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Abstract: Advanced and metastatic cancer forms are extremely difficult to treat and require 

high doses of chemotherapeutics, inadvertently affecting also healthy cells. As a result, the 

observed survival rates are very low. For instance, gemcitabine (GEM), one of the most 

effective chemotherapeutic drugs used for the treatment of breast and pancreatic cancers, sees 

only a 20% efficacy in penetrating cancer tissue, resulting in ,5% survival rate in pancreatic 

cancer. Here, we present a method for delivering the drug that offers mitigation of side effects, 

as well as a targeted delivery and controlled release of the drug, improving its overall efficacy. 

By modifying the surface of gold nanoparticles (AuNPs) with covalently bonded thiol linkers, 

we have immobilized GEM on the nanoparticle (NP) through a pH-sensitive amide bond. This 

bond prevents the drug from being metabolized or acting on tissue at physiological pH 7.4, but 

breaks, releasing the drug at acidic pH, characteristic of cancer cells. Further functionaliza-

tion of the NP with folic acid and/or transferrin (TF) offers a targeted delivery, as cancer cells 

overexpress folate and TF receptors, which can mediate the endocytosis of the NP carrying the 

drug. Thus, through the modification of AuNPs, we have been able to produce a nanocarrier 

containing GEM and folate/TF ligands, which is capable of targeted controlled-release delivery 

of the drug, reducing the side effects of the drug and increasing its efficacy. Here, we demonstrate 

the pH-dependent GEM release, using an ultrasensitive surface-enhanced Raman scattering 

spectroscopy to monitor the GEM loading onto the nanocarrier and follow its stimulated release. 

Further in vitro studies with model triple-negative breast cancer cell line MDA-MB-231 have 

corroborated the utility of the proposed nanocarrier method allowing the administration of high 

drug doses to targeted cancer cells.

Keywords: Raman spectroscopic nanocarrier testing, flow cytometry, breast cancer cells, 

doxorubicin, folate receptor targeting, transferrin

Introduction
The application of nanocarriers as a means of drug delivery is an increasingly attractive 

approach for the administration of cancer treatments.1–7 Nanocarrier-based drug 

delivery systems afford key advantages to the conventional treatment modes: controlled 

release and targeted delivery. The ability to keep the drug inactive, while in transit, 

and release it in its active form, under the appropriate physiochemical conditions,6–10 

mitigates the collateral damage to healthy tissue, which in conventional approaches is 

an inherent consequence that goes largely unchecked. Additionally, through multifunc-

tionalization, nanocarriers can contain not only anticancer payloads but also ligands that 

preferentially bind to surface receptor proteins of cancer cells and mediate endocytosis 

of the nanocarrier. These key advantages have recently attracted considerable interest 
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and led to the development of various nanocarrier-based 

systems, including micellar,11–13 liposome,14,15 polymer,16–18 

noble metal,4,5,19 and other2,20 nanocarriers. Here, we present 

an investigation into a nanocarrier-based targeted drug 

delivery system for the anticancer drug gemcitabine (GEM) 

administration. The nanocarriers, designed with targeting 

ligands bound to functionalized gold nanoparticles (AuNPs) 

