig. 1 – Chemical structures of ketone-functionalized peptides and glycopeptides. These compounds were synthesized
using Solid-Phase Peptide Synthesis (SPPS) method. HexaHis means hexahistidine.
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Fig. 2 – MALDI-TOF mass spectra of manually synthesized peptides and glycopeptides. (A) HexaHistidine, (B) monomer
compounds 1 and 2, and (C) hexamer compounds 3 and 4.
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Fig. 3 – Standard protocol for the preparation of QD conjugates. Yellow circle represents galactose and orange star
represents xylose.
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carrying HexaHis and 1 (AO/PCSAM-QD-1&HexaHis), AO/
PCSAM-QDs carrying HexaHis and 2 (AO/PCSAM-QD-
2&HexaHis), AO/PCSAM-QDs carrying HexaHis and 3 (AO/
PCSAM-QD-3&HexaHis), and AO/PCSAM-QDs carrying HexaHis
and 4 (AO/PCSAM-QD-4&HexaHis) as shown in Fig. 3. The for-
mation of AO/PCSAM-QD-HexaHis, AO/PCSAM-QD-1&HexaHis,
and AO/PCSAM-QD-2&HexaHis QD conjugates was confirmed
by direct MALDI-TOF/MS shown in Fig. 5A, while for AO/PCSAM-
QD-3&HexaHis and AO/PCSAM-QD-4&HexaHis in Fig. 5B. The

density of the displayed samples can affect the dispersion of
the modified QDs in water and even in the serum-containing
cell culture medium during cellular delivery. It was fre-
quently observed that higher density of surface-displayed
HexaHis with compounds 1–4 usually resulted to QD conju-
gate aggregation, which could certainly affect the internalization
and dispersion of the QDs [33]. The good ratio between AOSH
and PCSH was found to be 1:20, with good water dispersion
and no observed significant aggregation [33].

Fig. 4 – Characterization of AO/PCSAM-QDs (AO/PC = 1/20) carrying HexaHis and compounds 1~4 prepared by the standard
protocol. Heterodimeric ions generated from QD conjugates during direct MALDI-TOFMS measured at positive mode and
fluorescence fluctuation profile of AO/PCSAM-QDs measured by fluorescence correlation spectroscopy (inset).

Fig. 5 – Characterization of AO/PCSAM-QDs (AO/PC = 1/20) carrying HexaHis and compounds 1–4 using positive mode direct
MALDI-TOFMS. (A) Heterodimeric ions generated from HexaHis-QD conjugates, HexaHis-QD conjugates containing
compound 1, and compound 2. (B) Heterodimeric ions generated from HexaHis-QD conjugates containing compounds 3 and
4. Mass of HexaHis in B is not shown in the frame due to its very large mass difference.
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This strategy is so robust that any aldehyde- or ketone-
functionalized molecule could be attached to AOSH via this type
of conjugation, which in principle, could be used as general
strategy for facile QD surface modification using an array of
desired molecules to be displayed on QD surface. Individual
fluorescence correlation spectrum also showed that pre-
pared QD conjugates were highly dispersed in aqueous solution
with no observed aggregation, making it highly viable candi-
date for intracellular delivery experiments, as shown in
Fig. S1-S4. The fluorescent signals of the QD conjugates were
also not significantly affected after the conjugation process as
shown in their individual fluorescence fluctuation per mol-
ecule in Fig. 6A. This unaffected fluorescence signal per
molecule is advantageous during QD conjugate detection and
tracking inside the cell due to its sustained intensity of fluo-
rescent signal that could be easily detected and classified from
the background fluorescence.

3.4. Cytotoxicity of peptides, glycopeptides, and QD
conjugates

The problem with most of the nanoparticle-based delivering
agents is their cytotoxicity. Aside from the core metal, mol-
ecules displayed on their surface could likely contribute to
their cytotoxicity. To demonstrate that the cells are not
adversely affected by QD conjugates, cytotoxicity assays were
performed for all synthetic compounds and their QD conju-
gates. Results in Fig. 7 showed that all QD conjugates have
no significant cytotoxicity towards the cell lines used. These
ketone-functionalized peptides and glycopeptides were es-
sentially noncytotoxic to the normal and lung cancer cell
lines used.

