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for genetic transformation of
C. albicans using modified-hydroxyapatite
nanoparticles as a plasmid DNA vehicle

Ketaki Deshmukh,†a Sutapa Roy Ramanan †*b and Meenal Kowshik †*a

In modern biological research, genetic transformation is an important molecular biology technique

with extensive applications. In this work, we describe a new method for the delivery of plasmid

DNA (pDNA) into a yeast species, Candida albicans. This method is based on the use of novel

arginine–glucose–PEG functionalized hydroxyapatite nanoparticles (M-HAp NPs) as a vehicle

which delivers pDNA into Candida albicans with a high transformation efficiency of 106 cfu mg�1 of

pDNA, without the need for preparation of competent cells. A four-fold higher transformation

efficiency as compared to that of the electroporation method was obtained. This new method

could provide exciting opportunities for the advancement of the applications of yeasts in the field

of biotechnology.
Introduction

Yeast has been associated with humans for the preparation of
bread, wine, beer, sake, etc., since ancient times and these
processes are the basis of modern biotechnology.1,2 Recently,
yeast species are being used as experimental models to study
signal processes and to characterize molecular events associ-
ated with human mitochondrial and neurodegenerative
diseases.3–5 To advance the use of yeasts in industries and
research, modication of yeast strains by delivering nucleic
acids into the cell is crucial.6,7 Several types of yeast species
such as Saccharomyces, Aspergillus, Rhizopus, etc. are geneti-
cally engineered for the efficient production of various drugs,
industrial enzymes, vaccines, and chemicals including
insulin, human serum albumin, etc.8,9 Different chemicals like
phenolics, isoprenoids, alkaloids and polyketides are also
produced by engineered yeast.10 However, delivery of DNA into
yeast is a major challenge due to the presence of a tough cell
wall which is composed of mannose-containing proteins and
glycans. Various approaches like lithium acetate (LiAc)-based
methodologies, electroporation, gene gun transformation,
protoplast transformation, etc., have been developed to
deliver nucleic acids into yeast cells.11–16 However, these
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methods have limitations such as a low transformation effi-
ciency and high toxicity and many of them need costly
reagents or equipment. Hence, there is a need for the devel-
opment of transformation methods which are more efficient,
less toxic and reproducible.

Recently, nanotechnology based approaches have received
much attention in the eld of gene delivery due to factors such
as high DNA loading capacity, high transformation efficiency
and ease of delivery. Several nanoparticle based transformation
methods have been developed for bacterial and eukaryotic
cells.17–21 However, to our knowledge, there is only one report on
nanoparticle based DNA delivery in yeasts which used oligoe-
lectrolyte polymeric nanoscale carriers for the delivery of DNA
into yeasts like Saccharomyces cerevisiae, Hansenula polymorpha
and Pichia pastoris.22 Therefore, development of biocompatible
nanomaterial based DNA delivery methods for the trans-
formation of yeast cells needs to be actively explored.

Hydroxyapatite nanoparticles (HAp NPs) being biocompat-
ible are good candidates for DNA delivery and have been
explored as carriers in animal and plant cells.23–26 HAp also has
advantages as it exhibits high affinity to nucleic acids and can
be easily transported through cell membranes.23–26 In this work,
we have synthesized arginine (R), glucose (G) and polyethylene
glycol (PEG) functionalized thin-rod HAp NPs (referred to as M-
HAp NPs) which form stable complexes with pDNA. Successful
transformation of pDNA in Candida albicans was achieved
using these HAp NPs as nanovehicles. This newly developed
method exhibited four-fold increase in the transformation
efficiency as compared to the electroporation technique. To the
best of our knowledge, this is the rst report on the trans-
formation of C. albicans using HAp NPs with high efficiency
and no toxicity.
Nanoscale Adv., 2019, 1, 3015–3022 | 3015
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Materials and methods
Chemicals

Orthophosphoric acid, dimethyl sulfoxide, acetyl acetone and
ammonium hydroxide were procured from Merck India.
Calcium chloride di-hydrate, kanamycin and geneticin were
obtained from Himedia, India. Kanamycin and geneticin
resistance gene containing plasmids and agarose were
purchased from Genei, India.