and loaded with GEM, were investigated using surface-

enhanced Raman scattering (SERS) sensors, which we have 

recently developed for the studies of DNA damage and drug 

release.2–4

GEM shows a broad spectrum of anticancer activity 

and has been used as the standard treatment of pancreatic 

cancer21,22 and metastatic breast cancer,23 as well as in 

therapy of lung,24 colon,25 and other cancers.26,27 Triple-

negative breast cancer, named for the absence of drug tar-

getable estrogen receptor, progesterone receptor, and human 

epidermal growth factor receptor, has limited treatment 

options; patients are often limited to cytotoxic paclitaxel or 

GEM with a durable response rate of ,20%.28–30 Improving 

delivery of cytotoxic drugs could both limit off-target side 

effects and improve tumor response. GEM, or 2′,2′-fluoro-

2′-deoxycytidine (Figure 1), is a cytidine analog that enters 

cells through integral nucleoside transporter proteins.21 

GEM has multiple modes of action inside the cell. It is able 

to prematurely halt DNA replication through masked chain 

termination and inhibit ribonucleotide reductase, which 

results in self-promotion.21 A serious limitation of the drug 

is its in vivo half-life of ~20 min, resulting from deamination 

by deoxycytidilate deaminase.21

One approach to controlled release of GEM is based on 

nanoparticle (NP) carriers. For some time now, NPs such as 

micelles and metals (Au, Ag, or Cu) have been used as carriers 

to aid in the delivery of anticancer drugs. In the case of GEM, 

there have been various attempts to deliver the drug to the 

tumor cells using micellar NPs,12,22 dendrimeric and polymer 

NPs,16,31 and magnetic NPs.32–34 Here, we present a method for 

delivering the drug that offers mitigation of the drug’s side 

effects, as well as a targeted delivery and controlled release 

of the drug, to improve its overall efficacy. The AuNPs 

provide a wealth of surface modification possibilities35–41 

and controllable-interface design variability for cancer 

studies.2–4 The modification of AuNP surface with a self-

assembled monolayer (SAM) of functional thiols affords the 

capability to immobilize GEM on the NPs through a strong, 

pH-sensitive, amide bond. While healthy tissue typically has 

a neutral pH of 7.4, the cancer tissue is known for its naturally 

acidic intercellular environment42 with pH ~6.4–6.6. Upon 

the internalization by endocytosis and endosome formation, 

the nanocarrier will see even more acidic environment, 

pH ~,5.5. Another drug release mechanism is based on the 

increased level of a biothiol, glutathione (GSH), in cancer 

cells,43,44 which is able to replace drug molecules bound 

to mercaptobenzoic acid (MBA) in the AuNP shell.9 As a 

result, a pH-sensitive bond and replaceable thiolate ligands 

offer a point of control and specificity as to where the drug is 

released from the AuNP. Further functionalization of the NPs 

with folic acid (FA) or transferrin (TF) can afford a targeted 

delivery, as cancer cells overexpress folate and TF receptors 

that can anchor the doped NPs to the cell membrane and 

mediate their endocytosis. Thus, through the modification of 

AuNPs, we were able to synthesize a nanocarrier containing 

GEM and folate/TF that is capable of targeted controlled-

release delivery of the drug, reducing the side effects of the 

drug and improving efficacy.

FA is a vitamin that is crucial to a plethora of metabolic 

pathways including the production of nucleotides. Conse-

quently, it is consumed in large quantities by proliferat-

ing cells such as those in tumor tissues. There are several 

types of tumor tissue, which overexpress folate receptors, 

including ovary, kidney, uterus, colon, and lung, as a result 

of this increased degree of consumption.45 Folate receptor, a 

membrane bound protein, is responsible for binding FA and 
Figure 1 structures of anticancer drugs geM and DOX and targeting ligand Fa.
Abbreviations: DOX, doxorubicin; Fa, folic acid; geM, gemcitabine.
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bringing it into the cell via endocytosis. It has been shown that 

folate receptors can also mediate the endocytosis of folate-

conjugated macromolecules by binding FA and forming an 

endosome around the entire conjugate.46 The endosome then 

undergoes an acidification process in which the endosome 

pH is reduced,47–49 causing the folate receptor to release the 

folate conjugate as the affinity of the folate receptor to FA 

drops off considerably in acidic environments.50

TF is a protein that is responsible for transferring iron 

ions throughout the body. Iron ions play a key role in the 

functionality of ribonucleotide reductase, which is respon-

sible for catalyzing the formation of deoxyribonucleotides for 

DNA replication.51 A single TF molecule is composed of two 

lobes and is capable of binding two iron(III) ions. In com-

bination with TF receptors, embedded in cell membranes, 

a TF molecule can regulate intercellular iron concentration 

through receptor-mediated endocytosis. TF receptors are 

known to be overexpressed in proliferating cells, cells that are 

iron deficient, and cancer cells.52,53 Similar to folate-mediated 

endocytosis, TF with carried iron is bound by the TF receptor 

and then encapsulated by an endosome. The endosome under-

goes acidification, which reduces the affinity of TF to iron 

and subsequently iron is released from the complex. The TF 

itself, however, remains attached to the receptor until exposed 

to the higher pH environment on the cell surface.53

In previous works,2–4,19 we have demonstrated that binding 

MBA to gold NPs as the linker enables covalent attachment of 

drug molecules by the amide bond formation. This structure, 

consisting of the MBA Raman marker and the plasmonic 

AuNP, can serve as a highly sensitive transducer of chemical 

information to an analytical SERS signal, allowing direct 

observation of the drug loading and its subsequent release.4

Herein, we present a method for multifunctionalizing 

colloidal AuNPs with the anticancer drug GEM, alone and in 

combination with doxorubicin (DOX), as well as TF or FA. 

The loading of GEM onto the NP via the pH-sensitive bond 

enables a controlled release, owing to the large disparity 

between cancer cell pH42,54,55 and that of healthy tissue, while 

the addition of TF or FA allows to target cancer cells more spe-

cifically as they overexpress the receptors of these compounds. 

By employing Raman spectroscopy, it was possible to deter-

mine the presence of each compound on the surface of the 

NPs as well as observe their subsequent release.