3.5. Intracellular Delivery of QD conjugates

The intracellular localization of QD conjugates were tracked during
co-incubation with normal human lung tissue (OUS-11) and
human lung adenocarcinoma (A549). For immunocytochemis-
try, golgi co-localization was assessed by tagging the golgi
apparatus with golgi marker anti-giantin and detected using sec-
ondary antibody, while the nuclei were stained with Hoechst.

The co-conjugation with hexahistidine was primarily done
to prevent endolysosomal sequestration of the QD conjugates,
which could potentially degrade the peptides, glycopeptides, and
glycans on the nanoparticle’s surface through the action of hy-
drolytic enzymes such as proteases and glycosyl hydrolases [34],
and could prevent their delivery to the exact intracellular com-
partment where they supposed to be delivered.

Co-incubation of the conjugates with OUS-11 and A549 re-
vealed a different dynamics of QD conjugates inside the cancer
and healthy human lung cell lines. In diseased cell line, A549
cells showed golgi uptake (pointed by white arrows) of all the
QD conjugates carrying compounds 1–4 as shown in Fig. 8.
However, a membrane-bound fluorescence (pointed by yellow
arrows) of QD conjugates carrying compound 2 was evi-
dently observed but not on its naked counterpart (QD conjugates
carrying compound 1). The same phenomenon was also ob-
served in QD conjugates carrying compound 4 and but not on
its naked counterpart (QD conjugates carrying compound 3).
It is likely that the observed membrane-bound fluorescence
could be due to the interaction of the glycopeptides with its
complementary lectins that are highly expressed on this cell
line [35] and/or through QD conjugate interaction with heparin
sulfate proteoglycans (HSPGs) on the cell surface, as shown in
the microarray results in Fig. 9. The microarray result re-
vealed that only the glycosylated peptides and HexaHis showed
significant interaction with heparin, indicating that the intra-
cellular entry of the QD conjugates is likely mediated by the
interaction of HexaHis and glycopeptides with the
gycosaminoglycans on the cell surface. It is also noteworthy
that the QD conjugates carrying glycopeptides seem to have
been directed specifically towards the golgi, while those QD con-
jugates carrying naked peptides were randomly distributed in
the cytoplasm and the golgi (see Fig. 8, merge). These obser-
vations may suggest that, although A549 cells directed most
of the QD conjugates to the golgi, the conjugates might have
been delivered/trafficked inside the cell differently. Also, it seems
likely that the QD conjugates carrying glycopeptides were not
entering the cell all at once but rather in queues and that the
remaining QD conjugates were interacting with the cell surface
receptors and glycosaminoglycans waiting for their turn in en-
docytosis, as indicated by the population of QD conjugates that

Fig. 6 – Fluorescence Correlation Spectroscopy (FCS) data of the QD conjugates. (A) Fluorescence intensity per molecule and
(B) the measured hydrodynamic diameter of AO/PCSAM-QDs (AO/PC = 1/20) carrying HexaHis and compounds 1–4 prepared
by the standard protocol. Error bar represents SD.
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are actually inside the cell, and thus, their cellular delivery and
localization mechanisms might have been strongly mediated
by the presence of the glycan moiety.

In healthy cell line (OUS-11), the intracellular localization
of QD conjugates greatly differed from the diseased cell line.
The endocytosis of all QD conjugates in A549 was of higher
rate [36], as indicated by the densely QD conjugate-populated
cytoplasm, compared to the scarcely QD conjugate-populated
cytoplasm of OUS-11 as shown in Fig. 10. Interestingly, OUS-
11 cells showed no localization of QD conjugates displaying
naked peptides (compounds 1 and 3) in the golgi, while those
carrying glycopeptides 2 and 4 appeared to be distributed spe-
cifically in the golgi apparatus as shown by the yellow merged
color resulted from the merged green and red colors from QD
conjugates and golgi, respectively (Fig. 10, merge, pointed by
white arrows). It appears that the presence of glycan moi-
eties might have influenced the delivery of the conjugates,
specifically to the golgi, and the absence of glycosylation may
have restricted the conjugates from localizing in the golgi ap-
paratus, which seems that the minimum requirement for golgi
localization, in normal lung cells, was the presence of the sugar
moiety in the polypeptide chain.