Bacterial strain. Escherichia coli DH5 a engineered with
kanamycin and geneticin resistance gene containing plasmids.

Yeast strains. For transformation studies Candida albicans
183 was purchased from MTCC Chandigarh. This strain was
sensitive to the combination of geneticin and kanamycin
antibiotics.

Synthesis of modied-HAp NPs

Hydroxyapatite nanoparticles (HAp NPs) were synthesized using
a modied sol–gel method developed in our laboratory.27 In
brief, 2 M calcium chloride dissolved in DMSO was stirred for
30 min, followed by dropwise addition of orthophosphoric acid.
The Ca : P atomic ratio was maintained at 1.67. This was fol-
lowed by the addition of acetyl acetone as a stabilizing agent
and stirred for 1 h. Liquid ammonia was used for adjusting the
pH to 10 and stirring was continued until complete gelation.
Subsequently, 0.1 wt% arginine (R), 0.3 wt% glucose (G) and
0.05 wt% polyethylene glycol (PEG) were added and stirred for
2 h to functionalize the HAp NPs. Thorough washing of the nal
product was carried out using ethanol, followed by dialysis
(using a dialysis bag, Bangalore Genei 110) against de-ionized
(DI) water for 12 h with frequent change of water for active
removal of adsorbed ions. The dialyzed samples were dried at
room temperature. Arginine–glucose–PEG modied HAp NPs
are referred to as M-HAp NPs in following text.

Characterization

X-ray diffraction (XRD) studies of HAp and M-HAp NPs were
carried out for phase identication using an X-ray diffractom-
eter (Miniex II Rigaku, Japan) with monochromatic Cu Ka
radiation (l¼ 1.5405 Å) and a scan range of 2q¼ 20� to 80�. The
functional groups present in the synthesized compounds were
ascertained by Fourier transform infrared spectroscopy (FTIR)
(8201 PC Shimadzu, Japan), over the 4000–450 cm�1 region. The
pellets for FTIR analysis were obtained by mixing 1 mg of the
powdered sample with spectroscopic grade KBr (Merck). The
particle shape and size of the M-HAp NPs were studied using
a transmission electron microscope (TEM) (Phillips CM 200).
NP solutions were sonicated for 15–20 min and a drop of the
dispersion was put on a copper coated grid and air dried in
vacuum desiccators. Dried samples were examined under
a TEM at SAIF IIT Bombay. The zeta potential of M-HAp NPs was
determined with a zeta potential analyzer (Delsa Nano S,
Beckman Coulter, USA) at room-temperature. The samples were
prepared by diluting the NP suspension with DI water. HAp and
M-HAp NPs were analyzed by X-ray photoelectron spectroscopy
(XPS) (AXIS Supra, Kratos Analytical, UK, monochromatic Al K-
3016 | Nanoscale Adv., 2019, 1, 3015–3022
alpha, 75 W). A survey spectrum from 0–1000 eV and high-
resolution spectra for Ca 2p, O 1s, P 2p N 1s and C 1s were
recorded.

Plasmid isolation

The plasmid was isolated from E. coli and C. albicans using
a Qiagen plasmid isolation midi prep kit, following the protocol
specied by the manufacturer (Qiagen plasmid midi kit). It was
10 Kb in size and contained kanamycin and geneticin resistance
genes. It is represented as pDNA in the following text.