Materials and methods
chemicals
The anticancer drug, GEM, was received from Selleckchem 

(Houston, TX, USA), and the anticancer drug, DOX, 

was purchased from Sigma-Aldrich Co. (St Louis, MO, 

USA); the drugs were used as received. The MBA, N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochlo-

ride (EDC), N-hydroxysuccinimide (NHS), FA, GSH, 

2-morpholinoethanesulfonic acid (MES), ethanolamine 

hydrochloride, dimethyl sulfoxide (DMSO), and p-amino-

thiophenol (PATP) were purchased from Aldrich Chemical 

Co. (Milwaukee, WI, USA). Phosphate-buffered saline (PBS) 

solution was prepared with the composition of 137 mM 

NaCl, 2.7 mM KCl, 10 mM KH
2
PO

4
, 1.8 mM Na

2
HPO

4
 

using reagents from Thermo Fisher Scientific (Waltham, 

MA, USA). Spherical AuNPs with 50 nm diameter were sup-

plied by Nanopartz Inc. (Loveland, CO, USA). All aqueous 

solutions were prepared with deionized water (resistivity of 

18.2 MΩ cm) purified with a Milli-Q reagent grade water 

system (Merck Millipore, Billerica, MA, USA).

apparatus
The Raman spectra were recorded using a Nicolet DXR 

Dispersive Raman Microscope and Spectrometer (Thermo 

Fisher Scientific). SERS measurements were performed in 

the high-resolution spectral range of 300–2,000 cm-1 using 

a stabilized 633 nm He–Ne laser with 8 mW power. For 

the analysis of spectral changes during an anticancer drug 

release, signal averaging along 5 μm long line was applied for 

each spectrum to average chemical information from ~1,000 

NP carriers. In addition to that, 10 consecutive spectra, each 

with 5 s laser exposure, were collected and averaged to 

increase the signal-to-noise ratio.

Modification of AuNPs with linker 
molecule saM
To modify the AuNPs, 1,000 μL of the 50 nm diameter 

colloidal NP stock solution (50 μg/mL) was centrifuged at 

3,200 rpm and the original solvent removed. The obtained 

AuNP pellet was then treated with a solution of 0.7 mM 

MBA +0.3 mM PATP in DMSO for 3 h to allow the MBA 

and PATP to replace the citrate caps on the surface of the 

NPs and form a mixed thiolate SAM film with composition 

of MBA:PATP =7:3. Subsequently, the NP solution was 

centrifuged and the DMSO was removed. The obtained 

pellet of nanocarriers (denoted as AuNP@MBA,PATP) was 

washed by dispersing in PBS buffer, pH 7.4, and centrifug-

ing again. The nanocarriers were dispersed in 400 μL of 

PBS buffer, pH 7.4, and stored at 4°C.

Modification of AuNP@MBA,PATP 
nanocarriers with geM and Fa
To immobilize GEM and FA on the nanocarriers, 400 μL 

of the solution of AuNP@MBA,PATP was centrifuged at 
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3,200 rpm and the solution discarded. Next, an EDC/NHS 

coupling reaction was performed by first dispersing the 

nanocarrier pellet in a solution of 2 mM EDC +5 mM NHS 

in pH 5.5 MES buffer and allowing it to react for 1 h to 

activate the carboxyl groups of MBA in AuNP shells. Then, 

the sample was centrifuged and the buffer was removed, 

followed by addition of a 1 mg/mL solution of GEM in pH 

7.0 MES buffer, mixing, and storing at room temperature 

for 18 h to complete the coupling reaction and forming of 

amide bonds between MBA and GEM molecules.

The sample was again centrifuged, and the supernatant 

was discarded. The pellet was dispersed in a solution of 1 mM 

FA +2 mM EDC +5 mM NHS. The sample was immediately 

adjusted to pH 7.0 and after thorough mixing allowed to 

stand at room temperature for 18 h for the coupling between 

FA and PATP to complete. A graphic representation of the 

procedure is presented in Figure 2. Finally, the functionalized 

and drug-loaded nanocarriers were washed and dispersed in 

400 μL of the respective buffer solution for the investigation 

of drug release kinetics. Note that the percent conjugation for 

GEM and FA is determined by the composition of thiolate 

SAM film. Hence, for 70% of MBA and 30% of PATP in the 

SAM, there is 70% of GEM and 30% of FA uploaded onto 

the nanocarriers. Due to the similarity of the size of MBA 

and PATP, as well as their affinity to Au surface, a linear 

combination of the surface fractions of MBA and PATP relat-

ing to their concentration ratio in the solution was utilized. 

Also, the cross-section of GEM molecule is compatible 

with that of MBA, so that a ratio of GEM:MBA =1:1 can  

be achieved. The same concerns the cross-section of FA 

molecule, which is compatible with that of PATP, so that a 

ratio of FA:PATP =1:1 can also be achieved.

Modification of AuNP@MBA,PATP 
nanocarriers with geM and TF
The procedure to multifunctionalize the AuNPs with GEM 

and TF was similar to the procedure used for the immobiliza-

tion of GEM and FA on AuNP@MBA,PATP nanocarriers, 

described in the previous section. After the mixed SAM of 

MBA and PTPA, replacing the citrate capping of AuNPs, was 

formed on AuNPs, the GEM was immobilized on MBA by 

EDC/NHS coupling and amide bond formation. The sample 

was centrifuged, and the supernatant was removed. The 

pellet was dispersed in a 100 mg/mL solution of TF +2 mM 

EDC +5 mM NHS, and the solution pH was adjusted to 7.0. 