This study revealed an interesting finding that glycosylation
could clearly govern sub-cellular localization of peptides on
normal and lung cancer cells of the same type. It seems that

golgi localization, in normal cells, is only selective to the gly-
copeptides (Fig. 11). This difference in behavior between the
normal and cancer cells in terms of trafficking QD conju-
gates could be linked to cancer cell’s defective quality control
and intracellular trafficking machineries.

4. Conclusion

These observations warranted and exemplified the impor-
tant role of glycosylation in intracellular compartmentalization.
Although the complete mechanism remains unclear, normal
human lung tissue cells can clearly discriminate glycosylated
from non-glycosylated peptides, while human lung adenocar-
cinoma cannot distinguish the presence or absence of glycans
on the peptide backbone. In this particular nanoparticle-
based platform of delivery, the endocytosis of the QD conjugates
were seemed to be mediated by the interaction of HexaHis and
the glycopepides with the glycosaminoglycans on the cell’s
surface.

This newly discovered difference in sub-cellular traffick-
ing between normal and lung cancer cells could potentially be
used as an effective strategy in targeted intracellular delivery
by attaching glycosylated peptides to a carrier, containing

Fig. 7 – Cytotoxicity Assay in OUS-11 and A549 cells. (A) Cytotoxicity of ketone-functionalized Peptides and Glycopeptides
on OUS-11 and (B) cytotoxicity of ketone-functionalized Peptides and Glycopeptides on A549. (C) Cytotoxicity of AO/
PCSAMQD carrying compounds 1–4 and HexaHis on OUS-11 and (D) Cytotoxicity of AO/PCSAMQD carrying compounds 1–4
and HexaHis on A549. Peptides and glycopeptides, as well as their corresponding QD conjugates AO/PCSAMQD carrying
compounds 1–4 and HexaHis did not show adverse effect on cell viability of OUS-11 and A549. Error bar represents ±SD.
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Fig. 8 – Difference in Intracellular localization of QD conjugates containing compounds 1~4 in human lung adenocarcinoma
(A549). Both glycosylated and non-glycosylated peptides, regardless of size, localized in the golgi. QD conjugates carrying
glycopeptides (compounds 2 and 4) showed cell surface-bound fluorescent signal compared to QD conjugates carrying
naked peptides (compounds 1 and 3). Cells were co-incubated with QD conjugates (green) for 2 h and fixed. Golgi
apparatuses were stained with antigiantin IgG and detected by secondary antibody (goat antimouse IgG H&L-Alexa
Fluor647, red), while the nuclei were stained with Hoechst 33342 (blue). Merged yellow color indicates that the QD
conjugates were localized in the golgi (pointed by thin white arrows). Yellow arrows point the cell surface-bound
fluorescent signal of QD conjugates, indicating interaction between QD conjugates and the cell surface.

Fig. 9 – Interaction of HexaHis and compounds 1–4 with glycosaminoglycan heparin using microarray. These interactions
could prove the participation of GAGs in cellular membrane penetration of the QD conjugates as indicated by the interaction
of the HixaHis and the glycosylated compounds 2 and 4 with heparin. Fluorescence Intensity is expressed in arbitrary unit
(A.U) Error bars represent SD of n = 3.
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therapeutic agents, to target golgi-resident enzymes for pos-
sible treatment of diseases associated with glycans and
glycoproteins, such as, the congenital disease of glycosylation
(CDG).

This very important detail in intracellular trafficking inside
normal and cancer cells is an indispensable part in
nanoparticle-based intracellular drug delivery.
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Fig. 10 – Difference in Intracellular localization of QD conjugates containing compounds 1~4 in human normal lung tissue
(OUS-11). Non-glycosylated peptides did not localize in the golgi of normal human lung tissue while glycosylated peptides
localized in the golgi (pointed by white arrows). Cells were co-incubated with QD conjugates (green) for 2 h and fixed. Golgi
apparatuses were stained with antigiantin IgG and detected by secondary antibody (goat antimouse IgG H&L-Alexa
Fluor647, red), while the nuclei were stained with Hoechst 33342 (blue). Merged yellow color indicates that the QD
conjugates were localized in the golgi (pointed by thin white arrows).
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Fig. 11 – Difference in Intracellular localization of compounds 1~4 in normal human lung tissue (OUS-11) and human lung
adenocarcinoma (A549). Non-glycosylated peptides did not localized in the golgi of normal human lung tissue while
glycosylated peptides localized in the golgi. In the case of human lung adenocarcinoma, all peptides, regardless of size and
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