Plasmid DNA binding efficiency

M-HAp NPs (1 mg mL�1) were suspended in DI water, sonicated
for 10 min and mixed with 100 ng pDNA at various M-HAp
NP : pDNA ratios (0 : 1 (control), 10 : 1, 30 : 1, 50 : 1, 70 : 1,
and 100 : 1). The suspensions were incubated at room temper-
ature for 5 min, centrifuged at 22 000�g for 3 min and the pellet
obtained was suspended in 50 mL of Tris–EDTA buffer; the
dissolved pellet is termed the M-HAp NP–pDNA complex.
Unbound pDNA was quantied by measuring the optical
density (OD) of the supernatant at 260 nm using a UV spec-
trometer (UV2450, Shimadzu, Japan), using the supernatant of
the NPs without pDNA as a blank. The DNA binding efficiencies
(B.Es) were determined using the equation:

% B.E ¼ {[(pDNA)i � (pDNA)f]/[(pDNA)i]} � 100,

where % B.E¼ percent binding efficiency, [pDNA]i ¼ the optical
density of the initial amount of pDNA added to the reaction
mixture and [pDNA]f ¼ the optical density of the unbound
pDNA remaining in the sample.28

Each of the M-HAp NP–pDNA complexes (20 mL) was loaded
on 0.8% agarose gel and was run using an electrophoresis
apparatus at 80 mV for 1 h. It was stained with ethidium
bromide for 10 min and the results were recorded using a gel
imager (Life technologies, India).

Dynamic light scattering of R-G-HAp NPs and R-G-HAp NP–
pDNA complexes

DLS studies of M-HAp NPs and M-HAp NP–pDNA complexes
were carried out in minimal media (M.M), phosphate buffered
saline of pH 7.0 (PBS) and Sabouraud dextrose broth (SB).
Samples were sonicated using a probe sonicator for 15 min aer
dispersion in the respective medium (0.1 mg/3 mL). DLS studies
were carried out immediately and again aer 30 min of soni-
cation using a DLS analyzer (Nano Plus Micromeritics).

Transformation of non-competent C. albicans cells

Candida albicans was chosen as a model yeast organism for
transformation studies. This strain was kanamycin and genet-
icin sensitive, whereas the selected plasmid of size 10 Kb
contains kanamycin and geneticin resistance genes. It was
streaked on Sabouraud dextrose agar (SDA) plates and incu-
bated at 37 �C for 48 hours. A single colony from the streaked
plate was inoculated into 10 mL Sabouraud broth (SB) and
incubated at 37 �C for 48 h. The cells (2 � 108) were added to
This journal is © The Royal Society of Chemistry 2019
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20 mL SB aer a prescribed time period and incubated at 37 �C
in a shaking incubator for 6–8 h. The cells were subsequently
centrifuged in two sets at 10 000 rpm, each set containing 6
tubes with 1 mL culture. The pellets were dissolved in 200
mLM.M for the rst set and in 200 mL of SBmedia for the second
set. Aerwards, 20 mL M-HAp NP : pDNA of various ratios (0 : 1,
50 : 1, 70 : 1, 80 : 1, 90 : 1 and 100 : 1) was added and vortexed
for 5 min. Subsequently, the cells were heat-shocked for 30–60 s
at 47 �C, chilled on ice for 2 min, mixed with the respective 1 mL
SB/M.M broth, and incubated at 37 �C for 1 h on a rotary shaker.
100 mL of the cell suspension was transferred onto kanamycin
(100 mg mL�1) and geneticin (G418) (150 mg mL�1) containing
SDA plates and incubated at 37 �C for 36–48 h. The colonies
were counted and transformation efficiencies (T.Es) were
calculated using the formula T.E ¼ number of colonies on the
plate/concentration of pDNA present in 100 mL cell suspension
(in mg). A similar protocol was followed to measure the T.E for
HAp NP mediated transformation.