It was left to stand at room temperature for 18 h to allow the 

coupling between TF and PATP to occur. A graphic repre-

sentation of the procedure is shown in Figure 3.

Modification of AuNP nanocarriers 
with DOX
The procedure for immobilization of DOX on AuNP nano-

carriers was similar to that for immobilization of GEM since 

both drugs have free amino groups available for amide bond 

formation and attachment to MBA SAM on AuNPs. To con-

trol the ratio of the amounts of surface bound GEM:DOX, 

their concentration ratio in the solution used for drug loading 

was preset on the basis of linear composition dependence 

of the uploaded drugs on their solution concentration, ie, 

(C
GEM

:C
DOX

)
soln

 = (x
GEM

:x
DOX

)
AuNP

, where C
i
 are the concen-

trations of drugs in solution and x
i
 are the molar fractions 

of drugs in the surface film on AuNPs. This relationship 

is consistent with similar size of the two drug molecules. 

Then, the AuNP functionalization was performed in the 

same way as described for the preparation of GEM-loaded 

Figure 2 The general procedure for the multifunctionalization of 50 nm auNPs with geM and subsequently Fa via eDc/Nhs coupling to MBa and PaTP, respectively, 
forming ph-sensitive amide bonds.
Abbreviations: auNPs, gold nanoparticles; eDc, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride; Fa, folic acid; geM, gemcitabine; MBa, mercaptobenzoic 
acid; Nhs, N-hydroxysuccinimide; PaTP, p-aminothiophenol.
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nanocarriers containing also targeting ligands FA and/or 

TF, as desired.

Monitoring of drug binding and release by 
sers measurements
For the Raman characterization, the AuNP nanocarrier 

samples to be scanned were isolated from the solution via 

centrifugation at 3,200 rpm and removal of supernatant and 

were then re-suspended in the desired buffer solution. The 

investigations were performed in solutions with pH 4.0, 5.5, 

6.0, and 7.4, for both FA and TF multifunctionalized NPs. 

A glass microscope slide was covered with a clean smooth 

Al foil backing, onto which ~100 μL of the sample was 

pipetted. The sample was then positioned under the Raman 

microscope objective, and a SERS spectrum was taken using 

the 633 nm laser. For time-dependent measurements, the slide 

and sample were not moved throughout the duration of the 

experiment and the spectra were taken incrementally after 

the prescribed time intervals.

Data treatment
Each SERS spectrum recorded was based on the Raman 

signals averaged over a spot 1×5 μm on the sample and 

included ~1,000 AuNP nanocarriers. In addition to that, each 

spectrum reported is an average of 10 spectra taken. For all 

experiments relating to the release of the drug over time, the 

MBA reporter signal intensity was plotted against time. The 

percent release function R defined by the equation,

 
R

I I

I I
t sat

sat

=
−

−

( )

( )
0

100
 

(1)

was also calculated for each measurement time, based on 

experimental values of the SERS peak intensity I
t
 at time t, 

intensity I
sat

 at the beginning of the release experiment (t=0) 

when the nanocarriers are fully loaded with drug and target-

ing ligands, and the initial SERS signal intensity I
0
 of the 

Raman marker-capped AuNPs measured before drug loading. 

The values of R were then plotted as a function of time t.

Evidence of modification of the AuNPs
To demonstrate that each component of the multifunction-

alized NPs was in fact successfully being loaded onto the 

NPs, a series of stepwise Raman spectra were taken. Thus, 

a spectrum was taken after the loading of MBA and PATP, 

after the addition of GEM, and finally, after loading either 

TF or FA. The results of these stepwise SERS measurements 

can be seen in the next section where they are discussed in 

greater detail.

cell culture
Human mammary gland breast cancer adenocarcinoma cell 

line MDA-MB-231 was purchased from American Type 

Culture Collection (Manassas, VA, USA). These epithelial 

cells were derived from the metastatic pleural effusion. 

MDA-MB-231 cells were maintained in DMEM with 10% 

fetal bovine serum and antibiotic–antimycotic. Cells were 

validated to be mycoplasma free via abm® PCR Mycoplasma 

Detection Kit G238 (Applied Biological Materials Inc., 

Richmond, BC, Canada) and validated via Short Tandem 

Repeat (STR) analysis.

gamma-h2aX measurement
GEM, a nucleoside analog, incorporates into replicating DNA, 

which leads to stalled replication forks and phosphorylation 

Figure 3 The general procedure for the multifunctionalization of 50 nm auNPs with geM and subsequently TF via eDc/Nhs coupling to MBa and PaTP, respectively, 
forming ph-sensitive amide bonds.
Abbreviations: auNPs, gold nanoparticles; eDc, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride; Fa, folic acid; geM, gemcitabine; MBa, mercaptobenzoic 
acid; Nhs, N-hydroxysuccinimide; PaTP, p-aminothiophenol; TF, transferrin.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