Electroporation

pDNA of 500 ng concentration was added to 200 mL electro-
competent cells, mixed properly and transferred into an ice cold 1
mm-electroporation cuvette. The cuvette was placed in an elec-
troporator which was set to 2.5 kV; 150U; 22 mFmodule and press
pulsed followed by the addition of 1 mL of SB/M.M media and
incubated at 37 �C on a shaking incubator for 1 h. Subsequently,
100 mL of the cell suspension was plated on SB plates with
kanamycin and geneticin, and incubated at 37 �C for 36–48 h.

Cell toxicity studies

MTT29 and resazurin assays29,30 were used to study the cell
viability of M-HAp NPs using 24 well plates. Exponentially
growing C. albicans cells were inoculated (5 � 105 cells per well)
in SB. The culture was treated with various concentrations (10,
50, 100, 500 and 1000 mg mL�1) of M-HAp NPs dispersed in PBS,
incubated for 12, 24 and 36 h, followed by addition of MTT (20
mL of 5 mg mL�1) and further incubated at 37 �C for 4 h. The
medium was aspirated out carefully without disturbing the cells
aer 4 h. The formazan crystals formed were dissolved by
adding 150 mL of DMSO, and the absorbance was measured at
570 nm using a UV-visible spectrophotometer (UV-2450, Shi-
madzu, Japan). All the measurements were carried out in trip-
licate. The relative cell viability (%) was calculated as ([At]/[Ac])�
100, where [At] is the absorbance of the test sample and [Ac] is
the absorbance of the cells without treatment.

For the resazurin assay, a similar protocol was followed,
wherein the resazurin dye (10 mL of 5 mg mL�1) was added to
the test samples aer the respective incubation periods
mentioned above followed by incubation at 37 �C for 4 h. The
absorbance was measured at 560 nm and the relative cell
viability (%) was calculated as mentioned above.

Statistical analysis

All the experiments were carried out in triplicate on different
days. The results are expressed as mean � standard error.
Statistical analysis was carried out using Microso™ Excel 2007
This journal is © The Royal Society of Chemistry 2019
soware. A one-way analysis of variance (ANOVA) test was used
for comparison of differences between the multiple tests. Two
tailed Student's t-test was used to analyze any signicant
differences between the control and individual experimental
groups. ‘p’ values of less than 0.05 (p < 0.05) were considered
signicant.

Results and discussion
Synthesis and characterization

A modied sol gel method was used to synthesize arginine (R),
glucose (G) and PEG functionalized HAp NPs (M-HAp NPs) at
room temperature.27 Surface functionalization of HAp was
carried out with the hypothesis that arginine, a positively
charged amino acid could provide a cationic surface to facilitate
efficient binding of pDNA, glucose, an essential carbon source
for growth, could enhance the uptake of the NP–pDNA complex,
and PEG could help pDNA to increase the interaction with the
surface of the yeast cells and enhance the transformation
efficiency.13,14,16,31

The crystalline nature of HAp was conrmed by XRD analysis.
The XRD spectra of HAp and M-HAp NPs were similar showing
characteristic peaks at 25.8�, 31.34�, 31.95� and 33.97� corre-
sponding to [hkl] values of [002], [211], [112] and [300], respec-
tively (Fig. 1a), conrming the formation of a hexagonal
crystalline phase (ICDD 09-0432). FTIR studies were carried out to
identify various functional groups associated with HAp wherein
signature peaks were noted (Fig. 1b). The bands at�600 cm�1 are
attributed to the bending modes of P–O bonds in phosphate
groups, with contribution from –OH of the apatite group at
�605 cm�1. The bands in the region of 3400 cm�1 are attributed
to –OH bonds and those observed near �3571 cm�1 are associ-
ated with the –OH stretching vibration of HAp.27,36–38 In M-HAp,
additional bands corresponding to glucose, arginine and PEG
were also observed. The bands of NH2 and amide I associated
with arginine were observed at �1448 and �1644 cm�1, respec-
tively.26,32,33,39,40 The bands corresponding to –CH of glucose and
C–O–C stretching bands of PEG were observed at �2943 cm�1

and �1100 cm�1 respectively (Fig. 1c).34,35,41

The morphology of HAp NPs and M-HAp NPs was studied
using TEM. Modication with PEG increased the average
particle length from 62.5 to 72.7 nm and the diameter from 6.2
to 8.3 nm (Fig. 3). The increase in particle size as a result of
PEGylation is dependent on the molecular weight of the PEG
molecule. PEGylation with high molecular weight PEG
contributes towards a larger increase in size as compared to low
molecular weight PEG, and this is attributed to the length of the
PEG chain.42–45 In this study, PEGylation was carried out using
PEG of low molecular weight (6000 kDa) resulting in a minimal
increase in size (Fig. 1c).

XPS studies were carried out to determine characteristic
elements of HAp and M-HAp NPs. Spectra of HAp and M-HAp
NPs were similar and peaks of calcium, phosphate, and
oxygen were obtained for both the samples. The presence of
arginine, glucose and PEG in M-HAp NPs could not be
conrmed by XPS probably due to the low dopant concentration
(0.1 wt% arginine, 0.3 wt% glucose (G) and 0.05 wt% PEG).
Nanoscale Adv., 2019, 1, 3015–3022 | 3017
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Fig. 1 (a) XRD pattern, (b) FTIR spectra and (c) TEM micrographs of (i) HAp NPs and (ii) M-HAp NPs. Characteristic XRD peaks of HAp NPs were
observed in all the samples. FTIR spectra showed characteristic bands of HAp, amide I, amide II, NH2 glucose and PEG. TEM morphology shows
M-HAp NPs with an average length and diameter of 72.7 nm and 8.3 nm.
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Zeta potential measurements of HAp and M-HAp NPs were
carried out to measure the surface charge. The zeta value for HAp
was �+13.25 mV which increased to �+72 mV for M-HAp NPs.
The increase in the zeta value noted aer the functionalization of
HAp could be attributed to the binding of the a-carboxylate group
of arginine and OH� ions of PEG to calcium ions of HAp such
that the positively charged amino groups of arginine and H+ ions
of PEG are exposed at the NP/solvent interface thereby increasing
the zeta potential values.26,40 A decrease in the negative surface
charge aer functionalization with arginine/PEG has been
observed in many NPs such as gold, silica, Fe3O4.etc.42–45
Fig. 2 (a) The percentage of bound pDNA quantified using UV absorbanc
of the M-HApNP–DNA complex with varied NP : pDNA ratios, lane (i) 10
pDNA.

3018 | Nanoscale Adv., 2019, 1, 3015–3022
Binding efficiency of M-HAp NPs

Binding of pDNA to NPs is essential for their proposed application
of yeast transformation. The loading capacity of pDNA onto the
NPs is dependent on the NP concentration and is critical in
controlling the transformation efficiency. Therefore, we examined
the binding efficiency (B.E) of pDNA to M-HAp NPs by measuring
the absorbance of unbound pDNA at 260 nm at various
NP : pDNA ratios. The B.E of pDNA toM-HApNPs was <70%when
the NP : pDNA ratio was 10 : 1 and 30 : 1, and increased to�90%
when the ratio was 50 : 1, 70 : 1 and 100 : 1 (Fig. 2a). Binding of
e at increasing NP : pDNA ratios. (b) Agarose (0.8%) gel electrophoresis
: 1, lane (ii) 50 : 1, lane (iii) 70 : 1, lane (iv) 100 : 1 and lane (v) control

This journal is © The Royal Society of Chemistry 2019
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pDNA to M-HAp NPs was conrmed by agarose gel electropho-
resis of the complexes. In Fig. 2b, lanes (i–iv) show pDNA–M-HAp
NP complexes with ratios of 10 : 1, 50 : 1, 70 : 1, and 100 : 1,
demonstrating the binding of pDNA with M-HAp NPs; lane (v) is
the control naked pDNA. Calcium phosphate/HAp NPs are being
explored for transfection as they exhibit binding affinity for DNA,
forming complexes.24,25,28 Increased B.E of DNA with various NPs
such as HAp, chitosan and gold has been reported aer func-
tionalization with amino acids/PEG/polyethylenimine
molecules.39,40,46–48