7768

santiago et al

of histone H2AX, at serine 139 (gamma-H2AX), at sites 

of resulting DNA damage. To measure the efficacy of NP-

delivered GEM, MDA-MB-231 cells were plated such that 

they were 40% confluent 24 h post-plating. Cells were then 

treated with indicated doses of NPs. A total of 24 h post-

treatment, cells were trypsinized and processed for gamma-

H2AX analysis by the Muse® Cell Analyzer (EMD Millipore, 

Billerica, MA, USA) using gamma-H2AX Kit (MCH200101) 

according to manufacturer’s instructions. Briefly, cells were 

fixed, permeabilized, and stained with fluorescently labeled 

antibodies to total H2AX (PECy5) and antiphospho-histone 

H2A.X (Alexa Fluor 555) (gamma-H2AX). Approximately 

5,000 cells were gated for analysis per sample; triplicate 

biological replicates were analyzed.

Determination of apoptotic and dead cell 
concentrations
To determine the fraction of dead and apoptotic cells induced 

by targeted NPs, MDA-MB-231 cells were exposed to the 

indicated concentrations of NPs for 72 h. Media and cells 

were then collected, pelleted, and processed according to the 

Muse™ Cell Analyzer Annexin V and Dead Cell Kit instruc-

tions (MCH100105). Briefly, cells were stained with labeled 

annexin V and 7-aminoactinomycin D (7-AAD). The 7-AAD 

is a membrane impermanent dye that has a strong affinity for 

DNA. The 7-AAD cannot enter live cells, but when cells are 

undergoing apoptosis, 7-AAD can enter the cells and interca-

late into the DNA. It can be excited by a 488 laser and emits 

a maximum wavelength in the far-red spectrum (647 nM). 

Approximately 5,000 cells were gated for analysis per sample; 

triplicate biological replicates were analyzed.

Results and discussion
loading of an anticancer drug geM and 
targeting ligand FA onto the modified 
auNP nanocarriers
The immobilization of drugs and targeting ligands on 

AuNP nanocarriers was performed by depositing first a 

linker molecule SAM composed of MBA and PATP, which 

provide carboxyl groups suitable for further drug and tar-

geting ligand binding. The attachment of MBA and PATP 

to AuNPs is based on the strong thiolate bonds that are 

spontaneously formed between the thiol groups of MBA 

and PATP molecules and the Au atoms on the surface of 

AuNPs. We and others have extensively investigated this 

type of bonding38–40,43 leading to the rapid ligand exchange 

at the AuNP surface, for instance a replacement of the citrate 

shell with thiol ligands. The initial modification of the AuNP 

surface with MBA and PATP yields distinctive markers on 

the SERS spectra at wavenumbers of the Raman bands at 

1,586 and 1,074 cm-1. The immobilization of GEM on the 

NP, through EDC/NHS coupling between GEM and MBA, 

causes these signals to drop dramatically. As discussed 

earlier,4 this can likely be attributed to the GEM influencing 

the plasmonic field surrounding MBA molecules. which 

are bound to AuNP. In practice, this effect is manifested as 

masking of MBA marker signals by the drug loaded onto the 

nanocarrier and, thus, we will call it the “masking effect”. 

Similar effect is observed upon further functionalization of 

the NPs by forming the amide bond between FA and PATP. 

This decrease in intensity is substantially less significant, 

which is to be expected considering that the initial ratio of 

MBA to PATP is 7:3. This ratio was chosen arbitrarily by 

giving preference to the drug molecules (to be bound to 

MBA) over targeting ligands (to be bound to PATP). In the 

translation stage of the research, this ratio can be adjusted to 

maximize the drug delivery while preserving the effective-

ness of cancer cells’ targeting. At the present stage, we have 

selected one fixed ratio (7:3) to be able to quickly compare 

the efficacy of different drugs and targeting ligands studied 

in our laboratory. As shown in Figure 4, the presence of the 

Figure 4 The raman reporter signal from MBa and PaTP as seen before 
immobilization of gemcitabine or Fa (1), after addition of geM only (2), and after 
addition of both geM and Fa (3).
Abbreviations: Fa, folic acid; geM, gemcitabine; MBa, mercaptobenzoic acid; 
PaTP, p-aminothiophenol.
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GEM and FA on the surface of the AuNPs can be observed 

by following the changes in the MBA/PATP Raman reporter 

signal. By covalently binding GEM to MBA, one can observe 

masking of some of the reporter signal and further masking 

can be achieved by binding FA to PATP.

The drug loading for NP nanocarriers was determined as 

follows. First, the number of adsorption sites on the surface of 

AuNP was calculated. For an AuNP with 50 nm diameter d, 

its surface area, S, is as follows: S = π(d/2)2 =7.85×10-11 cm2. 