Dynamic light scattering

Dynamic light scattering was carried out to study the hydrody-
namic radius and aggregation of M-HAp NPs and M-HAp NP–
pDNA complexes in various media such as PBS, M.M and S.B
(Table 1). M-HAp NPs and M-HAp NP–pDNA complexes
dispersed in SB media showed almost 3 times larger size than
those in M.M and PBS medium. SB being a complex medium
has a higher concentration of bio-micromolecules like peptides,
lipids and electrolytes which adsorb onto the NP surface facil-
itating aggregation due to interparticle interaction.49,50.

Yeast transformation

M-HAp NPs were used to transform pDNA using C. albicans as
the model organism. The transformation process was carried
out at various M-HAp NP : pDNA ratios (0 : 1, 10 : 1, 30 : 1,
50 : 1, 70 : 1 and 100 : 1), using SB and M.M media, to obtain
the optimum ratio for the maximum T.E (Table 2). Two different
media were used to observe the inuence/effect of media
components on the transformation efficiency. In M.M media,
the T.E at a NP : pDNA ratio of 10 : 1 was 103 cfu mg�1, and
increased to 106 cfu mg�1 for a ratio of 70 : 1, beyond which it
Table 1 Dynamic light scattering studies of R-G-HAp NPs and R-G-
HAp NP–pDNA complexes in various media such as PBS, M.M and S.B

Media

Samples

M-HAp NPs
(nm)

M-HAp NP–pDNA
complex (nm)

PBS 97 107
M.M 100 112
S.B 329 337

Table 2 Transformation efficiencies of C. albicans obtained using
modified-HAps of various NP : pDNA ratios

M-HAp NP : pDNA

T.E of C. albicans (cfu mg�1)

M.M SB

0 : 1 0 0
10 : 1 103 37
30 : 1 6 � 104 7 � 102

50 : 1 2 � 105 103

70 : 1 3 � 106 104

100 : 1 5 � 106 3 � 104

This journal is © The Royal Society of Chemistry 2019
remained constant. Similarly, in SB media the initial T.E ob-
tained at a ratio of 10 : 1 was 37 cfu mg�1, and increased to 104

cfu mg�1 for 70 : 1 and remained constant thereaer. In M.M
media, the T.E was higher by two orders of magnitude as
compared to that in the complex SB media. This could be
attributed to the aggregation of NPs in complex media as
observed in DLS studies (Table 1). Moreover, the presence of low
concentrations of nutrients in M.M may contribute towards
increased uptake of glucose functionalized HAp NP–pDNA
complexes resulting in an enhanced T.E. Since the maximum
T.E was obtained for a M-HAp NP : pDNA ratio of 70 : 1, it was
considered optimal and used for comparison with the
commonly used transformation technique of electroporation.
Table 3 shows the comparison between the T.E obtained when
transformation was carried out in C. albicans using HAp/M-HAp
NP : pDNA at a ratio of 70 : 1 and the electroporation technique.
It was observed that the T.E obtained with M-HAp NPs was four
and one order of magnitude higher than that obtained with
electroporation in M.M and SB media, respectively. To the best
of our knowledge, this is the rst report on surface modication
of HAp NPs with glucose, arginine and PEG as a nanovehicle for
the transformation of pDNA in C. albicans (Fig. 3).

As hypothesized, the functionalization of HAp with arginine,
glucose and PEG molecules enhanced the T.E. In our previous
study, the strategy of glucosylation was successfully used to
enhance the uptake and T.E of pDNA in bacterial cells.51 The
role of glucosylation in drug delivery for improved uptake in the
treatment of cancer has been explored earlier.52,53 PEGylation
and functionalization of NPs with various amino acids (argi-
nine, lysine, valine, etc.) to increase cellular uptake have also
been explored for a variety of applications such as drug delivery,
gene delivery and bioimaging.43,54 The potential of PEG to
increase the transformation efficiency in yeast/bacteria has
been demonstrated. PEG has also been used in the LiAc method
to achieve a high transformation efficiency in Saccharomyces
cerevisiae.13–15 Fluorescence microscopy studies of pDNA trans-
formation using the LiAc method have shown that pDNA was
able to bind to the yeast cell surface only in the presence of PEG,
and no transformants were obtained in the absence of PEG.55 In
the present study, the positively charged pDNA–M-HAp NP
complex possibly attaches to the negatively charged cell surface
of C. albicans by electrostatic attraction, facilitating cellular
uptake. The possible entry of these complexes through nano-
pores present on the cell surfaces of the yeast cells could also be
a contributing factor.
Table 3 Transformation efficiencies of C. albicans obtained using the
nanoparticle mediated (HAp and M-HAps) and electroporation
method

T.E of C. albicans (cfu mg�1)

M.M SB

HAp NPs 6 � 103 70
M-HAp NPs 3 � 106 104
Electroporation 5 � 102 103
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Fig. 3 Transformed C. albicans using M-Hap NPs, without the preparation of competent cells, on kanamycin and geneticin containing SB agar
plates (a) and the negative control (b).
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Plasmid isolation from transformed C. albicans

Fig. 4 shows the agarose gel image of pDNA isolated from
transformed C. albicans using M-HAp NPs (lane i) and using the
control method of electroporation by growing the cells on SB
plates containing kanamycin and geneticin which was similar
Fig. 4 Agarose gel image of pDNA (i) isolated from C. albicans
transformed using M-HAp NPs (ii) and the electroporation technique.
(ii) Control pDNA.

Fig. 5 (a) MTT and (b) resazurin data showing the non-toxic nature of mo
concentrations ranging from 10–1000 mg mL�1.

3020 | Nanoscale Adv., 2019, 1, 3015–3022
to that of the control pDNA (lane ii). This conrmed M-HAp NP
mediated yeast transformation.

Cell toxicity

Biocompatibility is an important prerequisite for the successful
use of NPs for transformation. To determine the effect of M-HAp
NPs on the viability of C. albicans, time and dose dependent
studies were carried out usingMTT and resazurin assays (Fig. 5a
and b). Cell growth was reduced by �3–5% at concentrations
above 500 mg mL�1. No signicant difference (p > 0.05) in cell
viability was noted between M-HAp NPs and the untreated
control at various concentrations (10, 50, 100, 500 and 1000 mg
mL�1), indicating the biocompatibility of M-HAp NPs.

HAp is a well-studied biocompatible material and its non-
toxic nature has been examined on various cell lines.27,32,39,40 It
has also been reported that functionalization of NPs with PEG
makes them biocompatible by preventing agglomeration and
surface oxidation.34,44
dified HAp NPs on C. albicans after 12, 24 and 36 h of growth at various

This journal is © The Royal Society of Chemistry 2019
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Conclusion

This study demonstrated that appropriately functionalized HAp
NPs can serve as a vehicle for plasmid transformation in C.
albicans. Functionalization of HAp NPs with the positively
charged amino acid, arginine, and PEG increased the zeta
potential as well as the binding efficiency of the nanovehicle to
pDNA. Modication of HAp NPs resulted in a high binding
efficiency (93%) and successful transformation in C. albicans
with a T.E of 106 cfu mg�1. This nanovehicle delivery system does
not require preparation of competent cells and is also non-toxic
to yeast cells. This new method could provide exciting oppor-
tunities for the advancement of the applications of yeast in the
eld of biotechnology.
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