The saturation surface coverage of MBA on a gold surface, 

γ
MBA

, was determined using a quartz crystal nanobalance as 

γ
MBA

 =0.76 nmol/cm2. This corresponds to the maximum 

number of moles of MBA n adsorbed on a single AuNP, 

n = γ
MBA

S =5.97×10-20 mol/AuNP. The concentration of the 

original stock solution of AuNPs was C
AuNP,ini

 =65.2 pM 

(or 50 μg/mL), and after ligand adsorption, washing and 

centrifugation, and final buffer addition, it was increased by 

a factor of 2.5 (ie, 1,000 μL of initial solution preconcen-

trated to 400 μM final solution) to C
AuNP

 =149.5 pM, taking 

into account 8.29% losses of AuNP in centrifugation. The 

dispersion of the drug-loaded nanocarriers at that concen-

tration provides the drug at 5.37 μM concentration, where 

35,930 drug molecules are immobilized on each single 

AuNP. For multifunctional nanocarriers, where 70% of the 

AuNP surface was occupied by drug and 30% by targeting 

ligand, the effective drug concentration was reduced to 

0.7×5.37=3.76 μM.

Modification of AuNP nanocarriers with 
geM and TF
In much the same ways as was observed with GEM and 

FA modified NPs, the reporter signal from the MBA/PATP 

monolayer can be used as a means to monitor the presence 

of GEM and TF on the surface of the AuNPs. Just as with 

the prior experiment, the addition of MBA and PATP 

yields strong distinct signals at wavenumbers of ~1,586 and 

1,074 cm-1.4 The formation of the bond between GEM 

and MBA shows a substantial decrease in the intensity of 

these peaks. This decrease is even more prevalent upon 

further addition of TF, by forming the bond between TF 

and PATP. As was the case with the prior experiment, the 

more significant reduction in reporter signal intensity from 

addition of GEM is likely the result of there being more 

MBA present than PATP. The stacked spectra in Figure 5 

provide a visual representation of the incremental reduction 

in reporter signal at each step in the loading process. This 

is evidence that the compounds are present on the surface 

of the nanocarrier dumping the SERS signals of MBA/

PATP shell.

ph-dependent release of geM and Fa
The concept of using the Raman signals from MBA/PATP 

shell was advanced upon by using it to quantitatively track 

the presence of GEM and FA on the AuNPs over the duration 

of experiment. As reported in prior work,3,4 the amide bond 

formed between GEM and MBA is pH sensitive and will 

undergo a slow hydrolysis under acidic conditions. Recent 

studies indicate that strength of amide bonds depends on the 

kind of groups on both sides of the bond, which may cause 

the so-called “bond-twisting”, which decreases amide bond 

stability and makes it prone to acidolysis.56,57 In addition to 

that, DNA8,58 and enzymes that have the ability to promote 

cleaving the amide bonds will contribute to the drug release. 

The amide bond cleavage allows the GEM to diffuse away 

from the AuNPs unmasking the MBA Raman signal. This 

results in an increase in signal intensity from MBA over time. 

Similar measurements were thus performed using multifunc-

tionalized AuNP nanocarriers with GEM and FA. A sample 

of the AuNPs was exposed to a pH 7.4 PBS buffer for 2 h 

with spectra recorded at the starting time, after 60 min, and 

again after 120 min.

In Figure 6A, the normalized spectra taken at each point 

in the duration of the experiment are shown. No visible 
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Figure 5 The raman reporter signal from MBa and PaTP as seen before 
immobilization of gemcitabine or folic acid (1), after addition of geM only (2), and 
after addition of both geM and TF (3). P1 and P2 are raman bands at 1,586 and 
1,074 cm-1, respectively.
Abbreviations: geM, gemcitabine; MBa, mercaptobenzoic acid; PaTP, p-amino-
thiophenol; TF, transferrin.
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change in the SERS peak intensity at 1,586 cm-1 was found 

corroborating the nanocarrier stability at the physiological pH 

of 7.4. The same procedure was then applied using a pH 5.5 

acetate buffer, again with spectra recorded at the starting 

time, after 60 min, and again after 120 min. In Figure 6B, the 

normalized spectra for the experiment duration are presented, 

which show an extensive increase in the signal intensity from 

MBA/PATP monolayer over the 2 h exposure to a medium of 

pH 5.5. This indicates that the MBA/PATP layer is no longer 

being masked by GEM and FA, as these compounds diffused 

away from the nanocarriers after the amide bond breakage. 

The observation of such a trend makes it possible to plot the 

Raman signal intensity of the MBA/PATP band at 1,586 cm-1 

as a function of time, from which the presence of the GEM 

and FA on the surface of the AuNPs can be calculated for buf-

fers of different pH and acidolysis time. To analyze the GEM 

release dynamics in more detail, the drug-loaded nanocarriers 

were prepared and suspended in buffers of the desired pH 

for 3 h and the Raman spectrum for the sample was recorded 

at regular intervals. From these spectra, the Raman reporter 

signal for the MBA/PATP at 1,586 cm-1 was recorded and 

compared to the intensity value for that same peak prior to 

the loading of the GEM and FA, through the use of Equation 

1. The values of GEM release function were then plotted as a 

function of time spent in a given buffer solution, as illustrated 

in Figure 6C. This plot shows a clear and consistent GEM 

release dynamics at acidic pH of 5.5 (curve 2) and no release 

at physiological pH of 7.4 (curve 1). As a result, this plot can 

be seen as a quantitative depiction of the release of the drug 

and FA from the surface of the AuNPs over time, which is 

only observed at acidic pH.

ph-dependent release of geM and TF
Similar experiments to those performed with AuNP nano-

carriers loaded with GEM and FA targeting ligand were 

also carried out with nanocarriers loaded with GEM and TF 

as the targeting agent. In comparison to FA, TF is a much 

bigger molecule (molecular mass 80 kDa). Thus, it is pos-

sible that TF may interfere with the surface coverage and 

the arrangement of molecules in the nanocarrier shell. The 

experiments involved exposure of GEM- and TF-loaded 

AuNP nanocarriers to solutions of pH 7.4 (PBS) and 5.5 

(acetate buffer) for 2 h with spectra recorded at the starting 

time, after 60 min, and again after 120 min.

In Figure 7A, the SERS spectra taken at each point in the 

duration of experiments performed at pH =7.4 are shown. 

Virtually no changes in the intensity of the Raman band at 

1,586 cm-1 have been observed, confirming the nanocarrier 

stability at the physiological pH 7.4. However, the spectra 

shown in Figure 7B for similar experiments performed 

using a solution with pH 5.5 indicate a strong variation of 

the intensity of the Raman signal from MBA/PATP over 

the 2 h spent at pH 5.5. This observation is consistent with 

earlier measurements performed with AuNP@MBA,PATP/

GEM,FA nanocarriers (Figure 6). Once it was demonstrated 

that the immobilization procedure results in the presence of 

Figure 6 (A and B) Normalized spectra for fully loaded auNP@MBa,PaTP/
geM,Fa nanocarriers in buffer solutions with ph (A) 7.4 and (B) 5.5, recorded 
at the starting time (1), after 60 min exposure to the buffer, marked (2), and after 
120 min of exposure (3); P1 and P2 are raman bands at 1,586 and 1,074 cm-1, 
respectively. (C) Temporal evolution of geM release in solution of ph (1) 7.4 and 
(2) 5.5. The release function R was determined from the sers signal of the raman 
marker at 1,586 cm-1.
Abbreviations: auNP, gold nanoparticle; Fa, folic acid; geM, gemcitabine; MBa, 
mercaptobenzoic acid; PaTP, p-aminothiophenol; sers, surface-enhanced raman 
scattering.
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GEM and TF on the surface of AuNPs (Figure 5), the release 

of these compounds could be monitored as a function of 

time. In order to do this, the GEM- and TF-loaded AuNP@

MBA,PATP nanocarriers were prepared and suspended in 

buffers of the desired pH for 3 h and the Raman spectra 

for the sample were recorded at regular time intervals. The 

GEM release characteristics were then plotted as a function 

of time spent in different buffers, to yield Figure 7C. This 

graph shows a clear tendency of the GEM release at lower 

pH and negligible release at physiological pH 7.4. Thus, this 

behavior is consistent with that of AuNP@MBA,PATP/

GEM,FA nanocarriers. This experiment demonstrates that by 

decreasing pH from 7.4 to 6.0, to 5.5, and then to 4.0, the rate 

and the degree of drug release increased proportionately.

In vitro testing of drug-loaded 
nanocarriers with MDa-MB-231 cell line
To determine if the nanocarriers were able to deliver func-

tional GEM to target cells, MDA-MB-231 cells, representing 

a triple-negative highly metastatic breast cancer cell line, 

were treated with AuNP@MBA/GEM, AuNP@MBA,PATP/

GEM,FA, and AuNP@MBA,PATP/GEM,DOX,FA (marked 

for brevity in Figures 8 and 9 as AuNP + GEM, AuNP + 

GEM + FA, and AuNP + GEM + FA + DOX, respectively). 

Since both the GEM and DOX induce DNA damage, 

initial studies measured the induction of γ-H2A.X histone 

expression 24 h posttreatment. Nanocarriers targeted to the 

MDA-MB-231 cells with FA demonstrated a five-fold and 

two-fold increase in DNA damage at 5 and 25 nM, respec-

tively (Figure 8). By adding DOX to the NP shell containing 

GEM and FA, we were able to further increase the number 

of activated cells. Therefore, a combined GEM–DOX 

treatment is also feasible. In addition to demonstrating the 

increased DNA damage, FA targeted nanocarriers induced 

a 10-fold increase in apoptosis at 25 nM nanocarrier 

concentration relative to nanocarriers loaded with GEM 

alone (Figure 9).

In testing of apoptosis activation (Figure 9), the MDA-

MB-231 breast cancer cells were treated with indicated 

doses of NPs for 72 h. Cells were then collected and stained 

with annexin V and 7-AAD. Annexin V is a protein that 

binds phosphatidylserine (PS) with high affinity. PS is 

normally located on the inside of the cell membrane, but as 

cells undergo apoptosis, PS migrates to the outside of the 

membrane. Therefore, live healthy cells would be negative 

for annexin V, while apoptotic cells would be positive. 

Similarly, 7-AAD is a fluorescent molecule that binds to 

DNA with high affinity but cannot penetrate an intact cell 

membrane. Therefore, 7-AAD is absent in live cells but can 

easily enter apoptotic cells and bind to DNA. Together, the 

data of Figures 8 and 9 demonstrate the enhanced efficacy 

of folate-targeted nanocarriers.

Conclusion
We have demonstrated an approach for functionalizing 

spherical AuNPs for the controlled release and targeted 

delivery of the anticancer drug GEM. By using EDC/NHS 

coupling to link the GEM as well as either FA or TF to 

Figure 7 Normalized spectra for fully loaded auNP@MBa,PaTP/geM,TF 
nanocarriers in buffer solutions with ph (A) 7.4 and (B) 5.5, recorded at the starting 
time (1), after 60 min exposure to the buffer, marked (2), and after 120 min of 
exposure (3); P1 and P2 are raman bands at 1,586 and 1,074 cm-1, respectively. (C) 
Temporal evolution of geM release in solution of ph (1) 7.4, (2) 6.0, (3) 5.5 and 
(4) 4.0. The release function R was determined from the sers signal of the raman 
marker at 1,586 cm-1.
Abbreviations: auNP, gold nanoparticle; geM, gemcitabine; MBa, mercapto-
benzoic acid; PaTP, p-aminothiophenol; sers, surface-enhanced raman scattering; 
TF, transferrin.
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Figure 8 (Continued)

a self-assembled thiol monolayer of MBA and PATP on 

AuNPs, three distinct advantages were achieved. The most 

notable advantage is the immobilization of the GEM via a 

pH-sensitive bond, which deactivates the drug and protects 

it until its release is stimulated by an acidic environment, as 

seen in endosomes and cytosol of tumor cells. Additionally, 

the presence of FA or TF grants a targeting effect, as these 

compounds are recognized by the overexpressed receptors 
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Figure 8 (A) Flow cytometry plots of h2a.X expression vs histone phosphorylation degree for MDa-MB-231 breast cancer cells after 24 h treatment with indicated 
concentration of drug-loaded nanocarriers: (column 1) 0 nM, (column 2) 5 nM, and (column 3) 25 nM, using different nanocarriers: (row 1) auNP@MBa/geM, labeled as 
auNP + geM; (row 2) auNP@MBa,PaTP/geM,Fa, labeled as auNP + geM + Fa; and (row 3) auNP@MBa,PaTP/geM,DOX,Fa labeled as auNP + geM + DOX + Fa. 
(B) Dependence of the fraction of activated cells on nanocarrier concentration for these nanocarriers (three biological replicates were quantified; the error bars represent 
standard deviation).
Abbreviations: act, activated; auNP, gold nanoparticle; DOX, doxorubicin; Fa, folic acid; geM, gemcitabine; inact, inactivated; MBa, mercaptobenzoic acid; neg, negative; 
PaTP, p-aminothiophenol; pos, positive.

Figure 9 (Continued)
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present on the surface of cancer cells and provide the mecha-

nism for internalization by endocytosis. Finally, by using 

MBA and PATP, it is possible to observe the loading and 

release of these compounds from the AuNPs surface using the 

ultrasensitive SERS spectroscopy. The in vitro experiments 

with breast cancer cell line MDA-MB-231 confirm the utility 

of the approach. The use of FA targeted nanocarriers shifts 

the effective dose curve not only in the initial DNA damage 

but also in the induction of apoptosis with ~80% cell death 

following 72 h exposure.
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Figure 9 (A) Flow cytometry plots of 7-aaD staining (DNa accessibility index) vs annexin V staining (membrane damage index) for MDa-MB-231 breast cancer cells treated 
for 72 h with indicated concentration of drug-loaded nanocarriers: (column 1) 0 nM, (column 2) 25 nM, and (column 3) 50 nM, using different nanocarriers: (row 1) auNP@
MBa/geM, labeled as auNP + geM; (row 2) auNP@MBa,PaTP/geM,Fa, labeled as auNP + geM + Fa; and (row 3) auNP@MBa,PaTP/geM,DOX,Fa labeled as auNP + 
geM + DOX + Fa. (B) Dependence of the fraction of apoptotic cells on nanocarrier concentration for these nanocarriers (three biological replicates were quantified; the 
error bars represent standard deviation).
Abbreviations: apop, apoptotic; 7-aaD, 7-aminoactinomycin D; auNP, gold nanoparticle; DOX, doxorubicin; Fa, folic acid; geM, gemcitabine; MBa, mercaptobenzoic 
acid; PaTP, p-aminothiophenol; sers, surface-enhanced raman scattering.
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